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ABSTRACT

Nanostructuring leads to unique material properties and combinations of properties
not naturally available in bulk materials. The study of these properties is critical to
improving the device performance and reliability for a range of applications including
electronics, thermoelectrics, and nanophotonics. This work focuses on efforts to push
the thermal conductivity of nanostructured materials to the extremes: the thermal
conductivity of carbon nanotubes (CNT) and nanotube-based materials can exceed that
of metals, while the introduction of nanoscale boundaries (e.g. nanoscale pores in
silicon nanowires) yields extremely low thermal conductivity materials. Furthermore,
this nanostructuring also leads to unique combinations of properties. Porous silicon
nanowires are a step towards the desired electron-crystal, phonon-glass combination
ideal for thermoelectric applications, while thermally-conductive, mechanically-

compliant carbon nanotube films for promising for electronics packaging.

This work first explores how the high axial thermal conductivity of carbon
nanotubes can be leveraged effectively in thin film and composites through detailed
understanding of the phonon transport. A detailed review of past research, both
theoretical and experimental, combined with new experiments probing the impact of
volume fraction and interface resistances in CNT arrays yields new insight into the
mechanisms impacting phonon transport in both individual carbon nanotubes and films

and composites formed from CNTSs.

In contrast, nanostructuring silicon significantly reduces the thermal conductivity
through enhanced boundary scattering and the possibility of phononic crystal effects.
Measurements of individual, porous silicon nanowires show reduction in the thermal
conductivity beyond that which is predicted by boundary scattering using a modified
Callaway-Holland thermal conductivity model. A new method for calculating the
increased scattering rate due to the pore boundaries is developed to account for these

nanoporous geometries. Experimental data for aligned arrays of silicon nanowires with



varying diameter and degrees of porosity show that the combination of porosity and

nanoscale dimensions effect severely reduces the thermal conductivity.

Finally, the composition and annealing conditions impact both thermal transport and
photoluminescence in silicon-rich silicon nitride films. A significant correlation
between the thermal conductivity and the PL lifetime suggests that the microstructure
and bonding defects strongly influence both properties. Furthermore, erbium doping
reduces the thermal conductivity due to enhanced phonon scattering. These data
facilitate optimization of the microstructure through stoichiometry control and

annealing temperature selection.
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thermal boundary resistance between the free surface of the CNT and the metals
or other material deposited or placed on top of the CNT layer. The volumetric
thermal resistance of the CNT has contributions due to defects, inter-tube
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2.12: Individual CNT thermal conductivities as a function of length extracted
from reported data of the thermal conductivity or thermal conductance of CNT
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2.13: (a) Schematic and resistance models illustrating the conduction by two
nanotubes in contact. In this example, one nanotube makes contact with both a
heater and a heat sink. A second nanotube crosses the first but makes contact
only with the heat sink. (b) Resistor network describing nanotubes in contact.
While the second nanotube provides a second pathway for heat to transfer to the
heat sink, the contact also provides a scattering site for the energy carriers. If the
contact resistance is large, instead of aiding in the thermal conduction, the major
effect of the second nanotube is to add a defect resistance to the conducting

nanotube as modeled approximately by the extra resistor in the network in (c).52

2.14: Representative TEM of Single-Wall CNT Array coated with thin film of
aluminum from Panzer et al. [140] showing voids within the SWCNT array and,
qualitatively, the regions of incomplete contact between the nanotubes with the
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2.15: Total thermal resistance of CNT arrays plotted according to length. The
total thermal resistance includes the thermal boundary resistance between
growth substrate and CNT film, the intrinsic thermal resistance of the CNT film,
and the thermal boundary resistance between the free surface of the CNT and
the metals or other material deposited or placed on top of the CNT layer. The
solid line shows the lower limit for the thermal resistance of a CNT array at a
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commercial thermal greases used for thermal interface materials. Thermal
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conductivities (on the order of 40-90 W m™ K™). Some of the best data for CNT
arrays as thermal interface materials have achieved total thermal resistances less
than commercially available greases, gels, and phase change materials and

approaching that of metallic SOIders..........cccccoviieiiiie i 58

3.1: Sample geometries for thermal characterization of CNT films. (a) Original
sample geometry with no reference layer. The heat flux across the sample film is
calculated from the current and voltage applied to the aluminum-coated silicon
heater and the cross-sectional area of the CNT film. The infrared microscope is
used to generate a two-dimensional temperature map across the length of the
CNT film and surrounding materials. The two-dimensional temperature map is
reduced to a one-dimension temperature profile (as sketched next to the sample
geometry) by averaging in the direction perpendicular to the heat flux. From the
heat flux and temperature gradient in the CNT film, the thermal conductivity of
the CNT film is calculated with Fourier’s law. (b) Modified sample geometry
with a quartz reference layer. The infrared microscope is used to generate a two-
dimensional temperature map across the length of the CNT film, quartz
reference layer, and surrounding materials. With this geometry, the heat flux is
calculated from the known thermal conductivity of quartz and the measured
temperature gradient in the quartz. With the heat flux calculated from the quartz
region and the temperature gradient in the CNT film, the thermal conductivity of
the CNT film is calculated using Fourier’s law. The modified geometry
improves the estimate of the heat flux through the sample as in the original
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on the epoxy-coated side of the heater. ...........cccccevveveiieii e, 62

3.2: Temperature profile across the CNT film and quartz reference layer. Inset
shows the two-dimensional temperature map spanning the (a) quartz reference
layer, (b) CNT sample film, and (c) aluminum-coated silicon heater. The two-
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portions of the curve are used for calculating the thermal conductivity, while the
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of the thermal resistance between the CNTs and the heater (triangles), the
intrinsic resistance through the thickness of the CNT film, and the resistance
between the CNT-film and the growth substrate. For the thinnest sample, the
resistance between the CNT film and the heater was smaller than resolvable with

this technique. Note that no reference layer is used in these measurements....... 64

3.4: Thermal conductivity of mechanically-densified MWCNT films as a
function of volume fraction. Note that a single quartz reference layer is used in
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Figure 3.6: Schematic and SEMs of nanocomposite fabrication [147, 148]. (a) As grown
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CNT films with 1 vol.% CNTs. (b) Biaxial mechanical compression of CNTs up
to 20 vol.% CNTSs. (c) A-CNT-PNC fracture surface after capillary-driven epoxy
infiltration of the CNT AITaYS. ....cccccvieieieece e 71

3.7: IR Microscopy technique for thermal conductivity measurements. (a)
Schematic of the testing configuration with an example temperature map. The
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including best fit slopes for both reference regions and the sample (temperatures
averaged across the width of sample, i.e. each column in image (8)). ............... 72

3.8: The axial (o) and transverse (o) thermal conductivity of CNT
nanocomposites and unfilled CNT forests (filled diamonds) as a function of
volume fraction. The schematic below the legend shows the axial and transverse
measurement directions for the aligned CNT composites. Best fits from the
effective medium approach (solid lines) and with a power law (dashed line) are
shown for the composite data. For the effective medium approach, the axial and
transverse thermal conductivities are fit simultaneously with a non-linear least
squares algorithm, assuming an alignment factor of 0.77 from the SEM analysis,
with two free parameters: the individual CNT thermal conductivity (22.1 W m™
K™) and the CNT-polymer boundary resistance (<1x10® m? K W™). For the
power law relationship (ke — kn) = A- f &, the prefactor, A, and the exponent, B,
are fit with a non-linear least squares algorithm, while the measured matrix
thermal conductivity, ky=0.26 W m™ K, is held constant. The fitted values are
A=72.9 W m™ K'and B=1.72 for the axial thermal conductivity and A=11.3 W
m™? K™ and B=1.37 for the transverse thermal conductivity. The dashed green
line indicates the thermal conductivity of the epoXy........ccccociiviiiniiiiiicree, 74
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silicon-on-insulator wafer with 200 nm device layer and a 1 micron thick oxide
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both a heater and a thermometer in the system. (c) Calculated temperature
profile along the nanobeam and corresponding electrical conductivity for the
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to case 1 (no hole) with the discretized element spanning the full width of the
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CHAPTER 1: INTRODUCTION

A wide range of application from thermal interface materials (TIMs) [21] to energy
storage applications [22] to photonic devices [23] could benefit from the continued
development of novel nanostructured materials and the investigation of their thermal
properties. Bulk materials span a range of thermal conductivities form gases and
aerogels with low thermal conductivity (<0.1 W/m/K) to diamond with extremely high
thermal conductivity (>1000 W/m/K) (as illustrated in Figure 1.1(a)). However, some
combinations of material properties are impossible or prohibitively expensive to find in
bulk materials. For instance, typical bulk materials with high thermal conductivity
(metals, diamond) tend also to be mechanically stiff. In contrast, the properties (thermal,
mechanical, electrical, etc.) of nanostructured materials can be tailored, sometimes
independently, to a desired application due to the precise control over fabrication
procedures, geometry, and chemical composition of the nanostructures. For example,
vertically-aligned carbon nanotube (CNT) films can provide high thermal conductivity
along the nanotube axis combined with mechanical compliance, due to the high aspect
ratio of the individual CNTs and low density of the films.

Nanostructuring of crystalline materials often reduces the thermal conductivity
through enhanced scattering of the energy carriers at the boundaries of the nanoscale
features. For example, bulk silicon at room temperature has a thermal conductivity ~150
W/m/K and Figure 1.1(b) illustrates the impact of adding nanoscale boundaries on the
thermal conductivity. Enhanced phonon-boundary scattering reduces the thermal
conductivity of silicon thin films to as low as 22 W/m/K for 20 nm thick film [24].
Nanowires, which confine the geometry in two-dimensions increasing phonon
scattering, are reported to have thermal conductivies is as low ~1 W/m/K at diameters
<100 nm [25]. Introducing porosity into nanowires and films reduces the thermal
conductivity from the solid nanowire or film [26]. “Electron crystal, phonon glasses”
are one possible application of nanostructured materials with low thermal conductivity
and are considered particularly useful for thermoelectric devices. In these materials, the
geometry is chosen such that the nanoscale features impede phonon transport, while

minimally impacting electron transport. Silicon-based nanostructures are particularly
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interesting for this application because the electron mean free path (~10’s of
nanometers) is much smaller than the phonon mean free path (~100’s of nanometers) at
room temperature. Thus, nanoscale features with dimensions larger than the electron

mean free path but smaller than the phonon mean free path impede phonon transport
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without significantly impacting electron transport.
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Figure 1.1: Thermal Conductivities of Bulk and Nanostructured Materials. (a) At room
temperature, the thermal conductivities of bulk materials span a large range: from gases
and aerogels with thermal conductivities less than 0.1 W/m/K to highly-crystalline
diamond with a thermal conductivity >1000 W/m/K. (b) The introduction of nanoscale
feature generally leads to a significant reduction in thermal conductivity in crystalline
materials. Crystalline, bulk silicon has a thermal conductivity of ~150 W/m/K and
enhanced phonon-boundary scattering reduces the thermal conductivity of silicon thin
films, nanowires, and porous materials to as low as ~20 W/m/K [24], ~1 W/m/K [27, 28],
~1 WI/m/K [26], respectively, depending on geometrical parameters. (c) Graphite has a
highly anisotropic crystal structure with sheets of carbon atoms stacked on top of each
other (as shown the center of panel c). In along the c-axis (perpendicular to the stacked
sheets of carbon atoms), the thermal conductivity is quite low (~1 to 10 W/m/K [29]). In
the direction perpendicular to the c-axis (in the plane of the sheets of carbon atoms), the
thermal conductivity is quite high (exceeding 1000 W/m/K [29]). Graphene (a single
sheet of carbon atoms) can have an in-plane thermal conductivity exceeding 1000 W/m/K
[29]. Carbon nanotubes (a sheet or sheets of carbon atoms rolled into a tube) can also
have high thermal conductivities (>1000 W/m/K) along the direction of the CNT-axis
[29, 30]. In contrast, if the crystalline structure of the carbon atoms is removed (i.e.
amorphous carbon), the thermal conductivity is reduced to < 1 W/m/K [29]. References
for figures: [28, 31-37].
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However, reduced thermal conductivity due to size effects can significantly impact
performance and reliability in nanoscale device. For instance, nanophotonic crystal
cavities have been investigated for achieving CMOS compatible, low-threshold lasers,
and other active nanophotonic devices. Often these devices consist of suspended thin
films or nanowires with patterned air holes. However, the suspended, porous design of
these cavities lends itself to low thermal conductivity (due to the high density of
boundaries leading to increased phonon scattering) and large temperature rises in the
device. Previous work has shown a strong correlation between cavity temperature and
device performance and more work is needed to understand thermal conduction within
the cavities. The nanoscale geometry impacts phonon transport through boundary
scattering, pore scattering, and the possibility of phonon bandgap effects. In addition to
geometric effects, novel, nanostructured material systems are being developed and
utilized for nanophotonic devices. For example, silicon-rich silicon nitride is a
promising candidate for silicon-compatible active and passive photonic devices due to
its light emitting properties and relatively high refractive index. In combination with
understanding the impact of nanoscale geometry on thermal conduction in these
materials, the underlying thermal transport phenomena in these new material systems
must also be investigated.

Recent advances in fabrication of carbon-based nanostructured materials have
shown that nanostructuring can also yield materials with extremely high thermal
conductivity. In bulk crystal form, graphite has a highly anisotropic thermal
conductivity due to its crystal structure. In the in-plane direction along the sheets of
carbon atoms (perpendicular to the c-axis, see center image in Figure 1.1(c)), the
thermal conductivity can exceed 1000 W/m/K and rival that of diamond [29]. In the
direction parallel to the c-axis, the thermal conductivity is considerably lower (<10
W/m/K [29]). Amorphous carbon consists of carbon atoms without a crystal structure
and has an even lower thermal conductivity. In contrast to the typical size effect
observed with nanostructuring, if one single plane of carbon atoms is extracted from the
graphite maintaining the hexagonal crystal structure (e.g. graphene), the material can
have a thermal conductivity greater than 1000 W/m/K [29]. Similarly, carbon
nanotubes, which consist of a sheet or sheets of graphene rolled into a tube, can have
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thermal conductivities >1000 W/m/K along the axis of the tube [29, 30]. Both graphene
and CNTs maintain the high thermal conductivity of the in-plane direction of graphite
despite the reduced dimensions of the system due to the unique crystal structure of the
nanostructure.

Thermal interface materials (TIMs) for thermal management for computer chips and
other high powered electronic devices require a material with high thermal conductivity
and low elastic modulus. The high thermal conductivity reduces the thermal resistance
of the interface, while the low elastic modulus can compensate for differences in the
thermal expansion between the heat source and the heat sink. As previously discussed,
this combination of properties is not readily available in bulk materials, however,
carbon nanotube based materials, such as aligned CNT arrays and composites, provide
high thermal conductivity along the direction of the CNT with the mechanical
compliancy desired in a TIM. Additionally, recent progress on CNT-polymer
composites, in particular those featuring aligned nanotubes, promises unique

combinations of thermal and mechanical properties.

1.1 Scope of Work

First, this dissertation reports new data on the thermal properties of several, novel,
nanostructured materials (including carbon nanotubes and CNT-based materials,
silicon-based nanostructures, and silicon-rich silicon nitride films). Several techniques
(cross-sectional infrared microscopy, nanosecond transient thermoreflectance,
picosecond time-domain thermoreflectance, and electrothermal measurement
techniques) are used to characterize the thermal conductivity and interface resistances
within these materials system.

Second, the measurements reported in this dissertation have led to improvements in
these metrology techniques. In particular, the cross-sectional infrared thermometry
technique is improved through the introduction of reference layers into the testing
geometry to improve the accuracy of the measurement. Additionally, a steady-state
joule heating technique is developed, in conjunction with a numerical model, to

measure the thermal properties of porous, non-electrically-conductive nanowires.
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Third, this data provides key insight into the physics of phonon transport in
nanostructured material and devices. Combined with a detailed review of past
measurements of the thermal conductivity in carbon nanotubes and CNT-based
materials, a detailed understanding of thermal transport in individual CNTs, CNT films,
and CNT-based composites is developed considering the impact of nanotube geometry,
film morphology, defects, and interfaces. A model for the thermal conductivity of
porous silicon nanostructures is developed to investigate the relative impact of
boundary scattering, pore scattering, and the possibility of phonon bandgap effects.

Finally, the data and models developed in this work provide key information for the
critical to the use of these nanoscale materials in applications such as nanophotonic

crystal cavities, thermal interface materials, and thermoelectrics.

1.2 Organization

This dissertation is organized into the following chapters:

Chapter 1 provides introductory and motivational material for this dissertation.

Chapter 2 provides a review of thermal conduction phenomena in carbon nanotubes
and nanotube-based materials. This chapter includes separate sections on individual
nanotubes and films, each of which includes sections addressing theory and
experimental methods. Section 2.2 focuses on individual nanotubes including
theoretical modeling and measurements. Section 2.2.1 summarizes the physical
mechanisms which impact thermal transport in CNTs. Section 2.3 extends the
discussion to nanotube films, focusing mainly on aligned arrays of nanotubes and their
use in practical applications.

Chapter 3 discusses experimental investigations of thermal conduction in carbon
nanotubes arrays and composites using cross-sectional infrared microscopy. Two
methods for improving thermal performance are discussed. First, mechanical
densification of vertically-aligned CNT (VACNT) films (Section 3.2) and composites
(Section 3.3) is investigated as a method to increase the number of thermal pathways
and improve the film thermal conductivity. Second, a novel method for improving the
thermal conductance at CNT-copper interfaces and the effective VACNT thermal
conductivity through the electrodeposition of copper films directly on to the VACNT
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film is discussed (Section 3.4). Specifically, electrodeposition of thin films of copper
directly onto the CNT films improves the engagement of the individual carbon
nanotubes within VACNT films compared to standard bonding techniques.

Chapter 4 investigates thermal conduction in silicon-based nanostructures. Section
4.2 attempts to clarify the impact of phonon-boundary scattering in periodically-porous
silicon nanowires at room temperature using electrothermal measurements and
modeling. The thermal conductivity along the length of the silicon nanobeams is
measured using a steady-state Joule heating technique (Section 4.2.2). A Callaway-
Holland model for the thermal conductivity is adapted to investigate the relative impact
of boundary scattering, pore scattering, and phonon bandgap effects (Section 4.2.3).
Section 4.3 measures the thermal conductivity along the axial direction of SINW arrays
with varying nanowire diameters, doping concentrations, surface roughness and internal
porosities using nanosecond transient thermoreflectance. The relative importance of
phonons scattering on external nanowire boundaries and pore boundaries is investigated
through measurements across a range of diameters and porosities.

Chapter 5 investigates the thermal conductivity and photoluminescence of light
emitting samples fabricated with a range of excess silicon concentrations and annealing
temperatures using time-domain picosecond thermoreflectance and time-resolved
photoluminescence. This work explores the role of annealing and stoichiometry control
in the optimization of light emitting microstructures suitable for the demonstration of
efficient Si-compatible light sources based on the silicon nitride platform.

Chapter 6 summarizes the major contributions of this dissertation and offers
suggestions for future research directions.



CHAPTER 2: REVIEW OF THERMAL
CONDUCTION PHENOMENA IN CARBON
NANOTUBES AND RELATED
NANOSTRUCTURED MATERIALS~

2.1 Introduction

Carbon nanotubes (CNTs) are very promising for applications leveraging their
unique electrical, thermal, and mechanical properties. Early predictions and
measurements [38, 39] suggested extremely high mechanical strength and strength-to-
weight ratio. Nanotubes can be metallic or semiconducting based on their chirality and
diameter leading to a wealth of research on CNT-based nanoelectronic devices [40].
High expectations for the thermal conductivity of CNTs were originally based on the
high in-plane thermal conductivity of graphite and the high thermal conductivity of bulk
and thin film diamond [41]. Molecular dynamics simulations [18] predicted thermal
conductivities as high as 6600 W m™ K™ at room temperature. These findings motivated
exploratory research for a wide variety of applications including reinforced composites
[42], field emission devices [43], sensors and probes [43], and thermal interface
materials [44].

This chapter provides a comprehensive overview of thermal conduction research on
carbon nanotubes and nanostructured films consisting of arrays of nanotubes or
disordered nanotube mats, with a focus on understanding the trends with geometrical
parameters and the differences between predictions and data. For individual nanotubes,
the problem of comparing data from differing groups is addressed by calculating
thermal conductivities using a consistent definition of cross sectional area. For films
containing aligned carbon nanotubes, the relatively low conductivities reported
experimentally compared to the original prediction from individual nanotube data are
discussed considering individual nanotube data and issues associated with CNT film
fabrication and mechanical attachment. The highly productive period of research

" This section reproduced with permission from A.M. Marconnet, et al. “Thermal Conduction Phenomena
in Carbon Nanotubes and Related Nanostructured Materials,” Reviews of Modern Physics (in press).
Copyright 2012 American Physical Society.
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REVIEW OF THERMAL CONDUCTION PHENOMENA IN CARBON NANOTUBES
AND RELATED NANOSTRUCTURED MATERIALS
covered by this review has enriched the discipline of heat conduction with a variety of
novel MEMS-based experimental methods and opportunities for calibration and
validation of molecular dynamics simulations. In addition to covering the properties of
nanotubes and related nanostructured materials, this review discusses these new
experimental methodologies and their implications for future research.

This review fills an important gap in the literature already available on carbon
nanotubes, which at present lacks a comprehensive, comparative review of the
extensive and sometimes revolutionary experimental and theoretical research addressing
this material system. Several articles [e.g., 40] and at least one book [e.g., 45] detailed
the structure and synthesis of carbon nanotubes. Early reviews of CNT properties
detailed the structure and synthesis of carbon nanotubes. Early reviews of CNT
properties [46-50] discussed thermal transport but did not attempt a comprehensive
comparison of data and predictions. Hone [51, 52] provided insightful summaries of the
theoretical and experimental progress on CNT thermal transport, just a few years after
the first experimental data were available. In the years since those reviews, rather
substantial progress has been made in both theory and experiments, including
approximately 75 additional articles cited in the current review. Lee et al. [53]
reviewed molecular dynamics simulations of thermal conduction along single-wall
carbon nanotubes (SWCNTSs) and examined variations with nanotube length, chirality,
and temperature. Balandin [29] reviewed thermal transport in many forms of nanoscale
carbon materials from amorphous carbon to CNTSs, with an emphasis on graphene and
the unique characteristics of two-dimensional crystals. There remains a need for a more
complete comparison of predictions and experimental data for individual nanotubes,
with a focus on identifying both the resolved issues and the open questions.
Furthermore, the maturing body of literature on nanotube-based films, when considered
together with extrapolations of the data reviewed here for individual nanotubes,
provides a compelling chance to examine the physical mechanisms that may be limiting
the thermal conductance of nanotube ensembles. In addition to discussing and
interpreting the research results, this review also highlights the rich variety of
innovative methods, both for experiments and simulations, that have been developed for

CNT thermal transport studies.
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This review includes separate sections on individual nanotubes and films, each of
which includes sections addressing theory and experimental methods. Section 2.2
focuses on individual nanotubes including theoretical modeling and measurements.
Section 2.3 extends the discussion to nanotube films, focusing mainly on aligned arrays

of nanotubes and their use in practical applications.

2.2 Thermal Conduction by Individual Nanotubes
2.2.1 Physical Mechanisms

The unusual properties of carbon nanotubes are governed by their unusual and
simple atomic structure, which has been examined in a variety of chiralities and
diameters. Comparison of the theoretical results and experimental data in the literature
is complicated by the variety of nanotubes produced by different techniques.

A single-wall carbon nanotube consists of an atomic layer of carbon atoms (i.e. a
sheet of graphene) rolled into the form of a tube. The axis of the nanotube can form
along many different directions (i.e. chiral vectors (n,m)) in the carbon layer, yielding
CNTs with different chiralities and diameters. Armchair (n,n) nanotubes are always
metallic, while zigzag (n,0) and other (n,m) chiralities are semiconducting [47]. Multi-
wall carbon nanotubes (MWCNTS) include several concentric tubes that can have
varying chiralities, and understanding the interactions between shells is critical for
accurate modeling of thermal transport.

Heat conduction by carbon nanotubes is dominated by the coupled vibrations of
carbon atoms and therefore can be analyzed as phonon transport. Phonon transport
dominates over heat conduction by electrons even in those nanotube chiralities that
exhibit metallic properties [29, 52]. The phonon dispersion relationship (see Figure
2.2(b)) consists of four acoustic modes (one longitudinal mode, two transverse modes,
and one torsional or “twist” mode) and many optical modes. The “twist” acoustic mode
arises from torsion of the tube about its axis, which can be described as a twisting
motion [54]. The phonon conductivity can be computed from the phonon dispersion
relationship, the heat capacity of each phonon mode, and their scattering rates or mean
free paths.
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Carbon nanotubes, and other low-dimensional carbon-based nanomaterials
including graphene can have very high thermal conductivities, despite very small cross-
sectional dimensions. This is in contrast to many crystalline nanowires with small cross-
sectional dimensions, in which the thermal conductivity is strongly reduced by the
increased rate of phonon-boundary scattering. The long range crystallinity, long phonon
mean free path, and large speed of sound of the CNTs lead to the large thrermal
conductivity [47]. For an ideal perfect three-dimensional crystals, lattice anharmonicity
limits thermal conduction. However, for low-dimensional structures, the intrinisic
thermal conductivity of ideal one-dimensional (1D) and two-dimensional (2D) systems
diverges with the number of atoms leading to infinite intrinsic thermal concudtivity
despite anharmonicity [29]. Practically, the thermal conductivity of 1D and 2D systems
are limited by many factors including higher-order phonon scattering processes [55,
56], sample quality (i.e., defects and impurities, see Section 2.2.4.3), and boundary
scattering.

The phonon mean free path in carbon nanotubes depends on phonon-phonon,
phonon-boundary, and phonon-defect scattering processes. Estimates of the phonon
mean free path at room temperature range from about 50 nm [57] to 1.5 um [58, 59],
although MWCNTSs with many defects may have phonon mean free paths as small as 4
nm [60]. The dominant phonon wavelength, 14, for heat transport can be estimated from

hv/ A, ~kgT , where i=h/27, his Planck’s constant, v is the phonon velocity, kg is the

Boltzmann constant, and T is the temperature [61]. For SWCNTSs, the large phonon
velocity predicts a large dominant phonon wavelength even at moderately high
temperatures [61].

A challenge with interpreting the existing theory and data is the transition from the
ballistic to the diffusive conduction regimes. In the ballistic regime, phonons scatter
rarely along the length of the nanotube, and thus the thermal conductance is
independent of nanotube length. Thus, carbon nanotubes are ballistic conductors when
the mean free path is longer than the nanotube length and the dominant phonon
wavelength is smaller than the nanotube diameter. At very low temperatures (a few

Kelvin), only the four acoustic modes contribute to heat transfer and as the temperature
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increases the optical modes begin to contribute. In the diffusive regime, phonons scatter
many times within the length of the nanotube leading. Diffusive heat transport
dominates when the CNT is much longer than both the phonon mean free path and the
dominant phonon wavelength. Thermal conduction within carbon nanotubes transitions
from the ballistic to diffusive regime with increasing temperature (see Section 2.2.4.2)
or increasing length (see Section 2.2.4.1).

Another challenge faced by this review is the distinction between the thermal
conductance, G, and the thermal conductivity, k. The thermal conductance simply
quantifies the rate of heat transferred, q, for a given temperature rise A7, by means of
G=q/AT. The thermal conductivity is defined from Fourier’s Law for diffusive thermal

transport, by means of g = —kA d%x’ where ¢ is the heat flux, A is the cross-sectional

area, and d-%Xis the temperature gradient along the length of the nanotube. The

thermal conductivity and thermal conductance are related through geometrical
parameters by G=KA/L, where L is the length of the nanotube. The thermal resistance,
R, at an interface is defined as the temperature rise across the interface due to a heat
flux, R=4T/q.

While the conductance is well defined for a given CNT sample, the precise meaning
of the thermal conductivity relies on the definition of the cross-sectional area. Several
definitions and considerable ambiguity have resulted from the annular geometry of the
tube, some ambiguity in of the cross-sectional area of an individual atomic layer,
especially in a SWCNT, and the challenges in measuring the inner diameter of
MWCNTSs. Typical definitions are (1) the whole area enclosed by the outermost tube of
carbon atoms [e.g., 62] or (2) the approximate area of the carbon atoms in CNT [e.g.,
63]. For SWCNTs, this second method is often approximated as the circumference of
the CNT multiplied by the thickness of the carbon shell, which is typically chosen to be
between the sp? bond length (9=0./42 nm) and the interlayer spacing in graphite
(0=0.34 nm) [16]. For a single value of the nanotube thermal conductance, two different
values of thermal conductivity can be extracted. Note that for (10,10) SWCNTs (1.35
nm diameter), both definitions of area are consistent to within 1% when assuming a
carbon thickness of 6=0.34 nm. This paper standardizes the thermal conductivities

11
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reported by different authors using the first definition of cross-sectional area (1), which
is the entire enclosed area, which is necessitated by the fact that few experimental

papers reported inner MWCNT diameters.

2.2.2 Experimental Progress

Measurements of thermal properties of individual CNTs usually require
microfabricated devices and can be separated into two groups: (1) Experiments using an
external heat source to establish a temperature gradient across the nanotubes and (2)
Experiments using self-heating of the nanotube to extract the thermal properties (see
Figure 2.1). Table 2.1 summarizes the available experimental data for the thermal
conductivity of individual nanotubes. Using the external heating method, both Kim et
al. [64] and Yu et al. [63] measured the thermal conductivity of a 2.5 um long, 14 nm
diameter MWCNT and a 2.76 um long, 1-3 nm diameter SWCNT, respectively, by
suspending the nanotubes between two resistive elements. Heat generated at one resistor
flowed in part through the nanotube and was detected through a temperature rise at the
second. Both resistors served as temperature sensors and the nanotube conductance was
calculated considering losses through the support legs. As will be discussed later in
more depth, a challenge with this method is isolating the conductance internal to the
nanotube from the thermal resistances at the interfaces with the heating and sensing
elements. For bundles of nanotubes similarly suspended between two resistive elements,
the sensitivity to thermal conductivity was improved when using sinusoidal heating and
lock-in detection of the voltage signals [65]. Using this method, Pettes and Shi [60]
measured the thermal conductivity of several SWCNT and MWCNT. A similar external
heating method was used by Fujii et al. [62] with a T-type nano-sensor [66] to measure
the thermal conductivity of three MWCNTSs ranging from 9.8 to 28.2 nm in diameter
and 1.89 to 3.7 um in length. Each CNT was connected from the center of a hot bridge
to a heat sink. A lower bound for the thermal conductivity of the nanotube was
extracted from the measured temperatures and heat generation rates neglecting contact
resistance of the nanotube and the hot wire and heat sink.

12
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Figure 2.1: Two differing strategies for measuring thermal conductivity of individual
carbon nanotubes. (a) Passive Technique. A temperature difference generated by a heater
at one end of the nanotube is captured using sensors at both ends. (b) Self-Heating
Technique. Heat is generated by applying a voltage across the nanotube, resulting in
electrical heating of the nanotube, and the temperature distribution is deduced from the
resulting electrical resistance change and calibration data.
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Table 2.1: Measured Room Temperature Thermal Conductivities of Individual Carbon
Nanotubes. Data from all authors is standardized here using the enclosed cross-sectional
area of the nanotube (i.e. using the outside diameter for MWCNTS). Additionally, for
SWCNT samples, the thermal conductivity calculated with the circumference times the
thickness of a nanotube shell is shown for comparison. Yu et al. [63] measured the
thermal conductance and uncertainty in the diameter of the nanotube resulted in a wide
range for the thermal conductivity. Pettes and Shi [60] report a lower bound in thermal
conductivity for SWCNT and double-wall carbon nanotube (DWCNT), but extract an
estimate of the intrinsic thermal conductivity for the MWCNTSs. Choi et al. [57, 67] did
not explicitly state which definition of area they used to calculate thermal conductivity,
so the value in the table is as reported in the articles.

Measurement SWCNT/

Length Diameter

k

Article  Technique MWCNT [pm]  [nm] [W m?*K?] [W m? K?*]Boundary Resistance
Yuetal. 1480 to 3270to Neglected
[63] Heater-Sensor SWCNT  2.76 1to3 13350 9800
3436  Estimated
Popetal goif Heating SWONT 26 17 2749 o
[68] (6x10° K WP
Li et al SWCNT 41 1.8 1810 2400  Measurement
[69] " Raman shift independent of
MWCNT 32 8.2 1400 - boundary resistance
SWCNT 431 2.34 >300 >600
Pettes SWCNT  2.03 1.5 >580 >600 Neglected for SWCNTs
and Shi  Heater-Sensor DWCNT  4.02 2.7 >540 - & DWCNT.
[60]
MWCNT  1.97 11.4 160 - .
MWCNT 331 140 34 i Estimated for MWCNTS
Fuiii et 3.7 9.8 2950 -
al 1[62] T-Type Sensor MWCNT  1.89  16.1 1650 - Neglected
’ 3.6 28.2 500 -
KIME | eater-Sensor MWCNT 25 14 3000 . Neglected
al. [64]
Wang et 0.509 19 2630 3680  Measurement
al. 4-Pad 30  SWCNT 4.919 19 3160 4680  independent of
[56, 70] 6.941 1.9 3210 4740  boundary resistance
Choi et 1.0 46 650 Neglected Contact
al.[67] 2Pad3e  MWENT o4 4 830 Resistance
Choi et Measurements
al. [57] 4-Pad30 MWCNT 14 20 300 independent of

boundary resistance

% values using A= 7d 2/4 .k’ values for SWCNTs using A = 7#dd , where §=0.34 nm.
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Methods for extracting thermal information using self-heating of the nanotube
include calibrating the thermal coefficient of resistance [68], the 3w technique [56, 57,
67, 70], and Raman observation of the temperature profile [69]. Pop et al. [68]
measured the I-V characteristics of a self-heated CNT suspended across a trench to
extract the thermal conductivity as a function of temperature. Wang et al. [56, 70] and
Choi et al. [57, 67] used the 3w technique [71] to determine the thermal conductivity of
nanotubes from 0.509 to 6.941 um long. A novel technique by Li et al. [69] combined
electrical self-heating of a nanotube with temperature measurements using the Raman
shift method. Previously, Hsu et al. [72] used laser heating of the nanotube and the
Raman shift method for measuring the temperature profile along the nanotube to extract
information about the relative contribution of the intrinsic thermal resistance of the
nanotube and the boundary resistance between the nanotube and the substrate. Since the
exact magnitude of optical power absorbed by the nanotube was unknown, the thermal
conductivity of the sample could not be determined. To address this challenge, Li et al.
[69] combined electrical self-heating of the nanotube with temperature measurements
via the Raman shift method. The shape of the temperature profile along the nanotube
axis depends only on the intrinsic thermal conductivity allowing determination of the
thermal conductivity independent of boundary resistance. A large portion of the CNT
was in contact with the substrate and the thermal contact resistance at the ends of the
nanowire was small compared to the intrinsic resistance of the nanotube.

During electrical self-heating, particularly at high bias, Joule heating generates
nonequilibrium in the phonon population [73-78]. For suspended nanotubes, Joule
heating increases the population of optical phonon modes significantly above that of
acoustic phonon modes, an effect which has been modeled using distinct temperatures
for the two branches [73-78]. In contrast to the data for suspended nanotubes, the on
substrate nanotube data of Pop et al. [75] could be explained without considering
nonequilibrium effects, likely because of shorter optical phonon lifetimes for on-
substrate nanotubes. Lazzeri et al. [73] showed that the small electron transport
scattering length could be explained by hot optical phonons. Nonequilibrium phonon
populations in electrically heated SWCNTSs have been detected directly through Raman
scattering experiments [76-78].
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For on-substrate measurements, the thermal contact resistance between the nanotube
and the substrate impacts the temperature profile in the nanotube and is critical to
determining the intrinsic thermal conductivity. For their measurements using the 3®
method, Wang et al. [56, 70] estimated 30-40% of the total heat power generated in
their nanotubes conducted to the substrate. Interaction between the nanotube and the
substrate may also directly impact the nanotube thermal conductivity. Measurements of
supported graphene [79, 80] show reduced thermal conductivity compared to suspended
sheets, suggesting a suppression of some phonon modes. Thermal conduction
measurements of carbon nanotube composites [81] have suggested that a phonon modes
and boundary scattering within a nanotube may also be impacted by contacting
materials.

Measurement techniques which can extract the intrinsic thermal conductivity
separately from the boundary resistance with a substrate require the nanotube to be
suspended. While suspended devices for these experiments require more challenging
fabrication, confidence in the thermal conductivity measurement is increased and the
measured values from different experiments can be directly compared without
considering substrate effect. However, even in suspended structures, contact resistances
at the ends of the nanotube still need to be considered. In the diffusive regime, it is
commonplace to convert the thermal conductance to thermal conductivity by means of
k=G/(LA), which requires important assumptions about the relative importance of
contact resistances, as well as the cross-sectional area (as discussed in Section 2.2.1).
Specifically, when a CNT is suspended between a heater and heat sink, the temperature
rise measured between the heater and heat sink is composed of three parts, (1) the
temperature rise due to the contact resistance between the heater and the CNT, (2) the
temperature rise due to heat conduction within the CNT, and (3) the temperature rise
due to the contact resistance between the CNT and the heat sink. The CNT thermal
conductivity can be calculated from the measured temperature drop considering the

boundary resistance using:

_ L B L B L
A|: 4 Tf:NT :| A|: AT o =4 THeater:CNT — ATyt _sink :| A|: ATEotaI _ RHeater-CNT _ RCNT—Sink :|
q q q RN
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The use of Eq. (2.1) yields a higher thermal conductivity than when the thermal

q

resistance, such as by increasing the area of contact or reducing the intrinsic interface

. . AT, .
boundary resistance is neglected, k = L/A{“"a'} Decreasing the thermal contact

resistance, reduces the portion of the total thermal resistance due to contacts and
provides a more accurate thermal conductivity value. For ballistic transport along a
nanotube, the thermal conductance depends on the tranmissivity of the contacts and is
independent of the nanotube length. When extracting thermal conductivity from
ballistic conductance data, the result incorporates contact effects. More details on
ballistic and diffusive transport are presented in Sections 2.2.4.1 and 2.2.4.2.

Many authors working with suspended devices have attempted to account for or
estimate the impact of the contact resistance at the ends of the nanotubes in
measurements of the thermal conductance. Kim et al. [64] estimated a thermal contact
conductance of ~5x10”7 W K™ for a 14 nm diameter MWCNT suspended over a trench
with ~1 pm of the overlap between the CNT and the resistive elements as shown in the
left panel of Figure 2.1. When compared to the total nanotube conductance of 1.6x107
W K, about 68% of the total resistance of the nanotube is due to the intrinsic thermal
resistance of the nanotube compared to the contact resistance. This suggests the true
thermal conductivity is about 1.5 times the reported value. Pettes and Shi [60] found
that depositing Pt-C at the MWCNT-membrane contacts significantly reduced the total
thermal resistance along the nanotube including both volume and contact components
compared to the as-grown case. For the three MWCNT samples measured, the contact
resistance after Pt-C deposition was estimated to be 12-54% of the total resistance
allowing the intrinsic thermal conductivity to be estimated. To account for the contact
resistance between the nanotube and substrate in the self-heating measurement of
suspended SWCNTSs, Pop et al. [68] used the fact that typical interfaces between dense
materials have thermal interface resistance in the range of 1-3x10® m* K W [82]. The
contact area was approximated as the product of the nanotube diameter and the length
of overlap between the substrate and the nanotube, using A; = d L. where Lc~2 um and
d~1.7nm. This resulted in a total thermal contact resistance between 3x10° and 9x10° K

W and yielded about 10% uncertainty in the extracted thermal conductivity. In an
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early paper by Choi et al. [67], using a 2-point 3w technique, the contact resistance was
deemed negligible when the measurements of total thermal resistance of several
MWCNTSs of different lengths and diameters followed the expected relationship for the
intrinsic resistance. Raman spectroscopy can be used to measure the temperature profile
along the axis of the CNT based on the shift in the G band Raman frequency [72]. The
relative magnitude thermal boundary resistance and intrinsic thermal resistance of a
nanotube can be compared by combining (laser or electrical) heating of suspended
nanotubes with Raman thermometry. Hsu et al. [72] found that the boundary resistance
ranged from 0.02 to 17 times the intrinsic thermal resistance of the CNT depending on

the quality of the nanotube and the contact.

2.2.3 Theoretical Progress

There are detailed theoretical studies of carbon nanotube thermal transport that
complement the experimental data in the previous section. Transport of thermal energy
in carbon nanotubes is primarily through atomic vibrations. Carbon nanotubes have a
high aspect ratio with diameters on the order of nanometers and lengths as long as
millimeters and can span the range from ballistic conductors to diffusive conductors. As
mentioned in Section 2.2.1, carbon nanotubes are ballistic conductors when the mean
free path is longer than the nanotube length and the dominant phonon wavelength is
smaller than the nanotube diameter. Diffusive heat transport dominates when the CNT
is much longer than both the phonon mean free path and the dominant phonon
wavelength and the energy carriers scatter many times within the nanotube.

Ballistic transport can be modeled with a Landauer approach (see Section 2.2.3.1)
and modifications to the ballistic transport models have been proposed to extend the
estimation of the thermal properties into the diffusive regime [83, 84]. Strong
mesoscopic effects modify the heat transfer characteristics in an intermediate regime,
where the nanotube is much longer than the phonon mean free path and the dominant
phonon wavelength is larger than the diameter of nanotube, but shorter than the
nanotube length [61]. In the same nanotube, ballistic or mesoscopic conduction is often

observed at low temperatures, while diffusive conduction exists at higher temperatures.
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Phonon transport models (Section 2.2.3.2) and molecular dynamics simulations
(Section 2.2.3.3) have also been used to investigate heat transport in carbon nanotubes.
Phonon transport theory calculates the evolution of phonon populations in carbon
nanotubes using, for example, the Boltzmann transport equation. Key parameters for
these models include the phonon dispersion relationships and the scattering or
relaxation times for different phonon interactions, which must be determined from
experiments or treated as inputs from more fundamental models. Molecular dynamics
simulations allow for calculation of thermal properties based on the dynamics of the
atoms interacting through inter-atomic potentials. Several different proposed forms for
the interaction potential between the atoms have been investigated.

2.2.3.1  Landauer Approach

The long mean free paths of phonons in carbon nanotubes compared to those in
other materials cause the nanotube to exhibit strong ballistic behavior over submicron
length scales. Ballistic quantized thermal conductance in quantum wires has been
investigated by Rego and Kirczenow [85]. Ballistic thermal conductance for one
dimensional conductors results in the quantum of thermal conductance, which can be
derived using Landauer theory. For a one-dimensional system between a hot and cold
heat bath, assuming perfect transmission at the interfaces, adiabatic system-heat bath
contacts, and a linear temperature response regime [58, 86], the phonon thermal

conductance in the limit where AT <<T is

max
Xm

_ qphonon _ kéT Xzex
Gphonon - AT - 27h Zm:xén (ex _1)2 dX, (22)

cold

B T +T

where x:lf—”_’r, T , and m denotes the phonon branches. Each gapless

B
acoustic phonon mode, independent of the exact dispersion relation, contributes a
guantum of thermal conductance
7[2k§

Cn =73,

T. (2.3)
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Figure 2.2: (a) Phonon dispersion relationship for (10,10) nanotube calculated by
Yamamoto et al. [86]. The inset shows that the energy gap of the lowest optical mode (

ha,, ) decreases with nanotube radius. With this model, all four acoustic modes exhibit

a linear dispersion relationship because the impact of bond bending is neglected. (b)
Phonon dispersion relationship for (10,10) armchair nanotube calculated by Mahan and
Jeon [87]. Two transverse (“flexure™) modes exhibit a quadratic dispersion relationship,
while the longitudinal and twist modes are linear.

For temperatures below the optical subband excitation temperature, the four modes
contribute to the heat transport in quantum wires [85] and single wall nanotubes [58,
86]. Calculations of the dispersion relationship for various chiralities of single-wall
cabon nanotubes have shown four phonon modes at low temperature [58, 86-88], which

yields G = 4Gth(T) in the low temperature limit. Figure 2.2 shows two examples of the

calculated dispersion relationship for a (10,10) single-wall carbon nanotube. In early
work, using zone-folding models [58, 86, 89-91], all four of the four acoustic modes
had linear dispersion relationships (e.g., [86], as shown in Figure 2.2(a)). Mahan and
Jeon [87] showed that for CNTSs, as the bonds are bent relative to the straight bonds in
graphite or a graphene sheet, both the magnitude and symmetry rules used in the force-
constant models must be modified. These authors [87] showed that the previously
derived [58, 86, 89-91] linear dispersion relationship of the transverse modes should in
fact be a quadratic relationship as shown in of Figure 2.2(b). Quadratic dispersion
relations for the transverse mode have obtained by using several molecular dynamics
models [87, 92-94], as well as ab initio calculations [95], and it is now widely accepted

that the doubly-degenerate transverse modes should have a quadratic dependence. The
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energy gap of the lowest optical mode (ha)op) depends on the radius of (n,n) single-wall

carbon nanotubes as 7@, ~ R™ (see the inset to Figure 2.2(a)).

Optical phonon modes begin to contribute to heat transfer as temperature increases
above a few degrees Kelvin depending on the energy of the lowest optical phonon
mode, which depends on the diameter of the nanotube [58]. Extending the estimate of
the thermal conductance of SWCNTSs in the low temperature limit (G=4Gy,) to higher
temperatures is possible by considering the chirality of the nanotube in determining the
number of phonon modes for thermal conductance [83, 89, 96]. The number of phonon
modes for a single-wall carbon nanotube (or in a single shell of a multi-wall carbon
nanotube) in the ballistic regime is determined by the chirality [83, 89, 96]:
_ 12(n2 +mn+ mZ) B 127%d?

N
" de a,dp

(2.4)

where (n,m) is the chiral vector, dr is the greatest common divisor of (2n+m) and

(2m+n), d; is the diameter of the nanotube, and a, = \/§bo is the length of the unit chiral

vector, where b,=0.142 nm is the equilibrium interatomic distance. The nanotube
diameter can also be calculated from the chiral vector:
ao 2 2
d;=—+n"+mn+m-. (2.5)
T
Each phonon mode can transport a quantum of thermal conductance in the ballistic
regime. Thus the total ballistic thermal conductance of a single-wall carbon nanotube or

one shell in a multi-wall carbon nanotube is G, =N G, . For a multi-wall carbon

nanotube, the total ballistic thermal conductance is the sum of the conductance of each

shell [83], G = ZGJ. . This treatment neglects coupling between shells. Brown et al.

Nshells

[96] measured the thermal conductance of MWCNTS to be consistent with this method
within the range of expected number of phonon channels (100°’s to 1000). The
conductance calculation can be extended to a bundle of nanotubes of mixed diameters
by summation of the conductance of the individual nanotubes [83].

To extend the ballistic model of thermal conductance into the diffusive regime,

Shang et al. [83] extended previous modeling work [1, 55, 97] showing that thermal
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conductivity of carbon nanotubes stops increasing at lengths longer than the mean free
path of the phonons, indicative of diffusive conduction. This suggests that for nanotube
lengths greater than the phonon mean free path, |, the thermal conductance should vary
according to

“G

j,ballistic
! L

G

j,diffuse

(2.6)
In other words, the total thermal conductance for nanotubes of any length can be
expressed as

G - Ntht'; forL<I 2.7)
j_ Nthth_ fOI’L>|. l
L
In the derivation of the ballistic quantum conductance, perfect transmission was

assumed at both heat baths. Wang and Wang [84] modified the energy transmission, ¢,

for the ballistic to diffusive transition regime, where the mean free path is on the order

: I . T . . I
of the CNT length, using {zm and in the diffusive regime (L > 1), using & =1
This provides a smooth cross-over between the ballistic and the diffusive regimes.
Similarly, Yamamoto et al. [98] derived an expression for the thermal conductance

valid from the ballistic to the diffusive regime given by

max
on

dw df (,T) I, (@)
Gzzfzh“{ a7 an(w)’ @9

where T is an average temperature, %, is the phonon energy, f(a),T) is the

distribution of phonons, and In(w) is the mean free path of phonons in the m™ phonon
mode. Equation (2.8) reduces to the ballistic thermal conductance for CNTs with
lengths much shorter than the mean free path and to the Peierls-Boltzmann equation for
CNTs of much longer lengths [98]. Estimating the mean free path using an expression
for three-phonon Umklapp processes where w/k,T >>1 yields

| (@)= Z”QTA , (2.9)
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where A is the coupling constant (using the value for graphene, A = 3.35 x10° m K s?)
and cn is a parameter used to represent the curvature of the CNT, allows the thermal

conductance to be calculated from
G :k— Q. |arctan Pn__ | _arctan| “m : (2.10)
2r ‘5 Q. Q.
c A

'ITL , Which can be considered a length-dependent characteristic

where Q=

frequency. The thermal boundary resistance can be included by adding the inverses of

the conductances: G, =G +G,;

total

Using a curvature parameter value of ¢,,=0.65 and

int *

a thermal boundary resistance of G, =0.09 K nW™, the analytical model matches well

with molecular dynamic simulations of a (3,3) nanotube [98].

2.2.3.2  Phonon Transport Calculations

Predictions of nanotube thermal conductivity stem from descriptions of the wave
vector models describing the transport of phonons within a CNT. Wave vector models
begin from kinetic theory and require knowledge of the specific heat, the phonon group
velocity, the mean free path or relaxation time. Solutions to the Peierls-Boltzmann
equation, which describes the transport of phonons within a material, allow calculation
of the thermal conductivity without making the relaxation time approximation.

Chantrenne and Barrat [97] developed an analytical model of thermal conductivity
by analysis of the phonon spectrum with properties dependent on the wave vector. The

thermal conductivity in the x-direction, ky, becomes

K, —ZZC (Vi (@)en(@)cos® (6, (a)), (2.11)

where C_(q) and v, (q) are the specific heat and group velocity of the phonon with
wave vector, g, and polarization (branch index), m, 7,,(q) is the phonon relaxation time
due to scattering for the mode, and 4, (q) is the angle between the wave vector q and

the direction x. Yan et al. [99], Cao et al. [100], and Wang et al. [56] formulate
comparable models, but neglect the cosine term. Through the dispersion curve, the

dependence on the wave vector, g, can be transformed into the angular frequency,
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The scattering mechanisms include three-phonon (Umklapp) processes, boundary

scattering, and defect scattering and the total relaxation time can be computed through
tHw)=1."(0)+ 78 (@ Z 75 (2.12)

where 7, is the relaxation time due to Umklapp processes, 7z, is the relaxation time
due to boundary scattering, 7, is the relaxation time due to the i defect, and Ny is the

total number of defects (including impurities, isotopes, vacancies, etc.). To validate
their wave vector model, Chantrenne and Barrat [97] calculated the thermal
conductivity of a cube of argon and compared the predictions with results from non-
equilibrium molecular dynamics (NEMD) simulations of the same system. Upon
finding good agreement between the models, the wave vector model was extended to

sheets of graphene and carbon nanotubes.

Table 2.2: Phonon Transport Model Summary

Article  Chiralities Umklapp Scattering Boundary Scattering Comments
Chantrenne  (9,0) - 1-5
and Barrat ~ (18,0) it (@)= A (T )o® 756 (@)=v(q, Mm)== system size varied
[97] (36,0) L(a)
T
| 2
T1u (a)) =Aw T 1 N-Phonon
Wang et al. 0 1 () _ —S processes included.
a[gGe] 27 T 2 Tge (Q)— V(q, m) L(q) Pr sz]gsﬂl] anlé
1 4 .
T,,\0)=— — | o temperature varied.
2U ( ) 27 /4 [To ] b
(5,5) to Length and
2020) 4y°h < F(o,v,N Temperature
Ya”ggt al. (20.20) r(q)=-% > ( o) Toe =50pS varied. MWCNT.
[99] (5,0) to 3 T Y Weak and strong
(20,0) coupling
2
Caoetal. (60)to _-1/\_ 4r°h Fo.v, No) _ Temperature
[100]  (140) Y (a)= 3 ; 5 7ec =50ps varied.

Approximations for the relaxation times must be used to estimate thermal

conductivity and several forms are plausible for the relaxation time due to Umklapp
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processes. Chantrenne and Barrat [97] expressed the temperature and frequency
dependence of the Umklapp relaxation time as

o) = Aw?T¢ exp(_T—Bj , (2.13)

where A, B, and & are fitted to the temperature variations of the bulk thermal
conductivity, though in their calculations, they used a simplified expression

7, (@)= A, (T)w® where A; is determined by fitting the calculated thermal conductivity

to the measured bulk thermal conductivity of the material. Since the bulk thermal
conductivity of the carbon nanotubes is unknown, an arbitrary value of A; was chosen
and the variations in thermal conductivity were calculated rather than the absolute
magnitude. Both Yan et al. [99] and Cao et al. [100] define the first-order relaxation
time for Umklapp scattering as:

) 4y*h « F(o,v,N
7' (a)= y3 > (@ °), (2.14)
q' P
where
Flov, NO){“’”“’ (VN;’ - NO):|5(a)+a)'—a)”), (2.15)
g

p is the mass density, and N, and N are the equilibrium occupancies of g’ and q”
phonons. Wang et al. [56] considered the first-order 3-phonon Umklapp process with a

relaxation time of

7L (@)= Ao’ = (2.16)
0

but also included the Umklapp scattering to second-order:

2

} 32 T

o0 (a)):Ey{T_j @, (2.17)
0

where A=4may? /v, To is the characteristic temperature of the material, T, = Mvz/kB :
a® is the atom volume, M is the atom mass, y is the Griineisen parameter, and e, is the
phonon branch frequency at the zone boundary. Additionally, Wang et al. [56]

considered N-phonon processes in the calculation of the total relaxation time, .
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Boundary scattering should also be included in a comprehensive thermal
conductivity model. The relaxation time due to the boundary scattering can be
approximated as
it (@)=vlam) S, 219)
where s is the fraction of all phonons which scatter specularly from the boundaries (

s e[0-1]) and L(q) is the distance a phonon with wavevector q and polarization m can

travel between boundary surfaces [56, 97]. In contrast, some authors set the relaxation
time for the boundary scattering to be 50 ps [59, 99, 100], independent of temperature
and phonon energy, an approach that is supported by experimental and theoretical work
[59, 64, 85, 101, 102]. Experimental measurements [59] of the thermal conductivity of a
nanotube rope at low temperatures (<30 K) suggest an energy-independent mean free
path consistent with boundary scattering. Similarly Kim et al. [64] observed a
temperature-independent component of the mean free path on the order of the length of
the nanotube. Yan et al. [99] and Cao et al. [100] investigate the effect of different
chiralities in SWCNTSs using wave vector models. Yan et al. [99] extends the model to
multi-wall nanotubes and investigates the differences between strong and weak
coupling between walls in multi-wall nanotubes. Table 2.2 summarizes different
phonon transport models highlighting the different models for Umklapp and boundary
scattering relaxation times.

The transport of phonons in a solid can be calculated using the Peierls-Boltzmann

dn, (anj
v = , (2.19)

phonon transport equation [55]:

P dx (ot
where pz{q,m} is the phonon wave vector, ¢, and the branch index, m, n, is the

on
distribution function, v, is the phonon group velocity, and [#j is from the collision
C

of phonons. Mingo and Broido [55] iteratively solve the Peierls-Boltzmann phonon
transport equation for single-wall carbon nanotubes with a linearized form of the
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on
collision term (#J and scattering due 3-phonon processes (up to second-order).
C

When only first-order 3-phonon processes are included, the thermal conductivity
diverges with the nanotube length. Second-order processes must also be included for the
thermal conductivity to saturate with length. From the solution to the Peierls-Boltzmann
equation, the thermal conductivity can be computed without making the relaxation time
approximation. At 316 K, for a (10,0) nanotube, the thermal conductivity saturates to
~4000 W m™ K™, but this only an estimate due to the approximation used for the

second-order 3-phonon process.

2.2.3.3  Molecular Dynamics Simulations

Molecular dynamics (MD) simulations compute thermal transport based on the
interaction potentials between the carbon atoms. Several different empirical forms of
the atomic interaction potential have been proposed [2, 4, 7, 9, 12, 15, 19]. Lepri et al.
[103] described in detail molecular dynamics simulations in low dimensional lattices.
Simulations based on equilibrium molecular dynamics (EMD), non-equilibrium
molecular dynamics (NEMD) [8, 10, 11, 13, 14, 104], and homogeneous
nonequilibrium molecular dynamics (HNEMD) [18, 20] were fruitful even before
experiments on individual nanotubes were developed. EMD simulations use the Green-

Kubo formula derived from linear response theory [17, 105]:

Kap =0 g £< ,(O)dt, (2.20)

where K, is the (a,) component of the thermal conductivity tensor, V is the volume, J,
and Jz are the components of the heat current in the « and S direction respectively.
NEMD simulations use the Fourier conduction law to determine the thermal

conductivity by applying either a fixed temperature gradient or heat flux to the system.
The thermal conductivity is related to the thermal gradient by [105]

Gl
J, == Koy —, (2.21)

7 OX 4
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where S—T is the thermal gradient along the S-direction. HNEMD simulations apply an
X
B

external field to mimic the heat flow without actually applying a heat flux or

temperature gradient [105].

Table 2.3 summarizes the results of many of the different molecular dynamics
simulations reported in literature. As with the experimental results, the MD calculations
require definitions of the cross-sectional area for heat transport. For single-wall
nanotube simulations, most authors select the area A= zdé with ¢ ranging from 0.1 nm
to 0.34 nm. For comparison, the results of all experimental and modeling reviewed in

this paper are standardized using A = zd? /4, although also shown in

Table 2.3 are values for k', the thermal conductivity calculated with A=7d&,
where 0=0.34 nm.

Many reports have simulated thermal conduction of CNTs with a chiral vector of
(10,10) yielding values from 80 W m™ K™ [105] to 6600 W m™ K™ [18] at 300 K, with
one extreme outlier at 102 W m™ K™ [16]. Variations in the nanotube length, boundary
conditions, molecular dynamics methods (EMD, NEMD, and HNEMD), and
interatomic potentials contribute to the range of simulated values. The effect of
nanotube length is discussed later in this review in combination with experimental data.
Some of the MD work discussed here did not consider the effect of length in the
simulations. Thus, it is unclear whether those MD results can be compared to the

experiments with the long CNTSs.
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Table 2.3: Molecular Dynamics Simulations Summary. Room temperature thermal

conductivity values for the maximum length simulated.
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2.2.4 Summary of Key Findings
2241  Geometrical Effect
2.24.1.1 Length

Thermal conduction transitions from the ballistic to the diffusive conduction regime
as the nanotube length increases. The phonon mean free path depends on temperature
such that for the same nanotube ballistic conduction can be observed at low
temperature, while diffusive conduction prevails at room temperature. In the ballistic

conduction regime, the thermal conductance, G is fixed and the thermal

ballistic

conductivity apparently increases with nanotube length as k =G L/A. The thermal

ballistic
conductivity reaches a constant value at lengths much longer than the mean free path,
where the conduction is diffusive. Figure 2.3 shows experimental data for the thermal
conductance of single-wall [56, 60, 63, 68-70] and multi-wall [57, 60, 62, 64, 67, 69]
nanotubes at room temperature. The majority of the available experimental data is for
nanotubes longer than 0.5 um. Since the conductance data of the nanotubes follows
approximate inverse proportionality with length, it appears that these nanotubes behave
diffusively and have lengths much longer than the mean free path. Despite the varying
diameters, and perhaps also varying chiralities, of the nanotubes characterized by the
various authors, the 1/L trend remains present. Figure 2.4 compares experimentally
measured thermal conductances [56, 63, 68-70] with the predictions of several
modelling efforts [56, 68, 83, 84] for SWCNTSs of approximately the same diameters
(1.4 to 1.9 nm). The ballistic conductance model [83], with the extension to the
diffusive regime as discussed in Section 2.2.3.1, was plotted for two chiralities of
nanotubes with diameters of approximately 1.9 nm: a (24,0) zigzag nanotube with a
1.88 nm diameter and a (14,14) armchair nanotube with a 1.89 nm diameter. Though
not included in the figure, the predictions of the model of Yamamoto et al. [98] (Eq.
(2.8))yield a smooth transition from the ballistic to the diffusive regime by considering
the length-dependence of the Umklapp scattering processes (Eg. (2.9)) and compare
well with molecular dynamics simulations of the (3,3) and (5,5 SWCNTs. An
empirical model [68], developed from an analytical fit to the temperature dependency of
30
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the measured thermal conductivity for a 1.7 nm SWCNT in conjunction with additional
data from Yu et al. [63], predicts a thermal conductivity given by:

-1
k'{s.?xlo”T +9.7x107°T? +9.3(1+0—|'_5]T -2} : (2.22)

where the temperature T is in in units of Kelvin and nanotube length L is in units of
microns. The length dependence is based on Matthiessen’s rule assuming an intrinsic
mean free path of 500 nm. The thermal conductivity (k') is defined with a cross-
sectional area of A=zdo and the thermal conductance as plotted in the figure is

calculated from this model as G =k'zdS/L . The majority of the molecular dynamics

simulations are for nanotubes of slightly smaller diameter, d ~ 1.4 nm, than those of the
measured CNTs, d ~ 1.8 nm. However, the results the model of Che et al. [1] for
(10,10) SWCNTs (d=1.36 nm) are included in Figure 2.4. Above lengths of ~10 nm,
the MD simulation reached a constant thermal conductivity and the conductance plotted
in Figure 2.4 is predicted from this value. The trend of the thermal conductance with
length appears to agree well with several of the models, and this is perhaps surprising
owing to the difference in CNT diameters. No experimental results are available for
nanotubes shorter than approximately 0.5 um and the fully ballistic conduction regime
is predicted at room temperature only for these short lengths.

In MD simulations, variations in the size of the simulation domain, i.e. the nanotube
length, and in the boundary conditions at the ends of the simulation domain, can lead to
differences in the predicted thermal conductivity. Periodic boundary conditions along
the axis of the nanotube are used to approximate nanotubes of infinite length [18, 20].
However, periodic boundary conditions do not accurately simulate long nanotubes.
Lukes [17] and Zhong [105] reported that even with periodic boundary conditions,
increasing the simulated length of the nanotube increased the predicted thermal
conductivity. Lukes and Zhong [17] suggested that this arises from the fact that longer
nanotubes have more vibrational modes with smaller wavevectors and longer
wavelengths, which provide new pathways for heat transfer not captured by simulations
with shorter period. The “new” low wavevector modes can be particularly effective

contributors to the thermal conductivity since they are less likely to scatter due to
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Umklapp processes. Finite lengths of the simulated nanotubes allow investigation the
size effect [1, 3, 5, 6, 8, 10, 13, 14, 44]. Some simulations achieved convergence with
length in as little as 10 nm [1, 5, 6] to ~150 nm [3]. In other MD simulations, no
convergence is found within the range of lengths simulated (0.1 to 100 nm [11]; 6 to
400 nm [13, 14]) and a power law (k ~ L*) can be fit to these simulated results. The
exponent, o, ranged from 0.1 to 0.4 depending on the chirality and temperature of the
simulated nanotube [11, 13, 14]. However, in these simulations, the simulated CNT
length is shorter than the expected mean free path and the conduction is not diffusive.
The thermal conductivity may yet saturate if the simulation was carried out to longer

lengths.

—1/L
SWCNTs:
O (Wang, 2007a,b)
° (Yu, 2005)
A (Pop, 2006)
¢ (Li, 2009)
% (Pettes, 2009)
MWCNTs:
® (Kim, 2001)
(Fujii, 2005)
A (Choi, 2006)
A (Choi, 2005)
¢ (Li, 2009)
* (Pettes, 2009)

o
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Length [um]

Figure 2.3: Room temperature thermal conductance of carbon nanotubes as a function of
length. Filled-in symbols denote MWCNTS, while open symbols denote SWCNTSs. The
solid line indicates the 1/L trend expected for a fixed thermal conductivity, i.e. diffusive
conduction in nanotubes.
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Figure 2.4: Predictions and data for the thermal conductance of single-wall carbon
nanotubes with comparable nanotube diameters. The models of Wang et al. [84], Wang et
al. [56, 70], and Shang et al. [83] were computed with nanotubes with approximately 1.9
nm diameter and for Wang et al. [84] and Shang et al. [83] a mean free path of 180 nm
was used in the calculations. For the empirical model of Pop et al. [68], a phonon mean
free path of 500 nm was extracted from experiments. The ballistic conductance models
can be extended to any chirality of nanotube and to multi-wall nanotubes, however, the
model from Pop et al. [68] was developed in conjunction with experimental data for
thermal conductivity versus temperature, so is strictly only valid for nanotubes of the
same diameter and chirality. For the wave vector model of Wang et al. [56], the
Griineisen parameter and the specularity of boundary scattering were adjusted to match
the data from their experiment. The molecular dynamics simulation of Che et al. [1] was
computed only up to lengths of 50 nm, but above ~10 nm a uniform value of the thermal
conductivity was achieved and that is what is plotted. All measurements and predictions
are at room temperature.
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Divergence of the thermal conductivity with length has also been predicted for low-
dimensional lattices [29, 103], and observed in models for CNTs when only first-order
Umklapp scattering is considered. Wang and Wang [84] found that the thermal
conductivity followed two separate power laws for the ballistic regime and the diffusive

regimes, with the e > @aimsive - At 10w temperatures and short lengths (ballistic

conductance), the relationship trended towards the ballistic limit k ~ L. However, for
longer nanotubes or at higher temperatures the tubes demonstrated more diffusive
behavior, k ~ L“with a <1. Solutions to the Peierls-Boltzmann equation [55] and
wavevector models [56] have both shown that considering only first-order 3-phonon
processes leads to thermal conductivity diverging with length, but when 3-phonon
processes are included to second order, the thermal conductivity saturates with length
agreeing better with experimental results. Yamamoto et al. [98] discussed that when
considering only first-order Umklapp processes, the thermal conductivity diverges with
length as k ~ L2 due to model for the acoustic phonon branches, but this can be
corrected by considering higher-order scattering processes. However, these authors
[98] obtained good agreement between MD simulations and their model including only
first-order Umklapp processes indicating that for the lengths considered, higher-order
effects may be negligible.

In general, in the ballistic conduction regime, the thermal conductance is constant
(i.e. the thermal conductivity increases with length), while in the diffusive conduction
regime, the thermal conductivity saturates to a constant value. In the intermediate
regime, a smooth transition results from quasi-ballistic or mesoscopic effects. Models
which neglect higher-order three-phonon processes result in predicted thermal
conductivities which diverge with increasing length for all lengths, which is not
physically observed. Additionally, MD models in which the domain is smaller than the
mean free path exhibit increasing thermal conductivity. To accurately predict the

thermal conductivity of long CNTs the models must be extended to longer lengths.
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2.24.1.2 Chirality and Diameter

While the dependence of the electrical properties on the chirality is well
documented, the impact of chirality on the thermal properties has received less
attention. Experimentally it is difficult to measure or control the chirality of nanotube,
although the outer diameter is typically measureable. In simulations, effects of both the
diameter and the chirality can be explored, but many discrepancies exist between the

results of different calculations.
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Figure 2.5: Thermal conductivity data as a function of nanotube diameter. Open and
filled data points are for single-wall and multi-wall nanotubes, respectively. A decrease in
thermal conductivity with increasing diameter is observed. The range of values shown for
Yu et al. [63] is due to the uncertainty in the measurement of the nanotube diameter. The
SWCNT data for Pettes and Shi [60] is a lower bound on the thermal conductivity, while
the effect of contact resistance at the ends of the nanotubes is accounted for in the
MWCNTSs. Thermal conductivity values are standardized using the enclosed area of the
nanotube, 4 =z d* | 4.

Figure 2.5 shows experimental results of the diameter dependence of the room

temperature thermal conductivity for both single-wall and multi-wall nanotubes. For
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SWCNTSs, the diameter dependence of the thermal conductivity is difficult to observe
because most data are for tubes with similar diameters (1.7 nm to 1.9 nm). Yu et al. [63]
measured a nanotube which had a diameter in the range of 1 nm to 3 nm, but not exactly
known due to the limits of the measurement technique, leading to the large range of
thermal conductivities shown on the graph. Combining the SWCNT and the MWCNT
data in the figure shows a general decrease in thermal conductivity with increasing
diameter. Pettes and Shi [60] found that the thermal conductivity of MWCNTSs
decreased with the number of walls, but this apparently correlated with an increased
concentration of defects in nanotubes with more walls.

Many authors have shown through simulations of tubes with the same chirality that
the thermal conductivity decreases with increasing diameter [11, 84, 97, 99, 100]. The
exact dependence of thermal conductivity on CNT diameter is due to a combination of
the diameter dependence of scattering rates and change in number of conduction
channels with tube diameter. For both armchair (n,n) and zigzag (n,0) nanotubes, Yan et
al. [99] calculated that k~n" with the explanation that the increased phonon energy gap
in smaller diameter nanotubes relaxes requirements for conservation both of energy and
momentum, suppressing Umklapp processes in small diameter nanotubes. The room
temperature thermal conductivity of chiral nanotubes depends on the number of atoms
in the unit cell, N, which depends on the diameter, and the density of the nanotube, p,
[99]:

k|T:ﬂoc N2, (2.23)
P

When comparing armchair nanotubes, Osman and Srivastava [8] found that the
smaller diameter nanotubes had the highest thermal conductivity compared to the larger
nanotubes at room temperature. Wang and Wang [84] found that the room temperature
thermal conductance should follow the relationship G~d for single-wall nanotubes.
Since the diameter of a nanotube is given by (Eq. (2.5)), for both armchair (n,n) and
zigzag (n,0) nanotubes, the diameter of the nanotube goes as n, the thermal conductivity
from Wang and Wang [84] goes as n*, a slightly different dependence than from Yan

et al. [99] but agreeing with the general trend of the thermal conductivity decreasing
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with increasing diameter. In contrast, Zhang et al. [10] found that the thermal
conductivity of armchair nanotubes at 300K increased with increasing diameter.

Several simulations show the peak in thermal conductivity with temperature shifts
depending on nanotube diameter, although the direction of the shift is not consistent.
Yan et al. [99] and Cao et al. [100] found that the temperature at which the thermal
conductivity reaches its maximum value shifts to lower temperatures for larger diameter
nanotubes. Cao et al. [100] note that this is because at all temperatures, the probability
of Umklapp processes increases for larger diameter nanotubes. The geometry of one
dimensional systems reduces the number of states into which phonons can scatter and
therefore in larger diameter tubes, there are more lower energy phonon states [100].
This is contrary to the argument of Osman and Srivastava [8] that at all temperatures
Umklapp processes are more likely in smaller diameter nanotubes with minimum
wavevectors closer to the reciprocal lattice vector. Osman and Srivastava [8] predict
that the peak in thermal conductivity with temperature occurs at a lower temperature in
smaller diameter nanotubes. Measurements of several different SWCNTSs [63, 68] and
MWCNTSs [62, 64] all show peaks in the thermal conductivity around 300 K regardless
of diameter, suggesting that any shift in the peak with diameter is slight. Defects present
in these measured nanotubes may be more important than the diameter and chirality
determining the scattering rate and peak thermal conductivity [55].

Several authors have modeled the effect of nanotube chirality on the thermal
conductivity. Many found no major effect of the chirality on the thermal conductivity
[8, 11, 58, 84, 86, 88]. The phonon density of states is not significantly altered for
different chirality of nanotubes suggesting that the thermal conductivity should not be
significantly affected by chirality [11, 106]. Yamamoto et al. [58, 86] found that energy
of the lowest optical phonon mode depended only on the nanotube radius, not the
chirality.

Other modeling efforts reported thermal conductivity variations with chirality [8,
20, 83, 104], possibly due to the structural differences between the bonds in nanotubes
of different chiralities. In armchair and chiral nanotubes, the sigma bonds form along
the nanotube circumference, while in zigzag nanotubes, these bonds are along the
nanotube axis. The stretching of the sigma bonds cause excess strain along the nanotube
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circumference, which shortens the mean free path of armchair and chiral nanotubes and
lowers the thermal conductivity [8, 20]. In a MD simulation of the propagation of a heat
pulse in a SWCNT, Osman and Srivastava [104] found the amount energy carried by
the longitudinal acoustic and twist phonon modes is larger for zigzag than for armchair
nanotubes. This finding agrees with models which show that the zigzag nanotubes have
higher thermal conductivity than other chiralities. Zhang et al. [20] found that below
400K the thermal conductivity of the (20,0) zigzag nanotube is higher than the (11,11)
armchair nanotube of nearly identical diameter, but both peak at the same temperature
and approximately the same maximum thermal conductivity. At all temperatures, a
(10,13) chiral nanotube had lower thermal conductivity than zigzag and armchair
nanotubes with the same diameter. The fact that zigzag nanotubes may have more
phonon channels than armchair tubes for the same diameter compared to armchair
nanotube is a possible explanation for the higher ballistic conductivity of zigzag tubes
[83]. In contrast, Yan et al. [99] found that armchair nanotubes had a larger room
temperature thermal conductivity than zigzag nanotubes at the same diameters. There is
not a clear consensus on the effect of chirality and diameter on CNT thermal

conductivity.

2.2.4.2 Temperature Dependence
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Figure 2.6: (a) Low temperature thermal conductance of nanotubes with varying chirality
as calculated by Yamamoto et al. [86]. (b) When the temperature is scaled by the energy
gap of the lowest optical mode, the thermal conductance for each of the different
chiralities collapses to a single curve [86].
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Several competing processes contribute to the temperature dependence of thermal
conductivity of carbon nanotubes. At low temperatures, heat transport is ballistic and
the thermal conductance and the thermal conductivity increase linearly with
temperature, a trend that is present also in the quantum of thermal conductance in
equation (2.3) [55, 58, 84, 86, 88]. The ballistic regime is predicted up to 100K for
(10,10) nanotubes of moderate length (~1 [Bh}.) As the temperature increases and
additional phonon modes contribute, the total thermal conductivity increases along with
the increase in specific heat [58, 86]. A peak in thermal conductivity with temperature is
expected near room temperature [8, 10, 11, 18, 20, 100] due to competition between the
excitation of more high-frequency phonons and the increased scattering rate [11]. At
higher temperatures, the thermal conductivity begins to decrease with temperature as
scattering processes dominate. The measurements and predictions in the literature

follow the basic temperature dependence in Table 2.4.

Table 2.4: Temperature Dependence of the Thermal Conductivity of Carbon Nanotubes.
Experimental results for MWCNTSs appear to follow similar trends with temperature as
SWCNTSs.

Regime Conductivity Dependence

Ballistic Regime

k~T. Ballistic conductance.
(very low temperature)

Intermediate k ~ specific heat. More phonon branches excited increasing the specific

heat.
Peak Balance between increasing specific heat and increased scattering
Diffusive Regime k~T Scattering processes dominate
(High temperature) Second-order three-phonon scattering processes contribute as k~T2

Below a few Kelvin, only the four acoustic modes described in Section 2.2.3
contribute to the thermal conductance. As shown in Figure 2.6(a), the temperature at
which the optical modes begin to contribute to the thermal conductance depends on the

energy gap of the lowest-lying optical mode (#%a,,), which in turn depends on the

chirality and nanotube diameter (see Figure 2.2). As shown in Figure 2.6 (b), when the
temperature is normalized by the energy gap of the lowest lying optical mode (defining

T, = KgT /(ha)op)), the predicted thermal conductance for all modelled CNTs collapses

to a single curve, which at low temperature can be approximated as [86]
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G z1+ize%’p 1+i+ 12 . (2.24)
4G, /4 Ty 2T

op op

As the temperature increases from a few degrees Kelvin towards room temperature,

phonon-phonon scattering remains negligible and boundary scattering governs the

phonon mean free path. Using the approximation k = ZCVZT, it is evident that thermal

conductivity increases with temperature as the specific heat and number of phonon
modes increases [52] and the scattering rate due to boundary scattering remains constant
[88, 99]. Models by Yan et al. [99] and Kahaly and Waghmare [107] found that below
about 200K, the thermal conductivity increased following the dependence of the
specific heat. Specifically, Kahaly and Waghmare [107] predicted that the thermal
conductivity will follow the T** trend in heat capacity in this temperature range.

The thermal conductivity reaches a maximum when the increasing phonon
population is balanced by reductions in the phonon mean free paths due to scattering.
Several molecular dynamics [8, 11, 20] and lattice dynamic models [100] found that the
temperature at which the thermal conductivity achieves its maximum value depended
on the nanotube chirality, with the peak conductivity in temperature in the range of
200K to 400K. Zhang and Li [11] found that the presence of isotope impurities modifies
the temperature dependence of the carbon nanotube. Specifically, for a pure SWCNT, a
peak in thermal conductivity was observed at 250 K, while when 40% C impurity was
introduced to the SWCNT model, the thermal conductivity decreased with increasing
temperature from 100 K to 400 K [11].

At higher temperatures, the thermal conductivity decreases in thermal conductivity
with temperature as Umklapp scattering processes dominate. First-order Umklapp
scattering processes lead to a k~T™ dependence at high temperature [8, 14], but there is
also a ~T? contribution due to second-order three-phonon effects [68]. Figure 2.7
shows both the combined experimental data set used for extracting the coefficients in
the temperature-dependent thermal conductivity model (Eq. (2.22)) of Pop et al. [68]

and the resulting prediction of thermal conductivity at various lengths and temperatures.
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Figure 2.7: (a) Diameter-adjusted CNT thermal conductivity as a function temperature.
Pop et al. [68] used this data to calculate the empirical model of thermal conductivity
with temperature shown in the right panel of the figure. (b) Thermal conductivity as a
function of temperature using an empirical model based on experimental data in the left
panel. Figures from Pop et al. [68].

Experimental results for MWCNTSs appear to follow similar trends with temperature
as those reported for SWCNTSs. Kim et al. [64] measured thermal conductivity of an
individual multi-wall carbon nanotube with temperature up to ~350 K. At low
temperatures, from 8 to 50 K, the thermal conductivity increased with temperature as
k~T>°. From 50 to 150 K, the thermal conductivity increased quadratically with
temperature as k~T? agreeing with the predictions for two-dimensional conductors. The
measured thermal conductivity peaked at ~3000 W m™ K™ at ~320 K and then
decreased with temperature. Fujii et al. [62] measured the thermal conductivity of three
different diameter multi-wall carbon nanotubes. For a multi-wall carbon nanotube with
a 16.1 nm outer diameter and a 4.9 nm inner diameter, the thermal conductivity

increased from 100 to 320 K reaching a plateau or possible peak at 320K.

2243 Influence of Defects

Molecular dynamics simulations enable systematic investigation of imperfect
carbon nanotubes. Defects can arise from localized flaws in the atomic arrangement and
from impurities. Figure 2.8 shows the predictions of Che et al. [1] for the impact of
common CNT defects in CNT including vacancies and the (5,7,7,5) defect, which
changes the bond structure from four hexagons into two hexagons and two pentagons.
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Figure 2.8: Effect of Defects on Thermal Conductivity. Effect of (a) vacancy and (b)
(5,7,7,5) defect concentration from Che et al. [1] using MD simulations. The solid lines
are the best fit to the molecular dynamics simulations. (c) Effect of *“C isotope impurity
as computed by Zhang and Li [11] using non-equilibrium molecular dynamics
simulations.

For the (10,10) nanotube investigated, the thermal conductivity decreased by nearly a
factor of 3 as defects of either kind are introduced into the system. The magnitude of the
reduction is smaller for the (5,7,7,5) defect than for a vacancy because the basic
bonding characteristic is not changed significantly. Zhang and Li [11] investigated the
reduction in thermal conductivity due to the addition of **C and *3C to a pure *2C (5,5)
single-wall nanotube (see Figure 2.8). The thermal conductivity drops by more than a
factor of two when 50% of the **C are replaced with **C and similar results were found
for the *C impurities. The impurities also changed the temperature dependence of the
thermal conductivity by impacting the phonon-phonon scattering mechanisms within
the nanotube. Impurities can cause localization of high-frequency phonons, which can
increase the contribution of low-energy, long wavelength phonons to conduction. Yan
et al. [99] discussed that although individual tubes in a defect-free MWCNT act
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independently due to the weak interwall coupling, the presence of defects can cause
scattering in all directions and link together different walls of the MWCNT. Pettes and
Shi [60] observed no defects in single- and double- walled nanotubes using transmission
electron microscopy, but the multiwalled tubes were found to have a high density of
defects (30 to 77 dislocations per micron, increasing with the number of shells). The
distance between defects (13 to 29 nm) correlated well with the estimated phonon mean
free path within the MWCNTs (4 to 30 nm) [60]. Ivanov et al. [108] found that
annealing a vertically-aligned MWCNT array in argon at 2800 °C for 2 hours
significantly reduced the sidewall defects increasing the thermal conductivity by up to a
factor of 5. These studies show that CNT defects can significantly impair thermal

conduction, reducing it by more than half even at low defect densities.

2.3 Thermal Conduction in Carbon Nanotube Arrays and Mats

Carbon nanotubes can be configured into a variety of materials including randomly
oriented mats or vertically aligned arrays of nanotubes. Randomly oriented nanotube
mats do not take full advantage of the high thermal conductivity along the axis of the
nanotube, preventing the mats from having high thermal conductivity. Aligned arrays of
CNTs can better take advantage of the high thermal conductivities of individual
nanotubes reported in the previous sections of this review. The conductivities of aligned
CNT materials are governed by the packing fraction of CNTs, boundary resistances
between the nanotube array and the substrate or other material, and by damage or
defects that may be present in the nanotubes as a result of fabrication details including
compression.

Several research groups investigated and improved the thermal properties of
vertically aligned CNT (VACNT) arrays, for which the boundary resistance can
dominate the total measured thermal resistance. Figure 2.9 shows a typical
configuration including the substrate a second material, in this case a deposited metal on
top of the CNT film. The total thermal resistance of the sample includes the thermal
resistance between the CNT layer and its growth substrate, the volumetric thermal

resistance of the CNT array, and the thermal resistance between the free surface of the
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CNT array and the top contact. This manuscript has gathered thermal conductivity data
from researchers whose experimental methods are designed to separate the volume and
boundary resistances. This is a challenging task for data interpretation, and has been
achieved mainly using fast optical techniques including thermoreflectance [e.g., 109,
110], photothermoelectric [e.g., 111], photoacoustic [e.g., 112], and laser flash [e.g.,
113] methods. Effective thermal conductivities of vertically aligned CNT arrays
reported in the literature span a large range from 0.145 W m™ K™ [114] to 267 W m™ K’
! [115, 116]. In some experiments it was not possible to separate the intrinsic thermal
conductivity of the array from the boundary resistance. In these cases, the total
resistance of the CNT array between two materials is reported (including both boundary

resistances). Total thermal resistances ranged from 5 to 61 mm? K W™ [21, 44, 117].

Nanoscale interface
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Figure 2.9: Schematic showing the sources of thermal resistance in an aligned CNT array
including thermal boundary resistance between the growth substrate and the CNT film,
the volumetric thermal resistance of the CNT film, and the thermal boundary resistance
between the free surface of the CNT and the metals or other material deposited or placed
on top of the CNT layer. The volumetric thermal resistance of the CNT has contributions
due to defects, inter-tube contacts, and the intrinsic thermal resistance of the individual
CNTs. The color gradients in the schematic show that for a top-heated CNT array, only
nanotubes in contact with the top heat source and the bottom substrate transfer heat
efficiently to the substrate.

In an ideal array of vertically aligned CNTs, each individual CNT makes complete
contact with both surrounding surfaces and straight and free of defects. In this case, the
total conductance of the CNT array is the sum of the conductances of the individual

tubes. In realistic arrays, incomplete contact of the CNTs to the surfaces reduces the
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number of CNTs contributing to heat conduction and forces heat to transfer between
nanotubes. Additionally, defects and inter-tube contacts may increase the volumetric
contribution to the thermal resistance. The measured or physical CNT thermal

conductivity is related to the volumetric resistance by k = L/(R,, o A), Where the

volumetric resistance includes the intrinsic thermal resistance due to the nanotube as
well as the resistance due to defects and inter-tube contact resistances for heat transfer

pathways involving multiple nanotubes.

2.3.1 Thermal Conductivity

If the nanotubes are assumed to function independently and all provide good contact
to the top and bottom contacts, then the film thermal conductivity should scale linearly
with the packing fraction. While the route to higher conductivity might appear to be
increasing the packing fraction, this also increases the density of inter-tube contacts and
the associated reductions in CNT thermal conductivity as discussed later in this section.
While for randomly oriented nanotubes, the contact points may provide a modest
improvement in the conductivity by enabling additional heat flow paths, in general the
contacts can be assumed to reduce the conductivity in aligned nanotubes owing to the
reduced conductivity of the tubes. One exception to this argument might be the situation
when a small fraction of the nanotubes is in contact with an interface, for which case the
contact between nanotubes could diminish the effective thermal contact resistance.
Figure 2.10 shows the thermal conductivity of CNT samples from literature as a
function of the volume fraction CNTs. Data for individual nanotubes are represented at
the right side of the plot where the volume fraction is unity. A simple estimate of the
thermal conductivity of aligned arrays of nanotubes, Karay, Scales the thermal
conductivity of individual nanotubes, kcnr, by the volume fraction of CNTs, VF:

N
k :VF'kCNT :%ACNTKCNT' (2.25)

array
array
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Figure 2.10: Intrinsic thermal conductivity as a function of volume fraction for aligned
CNT films. These data are for the intrinsic thermal conductivity of the arrays, which have
been determined separately from the interface resistances. The solid line shows the
predicted film thermal conductivity for an ideal array of nanotubes each with an
individual thermal conductivity of 3000 W m™ K™, while the dashed line shows the
predicted film thermal conductivity with an individual CNT conductivity of 30 W m™ K~
! Individual nanotubes thermal conductivities are provided on the left axis with volume
fraction = 1. The volume fractions of aligned arrays range up to about 0.2, though
unaligned densified arrays can achieve higher volume fractions. The densified arrays of
Zhang et al. [118, 119] report volume fractions of ~0.8-0.9 through spark plasma
sintering of unaligned CNT mats. All of the nanotube arrays perform lower than
predicted by the high thermal conductivity of individual nanotubes, however, recent data
is approaching that limit as nanotube array fabrication improves and the resistances at the
interfaces are addressed.

For well aligned CNT arrays, the volume fraction is equivalent to the area fraction and

. : N .

is calculated from the number of CNTs per unit area, —<"™. For well aligned CNT
array

arrays, the volume fraction is equivalent to the area fraction and is calculated from the

. N . L
number of CNTs per unit area, —"™, There is some uncertainty in the reported values

array

46



CHAPTER 2

for the volume fraction for CNT arrays as it is difficult to measure accurately. Some
papers report the number of tubes per unit area (as counted from microscope images),
while in other cases the volume fraction is estimated from comparison of the density of
a CNT array to the density of graphite.

The majority of the vertically aligned CNT samples discussed in the literature have
reported conductivities that fall well below predictions, indicated by the solid line in
Figure 2.10, considering 3000 W m™ K™ for an individual tube. Some samples
correspond to individual nanotube thermal conductivities lower than 20 W m™ K™,
indicating factors beyond the CNT density degrade the thermal performance of some
vertically aligned CNT arrays. For comparison, the dashed line in Figure 2.10 indicates
the predicted thermal conductivity for individual nanotubes within the arrays have
thermal conductivity of 30 W m™ K™. The high thermal conductivity (exceeding 250 W
m? K* at ~10% volume fraction CNTSs) reported by Tong et al. [115, 116] shows
promise for fabricating vertically aligned CNT arrays which take full advantage of the
high thermal conductivity reported for individual CNTs. The thermal diffusivity and
thermal conductivity in aligned CNT arrays is highly anisotropic, such that the axial
thermal conductivity is as much as 110 times greater than the radial conductivity [108,
111, 115, 116, 120].

Akoshima et al. [121] reported a technique to reduce the distance between CNTSs in
free- standing SWCNT arrays increasing the density by a factor of 15 and leading to a
significant increase in film thermal conductivity. For aligned densified MWCNT arrays
infiltrated with epoxy, Marconnet et al. [122] found that the thermal conductivity
improved with increased CNT array density. However, the thermal conductivity did not
follow the linear trend expected with volume fraction, nor did it increase as rapidly as
expected if each CNT contributes with the thermal conductivity ~1000 W m™ K™.
Prasher et al. [123] showed through modeling efforts that random mats of nanotubes are
as thermally insulating as polymers. If the inter-tube contact resistance is high, the large
number of tube-tube contacts in randomly-oriented CNT films, or even poorly-oriented
VACNT arrays, would make any pathway for heat conduction involving multiple CNTs

highly resistive.
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Figure 2.11: Individual nanotube thermal conductances plotted as a function of nanotube
length, as extracted from reported measurements for arrays of MWCNTSs and from
measurements of MWCNTSs. Dashed line shows L™ trend of the thermal conductance
which is expected if the thermal conductivity of a nanotube saturates at lengths longer
than the mean free path. Error bars due to uncertainty or variation in nanotube diameters
in the arrays.

Figure 2.11 shows the thermal conductance of an individual nanotube, Genr,
extracted from measurements of arrays of nanotubes as a function of nanotube length:
Genr =%% (2.26)
where Karray IS the measured thermal conductivity of the entire array, Acnr is the cross-
sectional area of an individual nanotube in the array, L is the height of the nanotube
array. The L™ trend observable in Figure 2.3 for individual nanotubes is also observed
in the array data in Figure 2.11 for lengths up to 1 mm, indicating that the thermal
conductivity saturates with length. Above 1 mm, the introduction of defects during CNT
growth may impede conduction. The differences between conductivities measured for
individual nanotubes and those deduced from array data may result in part from

differences in diameter or quality. For the MWCNT arrays, the diameters range from 10
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to 200 nm, while in the measurements of individual of MWCNTS, the diameters varied
from 8.2 to 46 nm. Within a single CNT array, there is a distribution of nanotube
diameters.

Growth parameters, including the choice of substrate and adhesion layers on the
substrate, deposition temperature, and catalyst material, govern the quality of the
vertically aligned carbon nanotubes and therefore the thermal properties of the arrays.
Typically thin films of titanium, aluminum, and nickel are deposited on silicon
substrates for optimal CNT growth using chemical vapor deposition with methane as
carbon source [21, 44, 117, 124]. Titanium improves adhesion to the silicon substrate,
while aluminum activates the nickel catalyst layer. The quality of the CNT growth, and
the total thermal resistance of the sample, can depend strongly on the thickness of the
aluminum layer and on whether the substrate annealed prior to CNT growth [44]. Zhang
et al. [44] found that annealing the substrate before depositing the nickel catalyst was
necessary to achieve vertically aligned CNT growth and the VACNT growth was
further improved by annealing the substrate again after the catalyst deposition. Using a
nickel catalyst layer, Yang et al. [110, 125] obtained vertically aligned CNT arrays
without the titanium adhesion or aluminum activation layers. For their high thermal
conductivity CNT films, Tong et al. [115] used CVD with ethylene as carbon source to
grow the films on silicon wafers with a 10 nm aluminum film and 10 nm iron film as a
catalyst. For some samples, an additional layer of molybdenum underneath the Al film
improved adhesion. Cola et al. [112] grew high thermal conductivity arrays on
successive layers of 30 nm titanium, 10 nm aluminum, and 3 nm of iron on copper
films. Gao et al. [126] controlled growth parameters including the number density of Fe
catalyst nanoparticles, thickness of the catalyst layer, and carbon precursor flow rate to
optimize the density and CNT alignment within their VACNT films and achieved low
thermal resistance by optimizing optimized conditions. During microwave plasma
chemical vapor deposition of MWCNT films, Cola et al. [127] controlled the growth
surface temperature and found that higher growth temperatures resulted in increased
nanotube diameters and reduced thermal resistance (from 8 nm diameter and 19
mm’K/W at 500 °C to 40 nm diameter and 7 mm*K/W at 800 °C). Many other
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combinations of catalysts, substrates, and carbon sources are used to grow aligned
carbon nanotube arrays.

The simulations and measurements of individual CNTs with defects discussed in
Section 2.2.4.3 showed that the thermal conductivity decreases significantly with
increasing defect concentration. Assuming a fixed defect concentration, the probability
of a defect in occurring within a given CNT increases with the length, and thus arrays of
longer tubes may exhibit a lower effective conductivity than shorter arrays of identical
quality tubes. The study of growth kinetics of CNTs shows significant changes in CNT
alignment and density with growth time within VACNT arrays [128, 129]. These effects
could explain why the short nanotubes (L < 10 um) of Tong et al. [115, 116] showed
high film thermal conductivities, with the extracted individual nanotube thermal
conductivity as high as 2650 W m™ K. Figure 2.12 shows the individual CNT thermal
conductivity extracted from the effective arrays thermal conductivity and volume

fraction from the data in the literature.
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Figure 2.12: Individual CNT thermal conductivities as a function of length extracted from
reported data of the thermal conductivity or thermal conductance of CNT arrays.
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While experimental estimations of the mean free path of phonons in individual
carbon nanotubes yielded values as high as 1.5 um [58, 59], the mean free path in films
and bundles may be considerable shorter with corresponding lower thermal
conductivity. Yang et al. [110] estimate a phonon mean free path of only 20 nm in their
multi-wall nanotube arrays. The reduced mean free path could be a result of localized
defects or tube-tube contact providing additional scattering sites for the phonon energy
carriers. Chalopin et al. [130] modeled the effect of crossing nanotubes using molecular
dynamics. The phonon transmission through a single-wall carbon nanotube was reduced
very slightly when a second nanotube crosses it. Furthermore, the interface thermal
conductance from one nanotube to the second nanotube was between 1 and 100 pwW K™
from 5 to 1000 K for all chiralities simulated [130]. By extending these simulations to a
randomly arranged pellet of nanotubes, the authors found the thermal conductivity in
the dense limit is approximately 5 W m™ K™ [130]. This is the same order of magnitude
observed by the experiments of Zhang et al. [118, 119] on dense unaligned carbon
nanotube samples (2.8 to 4.2 W m™ K™). Using both molecular dynamics and atomistic
Green’s function simulations, Prasher et al. [123] found an interface thermal
conductance of 50 pW K™ for crossing SWCNTs. However, simulations using these
models for individual tube-tube contacts overestimated the thermal conductivity of
randomly-oriented beds of CNTs. Simulations of two nanotube junctions spaced more
closely together than the coherence length of phonons within the CNTs yielded a
contact conductance one order of magnitude smaller than that for a single junction and
an overall thermal conductivity consistent with experiments [123]. Yang et al. [131]
measured the thermal contact conductance of large crossing CNTs with diameters of 74
and 121 nm to be 100 nW K™. To compare with simulations of 1.4 nm diameter
crossing nanotubes, a contact conductance of 21 pW K™ is estimated assuming the
contact conductance scales with diameter. For bundles of MWCNTSs, Aliev et al. [132]
found that the thermal conductivity decreased by up to a factor of 4 relative to that of
individual nanotubes. This suggested that within a single CNT certain phonon modes
were suppressed as a result of contact and coupling with other nanotubes within the
bundle [132]. In general, the high tube-tube contact resistance and modifications to the
phonon modes limit the usefulness of randomly-oriented CNT films for thermal
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applications and more work is needed in understanding the impact of CNT-CNT
contacts in aligned CNT arrays. As sketched in Figure 2.13, inter-tube contact may
increase the thermal resistance of a CNT array by providing additional sites for phonons
or by damping phonon modes.
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Figure 2.13: (a) Schematic and resistance models illustrating the conduction by two
nanotubes in contact. In this example, one nanotube makes contact with both a heater and
a heat sink. A second nanotube crosses the first but makes contact only with the heat sink.
(b) Resistor network describing nanotubes in contact. While the second nanotube
provides a second pathway for heat to transfer to the heat sink, the contact also provides a
scattering site for the energy carriers. If the contact resistance is large, instead of aiding in
the thermal conduction, the major effect of the second nanotube is to add a defect
resistance to the conducting nanotube as modeled approximately by the extra resistor in
the network in (c).

2.3.2 Boundary Resistance

Interface resistances play an important role in the thermal conduction through CNT
arrays and can be the dominant source of resistance. For the study of as-deposited films,
the resistances of the growth interface with the substrate and with any films deposited or
mechanically affixed after growth. The contact resistance at the interface between the
nanotube array and the growth substrate has been found to be quite low, in the range of
0.022-0.03 mm? K W [110, 114] for CNTs grown on silicon. In other cases such as
MWCNTSs grown on SiO,, the interface resistance has been larger, ~50 mm? K W
[111]. When metals are deposited on the top surface of the array, or another material is
brought in contact with the top surface of the array, the interface resistance of that
interface tends to be significantly larger. For example, Tong et al. [115] found a thermal
resistance of 1.1 mm? K W™ between the CNT array and silicon growth substrate, but
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11.1 mm? K W between the CNT array and the Cr and Au coated glass piece placed on
the top surface. Attaching the CNTs to the SiO, substrate using 1 um of indium
significantly reduced the resistance of the CNT-glass interface to 0.29 mm? K W™
[115], most likely due to increasing the engagement with the MWCNTSs. Similarly, Cola
et al. [133] observed a temperature-dependent hysteresis of the thermal boundary
resistance of SIC-MWCNT-Ag interfaces. Specifically, the total thermal resistance
decreased after the heated to 250 °C, possibly due to improved contact to the Ag
resulting from thermally-induced diffusion of Ag into the MWCNT array [133]. Several
methods have been developed to bond CNT arrays to substrates other than their growth
substrate. These include indium solder [115, 116], Palladium thiolate [134],
electrothermal [135], and thermocompression [136-138] bonding techniques, all of
which have shown significant improvements in the total thermal resistance compared to
unbounded interfaces.

The roughness of the CNT array and contacting surfaces can make a difference in
the fraction of CNTs which make contact with the surfaces. Incomplete contact at the
interfaces of the CNT and substrate can reduce the effective volume fraction of CNT
participating in heat transfer [109] and amplify the interface resistances at the nanoscale
between individual CNTs and the substrates. The TEM image in Figure 2.14 of a cross-
section of the metal-SWCNT interface reveals that near the interface there are an
increased number of voids and lower volume fraction of CNTs compared to deeper
within the array. The variations in CNT heights can lead to an increase in the apparent
resistance of the array since a large fraction of tubes do not completely contact both the
top metal and the substrate. Panzer et al. [109] used a 10 ns thermoreflectance technique
to extract the effective volume fraction of SWCNTSs within an array which participate in
heat transfer from the effective heat capacity of the film. During transient diffusion
normal to the film, only those nanotubes in thermal contact with the top metal layer
absorb heat and contribute to the experimentally observed heat capacity. These authors
found an order of magnitude fewer nanotubes contribute to the thermal properties of the
nanotube array (2.5x10™ m) than the expected nanotube density based on the catalyst
preparation (8.7x10™ m®) [109]. Using the reduced CNT number density, the
contribution to the thermal conductivity estimated for an individual nanotube in
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excellent contact with the interface was found to be ~2300 W m™ K™. Many nanotubes
make little contribution to the heat transfer. The thermal resistance of CNT arrays has
been shown to decrease with applied pressure [21, 112, 117, 139], most likely due to the
effects of an increasing the fraction of CNTs within the array contributing to heat

conduction and increasing the real contact area [112, 117].

Figure 2.14: Representative TEM of Single-Wall CNT Array coated with thin film of
aluminum from Panzer et al. [140] showing voids within the SWCNT array and,
qualitatively, the regions of incomplete contact between the nanotubes with the aluminum
layer.

The interface between a CNT and a bulk medium differs from the standard contact
between two bulk media as the carbon nanotube confined geometry exhibits may lead to
quantum effects and this contact geometry requires new models to describe the
conduction physics. Using a lattice dynamics approach, Panzer and Goodson [141, 142]
studied the junction between 1D lattice and 3D face centered cubic lattice, as well as the
junction between 1D and 2D square lattices. Even when two lattices have the same
speed of sound, atomic spacing, and atomic mass, phonon transmission is impaired by
the change in dimensionality. At room temperature, a maximum thermal conductance of
~100 pW K was found by investigating several mass and stiffness ratios for a 1D-3D
junction. While the 1D-3D model does not reproduce a CNT-substrate interface exactly,
it suggests that phonon transmission across the interface will be dominated by the

longitudinal phonons, while transverse and torsional phonons will have negligible
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contribution. Prasher et al. [61] studied the thermal boundary conductance between a
vertically aligned CNT array and a bulk substrate in the mesoscopic regime, for which
the dominant phonon wavelength was of the order of the nanotube diameter, but shorter
than the nanotube length. The dominant phonon wavelength as quantified in Eq. (4)
ranges from about 1 nm to several hundred nanometers depending on temperature for
crystalline solids, while in carbon nanotubes it can be quite long even at moderately
high temperatures [61]. Assuming perfect transmission at the boundaries of a (6,0)
SWCNTs, at 100 K, ballistic conduction effects were predicted up to lengths of ~55 um,
while at room temperature ballistic conduction is predicted up to a length of 2.4 um
[88]. Thus the interface consists of a 1D ballistic conductor in contact with a 3D bulk
medium. Using a 3D vector elastic wave model, Prasher et al. [61] studied the
transmissivity and thermal conductance of (6,0) single-wall carbon nanotubes attached
to a silicon substrate up to 55 K and found that the thermal conductance is several
orders of magnitude less than that predicted with the assumption of perfect transmission
at the boundaries.

Molecular dynamics simulations of CNT-substrate interfaces have also been
developed. Diao et al. [143] modeled both a capped and uncapped carbon nanotube
spanning two silicon surfaces as a function of temperature, pressure, nanotube length.
Capped nanotubes have lower thermal conductances than uncapped nanotubes up to a
pressure of ~1.1 GPa. At a pressure of ~1.1 GPa and thermal conductance of 500 MW
m? K, the thermal conductance of capped nanotubes begins to surpass the thermal
conductance of uncapped nanotubes. The simulations found that more carbon atoms
interact with the silicon substrate as the pressure is increased with the capped nanotubes
increasing in contact more so than the uncapped nanotubes. At 0.2 GPa, the interface
thermal conductance of an uncapped nanotube increased from ~200 MW m? K™ to ~
2000 MW m™ K™ as the temperature increased from 50 to 1200 K, which corresponds to
thermal boundary resistances between approximately ~0.005 and 0.0005 mm? K W™).
Increasing the length of the nanotube was shown to increase the interface thermal
conductance. Diao et al. [143] attributed this to the finite size effects since the length of
the nanotubes simulated was much shorter than the mean free path of the phonons and
suggests that improved computational capabilities are required to extend the simulations
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to long enough nanotubes for the thermal conductance to saturate with length. Fan et al.
[144] investigated a (10,10) CNT bridging the gap between two silicon substrates. The
contact conductance increased when the CNT was functionalized with carboxylic acid
groups which bonded to the hydroxyl groups on the silicon surface. The interfacial
thermal conductance increased from about 400 MW m™ K™ with no chemical bonds to
1480 MW m™ K™ with 10 chemical bonds. These values were calculated using the
contact area of A= zd¢o . For comparison, the per-tube thermal contact resistance can be
estimated from measurements of CNT arrays using the volume fraction and ranges from
about 1 to 606 MW m? K™ [110, 111, 115, 116].

All the simulations previously discussed in this section describe the contact of a
CNT connected perpendicular to the surface of a substrate. Ong and Pop [145] used
molecular dynamics to investigate the thermal boundary conductance of a 36.9 A long

(10,10) CNT lying flat on a SiO, substrate, using the Lennard-Jones potential

V(r)=4 Z{(gjﬂ —(%ﬂ , (2.27)

where ¢ is the energy parameter, ¢ is the distance parameter, r is the interatomic
distance, and y is a scaling factor. This horizontal contact geometry occurs often in the
measurements of individual nanotubes. Additional, when VACNT arrays are brought
into contact with another material after growth, some of the CNTs bend. This bending
results in an elongated contact region as approximately represented in the sketch in
Figure 2.9. The absolute magnitude of the thermal boundary conductance predicted by
Ong and Pop [145] depended linearly on the scaling parameter in the Lennard-Jones
potential. Assuming a scaling factor of y = 1, at room temperature, the thermal
boundary conductance per unit area was estimated to be 58 MW m? K, independent of
diameter when the contact area is the product of the length and the diameter. The
thermal boundary conductance increased approximately as T¥® from 200 to 400 K and

an approximation to the molecular dynamics calculations yielded

0.05D T % 2.28
g ~0. z(ﬁj | (2.28)
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where g is the thermal conductance per unit length in W m™ K™, D is the nanotube
diameter in nanometers, and T is the temperature in Kelvin. From this expression, for a
1.7 nm diameter CNT at room temperature, g ~ 0.1 W m™ K™, similar to the previously
measured value from Pop et al. [75] of approximately 0.17 W m™ K™ for a 2 to 3 nm
diameter CNT on a Si substrate with a thin SiO, layer. Maune et al. [146] estimated a
thermal contact conductance of ~0.3 W m™ K™ for a CNT grown on a sapphire
substrate. From the measurement of an individual 14 nm diameter MWCNT lying on a
metal electrode [64], the contact conductance per unit length is estimated to be 0.5 W

m™ K™ and the contact conductance per unit area is be estimated to be 35 MW m2K™.

2.3.3 Applications

For electronics packaging applications, the CNT arrays are promising as thermal
interface materials and the total thermal resistance is a critical metric. The total
resistance of a thermal interface material (TIM) includes both boundary resistances and
the intrinsic thermal resistance. Optimal thermal interface materials also benefit from a
variety of other attributes including a low elastic modulus, E, which helps accommodate
mismatch in the coefficient of thermal expansion between the hot surface and the heat
sink. Conventional thermal interface materials include greases, gels, phase change
materials, and metallic solders. Polymeric thermal greases have a relatively high
thermal resistance, but have low elastic modulus. In contrast, metallic solders have
lower thermal resistance but have much higher stiffness.

Figure 2.15 compares thermal resistance data for CNT films with conventional TIM
materials, showing that the total thermal resistance of CNT arrays can be better than
thermal interface greases and even approaches those of metallic solders. The solid line
in the figure shows that an ideal CNT array with 3% volume fraction and negligible
boundary resistance could achieve lower thermal resistance than metallic solders of the
same thickness. The extremely low CNT density and large aspect ratio of individual
CNTs in bulk CNT films provides the possibility that the CNT array could have lower
elastic modulus than even the conventional greases, making the promising for thermal

interfaces. Very recent work has used a microfabricated silicon resonator to measure the
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in-plane modulus of aligned MWCNT films, yielding values between 10 and 500 MPa

that are well below those of conventional interface materials [128].
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Figure 2.15: Total thermal resistance of CNT arrays plotted according to length. The total
thermal resistance includes the thermal boundary resistance between growth substrate and
CNT film, the intrinsic thermal resistance of the CNT film, and the thermal boundary
resistance between the free surface of the CNT and the metals or other material deposited
or placed on top of the CNT layer. The solid line shows the lower limit for the thermal
resistance of a CNT array at a packing density of 3 percent if each individual CNT has a
thermal conductivity of 3000 W m* K and the thermal boundary resistance is
negligible. The dot-dashed line shows an approximate lower bound on thermal resistance
of commercial thermal greases used for thermal interface materials. Thermal greases and
phase change materials have low thermal conductivities (on the order of 0.1-10 W m™ K~
). The dashed line shows the approximate thermal resistance of commercial alloy
solders. Metallic solders have higher thermal conductivities (on the order of 40-90 W m™
K™). Some of the best data for CNT arrays as thermal interface materials have achieved
total thermal resistances less than commercially available greases, gels, and phase change
materials and approaching that of metallic solders.

2.4 Conclusions

In the last two decades, thermal conduction in CNTs has been investigated through
the modeling and experimental efforts of many researchers. The high thermal

conductivities of CNTs combined with their electrical and mechanical properties can
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yield bulk CNT materials with interesting and unique combinations of properties.
Understanding thermal conduction in individual nanotubes is necessary for
understanding the thermal conduction in bulk CNT materials.

Depending on growth parameters, the diameter, chirality, length, and quality of
CNTs can vary significantly impacting the thermal conduction properties. While it is
possible to model the effect of chirality and diameter, it is challenging to determine the
chirality of nanotubes experimentally and there is no clear trend of thermal conductivity
and diameter consistent between the different models. The experiments show a
reduction of thermal conductivity with increasing diameter. Nanotubes can be grown
with lengths exceeding several millimeters, which is much longer than the phonon mean
free path. While several models have been developed for ballistic conduction
appropriate for nanotubes shorter than the mean free path, the majority of CNTs and
CNT films experimentally characterized are diffusive thermal conductors at room
temperature and the thermal conductivity is independent of length. Several models
showed that defects including vacancies, changes to the bond structure, and impurities
significantly reduce the thermal conductivity of individual nanotubes. Experimentally it
is difficult to directly observe and isolate the impact of defects. Ivanov et al. [108]
found that the thermal conductivity of bulk CNT arrays increased after annealing at
high temperatures, possibly due to the reduction in the number of sidewall defects
observed with high resolution TEM. Pettes and Shi [60] found that for individual
nanotubes the thermal conductivity decreased with increasing defect concentrations. To
ensure high thermal conductivity of bulk CNT materials, high quality CNTs are
required.

The thermal resistances for both CNTs and bulk CNT materials have two
components: the intrinsic thermal resistance of the nanotubes and the thermal boundary
resistance between the nanotubes and surrounding materials (i.e. substrate, deposited
layers, etc). For individual CNTSs, the intrinsic thermal resistance must be optimized by
controlling the growth quality and considering effects of geometry. In bulk CNT
materials, increasing the CNT volume generally decreases the intrinsic thermal
resistance of the material by increasing the number of nanotubes per unit area. As the
intrinsic thermal conductivity of CNT arrays has been improved through optimization
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of growth parameters, the limiting factor in implementing CNTs in practical
applications is the high thermal boundary resistance between CNTs and surrounding
materials. Reducing the thermal boundary resistance and increasing the fraction of
CNTs contributing to the heat conduction is necessary for creating CNT films with

desirable thermal properties.
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CHAPTER 3: THERMAL CONDUCTION IN
CARBON NANOTUBES FILMS AND COMPOSITES

3.1 Introduction

Efficient heat dissipation is critical for reliability and performance of integrated
circuits, thermoelectric modules, and high power electronics. Thermal interface
materials (TIMs) require low thermal resistance to transfer heat effectively and a low
elastic modulus to accommodate the mismatch in thermal expansion at the interface.
There is a trade-off between these two properties for conventional TIMs. Solders have
low thermal resistivity but must be deposited in thick layers to avoid failing due to
mechanical stresses. Greases and gels have higher thermal resistivity but can easily
accommodate thermally induced stresses.

Vertically aligned arrays of carbon nanotubes leverage the high axial thermal
conductivity of individual CNTs [68] while maintaining a low elastic modulus [128]
due to the high aspect ratio and flexibility of nanotubes, making them an ideal material
for TIMs. In recent years, CNT film thermal conductivity as high as solders have been
reported [116]. However, the total CNT film thermal resistance, which includes both
the intrinsic thermal resistivity and the thermal interface resistances between the CNT
film and surrounding materials, is the key thermal metric for TIMs. The total thermal
resistance can be reduced by increasing the pressure at the interface between the TIM
and surrounding materials or using metal films or solders to enhance contact
conductance at the interface. However, these bonding methods are challenging to adopt
in a production line and do not easily accommodate variations in CNT thickness.

This chapter investigates two methods of enhancing the thermal performance of
CNT-based films and composites. First, mechanical-densification of vertically aligned
CNT films is used to enhance the intrinsic thermal conductivity of CNT films. Section
3.2 discusses thermal conduction measurements of mechanically-densified, vertically-
aligned CNT films. This is extended to the mechanically-densified CNT-based
composites in Section 3.3. A cross-sectional infrared (IR) microscopy technique is used
to evaluate the thermal conductivity as a function of CNT length and film volume
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fraction. The IR microscopy technique is improved through the integration of reference
layers to measure the heat flux. The data is interpreted considering the impact of CNT
density on thermal conduction considering boundary resistances, increased defect
concentrations, and the possibility of suppressed phonon modes in the CNTs. Second, a
novel bonding method is developed in Section 3.4 utilizing electrodeposited copper
films to enhance the engagement of CNT film to surrounding materials. Improved
engagement of the CNTs improves the CNT film thermal conductivity and is intended

to reduce the CNT-copper boundary resistance.

3.2 Thermal Conduction in Mechanically-Densified, Aligned CNT Films

The thermal conductivity of vertically-aligned CNT films is measured using cross-
sectional infrared microscopy. Aligned CNT films consisting of 1 vol.% dense, 8 nm
diameter MWCNTSs are grown via chemical vapor deposition with a controlled and
aligned morphology as described in previous work [147, 148].

‘ Aﬁted Si Heater— [
" CNTFim I
-/’////Ej'artz Reference —

Temperature Controlled
X Copper Baseplate X

(a) Sample Arrangement (b) Sample Arrangement
with No Reference Layer with One Reference Layer

Figure 3.1: Sample geometries for thermal characterization of CNT films. (a) Original
sample geometry with no reference layer. The heat flux across the sample film is
calculated from the current and voltage applied to the aluminum-coated silicon heater and
the cross-sectional area of the CNT film. The infrared microscope is used to generate a
two-dimensional temperature map across the length of the CNT film and surrounding
materials. The two-dimensional temperature map is reduced to a one-dimension
temperature profile (as sketched next to the sample geometry) by averaging in the
direction perpendicular to the heat flux. From the heat flux and temperature gradient in
the CNT film, the thermal conductivity of the CNT film is calculated with Fourier’s law.
(b) Modified sample geometry with a quartz reference layer. The infrared microscope is
used to generate a two-dimensional temperature map across the length of the CNT film,
quartz reference layer, and surrounding materials. With this geometry, the heat flux is
calculated from the known thermal conductivity of quartz and the measured temperature
gradient in the quartz. With the heat flux calculated from the quartz region and the
temperature gradient in the CNT film, the thermal conductivity of the CNT film is
calculated using Fourier’s law. The modified geometry improves the estimate of the heat
flux through the sample as in the original geometry, some of the power dissipated in the
heater is lost through convection on the epoxy-coated side of the heater.
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Figure 3.2: Temperature profile across the CNT film and quartz reference layer. Inset
shows the two-dimensional temperature map spanning the (a) quartz reference layer, (b)
CNT sample film, and (c) aluminum-coated silicon heater. The two-dimensional
temperature map is averaged in the direction perpendicular to the heat flux to generate the
1-d temperature profile. The slopes in the linear portions of the curve are used for
calculating the thermal conductivity, while the jump in temperature between region (a),
(b), and (c) are indicative of thermal interface resistances.

For infrared thermal characterization, the CNT film is sandwiched between a heater
and a cooled copper baseplate as shown in Figure 3.1(a). The heat flux through the
sample is measured from the current and voltage applied to the heater and the
temperature gradient across the sample is measured from the two-dimensional
temperature map recorded using infrared microscopy (see Figure 3.2). A modified
sample geometry including a quartz reference layer (shown in Figure 3.1(b)) is used to
improve the accuracy of the heat flux measurement. From the measured heat flux and
the temperature gradient in the CNT film, the thermal conductivity of the CNT film can

be determined using Fourier’s law:
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where q"is the heat flux through the CNT film, kent and Kguar @re the CNT and quartz

and d—T

CNT X

thermal conductivities, d—T

r are the temperature gradients in the CNT
X

quartz

and quartz, Acnr is the cross-sectional area of the CNT film, and | and V are the current

and voltage applied to the heater.
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Figure 3.3: Effect of length on the (a) thermal conductivity and (b) thermal resistance of 1
vol.% dense, vertically-aligned MWCNT films. No length dependence of the thermal
conductivity is observed. The total thermal resistance (circles) consists of the thermal
resistance between the CNTs and the heater (triangles), the intrinsic resistance through
the thickness of the CNT film, and the resistance between the CNT-film and the growth
substrate. For the thinnest sample, the resistance between the CNT film and the heater
was smaller than resolvable with this technique. Note that no reference layer is used in
these measurements.

Three samples (120, 760, and 100 um thick) of 1 vol.% dense, multi-walled carbon
nanotube films are measured to study the impact of film thickness. No variation in the
thermal conductivity with thickness is observed (as shown in Figure 3.3(a)) indicating
that thermal transport is diffusive in these films. Estimates of the phonon mean free path
in literature at room temperature range up to 1.5 um [58, 59] confirming that diffusive
thermal transport is expected at these length scales (for more details on phonon
transport in CNTs, see Chapter 2). The total thermal resistance of the CNT films is the
sum of the resistance between the CNT film and the heater, the intrinsic thermal

resistance of the CNT film (R"cyr = L/k¢ym), and the thermal resistance between the

CNT film and the growth substrate. Figure 3.3(b) shows the total thermal resistance and
R" cnT—Heater TOr these films. For the 120 um thick sample, the resistance between the
heart and the CNT film is smaller than could be resolved with this technique.

Specifically, the temperature drop across the interface, A7, is smaller than could be
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resolved by the microscope. For the thicker samples, this interface is comparable to the
intrinsic film resistance. For all sample, the resistance between the CNT film and the
growth substrate is smaller than resolved by this technique.

Generally, the total thermal resistance of these films is quite high, ranging from 4 to
28 cm? K / W. In comparison, the thermal resistance of most conventional thermal
interface materials (greases, gels, solders) is significantly less than 1 cm? K / W. In part,
this is due to the thickness of the CNT arrays. Reducing the CNT thickness from
hundreds of microns to 1 micron would reduce the intrinsic thermal resistance of the
film by two orders of magnitude. However, the interface resistances between the CNT
film and surrounding materials would still be quite large and alternative bonding
methods are required to improve those thermal resistances (for an example, see section
3.4). Assuming the CNTSs act like thermal resistors in parallel, increasing the number of
CNTs per unit area should also increase the thermal conductivity of the CNT film and
reduce the thermal resistance of the film.

Mechanical densification through bi-axial mechanical compression is investigated
as a method of increasing the film thermal conductivity. The aligned arrays are grown
as described above and densified using mechanical compression. Several samples were
measured using the cross-sectional infrared microscopy technique described above
using quartz reference layers to measure the heat flux through the sample films. Figure
3.4 shows the thermal conductivity of the densified CNT films as a function of volume
fraction. Although it was expected that the CNT thermal conductivity would increase
linearly with volume fraction (i.e. if the CNTs are considered 1D conductors in
parallel), the measured thermal conductivities are quite scattered. Furthermore, the
thermal conductivities are much lower than anticipated, assuming an individual CNT
thermal conductivity ~3000 W/m/K, as had previously been reported for measurements
of individual carbon nanotubes. Raman spectroscopy of MWCNT films is used to
provide a very approximate indication of the impact of compression on quality. The
Raman spectrum does indicate a high concentration of defects. However, the ratio of the
G (graphite) band to the D (defect) band in MWCNT films shows no detrimental effect
of densification on quality of the MWCNT films at the maximum compression (20 vol.
% MWCNTS) [149]. Thus, it is likely that the individual nanotubes which make up the
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CNT forest have thermal conductivities much lower than ideal and that improvements
to the underlying CNT quality would lead to higher thermal conductivity films. The
scatter in the results may also be due to rough contact surfaces combined with highly
anisotropic conduction though the forest limiting the fraction of CNT contributing to
heat transfer. Additionally, it is possible that the surface roughness depends on the
degree of densification leading to a varied surface contact for each sample. While the
infrared microscopy technique allows spatial separation of intrinsic thermal resistance
from interface resistances, increased surface roughness may limit the number of CNTs
in contact with the hot and cold side of the set-up and thus the measured film thermal
conductivity could be less than under ideal contact conditions. Cola et al. [112]
observed increased thermal performance of CNT films under increasing pressure,
suggesting that the pressure improves the contact between the CNT and surrounding

material.
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Figure 3.4: Thermal conductivity of mechanically-densified MWCNT films as a function
of volume fraction. Note that a single quartz reference layer is used in these
measurements to determine the heat flux through the sample film.
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3.3 Thermal Conduction in Aligned Carbon Nanotube-Polymer
Nanocomposites with High Packing Density"

3.3.1 Overview

Aligned CNT polymer nanocomposites (A-CNT-PNCs) can benefit a variety of
applications including electronics thermal management. Individual carbon nanotubes
(CNTs) can have thermal conductivities near 3000 W m™ K™ and molecular dynamics
simulations predict the values could be even higher [18, 64]. Vertically aligned CNT
films can have volume-averaged axial thermal conductivities as high as those of metals,
with reported values reaching ~265 W m™ K™ [115, 116]. However, pure CNT forests,
without binding materials, do not always offer the mechanical properties required by
structural, aerospace, and other applications. Recent progress on CNT-polymer
composites, in particular those featuring aligned nanotubes, promises unique
combinations of thermal and mechanical properties. We report here a detailed study of
conduction along aligned CNT-epoxy composites with CNT volume fractions extending
an order of magnitude higher (up to 20 vol.%) than those of previous research. In
particular, this work finds that the axial thermal conductivity is increased by a factor of
18.5 at a volume fraction of 16.7 vol.%, and the observed conductivity anisotropy
(Kaxial/Ktransverse ~ 2 t0 5) correlates well with CNT alignment. A strongly nonlinear
variation of axial conductivity with volume fraction is interpreted considering CNT-
epoxy boundary resistances, CNT imperfections introduced during fabrication, and
modification of the phonon conduction within the nanotubes due to interactions with the
matrix (e.g. enhanced scattering, damping of phonon modes, etc.).

Carbon nanotube additives have yielded only modest increases in the thermal
conductivities of polymers compared to theoretical predictions, and the reasons for the
relatively low conductivities are not well understood. Figure 3.5 reviews prior data for
composites containing randomly-oriented carbon nanotubes and polymers (thermal
conductivities near 0.2 W m™ K™). Low concentrations of nanotubes (<1 vol.%) have
been shown to reduce the effective composite thermal conductivity in some cases,

" This section reproduced with permission from A. M. Marconnet, et al., "Thermal Conduction in Aligned
Carbon Nanotube—Polymer Nanocomposites with High Packing Density," ACS Nano, vol. 5, pp. 4818-
4825, 2011. http://pubs.acs.org/articlesonrequest/ AOR-jzXZH4uAHztPHWpc5kF5. Copyright 2011
American Chemical Society.
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possibly due to void formation, and yield a modest enhancement in others [81, 150,
151]. Higher concentrations (>1 vol.%) yield larger increases in the conductivity, but
generally less than twice the value of the epoxy matrix [81, 150, 152-154]. The
resulting nanotube composites have a much lower thermal conductivity than predicted
by effective medium theory (EMT) [155, 156], which, for example, predicts a factor of
250 enhancement in thermal conductivity when 5 vol.% randomly oriented CNTs
(k~3000 W m™ K™) are added to an epoxy (kn~0.2 W m™ K™). Possible reasons for the
disparity between predictions and data include modification of the phonon conduction
within the individual nanotubes by the polymer matrix [81], interfacial thermal
resistances that impair thermal transport between the nanotubes and the polymer or
between contacting nanotubes [123, 151, 155-159], impurities and lattice defects within
individual nanotubes [108, 159-162], and the formation of voids in the CNT-polymer
composite [163, 164].

This work investigates the impact of CNT density on the thermal conductivity of
nanocomposites consisting of mechanically-densified, aligned multi-walled CNT
(MWCNT) arrays infiltrated with an unmodified aerospace-grade thermoset epoxy. To
better understand factors limiting thermal conductivity enhancement with the inclusion
of nanotubes, both the axial and transverse thermal conductivities are compared with
predictions from effective medium theory. The conduction mechanisms within the
composites are considered to explain the observed non-linear increase in thermal
conductivity with volume (packing) fraction of CNTs. Unlike unaligned, randomly-
oriented nanotubes, aligned MWCNT arrays can potentially provide more direct
thermal conductivity pathways across the entire composite thickness, which can yield
significant thermal conductivity improvements [164-166]. The present manuscript
offers the first benchmark data of CNT composites with controlled CNT density
allowing correlation between CNT density and composite thermal conductivity. These
data complement previous work characterizing the mechanical and electrical properties
of these mechanically densified aligned CNT composites (up to 20 vol.% CNTSs), which
showed promise for use in multifunctional applications with a factor of 3 enhancement
in elastic modulus at 17 vol.% CNTs and a significant reduction in electrical resistance
with increasing CNT density [147, 167].
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Figure 3.5: Previous data

for the thermal conductivity enhancement as a function of

volume fraction for randomly dispersed CNT composites. This chart represents a subset

of the available data where
wmtK™h

the matrix material has a thermal conductivity of 0.18 to 0.26
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MWCNT arrays are grown using chemical vapor deposition [170], mechanically
densified to increase the volume fraction [148], and infiltrated with RTM6 epoxy. The
CNT alignment within the composites is examined by measuring the azimuthal angle of
CNTs using scanning electron microscopy (SEM, Philips XL30), resulting in a mean-
square cosine of 0.77 from averaging over 100 CNTs. Voids in CNT composites are
evaluated using optical microscopy and micro-computed tomography scans (X-Tek
HMXST225), and only void-free A-CNT-PNC samples are thermally characterized.
Comparative infrared (IR) microscopy characterizes the axial and transverse thermal

conductivities of aligned CNT nanocomposites of varying volume fraction.

3.3.2 Methods
3.3.2.1 Fabrication

Aligned CNT composites are fabricated from continuous CNTSs, implemented in a
controlled and aligned morphology as described in previous work [147, 148] and
illustrated in Figure 3.8. In brief, aligned arrays consisting of 1 vol.% dense, 8 nm
diameter, several millimeter long MWCNTSs are grown via chemical vapor deposition.
The aligned arrays are densified using biaxial mechanical compression and infiltrated
using capillary action with epoxy (RTM6 from Hexcel), then cured to form aligned
CNT nanocomposites with CNT densities between 1 vol.% and 20 vol.%. The CNT

alignment was quantified by measuring the azimuthal angle & of CNTs using scanning

electron microscopy (SEM, Philips XL30). The mean-square cosine < cos” @ >, with
its statistical distribution among all CNTs as the weighting factor, was estimated to be
0.77 from averaging over 100 CNTs in the SEM images. Voids in CNT composites
were also evaluated using optical microscopy (2D) and micro-computed tomography
scan (X-Tek HMXST225, 3D). Air bubbles and epoxy-rich regions on the order of
microns were at times observed and A-CNT-PNC samples with such voids were

eliminated from the sample sets [149].
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Figure 3.6: Schematic and SEMs of nanocomposite fabrication [147, 148]. (a) As grown
CNT films with 1 vol.% CNTSs. (b) Biaxial mechanical compression of CNTs up to 20
vol.% CNTs. (c) A-CNT-PNC fracture surface after capillary-driven epoxy infiltration of
the CNT arrays.

3.3.2.2  Comparative Infrared Thermal Microscopy

The thermal conductivity is measured using a comparative method based on ASTM
standard E1225, using an infrared (IR) microscope instead of thermocouples [171-173].
A one-dimensional heat flux is generated across a stack consisting of the nanocomposite
sample sandwiched between two reference layers. A resistive heater (metal-coated
silicon) is attached to one reference layer, and the other reference layer is affixed to a
heat sink (through a silicon wafer attached to temperature-controlled copper baseplate).
For the unfilled CNT arrays, the stack consists only of a heat sink (silicon wafer
attached to copper baseplate), a reference layer, a sample CNT film, and a heater
(metal-coated silicon). Based on preliminary work regarding the magnitude of the
thermal conductivity, one of two reference materials are used for each samples in this
experiment: quartz (GE Type 214) with a thermal conductivity of 1.4 W m™* K™ and
Pyroceram 9606 (Corning Glass) with a thermal conductivity of 4 W m™ K™, to ensure

that the temperature gradients in the sample and in the reference layers are comparable.
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Figure 3.7: IR Microscopy technique for thermal conductivity measurements. (a)
Schematic of the testing configuration with an example temperature map. The sample
sandwiched between two reference layers. A metallized piece of silicon is used as a
heater and the structure is affixed to a silicon substrate with silver paste. The silicon
substrate is affixed to the temperature controlled copper baseplate using thermal grease.
(b): Temperature distribution across sample including best fit slopes for both reference
regions and the sample (temperatures averaged across the width of sample, i.e. each
column in image (a)).

Fourier’s law describes heat transport for each layer in the sample. The samples are
prepared such that all layers in the stack have the same cross-section and the heat flux is
constant across the sample and two reference layers. Thus, the ratio of the thermal
conductivity of the sample and the reference material can be determined from a ratio of
the temperature gradient in the sample and the reference layer. The use of two reference
layers allows the relative importance of any other heat transfer mechanisms, such as
convective and radiative loss, compared to the conduction through the sample stack to
be determined. Also, the use of reference layers eliminates possible error due to
electrical losses in the wiring and connections supplying power to the heater and due to
convection to the air on the topside of the heater. The relevant surfaces of the
composite which come in contact with the reference layers are polished to a roughness
of less than 3 nm and coated with 200 nm of platinum to enhance contact. The sample

stack is assembled using a silver epoxy (Duralco 120, Cortonics). The surfaces of the
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reference-sample-reference stack facing the IR camera view are also polished, and then
coated with a thin film of carbon (SPRAYON Dry Graphite Lubricant, Sherwin
Williams) to enhance emissivity. For the unfilled CNT arrays, no surfaces are polished
or coated with platinum and the stack is bonded together using colloidal graphite (Ted
Pella, Inc.) and the surfaces of the reference layer are also coated with the colloidal
graphite to enhance emissivity.

For a given heater power, a two-dimensional temperature map is recorded with the
infrared microscope. The microscope uses a 256x256 InSb focal plane array for
detecting wavelengths ranging from 3 to 5 pm. The IR microscope has a temperature
sensitivity of 0.1 K and spatial resolution of up to 2 um. Within each temperature map,
the regions containing the reference layers and sample are identified and the
temperature is averaged in the direction perpendicular to the heat transport to yield
temperature versus position graphs, as shown in Figure 3.8. The temperature gradient in
each region of the stack is determined using a least-squares fitting routine. For a robust
measurement, thermal maps are recorded and the thermal gradients are calculated as the
power is increased. Boundary resistances between the different layers in the stack can
be spatially separated from the temperature gradients associated with the material’s

intrinsic thermal conductivity.

3.3.3 Results & Discussion

The measured thermal conductivities (Figure 3.8) are comparable with or greater
than those reported previously for other aligned CNT nanocomposites [164, 165], but
the data fall well below the best data for CNT films without an epoxy matrix [109, 112,
115, 116]. The axial thermal conductivity of the composites ranges from 0.46 to 4.87 W
m™ K™ as the nanotube density increases from 1 vol.% to 16.7 vol.%. The axial thermal
conductivity of the composites is comparable to the thermal conductivity of unfilled,
aligned, densified MWCNT films which ranges from 0.29 to 3.6 W m™ K™ as shown in
Figure 3.8. The unfilled arrays were fabricated in the same manner as the composites
and measured with a similar comparative infrared microscopy technique as the

composites with minor differences as noted in the Section 3.3.2: Methods.
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Figure 3.8: The axial (o) and transverse (o) thermal conductivity of CNT
nanocomposites and unfilled CNT forests (filled diamonds) as a function of volume
fraction. The schematic below the legend shows the axial and transverse measurement
directions for the aligned CNT composites. Best fits from the effective medium approach
(solid lines) and with a power law (dashed line) are shown for the composite data. For the
effective medium approach, the axial and transverse thermal conductivities are fit
simultaneously with a non-linear least squares algorithm, assuming an alignment factor of
0.77 from the SEM analysis, with two free parameters: the individual CNT thermal
conductivity (22.1 W m™ K*) and the CNT-polymer boundary resistance (<1x10”° m* K
W™). For the power law relationship (k. — ks) = A- f , the prefactor, A, and the exponent,
B, are fit with a non-linear least squares algorithm, while the measured matrix thermal
conductivity, k»,=0.26 W m™ K, is held constant. The fitted values are A=72.9 W m* K’
Yand B=1.72 for the axial thermal conductivity and A=11.3 W m™ K™*and B=1.37 for the
transverse thermal conductivity. The dashed green line indicates the thermal conductivity
of the epoxy.

For the axial direction in the aligned composites, a simple model considering
nanotubes conducting heat parallel with the polymer matrix predicts that the thermal
conductivity increases linearly with volume fraction. A linear fit to the axial data in
Figure 3.8 provides an estimate of 18.5 W m™ K™ for the thermal conductivity of the

individual nanotubes in the matrix, much lower than the previous measurements of
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individual nanotubes. However, the axial thermal conductivity for the composites does
not follow a simple linear trend, instead the increase in thermal conductivity with
volume fractions above 10% appears much greater than at lower volume fractions
suggesting that the density of nanotubes is not the only factor influencing the thermal
conductivity. The non-linearity of the data in Figure 3.8 for the aligned CNT
composites is similar to the data for the randomly-oriented composites presented in
Figure 3.5, although the magnitude of the thermal conductivity enhancement is much
greater for these aligned composites. The thermal conductivity for the transverse
direction remains near the thermal conductivity of the base epoxy increasing slightly
with volume fraction below ~10 vol.%. The highest measured transverse thermal
conductivity is 2.41 W m™ K™ at 14.8 vol.%. For both the axial and transverse direction,
at high volume fractions (> 10 vol.%), significant differences in the thermal
conductivity are observed for samples of similar CNT densities indicating that
variations in sample quality may impact the thermal conductivity. While isotropic
thermal conductivity is expected and observed for randomly dispersed nanotube
composites, the CNT alignment in these composites results in a significantly anisotropic
thermal conductivity (Kaxial/Kiransverse ~ 2 t0 5). The axial thermal conductivity increases
more rapidly with volume fraction than the transverse thermal conductivity, resulting in
a higher degree of anisotropy at higher volume fractions.

There are several possible explanations for the thermal conductivities reported here
for composites, which are lower than expected for CNT-based materials and also lower
than those reported for thin, unfilled and uncompressed CNT arrays. The same
conduction mechanisms that reduce the thermal conductivity also dictate the non-linear
trend in thermal conductivity with volume fraction. First, the quality of the CNT film
used for composites strongly impacts the composite performance. Measurements and
simulations of individual nanotubes highlight the very high thermal conductivities of
pristine nanotubes leading to impressive predictions of the behavior of bulk materials
fabricated from CNT films. But even for unfilled CNT arrays, the reported effective
thermal conductivities range from less than 1 W m™ K™ (e.g. [114]) to over 250 W m™
K™ (e.g. [115, 116]). The effective thermal conductivity of the unfilled CNT arrays in
this study, which form the basis of the composites used in this work ranges from 0.29 to

75



THERMAL CONDUCTION IN CARBON NANOTUBES

3.6 W m? K™ over the range of volume fractions investigated. The low thermal
conductivity for the unfilled arrays is governed by the quality of the CVD grown
nanotubes and the challenge in making good thermal contact with all the nanotubes
within the film. Thus, when filled with epoxy (k~0.26 W m™ K™ for the RTM6 used
here), the composite thermal conductivity will not be as high as predicted from the
measurements of individual nanotubes. The effective thermal conductivity of bulk
materials containing nanotubes depends on many properties of the CNT component,
including the individual CNT conductivity, CNT density, morphology, and contact
resistances. In particular, defects within individual nanotubes, including lattice defects,
impurities, and amorphous carbon, lead to reduced thermal conductivities of the
individual nanotubes, and hence of their bulk materials. Raman spectroscopy of
MWCNT films is used to provide a very approximate indication of the impact of
compression on quality. The ratio of the G (graphite) band to the D (defect) band in
MWCNT films shows no detrimental effect of densification on quality of the MWCNT
films at the maximum compression (20 vol.% MWCNTSs) [149]. Improvements in
thermal conductivity for CNT films and composites have been observed after various
treatments such as annealing [108, 162], nitric acid treatments [161, 162], and
centrifugation (for unaligned films) [160]. In order to form high thermal conductivity
composites, the thermal conductivity of the constituent CNTs must be consistently high,
and this is not always achieved in the quantities needed for fabricating nanocomposites.

Second, contact regions between nanotubes, which occur even in the best aligned
CNT films, impact thermal performance of any CNT composite. These contact points
serve both as scattering sites for phonons propagating along contacting nanotubes,
reducing the individual nanotube thermal conductivity, and as a route for heat
conduction between the nanotubes with additional thermal resistance across the
interface. The magnitude of the thermal boundary resistance at CNT-CNT contacts
strongly influences the effective conductivity of the composite material. A higher
contact resistance diminishes the thermal conductivity of the ensemble. Prasher et al.
[123] show that the thermal conductivity of a randomly-oriented bed of MWCNTS is
controlled by the CNT-CNT thermal contact resistance which is orders of magnitude
larger than the intrinsic thermal resistance of a CNT. If the thermal boundary resistance
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between nanotubes is small, as the volume fraction increases and more CNT-CNT
contacts are formed, the composite thermal conductivity increases. Percolation theory
predicts that above a threshold volume fraction, the filler particles (CNTs) form a
network which bridges the entire thickness of the composite leading to more effective
heat transport across a sample [152, 157]. Kumar et al. [157] computationally analyzed
percolation in 2D networks of CNTs, finding that the CNT-CNT and CNT-substrate
thermal resistances influenced the thermal conductivity, even below the threshold
volume fraction required to form chains of filler CNTs bridging the entire sample
thickness. In contrast, in the axial direction, the nanotubes in the composites studied in
this work should bridge the entire thickness of the sample in the axial direction
regardless of the volume fraction. But in the transverse direction and in the axial
direction if some CNTs do not traverse the entire sample thickness, densification may
lead to the formation of percolation networks which bridge the entire thickness of the
sample. Meshot and Hart [174] have shown variations in CNT alignment and
entanglement from the top to bottom of similar CVD grown MWCNT arrays. Panzer et
al. [140] showed that not all nanotubes physically present in a aligned array contribute
to heat transport due to a lack of engagement of all the CNTs with the heat source and
sink. As the alignment and continuity of the nanotubes varies throughout the array,
CNT-CNT contacts become increasingly important for effective heat transport across
the composite.

Third, CNT-polymer boundary resistance impacts the effective thermal conductivity
of CNT-polymer composites. In unaligned CNT composites, the individual CNTs do
not bridge the entire thickness of the composite and the CNT-polymer boundary
resistance is critical. One of the main advantages of the composites studied in this work
is that the CNTs themselves are well-aligned and span the entire thickness of the
polymer in the axial direction providing direct pathways for heat transport across the
composite. In theory, for these composites, the CNT-polymer boundary resistance is
only important for the conductivity transverse to the CNT axis. However, if some of the
CNTs fail to extend to the surface of the polymer, the CNT-polymer thermal boundary

resistance will impact the axial conduction as well.
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Furthermore, phonon modes within CNTs can be damped and scattered by the
polymer matrix reducing the thermal conductivity of the CNTs themselves [81, 151].
Gojny et al. [81] showed that the thermal conductivity enhancement for MWCNTSs
dispersed in epoxy was larger than that of single-walled CNTs (SWCNTs) as MWCNTSs
have inner shells which conduct phonons efficiently despite the outer shell interacting
with the polymer matrix. This damping of phonon modes within the outer shells of
nanotube may be a possible reason for the reduction of the thermal conductivity of the

nanotubes, especially when high quality nanotubes form the basis of the composite.
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Figure 3.9: Cartoon illustrating of key mechanisms impacting thermal conduction in CNT
composites including variations in the intrinsic CNT thermal conductance, interface
resistances, variations in CNT lengths, spatially-varying CNT alignment and CNT-CNT
contacts, as well as defects within CNTs and voids in the polymer matrix.

Figure 3.9 summarizes the key mechanisms impacting thermal conduction in
vertically-aligned CNT composites. The effect of CNT-CNT contacts is the most likely
cause of the non-linearity in the thermal conductivity with increased density, while the
low thermal conductivity of the constituent CNT arrays dictates the low thermal
conductivity compared to pristine nanotubes. The number of contact points and the area
of each contact could be affected by the biaxial compression and by the addition of
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epoxy to the composite. Increasing area of contact should reduce the contact resistance,
while increasing contacts may lead to increased scattering but more opportunities for
heat to transfer between neighboring nanotubes. The CNT-polymer boundary resistance
may also contribute to the non-linearity of the thermal conductivity with increased
density, particularly in the direction transverse to the CNT axis. All nanotubes in this
work are grown following the same procedure, so the CNT array quality should be
consistent even at high volume fractions. The scatter in the data for unfilled arrays may
arise from variations in the quality of thermal contact to the substrate after densification.
Poor contact between the substrate and the nanotubes, combined with minimal
conduction between nanotubes, may lead to few pathways for thermal conduction
across the CNT array. For PNCs, the matrix can aid in spreading the heat between
nanotubes, especially at the contact surfaces.

Effective medium theory [156] has been used to model the thermal conductivity of
CNT-polymer composites in the axial and transverse directions. The CNT-polymer
boundary resistance dictates the curvature of the transverse thermal conductivity with
increased CNT volume fractions. Relatively small values of CNT-polymer boundary
resistance (<1x10° m? K W™) are required to see the positive curvature observed with
these experiments. When fitting effective medium theory to the data, little non-linearity
in the EMT prediction is observed, as seen in Figure 3.8. The generally aligned, but

wavy, entangled, cylindrical CNTs are modeled as unaligned ellipsoidal particles with a

large aspect ratio. The alignment factor, <COSZ(6)>, varies from 0.33 for completely
randomly oriented particles to 1 for particles whose axis aligns perfectly (i.e.,
collimated) with the direction of heat transport. Fitting both the axial and transverse
thermal conductivity data predicts an individual CNT thermal conductivity of 22.1 W
m™? K™ and a boundary resistance <1x10® m?* K W™, assuming an alignment factor of
0.77 from the SEM analysis. This EMT model incorporates the thermal boundary
resistance between the CNT and the polymer, Rpg, but neglects direct CNT-CNT
conduction. Considering the axial direction, the model elliptical particle may represent a
heat transfer pathway consisting of more than one nanotube, in which case, the effective
thermal conductivity predicted includes the intrinsic thermal conductivity and thermal
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boundary resistances and requires a low value of the intrinsic CNT thermal conductivity
to achieve agreement with the data. Furthermore, by neglecting the direct CNT-CNT
conduction, this model may also underpredict the CNT-epoxy boundary resistances.
This may account for the disparity between our estimate of CNT-epoxy boundary
resistance and values on the order of 10®to 107" m?* K / W reported in literature [175,
176].

Fitting a power law relationship, similar to the results of percolation theory, to the

increase in the axial thermal conductivity above the polymer matrix gives a better

approximation of the trend in the data leading to the relation (k,, —km)=(72.9mW—K)f1-”.

The fit to the transverse conductivity leads to a different exponential relationship with a

slightly lower exponent: (ke,t —K,, )= (11.3mW—Kj 3. The power law relation suggests that

there are an increasing number of pathways for heat transport generated by increasing

volume fraction.

3.3.4 Summary

In conclusion, the first benchmark study of the thermal conductivity of aligned
MWCNT polymer nanocomposites as a function of varying CNT volume fraction is
reported. Axial thermal conductivities up to 4.87 W m™* K™ with 16.7 vol.% CNTs (a
factor of 18.5 enhancement in thermal conductivity) are reported for the axial direction,
much greater than reported in studies of unaligned CNT composites. While the thermal
conductivity enhancement is large, it is much lower than predicted if the thermal
conductivity of the individual, defect-free CNTs have thermal conductivities on the
order of 3000 W m™ K™, but it is comparable to the thermal conductivity of the unfilled
CNT arrays. The non-linear behavior of thermal conductivity with CNT volume fraction
is attributed to the interaction between CNTs and between the CNT and the polymer.
Future measurements of the transverse conductivity of unfilled arrays will be useful in
separating out the effects of the epoxy infiltration from the effects of CNT-CNT
interactions. Further model development is necessary to fully understand the impact of
factors including CNT waviness, boundary resistances, and parameter variation with

CNT volume fraction. In order to fabricate composites that take full advantage of the
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high thermal conductivity of individual CNTSs, additional studies on aligned CNT
composites are necessary including improvement of the CNT quality (through post-
growth annealing processes, etc.) and improved epoxy infiltration to minimize CNT-
CNT contacts. In addition to thermal properties, the composites also need to be
engineered to obtain the desired mechanical properties for thermal interface

applications.
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3.4 Nanoscale Conformable Coatings for Enhanced Thermal Conduction of
Carbon Nanotube Films?*

3.4.1 Introduction

In this section, a method to coat CNT films with thick metallic layers which could
later be planarized using well established chemical-mechanical planarization techniques
is presented in this section. The metal layer may enhance the thermal contact
conductance between the CNT film and surrounding materials by making intimate
thermal contact with the CNT tips and providing a flat surface for bonding. In this
work, a thin seed layer of metal (Pd and Cu) is evaporated on the top surface of the
CNT film and serves as an electrode for electroplating. By varying the electroplating
duration, films of copper between 1 and 20 pm are deposited uniformly on
approximately 100 um-thick CNT arrays. The thermal conductivity of metallized CNT
films is measured using a steady-state cross-sectional infrared microscopy technique

and the film thermal conductivity reflects the quality of the metal-CNT engagement.

3.4.2 Fabrication

Figure 3.10: SEM images of CNT film highlighting the non-uniformity in the surface of
the CNT film. SEM images courtesy of Xidex Corporation.

Five samples of ~100 pum-thick vertically aligned CNT arrays (Xidex Corp.) are

electroplated with copper films. For all samples, the density of the CNT film is between
0.0105 and 0.0172 g/cm?, corresponding to a volume fraction of approximately 0.5 vol

* This section reproduced with permission from A.M. Marconnet, et al. “Nanoscale Conformable
Coatings for Enhanced Thermal Conduction of Carbon Nanotube Films” in ITHERM 2012, San Diego,
CA, May 30-June 1, 2012. Copyright 2012 IEEE.

82



CHAPTER 3

%. As shown by the scanning electronic microscope (SEM) images in Figure 3.10, the
surface of the CNT array shows many defects, specifically holes in the CNT array and
variations in the film thickness. Electrodeposition of a thick copper film leads to a more
ideal (uniform) surface for bonding, despite the non-uniformities in the underlying CNT
film.

Prior to the electroplating, a thin metal seed layer (Pd and Cu) is evaporated onto the
CNT film. The Pd film enhances the adhesion of the copper to the CNTs. The copper
seed layer serves an electrode for the electrodeposition process and metal lead wires are

attached to the copper seed layer using silver paste cured at 100°C for ~30 minutes.

Table 3.1:; Electroplating Conditions & Film Thickness

Electroplating Film
Time Current Thickness
Sample Seed Layer (min) (mA) (um)

A Zggr:‘r‘npgu 7 30 1102
B 11802?1 E‘L 40 15 4106
c 11802";1 E‘i 40 15 4106
D o Fé‘fj 80 15 81010
. BmR w s

The CNT samples on their silicon growth substrate are electroplated in 2-electrode
cell using a solution of CuSO,4-5H,0 and H,SQO,. The electroplating recipe in this work
is similar to that of Yang et al. [177], who electroplated copper to fill the space between
CNTs in the arrays to form CNT-copper nanocomposites. In our method, the metal seed
layer ensures that the copper layer does not deposit between the CNTSs, but rather as a
continuous layer on top of the CNT film. After electroplating, the samples are
immediately dipped in deionized water, then ethanol, and finally dried with dry nitrogen
gas.

The electroplating parameters were chosen to generate a range of film thicknesses

and Table 3.1 shows the thickness of the seed layers, the electroplating time (t;) and
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current (le) for each sample. Assuming the deposition is uniform across the entire area
(Ae), the deposited film thickness (Hc,) can be estimated by:

— Iete MCu (32)
I:nCu AepCu

where n, = 2 is the moles of electrons required for the electroplating reaction to deposit

Cu

one mole of copper atoms, F is the Faraday Constant, and M, and p., are the molar

mass and density of copper. The surface area for electroplating on sample A is
approximately 5 cm?, while samples B through E are approximately 2.5 cm?. This total
surface area includes a 2.5 mm wide region without CNTs near one edge of each

sample.

2pum 10 pm

Figure 3.11: Close-up SEM images of copper films on CNT arrays. Panels (A) through
(E) correspond to samples A through E. Note that the image in panel E is from a region
of the sample without the CNT film. (F) Zoomed-out SEM image of electroplated copper
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film on the CNT array (sample B) showing uniform coverage of the CNT film with
copper.

Figure 3.12: SEM images of surface of copper film (sample B) near the (a) center and (b)
edge of the sample. Uniform surface roughness and grain size is observed across the top
surface of the sample. In panel (b), a layer of small grains is evident below the large
grains at the surface.

After electroplating samples are cleaved and imaged with a SEM. The average film
thicknesses determined from SEM images (see Figure 3.11) are reported in Table 3.1.
The measured thicknesses for samples A-D agree well with the expected thicknesses
from Eqg. (3.2). However, the film thickness for Sample E is much thicker than
expected, possibly due to non-uniform electrodeposition. For samples A-D, the metal
lead wire is attached directly to the copper seed layer on the surface of the CNT film.
However, for sample E, the attachment of the metal lead wire delaminated a small
portion of the copper seed layer from the CNT film. Thus, to permit electrodeposition
on sample E, the lead wire is attached the sample edge without any CNTs. SEMs show
electrodeposited copper on both the portions of the silicon substrate (i.e. the portions
with and without CNTs). The film thickness reported in Table 3.1 for sample E is
measured at a region without CNTSs, near the lead attachment point and may be thicker
than in other regions on the sample. The grain structure of the copper film is evident
from the SEM images. Top view SEMs (see Figure 3.12) show uniform, large grains
across the surface of the CNT film. Below the large grains, a layer of small grains is
evident (Figure 3.12 (b)).
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3.4.3 Thermal Characterization: Cross-Sectional Infrared Microscopy

Steady state cross-sectional infrared (IR) microscopy is used to measure the thermal
conductivity of the metal-coated CNT film. The copper film is used as a resistive heater
to heat the top side of the CNT film, while the bottom side is attached to a temperature-
controlled heat sink (see Figure 3.13(a)). The square samples are cleaved into rectangles
(approximately 5 mm x 15 mm) to increase the electrical resistance. Wires are attached
to the edges of the copper film with silver paste. Current is passed through the copper
film generating a heat flux through the CNT film and the voltage across the copper film
is measured to quantify the applied heat flux:
LY,

= e

where | and V are the current and voltage applied to the resistive heater, Ac is the cross-

q (3.3)

sectional area of the CNT film.

Prior to measuring each sample, the IR image is calibrated by generating an
emissivity map for the subsequent temperature measurements. The CNT film is brought
to a uniform temperature and the calibration radiance image is recorded. From this
calibration image and the sample temperature (measured with thermocouples), the
emissivity at each point in the sample image is determined. When the temperature is
varied across the sample, the emissivity from the calibration allows measurement of the
temperature from the measured radiance.

At several applied power levels (i.e. different heat fluxes), an infrared microscope
(Quantum Focus Instruments) measures a two-dimensional (2-d) temperature map of
the cross section of the CNT film (Figure 3.13(b)). The temperature map is measured
with a spatial resolution of 2 pum. The temperature gradient (dT/dx) within the CNT film
is calculated from the 2-d temperature map by averaging the temperature in each row of
pixels (i.e. in the direction perpendicular to the heat flux) to generate an average
temperature profile (Figure 3.13(c)). From Fourier’s law, the thermal conductivity is

extracted from the linear least squares fit to the heat flux versus temperature gradient:
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Figure 3.13: Infrared Microscopy Measurement Strategy. (a) Schematic showing
metalized CNT film on the silicon growth substrate attached to a secondary silicon
handle wafer mounted to a temperature controlled copper baseplate. Current passed
through the metal film generates a heat flux through the CNT film. (b) Two-dimensional
temperature map of the CNT film during test. The temperatures are averaged for each
row of pixels in the image to yield the one-dimensional temperature profile shown in
panel (c). The temperature gradient in the CNT film is calculated from a least-squares
linear fit (red line) to the region of the temperature profile containing the CNT film.

The thermal conductivity of samples B and C are 2.9 + 0.9 W/m/K and 2.7 + 0.8
W/m/K, respectively. As shown in Figure 3.14, the thermal conductivity of the CNT
films is relatively high given the low volume fraction (~0.5 vol. %) compared to other
measured values for vertically aligned CNT arrays.

Reported values for the thermal conductivity of individual CNTs range from 300
W/m/K [57] to over 3000 W/m/K [56, 62, 64, 68-70]. Assuming the thermal
conductivity of the vertically aligned CNT films scales with the volume fraction of
CNTs, the solid line in Figure 3.14 shows the predicted thermal conductivity for an
individual CNT thermal conductivity of ki = 3000 W/m/K, while the dashed line
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assumes k; = 30 W/m/K. These measured thermal conductivities of samples B and C
correspond to effective per nanotube thermal conductivities of at least 500 W/m/K.
Defects within nanotubes, CNT-CNT contacts, and poor engagement of the CNT film
by the metal film all impact the measured film thermal conductivity. Given the range of
reported values for individual CNTs, the electroplating process likely did not
significantly damage the nanotubes. If the individual nanotubes are ideal (ki = 3000
W/m/K), the measured film conductivity indicates that roughly 10% of the nanotubes

physically present in the CNT array contribute to the thermal conductivity.
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Figure 3.14: Thermal conductivity as a function of volume fraction for CNT films from
this work (red circles) compared to values reported for measurements for vertically-
aligned CNT arrays and individual nanotubes (volume fraction = 1). For individual
nanotubes, the hollow and filled symbols indicate measurements of SWCNTs and
MWCNTSs, respectively. The solid line shows the ideal CNT film thermal conductivity
estimated for a given volume fraction using an individual nanotube conductivity of 3,000
W/m/K, while the dashed line is the estimate using an individual nanotube conductivity
of 30 W/m/K. References: [56, 57, 62-64, 67-70, 108-116, 118-120, 124, 125, 178, 179].
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Since the copper film is very thin, the temperature of the metal layer cannot be
resolved. Thus, the thermal boundary resistance between the metal and the CNT film
cannot be determined. In future studies, the comparative cross-sectional IR method
[122] will allow for more accurate determination of thermal conductivity and resolution

of the boundary resistance between a reference layers and the CNT film.

3.4.4 Conclusions

A method for electrodepositing conformal thin films of copper on vertically aligned
CNT arrays is demonstrated. The copper film is continuous and uniformly deposited
across the thickness of the sample. The thermal conductivity of the CNT arrays after
electrodeposition is measured to be nearly 3 W/m/K, which is comparatively high for
such low density CNT films. If the copper film could be planarized, for instance with
chemical mechanical planarization, this metallization layer could be used to provide a
flat surface for bonding the CNT film to a heat sink. Future work to improve the
thermal performance of these films can include metal deposition on higher density films
and measurements of the thermal boundary resistance between the CNT and Cu film.
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CHAPTER 4: THERMAL CONDUCTION IN
NANOSTRUCTURED SILICON

4.1 Introduction

Nanostructured materials offer the possibility of thermal conductivity extremes. At
one extreme, the thermal conductivities of carbon nanotubes and graphene can exceed
those of metals [29]. On the other, the introduction of nanoscale boundaries such as
those of nanowires [180] and grains [181] can significantly reduce the thermal
conductivity. Reducing the thermal conductivity without significantly impacting the
electrical conductivity and Seebeck coefficient improves the thermoelectric figure of
merit. Thermal conduction in two types of nanostructured silicon is explored in this
chapter. First, thermal conduction in periodically-porous silicon nanobridges is
investigated through steady-state electrothermal measurements of the thermal
conductivity, combined with modeling of the phonon transport including the impact of
enhanced scattering and the possibility of phononic bandgaps. Second, thermal
conduction in arrays of silicon nanowires with varying degrees of porosity and
diameters is investigated through nanosecond transient thermoreflectance. The relative
contribution to the reduction in thermal conductivity due phonons scattering external
nanowire boundary scattering and phonons scattering within the porous regions of the

nanowire is examined.

4.2 Phonon Conduction in Periodically Porous Silicon Nanobridges
4.2.1 Introduction

In thin silicon films, the thermal conductivity can be reduced through the
introduction of nanoscale or microscale periodic pore structures sometimes referred to
as “phononic crystals” [182-184]. This name makes an analogy with photonic crystal
cavities, such as those in silicon [185] and other material systems [186], for which
careful design of pore structures leads to a photonic bandgap associated with
wavelengths comparable to the periodic length scales of the cavity. The demonstration

of a phononic crystal influencing heat conduction is extremely challenging due to the
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very small dominant phonon wavelengths (<5 nm at room temperature [187]), as well as
the significant variation of the wavelengths of thermal phonons about the dominant
value. Several groups are studying phononic crystals and are investigating
modifications to the phonon dispersion relationship through the introduction of periodic
pore structures [188-192]. These pores introduce a high density of interfaces that
impede phonon conduction due to higher scattering rates. It is important to isolate these
classical ballistic scattering effects, which are themselves challenging to precisely
quantify, from any interpretation considering a modification of the phonon band
structure.

While the thermal conductivity of two-dimensional periodically porous materials
have been studied across a range of dimensions [26, 184], thermal transport in
nanobridges with single row pores (henceforth called nanoladders), which have been
used as photonic crystal cavities [23], merits more attention. These structures present an
interesting opportunity to examine the impact of pore geometry and boundary scattering
on thermal transport. In this manuscript, we discuss thermal transport in silicon
nanoladders both from an experimental (Section 4.2.2) and analytical (Section 4.2.3)
viewpoint. We use a steady-state four-probe electrothermal measurement technique to
measure the thermal conductivity and a Callaway-Holland type model to further
investigate effects of pore and boundary scattering.

4.2.2 Electrothermal Measurements

The thermal conductivity of the nanoladders is characterized using a four-probe,
steady-state electrothermal measurement technique, similar to that of Liu and Asheghi
[193, 194]. A metal film deposited on the silicon nanostructure serves as a heater and
thermometer for the measurement of thermal properties. The fabrication process starts
from a silicon-on-insulator wafer and requires only one lithography step to form both
the nanoladder and the four electrical contact pads. The silicon device layer is thinned
to ~200 nm using oxidation and wet etching prior to electron beam lithography. The
nanoladder and probe pads are patterned using electron-beam lithography and the
silicon is dry etched. Next, the SiO, layer beneath the silicon nanoladder device is then
removed using a 6:1 solution of buffered oxide etchant for ~15 minutes to completely
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suspend the nanoladder device. Since the oxide etchant is isotropic, in addition to the
nanoladder itself, the paths to the current and voltage probe pads are also suspended.
Finally, a 40 nm film of palladium is deposited on the suspended device using electron
beam evaporation (Innotec ES26C). A scanning electron micrograph (SEM) of the
device design is shown in Figure 4.1(a), and the suspended region is indicated by the
dashed lines. A schematic of the device cross-section is shown in Figure 4.1(b). The
palladium thickness Hy, is calculated from the deposition rate and time. The pore

diameter D, pitch S, beam width W, beam length L, and silicon thickness H are

measured from SEMs.
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Figure 4.1: (a) SEM of a nanoladder measurement device. The nanoladder is connected to
4 electrical probe pads (two for applying current (marked 1) and two for measuring
voltage (marked V)). The dashed rectangle approximately marks the extent of the
suspended region. (b) Cross-section of a nanoladder measurement device. The nanoladder
is fabricated using electron beam lithography from a silicon-on-insulator wafer with 200
nm device layer and a 1 micron thick oxide layer. Forty nanometers of palladium is
deposited on the devices and serves as both a heater and a thermometer in the system. (c)
Calculated temperature profile along the nanobeam and corresponding electrical
conductivity for the beam without holes at 300 mA applied current. For each current
level, a numerical electrothermal model is used to calculate the temperature profile along
the nanoladder and extract the increase in electrical resistance. (d) Comparison of
measured and predicted increase in electrical resistance as a function of the square of the
applied current for a silicon nanobeam without holes. The measured increase in resistance
depends strongly on the thermal conductivity of the silicon layer as indicated by the best
fit line with ks = 112 W m™ K (solid black line) compared to ks = 100 W m™ K™* (dashed
blue line) and ks = 125 W m™ K™ (dashed red line).
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Electrical current is passed through the palladium film and the temperature T
increases due to Joule heating, while the electrical conductivity o decreases proportional
to the temperature. To illustrate the effect of Joule heating, Figure 4.1(c) shows the
results of a numerical model of the temperature rise and associated electrical
conductivity reduction for the non-porous nanobeam at the maximum applied current.
In order to minimize heat loss to ambient, the experiments are carried out in vacuum (<
20 mTorr). COMSOL models of the nanobeam measurement structure have shown that
the radiation losses are negligible for all applied current levels. The current is increased
in steps and the electrical resistance R of the nanoladder is measured through the
measured voltage V across the nanoladder. Figure 4.1(d) shows an example plot of the
change in resistance as a function of the square of current.

The temperature coefficient of resistance « and the electrical resistivity p, of the
palladium film are determined for each nanoladder by measuring the resistance at low
current, i.e. in the linear region of the 1-V curves. The low current electrical resistance

data at temperatures between 300 and 320 K is fit to R(T)=R, {1+ a(T -T,)), where R, is

the electrical resistance at the reference temperature T,. The temperature coefficient of
resistance is « = 0.0017 K™. The electrical resistivity of the palladium layer on the
nanoladders at 300 K is calculated from the electrical resistance and geometry. For the
non-porous nanobeam and the nanoladders with 110 and 210 nm diameter pores, the
electrical resistivity of the 40 nm thick palladium is p, = 28 pQ-m and for the
nanoladder with 280 nm diameter pore, p, = 40 pQ-m. Using Wiedemann-Franz law,
the thermal conductivity of the palladium layer is estimated to be 26 and 18 W m™ K™
for the small and large diameter pore cases, respectively. The estimated thermal
conductivity and electrical parameters are close to the value measured independently for
solid palladium nanobeams of the same thickness and similar beam widths [195].

A combined electrical and thermal model is used to fit the data and extract the
silicon nanoladder thermal conductivity. Heat transfer is assumed to be one-dimensional
along the length of the nanoladder (x-direction), and thermal conduction in both the
silicon and the palladium films are included. In the case of a uniform cross-section
beam with constant thermal conductivity, the temperature profile along the beam can be
computed analytically from [194]:
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T =T, —3(1— O j

a cos(yL/2) , (4.1)

> _I’R.a A
where ¥ = /ﬁVL(kam +kSH)]’ and km and ks are the thermal conductivities of

the palladium and silicon layers, respectively. Using Eq. (4.1), the average electrical

resistance of the beam as a function of applied current can be determined [194]:

R=R, {% tan(%ﬂ : 4.2)

Given the palladium thermal conductivity, the thermal conductivity of the silicon
nanobeam can be extracted by fitting the data with this equation. However, this model is
only valid for beams with uniform cross-sections (i.e. beams without holes).

For the nanoladders, we develop a numerical model to calculate the temperature
profile and electrical resistance allowing for spatially varying cross-sectional area,
different silicon thermal conductivies for the porous (~10 um at center of beam) and the
non-porous (~5 pm at each end of the beam) regions, and temperature-dependent
palladium electrical resistivity. This model allows direct extraction of the solid silicon
thermal conductivity, as opposed to an effective conductivity of the porous solid that
would be obtained if the varying cross-section was neglected. Using the finite
difference method, the temperature profile along the nanoladder and the increase in
electrical resistance at each measured current level are calculated. The silicon
nanoladder thermal conductivity is extracted by fitting the model to the resistance
versus current data using a non-linear least-square fitting routine. Because the ends of
the beams have no holes, the ends are assumed to have the thermal conductivity
extracted for the beam without holes. Thus, only the silicon thermal conductivity in the
center portion of the beam is varied in the fitting routine. Additional details of the
model can be found in Section 4.2.2.1.

The thermal conductivity of one non-porous nanobeam and three nanoladders (570
nm wide, 18.8 um long) with different pore diameters (110 nm, 210 nm, or 280 nm) are
measured. Each nanoladder has 24 pores, spaced by 385 nm. The silicon nanobeam
layer is 196 nm thick and the palladium film is 40 nm thick. All measured thermal
conductivities are reduced from the thermal conductivity of bulk silicon. Specifically,
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the extracted thermal conductivities of the nanoladders are 54, 3.7, and 3.4 W m™ K™
for the nanoladders with 110 nm, 210 nm, and 280 nm diameter pores, respectively (see
Figure 4.2). For comparison, the thermal conductivity data from Kim et al. [196] (in-
plane) and Hopkins et al. [183] (out-of-plane) for two-dimensional phononic crystal

films with pore spacings ranging from 500 nm to 800 nm are included in Figure 4.2.
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Figure 4.2: Silicon Nanoladder Thermal Conductivity. For the 200 nm thick nanoladders,
the pores are spaced by 385. For the nanoladders with 110 nm diameter pores, the
uncertainty in the thermal conductivity of the non-porous regions of the beam dominates
the uncertainty in thermal conductivity of the porous region. For the larger diameter pore
cases, the uncertainty is largely due to uncertainty in the measured value of pore
diameter. For comparison, the thermal conductivity data for two-dimensional phononic
crystals with pore spacings ranging from 500 nm to 800 nm fabricated from 500 nm thick
Si films from Kim et al. [196] (diamonds, in-plane conductivity) and Hopkins et al. [183]
(circles, out-of-plane conductivity).

Surface roughness plays an important role in the scattering of phonons in silicon
nanostructures. Using molecular and lattice dynamics, He et al. [197] showed that the
disorder at the surface of ~2 to 10 nm diameter pores in a periodically porous silicon
film reduces the thermal conductivity compared to smooth pores. Hochbaum et al. [27]
experimentally found that the thermal conductivity of rough silicon nanowires was
significantly lower than that of smooth nanowires. As evident from SEMs (see Figure
4.1(a)), the surface roughness of these nanoladder devices is quite large and could
contribute to the extremely low thermal conductivity. Additionally, past studies (e.g.
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[198]) have shown that reactive ion etching can cause defective regions near the etched
surfaces. These defective regions, in addition to the surface roughness, may contribute
to the low experimentally observed thermal conductivity.

Uncertainty in the thermal conductivity of the non-porous region contributes into
uncertainty in the thermal conductivity of the porous region. It has the largest effect for
the smallest diameter pore case, where the thermal conductivity is closest to that of the
non-porous nanobeam. If the thermal conductivity of the non-porous region is reduced
by 10%, the thermal conductivity extracted for the porous region in the 100 nm
diameter case increases from 54 W m™ K to 92 W m™ K™. In contrast, for the largest
diameter holes (280 nm), a 10% reduction in the non-porous region thermal
conductivity only increases the extracted thermal conductivity from 3.4 W m™ K™ to
3.7 W m™* K™. A fixed upper limit on the extracted value of the thermal conductivity of
the nanoladders can be found by assuming the porous and non-porous regions have the
same thermal conductivity. In this case, the extracted average nanoladder thermal
conductivities are 100, 30, and 25 W m™ K™ for the nanoladders with 110 nm, 210 nm,
and 280 nm diameter pores, respectively. In future work, the non-porous end region of
the nanoladder should be eliminated for the geometry to reduce the uncertainty on the
nanoladder measurements.

The geometry of the nanoladders was measured from SEMs and the surface
roughness of the edges of the nanoladder and pore boundaries is evident. Edge effects in
the SEM image lead to some uncertainty as to the exact location of the edge of the
silicon. Additionally, some of the pores are not quite perfectly circular and there is
slight variation between pore diameters within each nanoladder. The uncertainty in the
pore diameter (x 10 nm) dominates the uncertainty in thermal conductivity for the
samples with 210 and 280 nm pores.

Since the extracted values of thermal conductivity for the large diameter pore
nanoladder are quite low, fitting the data with a one-dimensional heat transfer model
may actually underestimate the thermal conductivity. To estimate the impact of the one-
dimensional heat transfer assumption, the magnitude of the extracted thermal
conductivity is confirmed two additional models are considered. First, assuming that
“rungs” of the nanoladder do not contribute to heat transfer, then the sides of the
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nanoladder act as two parallel nanobeams of width (W — D)/2. In this case, the extracted

thermal conductivities of the 210 nm and 280 nm pore diameter nanoladders roughly
double to 6.4 and 7.3 W m™ K™, respectively. Second, a fully three-dimensional (3-D)
COMSOL finite element model is used to fit the data for the 280 nm pore diameter
nanoladder. Using this 3-D model, the thermal conductivity is 4.9 W m™ K™, a 45%
increase of the value from the one-dimensional heat transfer assumption.

As previously mentioned, the cross-bars between the probe pads and the nanoladder
are also suspended due to the isotropic etching of the SiO,. However, they are designed
with a larger cross-section than the nanobeam itself to ensure minimal thermal
resistance between the end of the nanoladder and the substrate. From a simple thermal
resistance point of view, the thermal resistance of the cross-bars is small in comparison
to the total thermal resistance of the structure, so the temperature rise at the ends of the
nanobeam is expected to be small. However, there is some heat generation in the current
path portion of the cross-bar, so a COMSOL model including the cross-bars is
developed to confirm the impact of this geometry. For the 280 nm pore diameter
nanoladders, the extracted value of thermal conductivity does not change if the cross-
beams are included in the simulation and the temperature rise at the ends of the

nanobeam never exceed 1% of the maximum temperature rise in the nanoladder.

4221 Details of the Numerical Electrothermal Model

Consider a steady-state energy balance around a differential element of the

nanoladder of length Ax: (g, +0;,—0,, =0. The rate of heat generation in the

palladium film is ¢, (x,T)=——, where p(T)=p,(L+a(T -T,)) and A, (x)=H W(x) is

the cross-sectional area of the metal film. The rates of heat transfer in to (¢, ) and out of
(g, ) the differential element are due thermal conduction in both the silicon and metal
layers. Assuming a spatially uniform palladium thermal conductivity, but spatially

varying silicon conductivity, the energy balance becomes

120 25 2 a5, (43)
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where Acs is the cross-sectional area of the silicon beam. Further expansion of the

differential terms, leads the differential equation:

12 pocx dw (x) dk, (x))dT d2T
T (ki + i ()b 25 S (1 i () »
_ - 2(Po = PoTy)

H W ()
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kX)=k,
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Figure 4.3: Schematic showing the geometry and key parameters for the numerical model
of the temperature distribution in the nanobeams and nanoladders. (a) In the top view of
the porous nanobeam, three regions of the beam are indicated including two non-porous
regions at the end of the beam of length L. where ky(x)=k. and the porous region in the
center of the beam with ky(x)=k,. Four example discretized elements are shown with
dashed boxes and correspond to the discretized elements shown in panel (b). The leftmost
two boxes correspond to case 1 (no hole) with the discretized element spanning the full
width of the nanobeam. The rightmost two elements each contain a portion of a pore,
corresponding to case 2, and consist of two sub-elements with widths less than the full
beam width.

98



CHAPTER 4

Figure 4.3 shows a schematic of the geometry considered in this model, highlighting
key parameters. For the nanoladders in this work, the thermal conductivity of the silicon
at the non-porous beam ends k. is taken from the measured thermal conductivity of the

non-porous nanobeam, and the thermal conductivity of the porous region k;, is assumed

uniform:
K., wherex<L,
k(x)=14k,, whereL, <x<L-L,, (4.5)
k., wherex>L-L,
where L, is the length of the non-porous beam ends: L, = L-(N; 2_1)8 b

Using the finite difference method to expand the derivatives, we arrive at a matrix

equation: B = AT, where the elements of B are

_—1p,(1-aT,)
HuW, (4.6)
and the elements of A are
H. K, +Hk; H. k., +Hk; .
A =- LZSI (W,q =Wy )+ — 2 =W, — HWIZ
' 4AX AX 4AX

(ks,i+1 - kS,i—l)’ (4'7)

1%pya 2H gk, + Hkg W,
H, W, AX?

H . Kq + HK; H. K + HkKg; HW,
A = (TZS](WM ~W;, )+ A =W+ AAY (ks,i+1 _kS,i—l)' (4.9)

A , and (4.8)

Given the beam width and thermal conductivity as a function of position, the
temperature profile along the nanoladder can be found by inverting the matrix A: T = A

!B. The total electrical resistance of the beam is then found from summing the

resistance of the differential elements of the beam R = ZL
i p(Ti)H Wi

temperature dependent resistivity. Note that for regions with holes, the beam width W;is

, accounting for the

the total width of the silicon. In other words, at positions corresponding to the center of
a hole, the width of the element is W; = W-D.
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4.2.3 Modeling the Thermal Conductivity of Silicon Nanoladders

Thermal conductivity integral models have often been used to predict the thermal
conductivity of silicon, including bulk silicon [199, 200], nanoscale thin films [193],
and periodically porous silicon films [189]. These models consider the impact of the
phonon dispersion relations, as well as mode- and wavevector-dependent phonon
relaxation times, in order to compute the thermal conductivity. Specifically, the thermal

conductivity can be computed from a Callaway-Holland type model [201]:

(= L3 e, 0T (@ 7 aThedg

exp(hfjiq)] , (4.10)
2 ZVj(Q)ZTj(QaT)qqu

_ hza’J( )
GEE

where kg is the Boltzmann constant,h=2z is Planck’s constant, and c;(a.T), w;(q),

vj(q), and fi @T1) are the specific heat, angular frequency, velocity, and relaxation time,
respectively, of the phonons in branch j with wavevector q at temperature T. We first
consider the dispersion relation and scattering times for bulk silicon (Section 4.2.3.1),
and then include the impact of nanobeam boundary (Section 4.2.3.2) and pore boundary
(Section 4.2.3.3) scattering. Finally, we estimate the impact modifying the phonon

dispersion relation with a phonon bandgap (Section 4.2.3.4).

423.1 Model for Bulk Silicon

The three acoustic branches (one longitudinal and two transverse) are considered in
calculating the thermal conductivity of silicon. While it is possible to generate the
dispersion relations for silicon both through simulations [201, 202] and experiments
[203], simplifying the dispersion relationship to an analytical form allows for rapid
calculations of thermal conductivity. Debye models are often used in calculations but
approximate the phonon velocity as constant [193]. Born-von Karman (sine-type)
models more accurately account represent the band structure, and the required
parameters from the model can be estimated from the speed of sound and atomic

density of solids [204]. In this manuscript, we use a 4™ order polynomial fit to the
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longitudinal and transverse dispersion relationships in the [1,0,0] direction calculated by
Weber [202] using lattice dynamics as used previously by Hopkins et al. [183].

The relaxation time of phonons in bulk silicon, r;,,/(q), is calculated with

Matthiessen’s Rule considering Umklapp, impurity, and boundary scattering:

1:1+1+1, (4.11)

Tj,bulk(q) Tjumkiapp T j,impurity  © j,boundary

where 7} 4ae = BT, (a)° exp(—%), T hmpuriy = A@;(@)", AN 75 boungary =Vj(q)E , Where
A, B, C, and E are fitting parameters determined by fitting to data [183, 205]. In this
manuscript, the values A = 1.32x10*° s, B = 1.4x10™s/K, C = 152 K, and E = 2.3x10"
* m are taken from Hopkins and colleagues [183, 205]. At low temperatures, if the
boundary scattering term is neglected, the thermal conductivity continues to increase
with decreasing temperature. Above 100 K, the predicted curves of bulk silicon
conductivity are independent of the choice of the fitting parameter E. Figure 4.4 shows

the thermal conductivity calculated by this model for bulk silicon.
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Figure 4.4: Calculated silicon thermal conductivity. (a) Comparison of bulk (blue line)
and nanobeam (red lines) thermal conductivity. The estimated thermal conductivity for a
rectangular nanobeam with a 550 nm x 200 nm cross-section calculated using the
Sondheimer-Chambers [206, 207] approach is shown with the dashed red line and from
the random phonon path calculation with the solid red line. (b) Comparison of bulk (blue
line) and nanoladder (cyan lines) thermal conductivity. For 550 nm x 200 nm nanoladders
with 200 nm pores spaced by 400 nm, the dashed cyan line shows the estimation from
Toores = P/Vj(0), while the solid cyan line shows the estimation from the random phonon
path calculation. In both cases, the reduction due to the outer nanobeam boundaries is
calculated with the random phonon path calculation method.
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4.2.3.2  Nanobeam Boundary Scattering

For nanostructured silicon, boundary scattering is important, even at room
temperature, and modifications to the thermal conductivity integral are required. One
method is to include boundary scattering in the relaxation time using Matthiessen’s
Rule. For cylindrical nanowires, the reduced mean free path considering the nanoscale

geometry can be approximated as the nanowire diameter and the mean free path is

related to the scattering rate by A ;= v, (q)rj . Similar geometric estimates of the reduced

mean free path can be made for non-cylindrical nanobeams and thin films [102].

A second method for modeling the impact of boundary scattering takes into account
the spectral dependence of boundary scattering and allows determination of the reduced
relaxation time in more complex geometries. The bulk relaxation time is reduced by a
conductivity reduction function F through

Tir = F7i ok (4.12)

Expressions for the conductivity reduction function for thin wires and films have
previously been derived using kinetic theory by Sondheimer [207] and Chambers [206].
Although originally derived considering electron transport, this approach is also
applicable to phonon transport. Given a nanobeam with an arbitrary cross section U, a
phonon originating at point O on that cross-section, traveling in the polar direction
(0,¢), will scatter on the boundary at some point P after travelling a distance OP . The

conductivity reduction function for a given mean free path 4 can be calculated by

integrating across the entire cross section and all polar directions [206, 207]:
3 2xw ) ) _/

FU,A)=1———[ [[singcos gexp| —OP/, |dgdaduU . 4.13

)12 [ Tfsine ¢p( AJm @13

For a rectangular cross-section, a single set of reduction functions valid for a range

of cross-sections can be found by non-dimensionalizing the nanobeam dimensions (the

reduced thickness s =H /A and the aspect ratio AR =W /H ). Equation (4.13) is valid

for purely diffuse scattering at the nanobeam boundary, but modifications are possible

to account for specular reflections:

FU,A,p)=(1- p)zgnp“‘lF(u,%), (4.14)
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where p is the fraction of phonons reflected specularly from the boundaries [206, 207].
The reduction function computed from Eqgs. (4.13) and (4.14) for a rectangular
nanobeam with an AR = 2.75 is shown in Figure 4.5(a) for purely diffuse scattering
(p=0), as well as partially specular (p=0.3 and p=0.9). The thermal conductivity
calculated with the purely diffusive reduction function for this nanobeam geometry is
shown in Figure 4.4(a).

One drawback of the Sondheimer-Chambers [206, 207] method for calculating the
reduction function is the time required to complete the numerical integration with
sufficient accuracy, especially for non-circular nanobeams. Specifically, since many
subdivisions of the cross-section and phonon propagation direction are required for
accurate numerical integration, it takes several hours to generate the reduction function
for a single aspect ratio. We develop a rapid method of calculating the reduction in
thermal conductivity by considering the propagation of a large number of phonons
starting from a random selection of points in the cross-section and with a randomized
propagation direction. Similar to the boundary integral approach, we compute the
distance phonons travel before scattering at a boundary. Instead of integrating across all
possible start locations and propagation directions, we compute the average distance
travelled by a large number of phonons with randomized start locations and propagation
directions. This technique is similar to the method of McGaughey [208, 209], but fully
incorporates the calculated boundary scattering reduction function with the thermal
conductivity integral to estimate the reduction in thermal conductivity. More details of
the method can be found in Section 4.2.3.4.

The conductivity reduction function computed for a nanobeam with aspect ratio of
2.75 is shown in Figure 4.5(a). Considering 8000 phonon paths for each step in 2500
discretization of ¢, this calculation takes approximately one second to complete,
significantly faster than the boundary integral method. In comparison to the
Sondheimer-Chambers integral approach, the reduction function from the randomized
path approach has a sharper roll-off with decreasing ¢. The random path tracing method
is purely geometrical with a sharp selection between the intrinsic mean free path and the
boundary scattering distance for each phonon path considered. In contrast, the
Sondheimer-Chambers integral includes additional terms stemming from kinetic theory.
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After computing the reduction function for a range of reduced thicknesses, the thermal
conductivity integral is computed and Figure 4.4(a) shows the thermal conductivity

calculated using this expression.
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Figure 4.5: Conductivity Reduction Function. (a) Thermal conductivity reduction
function for a rectangular nanobeams with AR = W/H of 2.75 (no holes) following the
technique of Sondheimer and Chambers [206, 207] using numerical integration (dashed
lines) compared with that using the random phonon path calculation (solid line). For the
Sondheimer-Chambers approach, three specularities are considered p=0 (fully diffuse),
p=0.3, and p=0.9 (mostly specular). (b) Thermal conductivity reduction for nanoladders
(blue dashed line) with AR = 2.75, W/D = 2.75, and S/D = 2 using the random phonon
path calculation compared to that of a nanobeam without holes (AR = 2.75) (solid red
line).
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Figure 4.6: (a) Fraction of phonons scattered by boundaries (green) compared to intrinsic
scattering mechanisms (red) for a nanobeam with AR = 2.75. (b) Fraction of phonons
scattered by pores (blue) and external nanobeam boundaries (green) compared to intrinsic
scattering mechanisms (red) for a nanoladder with AR = 2.75, W/D = 2.75, and S/D =2.

Using the random path tracing method, the impact of boundary scattering is directly
evident in the fraction of phonons scattering due to bulk processes compared to those
scattering at boundaries. For a nanobeam with aspect ratio of 2.75, Figure 4.6(a)
compares the effect of bulk scattering processes to boundary scattering for a range of
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reduced thicknesses. As expected, when the reduced thickness is near unity, the
boundary scattering and intrinsic scattering processes contribute approximately equally.

4.2.3.3  Pore Boundary Scattering

Beyond scattering at external nanobeam boundaries, in these nanoladder devices,
the scattering at the pore boundaries play an important role in the thermal conductivity.
As with the nanobeam boundaries this scattering can either be included using
Matthiessen’s Rule or through a conductivity reduction function. For microporous and
nanoporous solids, Hopkins and colleagues [205] consider a boundary scattering term

P (4.15)

@)

where P is the limiting dimension in the nanostructure, which for the two-dimensional
periodically-porous structures is the distance between pore boundaries (P=S-D). For the
case of the nanoladders, the limiting dimension is the smaller of the distance between
the pores and the distance between the pore edge and the side wall of the nanobeam:
P= min(S - Dv%j However, in this work, we separately account for the
nanobeam boundary scattering using the conductivity reduction function described in
the previous section. Thus, to determine the impact of pore scattering alone when using
Eqg. (4.15), the limiting dimension considered is P=S-D. Figure 4.4(b) shows the
reduced thermal conductivity using this approach for a nanoladder with cross-section of
550x200 nm?, D = 200 nm, and S = 400 nm.

The random mean free path approach lends itself particularly well for calculating
the reduction in the mean free path due to pore scattering. A similar algorithm to that
used for the nanobeam boundary scattering calculation above is used to compute the
reduction function for pore scattering in the nanoladders. More details of the method
can be found in Section 4.2.3.4. As illustrated by the conductivity reduction functions in
Figure 4.5(b), the presence of these pores reduces the phonon scattering time only
slightly more than the non-porous nanobeams of the same cross section.
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Figure 4.7: Impact of hole (a) diameter and (b) spacing on the thermal conductivity of
550 nm x 200 nm silicon nanoladders. In panel (a) the pore spacing is fixed at 400 nm
and the experimental results from this work are shown with black squares. In panel (b)
the pore diameter is fixed at 200 nm. Calculations using the random pore scattering
model are shown in blue, while those using the model zyres = P/vj(q) are shown in red.

Many phonons never encounter a pore, instead scattering at external nanobeam
boundaries or due to bulk processes. The relative impact of scattering processes is
evident in Figure 4.6(b) from fraction of phonons scattering due to bulk processes
compared to those scattering at nanobeam boundaries and at hole boundaries. At most

only ~15% of the phonons scatter on the pore boundaries for this geometry (AR = 2.75,
107



THERMAL CONDUCTION IN NANOSTRUCTURED SILICON

W/D = 2.75, and S/D =2). Thus, the thermal conductivity predicted with this method is
larger than predicted by using Eq. (4.15), as illustrated in Figure 4.4(b). The scattering

term 7 .. = P/vj (q) limits the mean free path of every phonon, while the random path

calculation considers that some phonons do not encounter pores. However, phonon near
the pores may still be impacted by the pore boundary, so the two methods could be
considered bounds to the thermal conductivity reduction due to pore scattering. Figure
4.7 shows the predicted thermal conductivity using each method for a range of hole

diameter and spacing for nanoladders with a cross-section of 550 nm x 200 nm.

4.2.34 Details of the Random Path Tracing Phonon Scattering Model

For a nanobeam with an arbitrary cross-section, we take the following approach to
generate a reduction function analogous to that of the Sondheimer-Chambers [206, 207]

approach:

(1) Consider a single intrinsic mean free path A4, (corresponding to a reduced
thickness 0 = H/Ay).

(2) Select a random phonon start position (x,y) and propagation direction (6,¢).

(3) Calculate distance phonon would travel before scattering at boundary (OP ).

(4) Calculate the mean free path of the i phonon, /i, by selecting the smaller of the

distance OP and the intrinsic mean free path Ao.

(5) Repeat steps 2-4 for many start positions and propagation direction.

Np
(6) Compute the reduction function F(5,AR)= N 1A D A;, where Ny is the
pf*o i=l

number of paths considered in step 5.
(7) Repeat steps 1-6 to generate the reduction function for a range of mean free

paths (reduced thicknesses).

To include the effect of pore scattering, a few modifications to the algorithm for the
nanobeam are required. Specifically, phonons must be allowed to start anywhere within
an entire period of the pore structure and can either scatter due to bulk processes, pore

boundary scattering, or scattering at the boundary of the nanobeam. Many pores must
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be considered because some of the phonons may not impact the first pore but one
further down the nanoladder. The new algorithm to compute the reduction function is

explained below:

(1) Consider a single intrinsic mean free path 4, (corresponding to a reduced
thickness 6 = H / Ay).

(2) Select a random phonon start position (x,y,z) and propagation direction (6,4).
The start position is selected so that no phonon starts in a hole. A full unit cell of
the pore geometry is considered instead of a single cross section.

(3) Calculate distance phonon would travel before scattering at an external

nanobeam boundary (OP).

(4) Calculate distance phonon would travel before scattering at a pore boundary (
OR). The propagation path of many phonons will never intersect a pore

boundary in which case OR = .

(5) Calculate the mean free path of the i phonon, i, by selecting the smaller of the

distances: OP, OR, and Ao.
(6) Repeat steps 2-5 for many start positions and propagation direction.

(7) Compute the average of the mean free paths for this value of intrinsic mean free

NP
path, and the reduction function F (5, AR,S,D)= L DA, , where N, is the
pfro i=l

number of paths considered in step 6.
(8) Repeat steps 1-7 to generate the reduction function for a range of mean free

paths (reduced thicknesses).

4.2.35 Estimate of Impact of Modified Phonon Dispersion Relationships

Several studies have shown modifications to the phonon band structure, specifically
the opening of phononic bandgaps, in phononic crystals consisting of a two-dimensional
array of air holes in a thin film [210, 211]. Recent experimental and theoretical work
has suggested that these coherent phonon effects reduce the thermal conductivity [26,

183, 189, 201, 212]. For ~20 nm thick silicon membranes with 11 and 16 nm diameter
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air holes spaced by 34 nm, Yu et al. [26] measured a significant reduction in the thermal
conductivity, which they attributed to coherent phonon effects. For a 500 nm thick
silicon membranes with periodic arrays of several hundred nanometer diameter air
holes, Hopkins et al. [183] found that to match their model of thermal conductivity to
the measured values, the phonon density of states had to be altered (in addition to
including scattering effects). The nanoladder design studied in this manuscript is
essentially a one-dimensional analog to the two-dimensional phononic crystal slabs.

The frequency of phonons impacted by a periodic pore structure is approximately
[189]:

— ﬂVan

fon -

(4.16)

where vaq Is the average speed of sound in silicon. To estimate the thermal

conductivity, a phonon transmission function T'(w(q)) can be included in the thermal

conductivity integral:

k=153 [Tle(a)c; @7V @f 7 (0.7 k. (4.17)

67zJ
g

Depending on the exact geometry and materials properties, a select band of phonon
frequencies will be blocked by the structure (e.g.[212, 213]). However, to estimate the
maximum possible impact of the porous structures, this work considers the extreme
case that the phononic structure blocks all phonons up to fyn such that the transmission
function is

)=y oo (419)
For 550 nm x 200 nm nanoladders with 200 nm diameter holes spaced by 400 nm, fy, =
51.4 GHz, and the reduction in thermal conductivity due to any coherent phonon effects
is small. For this geometry, including the effect of coherent phonons leads to only very
small additional reduction in thermal conductivity compared to neglecting phononic
effects (see Figure 4.8(a)). The impact of coherent effects is stronger at very low
temperatures (below 50 K), but is still less than 0.02% of the nanoladder thermal
conductivity. As shown in Figure 4.8(b), coherent phonon effects become more

important if the nanoladder structure is fabricated an order of magnitude smaller in each
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dimension (55 nm x 20 nm, D = 20 nm, S = 40 nm), such that the impacted frequencies
shift up to 514 GHz.
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Figure 4.8: Ratio of the nanoladder [(a) 550 hm x 200 nm, D = 200 nm, S = 400 nm; (b)
55 nm x 20 nm, D = 20 nm, S = 40 nm] thermal conductivity considering coherent
phonon effects to that neglecting coherent phonon effects. Calculations using the random
pore scattering model are shown with solid lines, while those using the model zyores =
P/vj(q) are shown with dashed lines.

4.2.4 Concluding Remarks

The thermal conductivities of three porous nanoladders are measured using a

steady-state electrothermal technique. The thermal conductivities are significantly
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reduced from bulk silicon and from the nonporous nanobeam, especially for the large
diameter pores. A Callaway-Holland model is used to compute reduction in thermal
conductivity. The boundary scattering reduction function is computed from both a
Sondheimer-Chambers approach and by tracing the paths of a large number of phonons
within the nanostructure. The impact of scattering at the pore boundaries is also
estimated using a random path tracing method and from the minimum pore boundary
separation distance. Coherent phonon effects are considered by estimating the phonon
frequencies impacted by the periodic pore structure. For these nanoladders with pores
spaced by ~400 nm, the impact of coherent effects on the thermal conductivity is
negligible (<0.02% at T<50K). However, if the dimensions are reduced even by a factor
of 10, coherent phonon effects may be evident, especially at low temperatures (<100 K).
The results of the thermal conductivity model agree with the predicted thermal
conductivity for the nanoladder with the smallest diameter pores, however, additional
measurements and modeling work is needed to understand the reduction in thermal
conductivity for the larger diameter pore structures. Surface roughness and non-
uniformities in the pore geometry may contribute to the significantly reduced thermal

conductivity for the nanoladders with large diameter pores.
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4.3 Effects of Porosity on the Thermal Conductivity of Silicon Nanowires in
Aligned Silicon Nanowire—Parylene Composites

Silicon with a high density of nanoscale features such as interfaces, porosity, and
impurities can have thermal conductivities (x) up to three orders of magnitude lower
than that of the bulk Si through enhanced phonon scattering [25, 190, 197, 214-227].
For example, the thermal conductivities of nanoporous bulk Si generally decrease with
increasing porosity and decreasing pore size [190, 197, 214-220] and with high porosity
approach the amorphous limit (0.2-0.5 W/m/K) [214-216]. Similarly, silicon nanowires
(SiNWs) with diameters significantly smaller than the bulk phonon mean free path (~
100 to 300 nm at 300 K) were reported to have thermal conductivity values as low as
0.76 W/m/K due to strong phonon scattering at the SINW boundary [221, 222].
Introducing surface roughness to the SINWs leads to additional phonon scattering at
length scales even smaller than the NW diameter [25, 223-226]. However, there is little
investigation on the combined effects of external dimensions and internal porosity on
the thermal conductivity values of SINWSs. In this work, we report the effects of internal
porosity on the thermal conductivity of SINWSs of two different diameters that allow
phonon propagation to span the range from ballistic to diffusive thermal transport (dayg
~ 350 nm and 130 nm) by measuring the thermal conductivity of vertically-aligned
SINW arrays using nanosecond transient thermoreflectance (TTR). As opposed to
measurements of individual SINWSs, measurements of arrays of SiNWs offer the
advantage of averaging out the inherent variations that inevitably occur between
individual SINWs.

4.3.1 Fabrication

Vertically-aligned SiNW arrays are fabricated using a four-step preparation process
illustrated in Figure 4.9. Two sets of vertically-aligned SINW arrays with different
diameters are fabricated (Figure 4.9 a, e) using top-down etching techniques to achieve

a range of porosities (Table 4.1).
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(a) N\W Fabrlcatlon Parylene Deposition  (c) Pollshmg (d) Metal Contact

Figure 4.9: Fabrication of the vertical SINW arrays for the nanosecond thermoreflectance
measurements. (a,e) SINW arrays are formed using the top-down etching; (b,f) Parylene
is conformally deposited in between NWs and acts as a mechanical scaffold for the top
metal transducer layer; (c,g) the SINW tips are exposed by chemical mechanical
polishing to ensure good thermal contact between the SiNWs and the metal film; and
(d,h) a metal film is deposited over the SINW array. The scale bars on the SEM images
are 5 um.

For the first set, the diameter (dag ~ 300-350 nm) and density of the SINWs are
controlled by using nanosphere lithography.[228] Specifically, a monolayer of SiO,
spheres is deposited by the Langmuir-Blodgett method onto Si wafers (p-type, (100))
and used as a mask for the subsequent etching steps. The internal porosity of SINWS is
varied from nonporous to highly porous by changing the etching methods and
conditions [229-231]. Nonporous SiNWs are formed by deep reactive ion etching
(DRIE) and the resulting SINWs have slightly smaller diameters (da,g ~ 300 nm) than
the spheres used as the etch mask [232]. Porous SiNW arrays are fabricated using metal
assisted chemical etching (MACE) in a solution of 4.8 M HF and 0.3 M H,0,, and the
porosity is controlled by varying the metal catalyst and wafer doping concentrations
[229-231, 233-235]. For low porosity nanowires, the catalyst layer consists of a 15 nm
Ag film covered by 5 nm Au, while for the moderate to highly porous nanowires, a 50
nm Ag film is used as the catalyst and the initial wafer doping concentration is varied.
The second set of SiNWSs, with generally smaller diameters, is fabricated by using a
two-step MACE process with silver salts [229, 230, 233, 236, 237]. First, the catalyst
Ag film is deposited using a solution of 0.005 M AgNO;3 and 4.8 M HF for 1 minute.
Then SiNWSs are formed by etching in a solution with 4.8 M HF with various
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concentrations of H,O, (0.15 M, 0.30 M, 0.60 M and 1.20 M) to vary the SINW
porosity [229, 230, 233, 236, 237]. The resulting SINWSs have an average diameter of
130 nm, but there is significant diameter variation within the SINW array (d ~ 20-300
nm). For all the samples, the SINW length is approximately 10 um.

Table 4.1: Summary of SiINW array diameter and porosity control.

Diameter Control Porosity Control

Set 1: | Nanosphere Lithography | Etching Method and Doping Concentration

davg ~ 300 to 350 nm Non-Porous: DRIE

Low Porosity: Ag/Au MACE

Moderate Porosity: Ag MACE, Lightly Doped
High Porosity: Ag MACE, Heavily Doped
Set 2: | Silver Salts MACE Etchant Solution

davg ~ 130 Nm Low Porosity: 0.15 M H,0,

High Porosity: 1.2 M H,0,

Following the formation of the SINW arrays, the gaps between SiNWSs are
completely filled with parylene N (poly-para-xylylene) (Figure 4.9 b, f), which has a
thermal conductivity significantly lower than the SINWS (kparyiene = 0.125 W/m/K)
and a high melting temperature (T, ~ 410 °C). The SINW tips are subsequently exposed
via chemical mechanical polishing (CMP) to remove the parylene covering the SINWs
(Figure 4.9 c, g) allowing the SINWSs to form good thermal contact with the top metal
film. Finally, a 15 nm Cr layer (for adhesion) and a 500 nm Cu layer are deposited by
electron-beam evaporation on top of the SINWs tips to form a flat, reflective transducer
layer for the thermoreflectance measurements (Figure 4.9 d, h).

4.3.2 Nanosecond Transient Thermoreflectance (TTR)

The thermal conductivity of the vertical SINW arrays is measured by nanosecond
TTR, the details of which can be found in Panzer et al [238]. Briefly, the metal
transducer layer that is deposited on the parylene-filled SiINW array is heated by a 3 mm
diameter, 532 nm wavelength, 6 ns pulse from a Nd:YAG laser at a frequency of 10 Hz.
The reflected intensity of the probe laser (d ~ 20 um, 10 mW, 658 nm, continuous
wave) is directly correlated to the temperature of the metal layer that is affected by the
thermal conductivity of the SiINW/parylene composite. The thermal conductivity of the

115



THERMAL CONDUCTION IN NANOSTRUCTURED SILICON

SiNW/parylene composite and its interface thermal resistance at the top metal layer are
extracted using a two parameter fit of the measured temperature decay trace
(normalized by the maximum temperature) to the solution of a one-dimensional heat
diffusion equation for a multilayer stack with surface heating. The volumetric heat

capacity of the film (C,, composite) 1S assumed to be the volumetric average of the heat
capacity of parylene (Cyparyiene) and bulk silicon (C, s;): Cy composite = VF = Cy5i +
(1 = VF) * Cyparyiene, Where VF is the volume fraction of SINWs within the composite

(measured by SEM images). The average thermal conductivity of an individual SINW
within the array is calculated from the extracted film thermal conductivity ( xcomposite )
using the parallel resistor version of an effective medium model:
Knw = [Kcomposite -(1- VF)Kparylene]/VF' where kywand Kpgryiene are the
thermal conductivities of the SINWs and parylene, respectively. These nanowire arrays
are nearly ideal for the using a parallel resistor model (e.g. the nanotubes are straight, do
not contact each other, the parylene fills the space between the nanowires without voids,
and polishing ensures that nearly every nanowire is contacted by the metal transducer
layer, as illustrated in the SEMs and sketches in Figure 4.9). Thus, the parallel resistor
model is representative of the thermal transport pathways in this system allowing
extraction of the individual nanowire thermal conductivity from the measurement of
film properties. For the nanowire arrays with smaller nanowire diameters, the variation
in nanowire diameter corresponds to variations in individual nanowire thermal
conductivity and thus using this method to convert from film conductivity to individual

nanowire thermal conductivity yields only an average value of thermal conductivity.

4.3.3 Results & Discussion

The thermal conductivity for the SINWs with large diameters (dayy ~ 300-350 nm)
demonstrates a clear decrease with increasing porosity (Figure 4.10). The thermal
conductivity of nonporous SiNWs, though with rough surfaces, is 142+13 W/m/K, very
close to that of bulk Si (x ~ 150 W/m/K). Scalloping, due to the DRIE etching process,
leads to oscillations in the nanowire diameter from 290 to 320 nm along the length of
the nanowire. Side-view SEMs show that the nanowire diameter is consistently closer to

the smaller diameter top surface of the nanowire array where the SEMs used to estimate
116



CHAPTER 4

SINW fill fraction are taken (example top-view SEMs are included as insets in Figure
4.10). Thus, it is likely that the volume fraction is higher than estimated from the top-
view SEMs, and correspondingly the thermal conductivity falls near the lower end of
the uncertainty range. However, for uniformity in comparing results, the fill fraction
from the top-view SEMs is reported and used in the analysis of thermal conductivity.
Still, this high value of thermal conductivity suggests that for large diameter SiNWs,
surface roughness at this depth and periodicity, does not cause effective phonon-
external boundary scattering and therefore has little effect on the thermal conductivity.
On the other hand, the internal porosity of SiNWSs drastically reduces the thermal
conductivity from 142 W/m/K for the nonporous SiNWs to 98 W/m/K (Au/Ag-MACE)
and 51 W/m/K (Ag-MACE) for the increasingly porous SiNWs.
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Figure 4.10: Thermal conductivity of (~ 350 nm) large diameter SiNWs (10* cm™ p-type
doping) with three levels of porosity, corresponding to different etching conditions. The
thermal conductivity decreases significantly with increasing porosity. The inset images
show the top view of the SINWs and the scale bars are 200 nm.
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Figure 4.11: (a) Thermal conductivity of nonporous and porous SiNW arrays of large
diameter as a function of doping concentrations. TEM images show the relative porosity
for Ag-MACE SiNW arrays fabricated with doping concentrations of (b) 10*, (c) 10%°,
and (d) 10" cm™. The scale bars on the TEM and inset TEM images are 5 nm and 200
nm, respectively.

The thermal conductivities of large diameter SINW arrays (davg ~ 350nm) with three
different p-type doping concentrations (10", 10, and 10 cm®) are further
investigated for both nonporous and porous NWs (Figure 4.11). The thermal
conductivity of nonporous SiNWs decreases slightly with increasing doping
concentration due to the increased phonon-impurity scattering, similar to bulk Si [239,
240]. Conversely, the thermal conductivity of porous SINWs drops to about 1 W/m/K
when the doping concentration is increased from 10 to 10™ cm™. It should be noted
that the main reason for the dramatic drop in conductivity with doping concentration is
that higher doping concentration leads to increased porosity in SiNWs fabricated with
MACE (Figure 4.11 b-d). The dopant atom sites act as preferred locations for pores
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formation [229, 233, 236, 237]. In comparison to the internal NW porosity, the phonon-
impurity scattering at higher doping concentration has a much smaller impact on the
thermal conductivity [25, 215].

The thermal conductivities of SINWs with small diameters (dag ~ 130 nm) also
decrease with increasing porosity (Figure 4.12), similar to the large diameter SINWS.
However, the thermal conductivity of these SINWSs is much smaller than those of large
diameter SINWSs of similar porosities (i.e., the same etchant solution, 0.3 M H,0,).
Specifically, the thermal conductivity is reduced from 51 W/m/K for the large diameter
(davg ~ 350 nm) SiNWs to 28 W/m/K for the smaller diameter SINWS (dayg ~ 130 nm).
This highlights the significant impact of phonon-external boundary scattering on the
thermal conductivity at length scales that are smaller than the phonon mean free path.
The additional reduction in thermal conductivity (to 17 W/m/K) with increasing H,0,
concentration for the smaller diameter SiNWs indicates that the increasing internal
porosity also has a significant impact on the thermal conductivity.
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Figure 4.12: Thermal conductivity of SINWs (10** cm®) with small diameter (da,q ~ 130
nm) as a function of porosity. For comparison, the thermal conductivity of the large
diameter SINW etched at the same condition is shown as the red circle. Increasing
nanowire porosity is realized by increasing the H,O, concentration during MACE, as
evidenced by the inset TEM images. The scale bars on all the TEM images are 100 nm.
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4.3.4 Conclusion

In summary, we measure the thermal conductivity of SINW arrays with various
nanowire diameters, doping concentrations, surface roughness and internal porosities
using a nanosecond transient thermoreflectance method. When the SINW diameter (dayg
~ 350 nm) is larger than the phonon mean free path in the bulk silicon, the thermal
conductivity shows little dependence on the doping concentration and surface
roughness, but decreases significantly with increasing porosity due to phonon scattering
at the pore interfaces. In contrast, when the SINW diameter (dayy ~ 130nm) is smaller
than the phonon mean free path, the thermal conductivity strongly depends on both the
external boundary-phonon scattering and the internal pore interface-phonon scattering,

leading to a significant reduction in the thermal conductivity for small diameter SINWs.
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CHAPTER 5: THERMAL CONDUCTION IN
SILICON NITRIDE FILMS *

5.1 Introduction

Amorphous silicon-rich silicon nitride films with various excess silicon
concentrations (SiNy) including those with additional erbium impurities (Er:SiNy), are
promising for light sources that are compatible with silicon-based electronics.[241-245]
The Er:SiNy compound integrated with photonic crystal [241] and plasmonic structures
[246] shows an enhanced photoluminescence (PL) peak at 1.54 um [242, 243].
Moreover, Er:SiNy-based light emitting devices operating at 1.54 um have recently been
demonstrated [247]. The structural, optical and electrical properties of these materials
have been extensively investigated [241-243, 245]. Photonic crystal (PC) cavities
fabricated from Er:SiNy with a stoichiometric silicon nitride matrix have been pumped
to transparency, which is a step towards achieving on-chip laser sources [241, 248].
However, to induce laser oscillations, it is crucial to predict and optimize the thermal
behavior of the cavity as well. Device performance and stability can be improved by
maximizing the thermal conductivity in order to prevent significant heating of the PC
cavity. Because of the confined geometry of the proposed light sources, achieving a
high thermal conductivity in the constituent materials is a dominant consideration in
achieving targeted power densities. Nanostructural characteristics, such as the presence
of bonding defects, are influenced by the processing conditions of the nitride films and
impact the PL intensity and lifetime [243], and these same characteristics can strongly
influence thermal conduction.

This work measures the effect of processing parameters, specifically Si and Er
concentrations and annealing temperature, on the thermal and optical properties of
silicon-rich nitride films. Optimal processing conditions considering both thermal and
optical properties are explored through a systematic study of the impact of annealing
temperature and silicon concentration. The thermal properties of SiNx samples with 7

S This section reproduced with permission from A.M. Marconnet, et al., “Heat Conduction and
Photoluminescence of Light-Emitting Silicon Nitride Films,” Applied Physics Letters, vol. 100, 2012.
Copyright 2012 American Institute of Physics.
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different silicon concentrations (from 44.2 to 61.8 % Si) and 6 annealing temperatures
(Tannear from 600 to 1100 °C), as well as those of the as-deposited films, are compared
with the PL lifetime measurements of SiNy samples. For the sample with a Si
concentration of 50.0%, the impact of erbium doping on thermal conduction is

investigated.

5.2 Methodology

Amorphous SiNy samples with different excess Si concentrations are fabricated by
N reactive magnetron co-sputtering using Si target. Er:SiNy films were fabricated at a
constant Si concentration with varying Er concentrations. After deposition, the samples
were annealed at temperatures between 600 and 1100 °C for 200 s under forming gas
(5% H,, 95% N,) atmosphere. Details of sample preparation can be found in Ref. [242].
The SiNy films (~400 nm thick) investigated by Time-Resolved Photoluminescence
(TRPL) and Time-Domain Thermoreflectance (TDTR) measurement are fabricated in
the same batch, while the Er:SiNy films are ~1300 nm thick and SiNy samples analyzed
by nanoindentation experiments are ~1000nm-thick. A JEOL 6100 scanning electron
microscope (SEM) equipped with an energy dispersive X-ray (EDX) spectrometer
(Oxford Instruments) was employed to quantitatively analyze the compositional content
of the SiNx and Er:SiNy films. Based on the result from a Monte Carlo simulation, a
low electron beam voltage of 4 Kv is selected for the EDX analysis to ensure that the
interaction volume of the electron beam and specimen was confined within the 400 nm
top layer SiNx films. Nanoindentation is performed at room temperature using a
Triboindenter nanomechanical testing system (Hysitron Inc., MN) with a standard
Berkovich tip. Both of the machine compliance and the tip area function were calibrated
using a standard fused silica sample. Thermal drift is minimized by allowing thermal
equilibrium to be reached inside the isothermal enclosure of the Triboindenter overnight
preceding any indentation experiments. Constant loading rate control measuring scheme
was chosen for Young’s modulus and hardness characterization of SiNy thin film
samples. Loading and unloading rates were kept at 900 puN/s. A maximum load of 4500
MN minimizes the effects from the substrate, which restrained the displacements
(penetration into the thin films) to be within 10% to 15% of the total thin film thickness.
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Picosecond TDTR is a well-established pump-probe technique for measuring the
thermal conductivity and interface thermal resistances of thin films [249-252]. A metal
transducer layer (35 nm of aluminum, deposited on the samples for TDTR) is heated by
the frequency-doubled 532 nm, 20 mW, 10 um diameter, 9.2 ps pump pulses from a
mode-locked Nd:YVO, laser with a repetition rate of 82 MHz, modulated at 5 or 8 MHz
for lock-in detection. The optically delayed 1064 nm, 5 mW, 5 pm diameter probe
pulses derived from the same laser reflect off the metal surface and are detected by a
fast photodetector to measure the surface temperature decay. Fitting the measured
thermal decay trace to the solution of the radial-symmetric three—dimensional heat
diffusion equation for the multilayer stack with surface heating by a modulated periodic
pulse train allows extraction of the thermal conductivity and interface resistances within
the sample structure.

To resolve the effective PL lifetime, zp., the samples are excited by the second
harmonic of the Mai Tai laser at 430 nm with 100 fs pulses. The TRPL signal is
dispersed through a double grating spectrometer (Acton Spectra Pro. 2300i) and
detected using a single-photon counting streak camera with 10 ps time-resolution
(Hamamatsu, C4770). For all the samples, the PL decay trace are fitted by a two-
exponential decay model. In order to compare the lifetime data of different samples, we
have defined an effective PL lifetime as . = (Ar X [ ¥ Az X PA(AL + Ap). This
choice is due to the strongly non-exponential nature of the time evolution of SiNy
PL.[243]

5.3 Results & Discussion

Measurements  of  time-dependent PL and picosecond time-domain
thermoreflectance of identical samples allow for direct comparison of the effect of the
excess silicon in SiNx and post-annealing temperature on both PL lifetime and thermal
conductivity. The thermal conductivity of all samples ranges from 1.25 to 2.66 W m™
K (as shown in Figure 5.1(a)), while the thermal boundary resistance between the SiNy
layer and the metal transducer layer ranges from 3.1 to 6.5 m? K GW™ (not shown). The

effective PL of SiNx samples ranges from 0.1 ns to 1.0 ns (as shown in Figure 5.1(b)).
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Samples with silicon concentration greater than 53% did not show enough PL intensity

to measure the lifetime.
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Figure 5.1: Impact of annealing temperature and silicon concentration on (a) thermal
conductivity, k, and (b) effective PL lifetime, zp.. (c) Correlation of the trend of
increasing thermal conductivity and PL lifetime with anneal temperature for samples with
a relative Si concentration of 45.5%. (d) Correlation of the trend of decreasing thermal
conductivity and PL lifetime with increasing excess silicon concentration for samples
annealed at 1000 °C.

High thermal conductivity and long PL lifetime are observed at low excess silicon

concentrations and high annealing temperatures. PL lifetime (7, ) depends on both

-1
nr?

radiative and non-radiative mechanisms, 7, =z, * +,', where 7, and 7, are radiative

and non-radiative PL lifetimes, respectively. The PL lifetime of SiNy is dominated by
non-radiative interactions which are primarily driven by relaxations at impurity-induced

and disorder-induced defect sites. To highlight the trends in thermal conductivity and
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PL lifetime, Figure 5.1(c) shows the increasing thermal conductivity and PL lifetime
with increasing annealing temperature for one value of excess Si concentration (45.5%),
and Figure 5.1(d) shows the increasing thermal conductivity and PL lifetime with
decreasing silicon concentration for one annealing temperature (1000 °C).

The thermal conductivity of the SiNy films can be very roughly approximated as
1 . . . : : .
k= gcvzrph , Where c is the volumetric heat capacity, v is the acoustic velocity of the

phonons, and 7, is the relaxation time of the phonons. While the use of phonon

transport theory for this highly disordered material is questionable, this approach serves
here to provide an approximate scaling of the trends of thermal conductivity with
acoustic velocity and other properties. The heat capacity is approximately constant with

stoichiometry and annealing temperature, and can be approximated as ¢ ~ nk,, where

N, is the atomic density and k, is Boltzmann constant. Combined Rutherford
backscattering and spectroscopic ellipsometry measurements (of Er:SiNx samples)
indicate no statistically significant change in the atomic density of the samples with
increasing silicon concentration or annealing temperature, but the density, p, increases
with the incorporation of heavier silicon atoms. Nanoindentation measurements shows

that the elastic modulus, E, of the films decreases with increasing silicon concentration
(as shown in Figure 5.2(a)). The acoustic velocity of phonons in the film (v~ \E/p)

decreases with increasing silicon concentration since the elastic modulus decreases
while the density of the films increases. Figure 5.2(b) shows a comparison of the
measured thermal conductivity and the predicted trends in thermal conductivity from
this model assuming a constant phonon lifetime. The acoustic velocity is estimated
using the best fit line to the elastic modulus data (as shown in Figure 5.2(a)) and the
mass density calculated from the measured atomic density and silicon concentrations
combined and the atomic masses of silicon and nitrogen. At the highest silicon
concentrations, the thermal conductivity falls below the predicted value for a constant

7., indicating that in addition to reduction in acoustic velocity, the phonon lifetime also

ph
decreases with increasing silicon concentration. The phonon mean free path,

A =V7,,, decreases with increasing silicon concentration. The dominant sources of
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phonon scattering are disorder and defects, both of which may be impacted by
annealing temperature and silicon concentration. The reduced phonon mean free path
with increasing silicon concentration suggests a higher concentration of defects and/or
disorder in the films with high silicon concentrations. The corresponding reduction in
PL lifetime (Figure 5.1(d)), also impacted by disorder and defects, agrees well with the

thermal results.
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Figure 5.2: (a) Impact of silicon concentration on Young’s modulus and hardness of
amorphous SiN, films. The straight line is a best fit to the data and serves mainly as a
guide for the reader. (b) SiN, thermal conductivity as a function of silicon concentration
for samples annealed at 1000 °C. The solid line shows the predicted trend in thermal
conductivity using the measured elastic modulus (best-fit line from (a)) in the calculation
of acoustic velocity and a constant phonon lifetime estimated from a best fit to the data
with relative Si concentration < 55 %.

The interplay between disorder and defect concentration could also account for the
trends in thermal conductivity with annealing temperature. At low excess silicon
concentrations, the thermal conductivity increases with annealing temperature.
Increasing annealing temperature reduces disorder and passivates bond defects, and
therefore the phonon relaxation time, thermal conductivity, and the effective PL lifetime
are enhanced. At high silicon concentrations, the thermal conductivity is approximately
constant with annealing temperature. The increased defect concentration related to the
high excess silicon concentration may dominate over the slight reduction in disorder. At
intermediate silicon concentrations (about 50% Si), a peak in the thermal conductivity is

observed at annealing temperatures lower than the maximum annealing temperature,
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which may be due to the interplay between intrinsic defects and thermally-induced
defects such as those formed at the nanoinclusion interfaces [242].
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Figure 5.3: Impact of Erbium concentration on the thermal conductivity of an Er-doped
silicon-rich nitride film with a relative Si concentration of 50%.

Doping SiNy films with erbium leads to strong PL at 1.54 um which is significant
for photonic applications [242, 243]. In previous studies of similarly fabricated Erbium-
doped SiNx films, the Er PL lifetime at 1.54 hdnP Lrafficiensy, was
maximized at low silicon concentrations and high anneal temperatures [243], similar to
the behavior for undoped films reported here. However, doping with erbium forms
another scattering mechanism impeding thermal transport and reduces the thermal
conductivity. The effective PL lifetime of SiNy also decreases due to energy transfer
from SiNy to Er ions at relatively low Er concentrations (~4x10%° cm™) [242, 243].
Figure 5.3 shows the thermal conductivity of erbium doped silicon nitride films (50 %
silicon) annealed at 1000 °C. At an erbium concentration of 3.2 x10%* cm™, the thermal
conductivity was reduced to 1.5 W/m/K, less than 65% of the undoped SiNy value (2.3
W/m/K). 1t is well-known that large ions act as scattering centers for phonons and

therefore erbium incorporation decreases the thermal conductivity. It should also be
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noted that Si concentration of SiNy decreases slightly with Er concentration which
should have slightly increased the thermal conductivity.

5.4 Summary

In conclusion, both thermal and optical properties of silicon nitride films and Er-
doped SiNx depend on the post-annealing temperature, the amount of excess silicon, and
erbium incorporation. The maximum thermal conductivity and longest PL lifetime were
observed at low excess silicon concentrations and high annealing temperatures. We
demonstrate that SiNy thermal conductivity decreases due to reduced acoustic velocity
and increased scattering of phonons, while its effective PL lifetime shortens as a result
of non-radiative recombinations at defect-induced states in SiNx. Thermal conductivity
of Er:SiNy matrix decreases with excess Er concentrations. The overlap of ideal
processing conditions for both thermal and optical performance is advantageous for
SiNy and Er:SiNx photonic crystal devices [241] and should be considered when
fabricating devices to ensure the very best optical performance, while efficiently

removing heat from the device regions.
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6.1 Summary

As electronic devices continue shrink and as nanostructured materials become more
common, understanding their thermal properties is becoming increasingly important to
device performance and reliability. Furthermore, nanostructuring leads to unique
material properties and combinations of properties not naturally available in bulk
materials. For example, nanostructured materials offer the possibility of thermal
conductivity extremes: the thermal conductivity of carbon nanotubes and graphene can
exceed that of metals, while the introduction of nanoscale boundaries (e.g. nanoscale
pores [253]) yields extremely low thermal conductivity materials. Electron-crystal,
phonon-glass materials are of interest for thermoelectric applications, while thermally-
conductive, mechanically-compliant materials are sought for electronics packaging.

This dissertation focuses on thermal conduction in several different nanostructured
materials systems from both a fundamental and an applied approach. Carbon nanotubes
films and composites are expected to leverage the high conductivity of individual
nanotubes, when the axes of the nanotubes are aligned with the direction of heat
transport. Despite expectations of high thermal conductivity for the aligned CMT films
and composites, defects within the nanotubes, the high density of CNT-CNT contacts,
and incomplete contact between the CNTs and surrounding materials limit the thermal
conductivity of the CNT-based materials (Chapter 2 an 3). Cross-sectional infrared
microscopy [122] allows measurement of the intrinsic thermal conductivity,
independent of the boundary resistance between the nanotube-based film and
surrounding materials (Chapter 3). The first data for thermal conductivity of densified,
aligned multi-wall CNT films and nanocomposites films for a range of CNT volume
fractions is reported (Section 3.2 and 3.3). A 1 vol.% CNT composite more than doubles
the thermal conductivity of the base polymer. Denser arrays (17 vol.% CNTSs) enhance
the thermal conductivity by as much as a factor of 18 and there is a non-linear trend
with CNT volume fraction. A novel method for improving the thermal boundary

conductance and the engagement between CNTs and heat sinks through electroplating
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copper on top of vertically aligned CNT films is investigated (Section 3.4). For
vertically-aligned carbon nanotubes arrays with relatively low volume fractions of
CNTs (~0.5 vol. %), the CNT film thermal conductivity is nearly 3 W/m/K, indicating
good engagement between the CNTs and the copper film.

The vast number of fabrication techniques available to create silicon-based
nanostructures allows investigation of fundamental phonon conduction physics in
nanostructures (Chapter 4). For individual nanowires, periodically porous silicon
nanobridges show a significant reduction in thermal conductivities due to the pore
structure [253] (Section 4.2). The thermal conductivity along the length of the silicon
nanobeams is measured using a steady-state Joule heating technique (Section 4.2.2).
The thermal conductivities of the porous nanobeams are reduced to as low as 3% of the
value for bulk silicon. A Callaway-Holland model for the thermal conductivity is
adapted to investigate the relative impact of boundary scattering, pore scattering, and
phonon bandgap effects (Section 4.2.3). Measurements of the thermal conductivity of
aligned arrays of silicon nanowires provide insight into the impact of nanowire
geometry (diameter, surface roughness, and porosity) and doping (Section 4.3). For
SiNWSs with diameters larger than the phonon mean free path, porosity substantially
reduces the thermal conductivity, yielding thermal conductivities as low as 1 W/m/K in
highly porous SiNWs. However, when the SiINW diameter is below the phonon mean
free path, both the internal porosity and the diameter significantly contribute to phonon
scattering and lead to reduction in the thermal conductivity of SINWs.

Finally, thermal conduction in silicon-rich and erbium-doped silicon nitride thin
films depends strongly on the excess silicon concentration, annealing conditions, and
erbium concentration (Chapter 5). The maximum thermal conductivity and maximum
photoluminescence lifetime occur at the same processing conditions, indicating that

similar mechanisms (defect concentration and disorder) impact both properties [254].
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6.2 Discussion and Suggestions for Future Work
6.2.1 Individual Nanowires: Impact of Nanostructured Pores

Several open questions remain in studying the fundamentals of thermal conduction
in porous nanowires and nanofilms. Silicon-based porous nanostructures are ideal for
initial tests. These structures show promise for reducing thermal conductivity without
significantly impacting the electrical conductivity, one method for improving
thermoelectric figure of merit, ZT. Both the measurement device and nanostructure can
be fabricated using electron beam lithography. Thus, many variations in pore shape,
arrangement, and periodicity, can be studied (a few examples are shown in Figure 6.1).
Particularly interesting is the possible impact of pore structure on the phonon dispersion
relations when the pore size is comparable with the dominant phonon wavelengths.
Also, the patterned silicon nanostructure can also be used as a (sacrificial) template for
deposition of more exotic material. Similar patterned porous nanobeam structures are
currently used as photonic crystals in a variety of material systems, and understanding
the complex thermal, optical, and electrical interactions within the nanodevice may lead

to improved lasers and modulators.

Figure 6.1: Several example geometries for electron beam lithography fabricated porous
nanowire structures.
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Figure 6.2: (a) Conventional nanowire measurement structure. The nanowire is
suspended between two resistive heating elements. Heat generated in the left element
conducts through the nanowire, but some fraction conducts through the support legs.
Estimates of the conductive heat loss allow calculation of the nanowire thermal
conductivity. (b) Modified nanowire measurement structure. Heat is generated in the
leftmost resistive element and either conducts through the support legs or through the
reference and test nanowires. The heat flux through the test nanowire is calculated from
the temperature drop across the reference nanobeams (which also serve as mechanical
supports).

Measurements of thermal properties of individual nanotubes or nanowires require
microfabricated structures. A relatively straightforward modification to a conventional
measurement structure should provide improved accuracy in the measured thermal
properties. In the conventional measurement structure (Figure 6.2(a)), a nanowire is
suspended between two resistive heating elements. Heat generated at one resistor flows
in part through the nanowire (and also through the supports required to suspend the
resistive elements) and is detected through a temperature rise at the second. Both
resistors serve as temperature sensors and the nanowire thermal conductance is
calculated. Losses through the support legs must be calculated to determine the actual
heat flux through the nanowire. In the proposed modified design (Figure 6.2(b)),
reference nanobeams and a third resistive element are added to the measurement
structure. In this design, the reference nanowires are silicon beams with the metal wires
connecting to the center resistive element (temperature sensor). The ratio of the test
nanowire thermal conductivity to the reference beam thermal conductivity is determined
from the temperature drop across each pair of resistive elements. Additional voltage
probes can be added to either end of the test nanowire to measure the Seebeck

coefficient.
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6.2.2 Nanowire Arrays

Careful control of nanowire composition and geometry (including diameter, shape,
surface roughness, etc.) will allow understanding of trends in the thermal properties,
allowing optimization of the nanostructures for specific applications. As the power
density of electronic systems continues to increase, removing heat efficiently from the
structure become increasingly important. High conductivity metallic nanowire arrays
(NWAs) appear promising as thermal interface materials, especially for high
temperature applications where CNT films degrade. For thermoelectric applications,
while a number of nanstructured materials can be fabricated in this manner, detailed
characterization of the material properties remains challenging.

NWAs can be fabricated through electrochemical deposition of the nanowire
material into nanoporous template. Both metallic and semi-conducting nanowire arrays
are possible using this low-cost, scalable nanofabrication process. The pore shape,
arrangement, and thickness dictate the final nanowire array geometry. While
commercially-available membranes will provide a starting point for fabrication, self-
assembled block co-polymer films with periodic pore structures provide more options

for and control over pore shape and arrangement.
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Figure 6.3: Schematic of integrated Z-meter and 3-o characterization structure. The top
patterned heater for 3-o measurements is electrically isolated from the metal contact
layer for the ZT measurement. Micromanipulator probes provide electrical connection to
metalized top and bottom electrodes.
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(b) Time Domain Thermoreflectance
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Figure 6.4: (a) Sample configuration for thermoreflectance. (b) Example probe data
signal for Time Domain Thermoreflectance. The sample is heated by a pump laser pulse
and the change in the reflected intensity of the probe laser corresponds to the temperature
at the metal surface. The thermal properties of the sample layer govern the shape of
thermal decay curve. (c) Frequency Domain Thermoreflectance. The sample is heated by
a sine-wave modulated pump laser causing a periodic heat flux. The temperature rise at
the metal surface lags behind the heating signal. The dependence of the amplitude and
phase of the temperature signal on the frequency is governed by the thermal properties of
the sample.

To characterize the thermal and thermoelectric properties of the nanostructured
thermoelectric films, an integrated 3-w and Z-meter structure (Figure 6.3) and
thermoreflectance methods (Figure 6.4) should provide more details about thermal and
thermorelectric properties:

e The 3-w method uses electrical Joule-heating and thermometry in a metal
heater line and fitting of a heat diffusion model to extract the relevant
thermal properties.

e For the Z-meter technique, a sinusoidal modulated current is passed through
the nanowire array, while the phase and magnitude of the voltage across the
array are measured. At low frequencies, both the Seebeck effect and the
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Ohmic resistance contribute to the measured voltage signal. At high
frequencies, the thermal effects are reduced because the thermal diffusion
length is small.

e For thermoreflectance, a pump laser heats a thin metal film deposited on the
nanowire array. The resulting temperature at the surface of the metal film is
measured by detecting the change in reflected intensity of a low power probe

laser and depends on the thermal properties.

6.2.3 Embedded Nanoparticles: Thermal Conduction & Heat Generation

Embedded nanoparticles can serve as the building blocks of materials with unique
properties. An enhanced thermoelectric figure of merit has been demonstrated through
embedding nanoparticles in thin films [255] and the high density of interfaces in
nanoparticle-based sintered materials reduces the lattice component of thermal
conductivity. The enhanced heat capacity of nanofluids containing nanoparticles
consisting of a solid shell and phase-change core is advantageous for improved heat
removal in fluidic cooling applications [256]. Additionally, nanofluids have been shown
improve the efficiency of solar-to-thermal energy conversion, useful for power
generation applications [257]. Photothermal excitation of metallic nanoparticles has
been studied for materials processing applications [258] and thermal destruction of
cancer tissue and drug delivery [259]. While several studies have demonstrated the
viability of this photothermal nanoparticle heating, quantifying the heat absorption and
temperature rise of the nanoparticles remains challenging [259].

Thermoreflectance (see Figure 6.3) and the integrated 3-w and Z-meter structure
(see Figure 6.4) should allow characterization of the thermal conductivity of thin
nanoparticle composites and nanofluid samples. Not only will these measurements
quantify the relevant composite thermal and thermoelectric properties, they indirectly
give insight into the heat transfer mechanisms between the nanoparticles and the matrix.
Then, to more directly study photothermal excitation of embedded nanoparticles and the
heat transfer between the nanoparticle and matrix, transient absorbance measurements

could be conducted. This would allow determination of the boundary resistance
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between nanoparticles and the embedding medium [260]. Initial measurements could
include metallic nanoparticles in quartz, and be followed by measurements of systems

more relevant for biological and energy applications.
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