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Preface

This dissertation starts with chapter 1 which gives an introduction to the
morphology of the carbon nanotubes. Their two most common synthesis methods,
arc-discharge method and chemical vapor deposition method are discussed there as
well. The theory of their fundamental electronic and thermal propertiediiseniin
chapter 2. This chapter also lists some interesting experiments done since the
discovery to explore these properties. Chapter 3 is dedicated to two important
properties of nanotubes namely; thermal contact resistance and remotnelect
phonon scattering. There experimental details and the results of most widely
employed thermal contact resistance measurement methods are discuessete W
that the values of this important physical property, reported by the various methods
discussed, vary by more than two orders of magnitude. All the techniques employed
in these studies have their short comings. Most of them, in their measurements,
mainly relay on heat sources that are not independently characterized. Catigeque

there is little consensus on the measured values of thermal contact resistanc

To address this issue we develop a new thermal imaging method, named
Electron Thermal Microscopy (EThM), which relies on well studied (artterstood)
phenomenon of Joule heating in a thin metal wire, as a heat source. The temperature
sensors in our technique are nano-meter sized, low but standardized melting point
Indium islands. Once the temperature in our samples gets higher than melting
temperature of these Indium islands, their melting could be observed in-situ and in

real-time. Thus they serve as binary thermometers. This work is published in the



peer-review journal Nano Letters (T. Brintlinger, Y. ®i,H. Baloch, D. Goldhaber-

Gordon, and J. Cumings, Nano Lett., 8(2), 582 (2008))

In chapter 5 we employ EThM to measure the thermal contact resistance by
directly and find the value to be surprisingly high. We however, demonstrate ¢hat thi
high contact resistance is not a limiting factor in nanotube devices. We can control
and thus reduce the inherently high thermal contact resistance of a nanotube on a
substrate by almost two orders of magnitude. This work is published in the peer-
reviewed Journal Applied Physics Letteits.(H. Baloch, N. Voskanian, J. Cumings,
App. Phys. Lett. 97, 063105 (2010))

In the last chapter, we present data of ongoing work in which we study the
thermal behavior of a biased carbon nanotube. There we make another interesting
observation; as the current is passed through carbon nanotube, the nanotube itself
remain cold but the substrate gets hot. We conclude this dissertation by sigggesti
that this observation of substrate getting hot while the nanotube does not could be a
signature of remote electron-phonon scattering; in which hot electrons in the
nanotube can scatter off the phonons in the substrate. The manuscript on this work is
in preparation.

We have chosen the format of the dissertation such that the contents, list of
figures and acronyms are at the beginning whereas the referenceshfohapier

appear at the end of that chapter.
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Chapter 1

Introduction to Carbon Nanotubes

1.1Discovery

Evidence of the existence of carbon nanotubes (CNTs) of about 50 nm can be
traced back to as far as 1952 by revisiting the TEM images of carbon fiberhpdblis
by Russian scientists Radushkevich and Luckyanovich, in Russian Journal of
Physical Chemistry (1.1). Because of the unavailability of the aforémnentpaper
in English, lack of any preparation recipe, theoretical framework or knowéduige
their tremendous potential, the CNTs remained unnoticed. After the breakthrough
work of late 70’s and 80’s ongg; CNTs were talked of as being a possibility in
conference proceedings. However, it was not until the publication of S. lijima’s
famous paper in which he identified multiwalled carbon nanotubes using a
transmission electron microscope (TEM) (1.2), did they catch the unpreegdent
attention of the scientific community. After the initial efforts on prepanatf CNTs
by various methods, focus soon turned to their characterization and it did not take
long for investigators to judge their tremendous potential. For almost twdekec
now, a great deal of effort has been spent to understand their electricalnivacha

and thermal properties.



1.2 Morphology of Nanotubes

The initial theoretical framework on the structure of CNTs which is aasémt
understanding their electronic and vibrational properties was laid down in papers by
Saitoet. al(1.3), Hamadat. al(1.4), and Mintmireet. al (1.5). The morphology of
CNTs is briefly discussed below and the electronic and thermal propeitieg wi
discussed in chapter 2.

1.2.1 Bonding

A CNT can be considered as a cylindrical structure formed by rolling a
graphene sheet onto itself. A graphene sheet is composgthybridized carbon
atoms which have atomic number 6 and the electronic configuration
This hybridization of andp orbitals results in three in-plasg’ orbitals and ong
orbital, oriented at  to the plane containing tegf orbitals. Consequently, each
carbon atom is covalently bonded (throughonds) to three other in-plane carbon
atoms; such that the angle between two adjacéminds is . Thus a graphene
sheet is composed of covalently bonded carbon atoms arranged at the corners of

imaginary hexagons.

1.2.2 Structure
The structure of CNTs can be specified by defining a vectabtained by
joining two equivalent points on a graphene lattice by two non-orthogonal basis

vectors and . The vector is expressed as

(1)



where and are integers and conventionally, . The geometry of a
nanotube can be completely specified by translation vector

The diameter () of a CNT tube is given as:

— — (@

where I,

Figure 1.1 Schematic of the honey-comb graphene lattice. Such a grapheheet
can be rolled in arm-chair or zig-zag manner to form a CNT.

Depending on the arrangement of hexagonal structures around its
circumference, CNTs can be characterized into three divisions;
All (" ) nanotubes are zig-zag.

All ( ); (" ) nanotubes are arm-chair, and



The rest when# ,and # the nanotubes are called

chiral CNTs.

1.2.3 Layer structure in MWCNTSs

A MWCNT is comprised of several concentric rolled graphene sheets. The

%
diameters of two successive layers of a MWCNT diffe$ bly .

The arrangement of the layers of MWCNTSs can be “scroll-like” or “eatrec
cylinders” or a combination of both. It is not feasible to have MWCNT made up of
concentric cylinders of individual zig-zag tubular structures but they céorrbed
by concentric arm-chair tubes. The arrangement becomes complicataddbtubes
as the likelihood of two consecutive walls having same chirality is ratheHimlu
resolution TEM images of MWCNTSs are shown in Figures 1.3 and 1.5. The reason a
MWCNT appears as a set of parallel lines separated by an empty retjiesan
images is that the scattering occurs most strongly when the electronsbeam i

perpendicular to the vectors defining carbon planes.

1.3 Preparation

While several methods have been proposed for the growth of CNTs (1.6-1.8), the
two most common methods presently employed are the chemical vapor deposition
(CVD) method to grow SWCNTSs (1.7), and the arc-discharge method for the growth
of MWCNTSs (1.8). The typical diameter ranges for SWCNTs and MWCKd 6 .-
1.6nm and 10-20nm respectively and they can be up to several centimeters long (1.9).

These two most widely employed methods are described below:



1.3.1 Arc-discharge /Arc-evaporation Method

The arc-discharge method used today for the synthesis of CNTs is not much
different from the method employed by Kratschmeral for the production of g in

1980’s (1.8).

w
Pump  Gas Inlet

1
T Lg

[=3
: <
R o

W I T —

E{:’Im: g' ot ot ﬂ]]:p Feedthrough

- \ K +

Electrode |_| I ‘ — Electrode
|

—— ]

Window

TTITT

Figure 1.2 Schematic of a typical arc-discharge set-up. An arc-dischargakes
place when the moveable anode comes in close proximity of the cathode. A
constant gas pressure of He is maintained during the growth process. gbre 5.3
of “Carbon Nanotubes: Synthesis, Structure, Properties, and Applicatiosi’, M.
S. Dresselhau®t aleds., Springer-Verlag (2000); ISBN 3-54041-086-4)

Briefly, in this method, a moveable anode made up of graphite is brought
closer to a stationary graphitic cathode such that a stable electrickdescla be
maintained. The typical separation of the electrodes in the process is ~ hexm. T
arc-discharge is traditionally carried out at abouv2During this process a static

base pressure is maintained by continuously pumping out and injecting an inert gas



(usually helium (He)). While the optimal current depends upon various factors such

as the diameter and separation of the electrodes, gas pressure etc., dliy tppice
50-100A range. As a result of arcing, the carbon in the graphitic anode evaporates and
condenses on the cathode in the form of a soot that contains MWCNTSs. The efficient
cooling of the cathode is essential for the production of good quality CNTs. The
schematic of the apparatus used for arc-discharge synthesis is shown in the

Figure 1.2.

1.3.1.1 Factors for good yield and high quality

Initially the yield was low (1.10) but T. Ebbesen and P. Ajayan in 1992, found
that it could be increased significantly by increasing the pressure oftHe i
chamber (1.11, 1.12). The gas pressure of 500 Torr is more or less optimal. If the
pressure is below this value both yield and quality of the CNTs produced is low,
whereas if the pressure is increased above 500 Torr their yield goes down without an
improvement to their quality (1.13).

The current across the electrodes can affect the quality of the nanotubes
produced as well (1.14, 1.15). Low current is generally preferable as |ctapées
plasma can be generated across the electrodes. At high current fewsea@NT

produced and instead a hard sintered material grows on the cathode.

1.3.1.2 Developments in Arc-evaporation

Many developments have taken place since early days of the production of

CNTs. CNTs can be grown by purging the arc-discharge chamber by ssteral



gases like K(1.16-1.18), Ck(1.19), or organic vapor (1.20),KL.21) without
having much effect on yield or quality. Additionally, it has been shown that

MWCNTSs can be produced in liquids as well (1.22-1.28).

Figure 1.3. A high reolution TEM image of arc-discharge grown MWCNT,
obtained from Sigma-Aldrich Inc.

MWCNTSs can also be produced by using another method called chemical

vapor deposition (CVD) described below.

1.3.2 Chemical Vapor Deposition (CVD) Method

In this process, the growth of nanotubes is assisted by a metallic cafalist
is neither a new concept nor is limited exclusively to the growth of CNTs. W&
widely employed before Baket. al.studied the growth of Carbon filaments by this
process.(1.21). In 1993 Jose-Yacarearal.was the first to grow single walled CNTs

by this method (1.22). The basics of this process are described below:



Heating coils

| | _
Thermocouple “ﬂwﬂﬂ“ﬂ ﬂﬂﬂﬂw,substrate Gas 1mIets

Figure 1.4 Schematic of CVD chamber typically used for CNT growth. The
hydrocarbons and the inert gas ( Ar) are introduced into the chamber, eqpped
with heating coils and a thermocouple. CNTs grow onto the substrate in¢h
presence of a metallic catalyst.

In CVD, hydrocarbons, typically ethylene or acetylene, along witmen gas
usually argon, are injected into a chamber having a built-in furnace and a
thermocouple to measure the temperature. At temperatures ranging betw&&n 550
and 750°C, these hydrocarbons decompose in the presence of a catalyst such as iron,
nickel or cobalt. Due to its low solubility in the catalytic metals at such high
temperatures, carbon precipitates and forms CNTs since under such conditiens this
the minimum energy configuration.

For the research described in this dissertation we do not grow MWCNTS in
our lab. Instead they are purchased from commercial vendors; such as Sdyioa-Al
TEM structural characterization of arc-discharge (shown in Figuresrid3}¥D

grown (shown in Figure 1.5) MWCNTs showed that, in general, the ones grown by

arc-discharge have fewer defects and thus are of superior quality.



Figure 1.5 High resolution TEM image of two CVD grown MWCNTSs purchased
from Sigma-Aldrich. A comparison with Figure 1.3 readily shows that are
discharge process gives higher quality MWCNTSs.
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Chapter 2

Electrical and Thermal Properties of Carbon Nanotules

2.1 Electronic Properties

2.1.1Electronic Band Structure

The basics of electronic structure of a CNT can be understood by considering
it as a rolled graphene sheet. A unit cell of graphene has two atoms. Theigsréher
four valence (three and onek) bonds. Due to the overlap between wave-functions
of adjacent atoms, the graphene has high in-plane mobility. The dispetatanref

2-D graphene is calculated to be (2.1),

0 +")er - ;0 1234 °181239°% <= > 0@  (2.1)

)« and) , are two components of the wave-vector.
., is the nearest neighbor coupling constant, while in-plane lattice parameter.
The- signs in equation (2.1) correspond to anti-bonding and bondi&dpohds. At
zeroK, all the bondingk orbitals are completely filled and all the anti-bond&g
orbitals are completely empty.

The rolling of a graphene sheet into a nanotube results in the quantization of

the reciprocal-space vectors in the circumferential direction. Whea thuestized
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allowed wave-vectors are plotted on to the Brillion-Zone (B.Z.), we gefiessHr

parallel lines separated by
B) — (2.2)

where, is the nanotube diameter.

Figure 2.1 Linear sub-band structure of a (10, 10) nanotube. Rolling a graphene
sheet into a CNT results in quantization of the wave-vector.

Length, orientation and spacing of these parallel lines are deternyiried bhilarity

of the CNT. The valence and conduction bands of graphene ciegsoait of the

B.Z. For a nanotube, if this point is an allowed state i.e. if the allowed wave-vector
lines pass through it, the tube will be metallic. Otherwise the nanotube will have a
finite band-gap which will make it a semiconductor.

Since the quantization condition requires that

) F &G, whereGs an integer (2.3)
andE point for graphene is Iocated;_al>) H) ? the following can be concluded:

- CNTismetallicif H $G
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- CNT is semiconducting, having a moderate band-gagisf , if
H #3$G
Therefore, the geometry of CNTs directly influences their band-ateuct
Additionally, the metallic nanotubes can develop a small bandg#p #oras

described below.

2.1.2 Effect of curvature

It is expected that for small diameter CNTs the curvature may add some
5 character to the bonding (2.2, 2.3) which will result in arm-chair CNT& (n

to be metallic in nature. In that case, even though the curvature shifts the Ferm
vector fromE point, it remains on the allowed wave-vector lines on the B.Z. Whereas
in case of non arm-chair nanotubes the curvature can change the band structure
significantly. This will make the Fermi-wave vector move away fronBhmint,
resulting in semiconducting CNTs.

From this it can be shown thatiH $G , the CNT will be a semi-metal
having a small band-gap of less thadK for G # . However, this effect is
negligible for CNTs with L Thus MWCNTSs we employed in our studies

are considered to be metallic in nature.

2.2 Measured Electrical Properties of MWCNT

Many experiments have been performed to understand the electrical popérti
CNTs and much interesting physics of these 1-d materials has come to lightvéder

list a few of their electrical properties:
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Electronic transport in a CNT can be both ballistic (2.4) and diffusive (2.5).
Various electronic devices such as p-type as well as n-type field eéesistors
(FETS) (2.6-2.9), logic devices (2.9, 2.10), diodes and invertors (2.10, 2.11), single
electron transistors (SETSs) (2.12-2.14) made by employing CNTs havell be
realized. CNTs can sustain supercurrents (2.15, 2.16), and their electronicgsopert
can be altered from being semiconducting to metallic ( and vice versa) by
mechanically straining the CNTs (2.17)

In biased metallic MWCNTSs the current primarily flows in the outermost she
due to the shell’s direct contact with the electrodes. However, it has been
demonstrated that inner shells of a biased metallic MWCNT conduct as we)l (2.18

In spite of all the developments in the field, not much is known about the
interaction of CNTs with the substrate. If they are to be employed in future
electronics, it is essential to understand how the substrate can affeetabtical
properties. This aspect will be explored in chapter 6 of this dissertation, which deals

with the study of CNTs under high bias.

2.3 Thermal Properties of CNTs

2.3.1 Theory: Thermal Conductivity

At moderate temperatures the thermal conductivity of carbon-based
materials, namely diamond and in-plane graphite, is higher than that ofheny ot
known material (2.19). Unlike metals, the thermal transport in these maisrial
primarily carried out by phonons instead of electrons and thus Wiedemann-Franz law

My, O PQ RSSKER ? does not hold (2.20).
N
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The thermal conductivity tensor of carbon-based materials can be aadculat
by assuming that the scattering time is constant (2.21). Its diaganaktgiven by
the following equation:

Mr UV W (2.4)
where "V andWare specific heat, group velocity and relaxation time corresponding
to a given phonon state. The sum is over all such phonon states. The constant
scattering time approximation is most valid at low temperatiNes ;[ , Y~
being the Debye Temperature). At higher temperatures, however, Umklagpiisgatt
is the dominant contributor

The main contribution to the thermal conductivity ¢f carbon-based
materials comes from the states which have highiasidW That is why the thermal
conductivity of graphite can be approximated by that of its a-b plane. Sincedhe i
planar coupling is weak, its contributionNtzan be ignored. It is tempting to assume
thatMof the SWCNTs and MWCNTSs would have the same temperature dependence
as the graphene sheets (in case of SWCNTSs) or that of constituent tubes ¢iin case
MWCNTSs). However, building of SWCNTs from graphene sheets and MWCNTSs
from individual tubes may perturb the magnitude as well as the temperature
dependence of theMdue to the presence of other scattering effects.

Nevertheless, the phonon band structure of nanotubes can be formulated from
that of a graphene sheet similar to the electronic band structure by cogside
guantization of the circumferential component of the wave vectors of the phonons,
breaking the two dimensional B.Z. into linear sub bands (2.22-2.23) as shown

previously in the Figure 2.1. Unlike the electronic structure, the chiralityeofube
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does not matter for the phonon bandstructure for qualitative purposes. This is due to
the low-lying acoustic phonon band of graphene band, which is essentially &rcular
symmetric about thé -point.For nanotubes, the zeroth order sub-band, the one that
passes through the center of the B.Z. in Figure 2.1, is the only sub-band for which
| as)t ™ , whereas the rest of the sub-bands have finite minimum cut-off
frequencies. For this reason, the only contributioll#&d low temperatures, comes

from zeroth order sub-bands. At these temperatures, the contribution of the zeroth
order sub-band is predicted to be linear in temperature. The higher-order sub-bands
do not contribute because they are not populated at low temperature Av3én

the first sub-band begins to populate, deviation in linearitywith temperature is
expected. At higher temperature more and more phonon modes start to contribute to
this non-linearityMis expected to keep increasing with temperature approximately as
N , reflecting the temperature dependence of 2D heat capacity of graphene and
graphite. At higher temperatures it saturates when the Umklapprscatiarts to

set-in.

2.4 Thermal Measurements of CNTs

Electrical and mechanical properties of CNTs have been studied extensively
for almost two decades now. However, even though their thermal properties like
specific heat, thermal conductivity, thermopower etc. are predicted to be quite
interesting, they have not been studied in as much detail, partly because of
unavailability of suitable techniques. Most of the techniques utilized for thetiest

some of which we discuss in chapter 3, are still in the development stage. Additional
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difficulties arise from the requirement for such measurements to be eatiadih
when carried out on an individual CNT level, which can be experimentally

challenging.

2.4.1 Bulk measurements

Measurements on highly graphitic materials at low temperatures
(< 100 K) show tham>N? _ N (2.24). However, due to the onset of the phonon-
phonon Umklapp scattering above 100K, when the occupation density of high energy
phonons increaseB|>Ngaturates and starts to decrease. In less graphitic samples

such a saturation peak at higher temperatures is not observed (2.25).

5 |_-|-|]l,_-|
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Figure 2.2 The variation of thermal conductivity of a CNT bundle with
temperature. (Figure 6 of (2.29)

In the case of CVD grown MWCNT bundles the thermal conductivity shows
the expecte®1>N? _ Nbehavior at low temperatures (<100K) (2.26) as shown in

Figure 2.2, where it can be seen that, just like for less graphitic ngtana
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saturation ilfM>N% observed. This is due to the fact that near room temperatures
grain-boundary scattering, due to small crystallite size, dominate tmeather

conductivity.

2.4.2 Individual MWCNT measurements

P. Kimet. al.first elaborated the difference between bulk and intrinsic
measurements (2.27) in thermal transport measurement of an individual MWCNT.
Where Figure 2.3 gives the measured thermal conductance of a single MWCNT
also shows absence of certain features observed in bulk measuremenEBdurse
2.3).

The lower bound of the intrinsic thermal conductivity was measured to be
~3000W/m.K While this lower bound is comparable to the theoretical expectations
(2.28), it is 15 times higher than measured bulk values (2.29). This suggests that
numerous tube-tube junctions present in the bulk are highly resistive and dominate
the thermal transport. Some recent measurements have shown that these extra
ordinary thermal conductors can be combined to form thermally insulating mats
(2.30). It has also been demonstrated that the thermal conductivity is dependent upon
the diameter of the MWCNTSs (2.31). Measurements on individual MWCNTSs at very
high temperatures ( >1000 K) show that the they retain their high thermal
conductivity at such temperatures (2.32). However, at such high temperatures other
modes of heat transfers like thermal radiation may play a role. Sincetpdass
(2.32) did not account for thermal radiation in their work, their model and conclusion

may require modifications.
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Figure 2.3 Thermal conductance of as suspended individual MWCNT. The
linearly fitted experimental data is represented on a on logarithmic sda by two
solid lines having slope 2.5 and 2.01. Lower right inset compares the thermal
conductivities of the individual suspended MWCNT (solid line) wih that of
small (labcd ) and large (lebbcd ) MWCNT bundles represented with
broken and dotted lines respectively. Certain features present ifné thermal
conductivity curve of the individual nanotube are not present in case oétge
and small bundles. (Figure 3 of (2.27))
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Chapter 3

Thermal Metrology of Nanotubes and Nanostructures

3.1 The Concept of Thermal Boundary Resistance

3.1.1 A brief History

The concept that a thermal boundary resistahgpéxisted between liquid
Helium (He) and a solid interface existed as far back as 1936, but except ssee spar
mentions by a few scientists that year, it was not explored. Kaptiza, in 194hewas t
first to report a temperature drop at such interfaces (3.1). However, it wastihot
1952 when a theoretical model (3.2) attributed the temperature discontinuity at the
interface measured by Kapitza, to the existendg,off 4is defined as the ratio of
temperature discontinuity and power flux density across an interfacetenn la
decadesf ; was experimentally noted to have a measureable effect in solid-solid

interfaces as well.

3.1.2 Theoretical Models for Thermal Boundary Rastance

The two famous models that estimbtgare described below:
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(I) Acoustic Mismatch Model

In acoustic mismatch model (AMM) the phonons in a material are treated as
sound waves travelling across the boundary-assumed to be a perfect plane i.e. a plane
without any lattice structure. In real systems, this assumption is ondywiaén
wavelength of the phonons propagating from one medium to another (even when the
two mediums are of same material) is much larger than the inter-atonaicos sif
the interface. Only then there would be no interaction between the phonons and the
atoms, and thus the phonons (just like photons traveling from one medium at another)

could reflect, refract or mode-convert as shown in the Figure 3.1.

I, t

1, ort, |

t2
4

Figure 3.1 The schematic of the ways in which an incident phonon can in&et
with a plane, under the assumptions of AMM. The I's and t's represent patble
longitudinal and transverse polarizations of an incident phonon. (Figurd.2 of

(3.3))
In AMM there is an equivalent of Snell’s law valid for these acoustic
phonons, which determines the probability of what mode a particular phonon would

have after its incidence on the interface. Additionally, it also gives thesaofl
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reflection or refraction of these phonons. If a phonon is transmitted through the
interface the acoustic Snell’'s law can be used to determine the anglesafigsion

as follows:

r

. P :
3Ni Yikmn oc - 3hi Ysncok (1)

q

where\{"withu " is phonon velocity o¥" polarization ( longitudinal or
transverse) in the respective medium. Analogous to optics, the transmission
probability at critical angle for a particular mode is zero and all aisghedler than
this critical angle constitute a ‘critical cone’. Thus only those phonons vamages
of incidence lie within this critical cone are transmitted. The trangmiggobability
of phonons from one material to the othegsg“u™) " ) in this model is a
function of acoustic impedance J defined as

Yn Z oVa (2)
where z," \jare the mass density and velocity of sound iruthenedium.In this

model thef 4is explicitly given by

R
fg { —2oU B\ pof NFS 3)

where) is the Boltzmann constantjs the phonon mode angis the averaged

transmission coefficient over all the phonon modes.Nffredependence in equation

(3) is contributed by the heat capacity. This expression can be approximated as
(- Vx) (3.3) where is the specific heaY/ the velocity of sound and is the

transmission probability.
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(1) Diffusive Mismatch Model

The primary assumption in diffusive mismatch model (DMM) is that all
phonons incident on a boundary interface are diffusively scattered. This means that
there is no correlation between the wave vectors of incident and transmitted phonons
(except the energy conservation requirement). The probability of scattetimg of
phonons can be calculated by exploiting Fermi’'s “golden rule”. Thus the trarmmiss
probability calculated by DMM model is expected to be a function of velocity and the

density of states of the phonons. This model gives the following expressiog for

- - -~ R
6 Ugpirg 22UgPueg &
fg t—dg-——1 =18 N 4

g | o€ U¢"q0;t"q ( )

To avoid any confusion on the use of indices we repeat here"tfeate the medium
indices whereas the indexs used for phonon modes. Just as in the case of AMM,

theNR® dependence dfyin equation (4) comes from the Debye heat capacity.

3.1.3 Comparison and Limitations of the two Models

Most interestinglyf ; does not vanish at an imaginary boundary (i.e. within a
material itself) (3.3), in both models. Additionally, a comparison of equatiora(B)
(4) reveals that both models predict the same temperature dependence. The AMM
model is expected to be more realistic at lower temperatures when the phonon
scattering by the lattice of the boundary is negligible. However, at higher
temperatures (greater or around Debye temperature) the scditenmide lattice
structure at the boundary can no longer be ignored and DMM would be more

realistic. The equations (3) & (4) were derived in the low temperature limit
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3.2 Thermal Contact Resistance

The thermal contact resistandg ) and f ; have a linear relationship. In case

of a CNT resting on a substrate this relation is given by the relation (3.4)

fq —(E—-i4£8H; ig g (5)

< . Z o
In equation (5) abov®! « M, are thermal conductivities of the CNT and the

substrate, is the tube diametex, is its length where ds; is the thermal boundary
resistance. is the effective contact width as depicted in Figure 3.2. The experiments

that we describe in this dissertation measgure

Figure 3.2 Schematic of a CNT resting on a substrate.

3.2.2 Measurements of Thermal Contact Resistance

We briefly discuss the most important methods employed to mefagutrere
we will only discuss the basics of methods of measurement. The reported vélues wi

be summarized at the end of this section.
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3.2.2.1 Electrical Break-down Method

A widely employed method to study the thermal properties of CNTs is the
electrical break down method. In this method current (1) is passed throughcmeta
CNTs by applying a potential (V) across them. The current through these CNTs
increases as the voltage is increased till there is a sudden drop noted in thed-V c
This sudden drop corresponds to the electrical break down of the CNT. Break down
occurs because of the oxidation of the nanotube as it is self-heated. Under ambient
conditions, the CNTs burn at 600 (3.5). This serves as one temperature calibration

point in these measurements (3.6).

3 .
40 =
—_ [} .
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Figure 3.3 Measurement of contact resistance by electrical breakdown ad\eral
CNTs on a sapphire substrate. The figure on the left gives the I-V curve ight
upto the breakdown of CNTSs) for various lengths and the figure on the righis
the a plot of the power at which each CNT burns versus its length. Theogle of
the fitted line is used to calculate the thermal contact resistaecFigures 1 & 2 of

(3.6)

Because of dependence of electrical resistance on length of CNT; CHNiffei@t
lengths break down at different applied powers. By observing electriei tosvn

of CNTs of varying lengths a plot of applied power vs their length is obtained an

example of which is shown in Figure 3.3 (3.6). Thecan then calculated from the
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slope of the linear fit to such a plot by using the relatign> E—T?R Q BN where

>(C:—(_'?is the slope of the plot in Figure 3.3 @M is the difference in temperatures of

the CNT (600°C when it breaks down) and the substrate®(20 The values

measured by employing this method are in 0.6-3 m.K/W range (3.6, 3.7).

3.2.2.2 Optical Methods

In optical methods, photons are employed for the thermal characterization of
the CNTs. Such techniques rely on inelastic scattering of single-wattelgmgtons
(usually a laser) from the sample of interest. Upon interaction of the photitnthevi
electron cloud in the sample, the electrons are excited into a virtual statéudtye
these electrons de-excite into excited vibrational or rotational statesnsral ghoton
which has lower energy. The loss in energy is the characteristic of tagahd his
process is called as Raman Scattering (RS). Usually RS givekaiyeal because
most photons are Raleigh (elastically) scattered. To circumvent this ichiévaa
better signal, the wavelength of the laser could be chosen such that its energy
coincides with the excited state of the material of interest.

Hsu et. al.(3.8) measured the rafig ©f f ¢ to the intrinsic thermal resistance
of the CNT ENf |, M R ) by using an optical laser of wavelength 532nm. The
diameter of the spot of this laser was ~ 9186 A suspended SWCNT ( Figure 3.4 a)
was heated along its length by using this laser and a shift in the Ramamgseak
observed. This shift was due to the temperature increase in CNT at the point where
the laser is shone. Functional form of such a change in temperature (Figcire 3.4

profile along the length of CNT was then used to calculate the ratdoe in the
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range of 0.02-0.17. While this technique can measure therabietweerf ;and

CN¢ . it unfortunately does not allow direct measurement of the thermal contact

resistancef ¢, independently.
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Figure 3.4 Optical measurement of thermal transport in a suspended CN (a)
An SEM image of the suspended CNT. Circles along the length of the CNT
represent the regions where the laser was shone. (b) Raman shift o tGNT
along its length. (c) Extracted Temperature information. The red line istie
functional fit to the data. Figure 1 of (3.8)

3.2.2.3 Employing Micro-Device

Micro-device comprises of two suspended structures as shown in Figure 3.5.
An individual CNT (3.9) or a CNT fiber (3.10) bridges two suspended structures.
Each of the suspended structure has a thin Pt resistor which serves dual pagases-
heat the nanotube by joule heating in Pt resistor and as a themal sensuiee riea
resulting temperature change. All the heat transfer between the islkesiplace
through CNT since the suspended islands are thermally isolated from each other. The
thermal conductivity of CNTMwy is estimated by using a simple heat transfer model

shown in Figure 3.6 to be,
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T, T d__CNT__p, and (6)

o
d( d 2 CNT

T, T et P, (7)

T ol a 2 onr)

Figure 3.5. A scanning electron microscopy image of the device. Two struces
suspended by three sets of silicon nitride beams which ag50 mlong each. Pt

lines on each islands, which have a temperature dependent resistanaet as
thermometer and heater. The scale bar represent0 m. Inset is the zoomed-in

image of the device. MWCNT bridges the two islands. Figure 1 (a) in (3.9)

where T, is thermal bath temperaturg,and T, are the increased temperatures of

islands corresponding to resistdRsand R,, P is applied Joule power and is

thermal conductance of the suspended beams. Tive a&guations can be solved for
ont DY determining the slopes &, and R,vs P. Once this is doné,s can be

calculated by using fin hear transfer model (33L12) which gives the following

expression:

R
fo toeZ— £oi¥4—1 -85 (8)

zY i
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wheref |, is the thermal contact resistance at each aftbeCNT suspended beam
contacts; is the length of CNT at each contdctis the cross-sectional area dnd

is the thermal contact resistance per unit length.

CNT

Figure 3.6 Schematic of the heat flow device wherg,,T, & T represent the
temperatures of thermal bath, Pt resistorsR, & R, on the two suspended islands

respectively. , is the thermal conductivity of the suspended legs and.,; is
that of the connecting nanotube.

To measure the contact resistance, Pettes €3.HB)(decreased the length of
suspended CNT by deposition of Platinum-CarborQPtomposite using Focused
lon Beam (FIB) deposition at one end of CNT-heat#tact. After each such
controlled Pt-C deposition, thermal conductancthefCNT was measured. This way
a number of thermal conductance values per lengtle wbtained. The comparison of
these measured values with the intrinsic thermatlaotance (when no Pt-C is
deposited) gave the thermal resistance per urgtheat the contacf {). Oncef § is

known equation (8) can be readily solvedffgy.
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This set-up can be placed in a cryostat and thedlypeported values were taken in
the temperature range of 8-370K. Thevalues measured for CVD grown CNTs was

in the range of 78-585 K.m/W (3.13)

3.2.2.4 Photothermal Current Microscopy

Thermal properties of CNTs have been studied thr@ugpther novel method
known as Photothermal Current Microscopy (PTCMJ}43. In this method the
temperature increase in a gated CNT, due to shofitige laser results in photo
thermal current (PTC) through the CNT. This curneas measureable in the
experimental set-up of Tsen et. al.. Increasesarlpower resulted in a linear
increase in PTC as shown in Figure 3.7 (b). Thectiion of the PTC was always
opposite to the direction of source-drain curre@suiting in change in conductance
(B8). The conductanc® measured before shining the laser is plotted gurfei 3.7

o

(c). ThisB§ vs § was fitted and compared with the functional fd3@ = BN

from which theBN can be calculated. Finally, the thermal contagistance between

the substrate and CNT could be calculated by ta¢ioaf ¢ ©aA<, where- is the

power of the laser. They reported value for thehiteque is ~25 K.m/W (3.14).
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Figure 3.7 The Photothermal Current Microscopy. (a) The conductance of a
gated CNT is measured before and after shining the laser. (b) Phototheain
current vs Laser power has a linear relationship. This photothermal cwent is
always opposite to the direction of source-drain current. (c) Change in theal
conductance due to photothermal current vs the characteristic condtence of
the device. This log-log plot is fitted with linear function to extract he
relationship between the rise in temperature resulting from tle change in
conductance. This Figure is compiled from parts of Figures 1land 2 of (3.14).

3.2.2.5 Scanning Thermal Microscopy

The desire to increase the spatial resolution dulee developments in the

field of nano materials led to development of a nlegrmal imaging technique called
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scanning thermal microscopy (SThM) (3.15). SThMaascans samples by a
temperature sensing tip which is its key elemettacdhed to the tip is usually a
thermocouple junction made up of Platinum (Pt) @hdome (Cr) because of high
difference in their Seebeck coefficients and loerhal conductivities relative to
other potential metals or Silicon (Si) and is meahtn a cantilever beam. The force
feedback of an atomic force microscope (AFM) manga constant tip-sample
contact force. As the sample is raster scanneth#renocouple can capture the
temperature gradient information by measuring #féedtion of the tip by a laser.
While the schematic of the cantilever probe is shawfigure 3.8, the details of this
technique are reported elsewhere (3.15, 3.16.vtorth mentioning that SThM is
generally operated in contact mode. For this reasotact resistance between the tip
of the thermal probe and the sample is generallly to ensure that there is negligible
electrical contact between the two. The thermalenthus captured, therefore, results
from phonon coupling instead of electron couplibtha sample-tip junction.

' Canl-Ilév.er
Mount

Cantilever

Si0;
Metal 1 lMetaI 2

-3 Solid-Solid
Conduction

— Liquid-Film
Conduction

* Air Conduction

Figure 3.8 Schematic of the tip and the cantilever used in scanning thermal
microscopy. Also indicated are the heat transfer mechanisms betwedre tip
and the sample. (Figure 1 in (3.16))
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This thermal scanning technique does have a lredetution, but it requires
the tip, in the process of raster scanning the sgrtgpreach thermal equilibrium at
each point of contact to give a reliable temperpupfile. This makes this technique
inherently slow, giving a low temporal resolutidsing this technique Kimat. al.

reported their measurdédto be 12 m.K/W (3.17).

3.2.3 Summary

The values of ¢ measured by employing the methods described adrave

summarized in the following table 3.1.

Material Method Reference

MWCNT on (ORI @AW Electrical Breakdown (3.6)
SIO,
MWCNT on A AW Scanning Thermal (3.17)
SIO, Microscopy

SWCNT on L SAA Laser Heating (3.14)
SiO,

CVD- 78-585 Indirect heating under | (3.13)
MWCNTs K.m/W suspension between a
Suspended b/ Heater and a Sensor
Pt electrodes

Table 3.1 Summary of reported- gvalues

A quick look at the table reveals clearly that thevalues vary widely and the
measurements clearly depend on the method of mexasut. For this reason it is

important to have an un-ambiguous technique whagsadot rely on
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uncharacterized heat sources. We will develop auelchnique in the next chapter
and come back to tife, measurements in chapter 5. Before doing that, ive w
briefly describe another important concept that @oime under discussion in the

later parts of this dissertation.

3.3 Remote Electron-Phonon Scattering in Carbon Naotubes

The thermal transport in a CNT is primarily phonmoediated and the
contribution of electrons to its thermal condudtivs believed to be negligible
(3.18). However, the coupling of hot electrons iniased CNT to the phonon modes
can lead to interesting phenomenon like negatifferéntial resistance (3.19) and
current saturation (3.20). Such electron-phonorpliog (EPC) in CNTs has been
extensively studied (3.21).

In addition to a coupling between the electrons gimahons of a CNT, the hot
electrons in a biased CNT that rests on a dietestibstrate may also couple with
optical phonons of the substrate. This phenomekmmmyn as remote electron-
phonon (REP) scattering, has been experimentaityodstrated to exist in graphene
(3.22, 3.23), where such a scattering resultsdecaease in mobility of the electrons
in graphene.

The polar nature of dielectric substrates causeseantric field to be
generated at their surfaces. Just as in case pifigna, the electric field on the surface
of the substrate can influence the hot electroth@®fCNT which are in close
proximity to the substrate as shown in Figure B&spite having low occupation the

surface phonons dominate the carrier mobility beedhbey are more strongly
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coupled to the hot electrons and the coupling betwike acoustic phonons of a CNT

and the electrons is weak under high bias.

‘e @8 _00-20 0800
T @esmerd T enT
S0 e ele

Figure 3. 9 Schematic of Remote electron-phonon scattering in a CNT. Thelfi
generated by a dielectric substrate can couple the hot electrons in tRNT to the
surface phonons of the substrate. Figure 1 of (3.24)

Surprisingly, in CNTs under high bias, the driftaaty of the carriers can
increase due to such EPC (3.24). This effect, anotimgr factors, can depend on the
diameter of the CNT and surface roughness of thetsate.

This REP scattering in CNTs has not been explonechnexperimentally. In
chapter 6 of this dissertation we will propose th& phenomenon could explain our

most recent data on CNT under high bias.
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Chapter 4

In-Situ Electron Thermal Microscopy: A Novel Thermal
Imaging Technique

In this chapter we give a brief introduction to Asenission Electron
Microscope (TEM), the modes of its operation arstdss the development of an in-
situ thermal imaging technique called Electron Tim@rMicroscopy (EThM). EThM
relies on solid to liquid phase transmission of-200nm low melting point Indium
(In) islands for thermometry. Due to the preserfca self-passivating layer of robust
Indium Oxide (InOs3), these In islands retain their shapes when maolsra result,
our samples can be operated over various meltihg{Hging cycles of these tiny
thermometers. The work on the development of thisehtechnique is published in
the Nano Letters (T. Brintlinger, Y. Qf. H. Baloch, D. Goldhaber-Gordon, and J.

Cumings, Nano Lett., 8(2), 582 (2008)).

4.1 Transmission Electron Microscopy

4.1.1 A Brief History of TEMs

Historically, TEMs were developed to overcome ihathtions imposed by

the wavelength of the visible-light employed iniogt microscopes. In 1932, not
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long after de Broglie’s proposition of wave-paricluality and Davisson & Germer
and Thompson & Reid electron diffraction experinseitnoll and Ruska
demonstrated the concept of electron lenses topbactical reality. While within a
year of the publication of their paper the resoltof an optical microscope was
surpassed (4.1), it was not till 1986 was ErnstkkBw@svarded a Nobel Prize. Very
shortly after the first demonstration of electrendes the potential of a TEM was
realized by the commercial companies. The firstiontially available TEM was
developed by a British heavy electrical companyirMmlitan-Vickers (Metrovick).
Siemens and Halske, however, started regular ifrelg} large production of TEMs
in 1939. After World War I, several other companiecluding Jeol, Hitachi and
Philips were selling TEMs.

TEMs have come a long way since their early dayguably, they now
constitute the most versatile, efficient and rdéabol for the characterization of, at

the very least, nanoscale samples. They can hastut®n of up to the atomic level.

4.1.2 Basics of TEM

A typical TEM can be thought of as comprising akth major components:

) [llumination system

lllumination system is composed of an electron gssembly and condenser
lenses. The gun assembly has an electron souriteviibiin it. These sources
produce electrons either by thermionic emission) @Hield-emission (FE). A TE

gun (TEG) comprises of tungsten or Lathanum Bof&ageBs).
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Figure 4.1 Schematics of the gun assemblies conventionally used in a TEM. A
gun assembly with (a) thermionic emission source (b) field emissisource
(Figure 5.1 of (4.1))

Whereas a FE gun (FEG) is generally a thin tumgsiee tip with a radius of less
than > . The gun assemblies for the two types of sourcesdlifferent as shown
in Figure 4.1. For routine TEM operation a FEG waferred source since it is
brightest and most coherent.

The electron beam coming out of the gun assemldggsathrough two condenser
lenses, C1 and C2. C1 forms a demagnified imagieeojun whereas, C2 is adjusted
to produce an under-focused image of the C1 cressdhe purpose of having
condenser lenses is to achieve a parallel beasafaple imaging. Coherence of the
beam can be further increased by inserting a casteperture in the path of the

beam made parallel by the condenser lenses.
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i) Objective Lenses

The Obijective lens (OL) is used to form the inispecimen image that can then
be magnified by the other lenses. Thus it is oftroogcial importance in a TEM
design. For high resolution, OL should have shacaf length which means that it
should be a strong lens. The most streamlined Wwagtoeving this is to have split
pole pieces. This way upper and lower pole pieea® Iseparate coils and can be
controlled in strength separately. In such geoyrtbie sample is inserted between the
pole pieces. The schematic of this is shown in féigu2. The OL set-up extends to
less than 1cm in the column. It is responsibletierresolution and quality of the

image and is thus fittingly referred to as “hedra@EM’ (page 132 (4.1))

Figure 4.2 Schematic of a “split” OL. The benefit of having such an OL is that
the strength of each pole piece can be controlled separately. The sample is
inserted between the two poles pieces from the right. (Figure 6.8 (&) (4.1))
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lii)  Imaging system

The imaging system is composed of magnifying lefisferred to as

intermediate lenses (ILs)), used to magnify thegenar the diffraction pattern made

Fixed
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Figure 4.3 Ray diagrams depicting the role of OL and Imaging system in a TEM.
Objective aperture and selected area diffraction (SAD) aperture areised to

allow the desired electron go through to the imaging system to obtain the desi
image or diffraction pattern, respectively. (Figure 9.12 of (4.1)).

by the OL , a projector lens (PLA), often refertedas final lens that projects the

magnified image onto the other part of the imagystem, a viewing screen or a
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CCD camera. The ray diagram showing the role ofabttwo components is shown

in the Figure 4.3.

4.1.3 TEM Bright field & Dark Field Imaging

In its very basic operation, a TEM can be useddtaio two forms of images.
After its interaction with the sample, the bearmasposed of transmitted un-

scattered and some scattered electrons.

Optic axis ic axis Direction of ic axis
d |m b optlc| C iltof incident Opu‘;
Reflecting Tncident Reflecting Incidemt U 4T ,
T o = beam \ S e
b specimen N AN A specimen -\
20
\ \ 20 \\\ \\\\
\\\ jective AN jective \
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Diffracted . Diffracted Diffracted T
beam beam
Objective Objective
aperture aperture f

Figure 4.4 Diagram explaining BF and DF imaging. (a) BF imaging (b)
Displaced area DF imaging and (c) Centered DF imaging. (Figure 9.14 of (4.1))
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An image can be formed onto the viewing screerC©D) by using the direct
un-scattered electrons or from some or all of tadtered electrons. This is done by
adjusting the position of the objective apertuoeated in the back focal plane of OL.
This way only those electrons are let through wifiaghon the hole of the aperture. If
the image is obtained by using the direct (un-soadf) beam we get a Bright Field
(BF) image. Whereas, if the image is generateddnyguscattered electrons, the
resulting image is called a Dark Field (DF) imagkis is explained in Figure 4.4. BF
imaging mode is a relatively straightforward opienadl mode and for imaging
purposes TEMs are conventionally operated in BFenod

While we image our samples in BF mode for strudtimfarmation, DF mode
is employed for thermal data collection for thes@@s explained later in this chapter.
Thus it will be instructive to go over Centered @FDF) operational mode described

below.

4.1.4 Centered DF Operation

Since in DF mode objective aperture is moved tect¢he electrons that are
off the optical axis, an image thus obtained ifidlift to focus. It is because the off-
axis electrons have a lot of aberration and astiigma This problem can be solved
by tilting the beam so that it hits the sampleratiagle which is equal and opposite to
the scattering angle. This makes the scatteringreles to travel parallel to the
optical axis of the beam. This process of obtai@idf image by tilting the beam is
known to microscopists as Centered DF (CDF) imagimg it is employed when a

focused DF image is required. In general, howeaves much easier and convenient
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to acquire DF in Displaced-Aperture (DA) DF mode, when the aperture is
physically moved (as explained above), rather tiing the incident beam. Moving
the objective aperture does not misalign the meops whereas tilting the beam
does. In our experiments, we make a judgment gdibdking at the DF image
whether to resort to CDF or employ DADF. The basiaciples of BF imaging,

DADF and CDF are shown in Figure 4.4.

4.2 In-situ Transmission Electron Miscroscopy

A TEM is a much more powerful tool than just beargimaging system. In
fact, it can be used as a mini laboratory. Heagingj cooling the samples in-situ and
observing their properties is very common. For ingaheating holders, equipped
with typically a resistive heater wire and a cailed thermocouple to measure the
temperature, are commercially available. So asectioling holders which employ
liquid-N; or liquid-He and are frequently used for in-situdses of both high and low
T. superconductors.

However, to be able to do in-situ thermal and elest measurements we had
to design and assemble our own specimen holdere Sat the start of this project we
had access to only Jeol 4000FX TEM, initial studwese performed on custom built-
TEM holder (shown in Figure 4.5) for that microseof_ater we gained access to
Jeol 2100 ( LaB and Jeol 2100F (FEG) microscopes for which weoranduilt
another specimen holder . The specimen holder3ef@ir4000 series and Jeol 2100

series are not mutually compatible. However, theddesign and assembly process
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for the two were same. Thus, we will briefly dissuhe basics about the design of

these holders below and leave the details for piperdix.

Figure 4.5 Custom-built TEM specimen-holders used for in-situ ektron
microscopy built by the author. Top two specimen-holders are used for elgical
and thermal measurement. The bottom holder was custom-fabricated to
calibrate the magnetic field produced by the OL.

The custom-built holder has four Beryllium-CoppBe{Cu) clips that make
electrical contact with the sample on one end aitid thve detronics connector at the

other end through Cu wires. All of these four clgse electrically insulated from each

other and the body of the holder. Hence this hatderbe used for up to four probe
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measurements. We utilized only two probes for nnbsthe work reported in this

dissertation.

Figure 4.6 View of tips of the custom-built specimen-holders. (a) &j Front and
back view of the tip of specimen-holder built for Jeol 4000FX microscag This
holder is capable of four probe measurements. The Be-Cu clips erteto the
front of the holder through the hole and make electrical contact with theample
placed upside-down. (c) shows the holder used to calibrate field proced by the
OL of Jeol 2100 microscope. It can be seen that instead of having a specimen
pocket, such a holder has a hall sensor affixed at the center of the tip.

The body of the holder is made up of brass as @uptwusphosphor bronze of
which commercially available holders are typicatigde. The external end is the
most bulky part of the holder. To make the holdtgnter and avoid any weight

imbalance at two ends, the external end was madkiafinium.
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The Cumings group also studies magnetic propesfieanostrucutres by
using a TEM. In one particular project magnetizatiirections of domain walls in
artificial spin ice structures are studied in-swring such measurements TEM is
operated in low magnification mode and thus dudata acquisition, no current
flows through OL. However for magnetization revérdahe domains an ‘external
field’ is needed in such experiments, which is pted by passing current through the
OL solenoid. To know the strength of the field pro€eld by the solenoid, OL is
needed to be calibrated to develop the relatiowdsst the current passed through OL
solenoids and the field that current produces tiisrpurpose we custom-built a
holder which had a Hall sensor affixed to it at plesition where sample is placed in
conventional specimen holders as shown in Figee 4By employing this holder
we calibrated the current through the OL and detezchthe relation between the

current and the filed it produces. The relatioshewn in the Figure 4.7.

Figure 4.7 OL current calibration plots obtained by employing custom built
TEM holder having a hall sensor.

53



4.3 Electron Thermal Miscroscopy

Scanning thermal imaging techniques conventioretiployed to study
nanostructures have their limitations. They retize on measure of heat transfer
through raster scanning of the sample by an AFMitigase of Scanning Thermal
microscopy (SThM) (4.2)) or on measure of optidabpon energy absorbed by
shinning a laser (in case of micro-Raman Spectmgcand hence provide an indirect
measure of the temperature. Instead of obtainiigeat measure, the temperature in
such techniques can only be inferred through thieatenodels. Due to strong
dependence on experimental details, the tempertituseextracted can only be
approximate at best. Therefore to get an accuratsure of temperature, a separate
(and independent) characterization is needed lprpacating the strong effects of
experimental details on the measurements. Constguendeemed it necessary to
have a reliable thermal imaging technique at hafdre proceeding on to the
thermal characterization of MWCNTSs.

We developed an in-situ real-time technique; weklactron Thermal
Microscopy (EThM), which provides a direct measofféemperature. This technique
relies on in-situ observation of solid to liquidgse transition of nanometer-sized
metallic islands deposited on an electron transpangostrate. As these islands
undergo phase transition when the temperaturessda@above their melting point, the
diffraction of the electron beam by the islandsnges. Under right imaging
conditions this change in diffraction manifestgltss change in contrast of the
islands in the two phases, thus enabling eachdgtabe used as a binary thermal

probe.
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The high energy electrons incident on the baretsatiesare only slightly
scattered and are essentially transmitted, wheéheag incident on the metallic
probes get diffracted. If the TEM image is geneatdig the transmitted electrons (i.e.
if TEM is operated in conventional BF mode) thedarids will appear as dark
patches on a bright background. Consequently, septnansition will not be
observable in a TEM. However, since the electrambdiffracts from these metallic
probes differently when they are in solid or ligpidase, it is possible to observe the
change in contrast of the two states by operatiegiEM in correct DF conditions.

In this study we employ Indium (In) as thermal gFsbin is a relatively low
melting point (156.6C) metal with well characterized phase transitidite basic
principle of EThM is demonstrated in Figure 4.8eTomposite diffraction pattern
(obtained in solid and liquid phases) of In islargdshown in Figure 4.8 (b). Clearly,
the diffraction pattern of the islands in the twwapes is different. In the solid phase
(left half of Figure 4.8 (b)) the diffraction patteils composed of sharp rings because
of the electrons diffracting at large angles whasen liquid phase the diffraction
pattern is diffusive and amorphous-like. If the gaeas obtained by selecting the
transmitted electrons, which is done by aligning ¢bjective aperture concentric
with the optical axis of the electron beam (BF motiee TEM images of the In
islands in the two phases would look identical (Sigeire 4.8 a). However, if the
diffracted portion of the beam is used to obtamithage by moving the objective
aperture to the position shown by a white circl€igure 4.8 b (DADF mode) or
equivalently tilting the incident electron beam (EBode), the contrast of the In

islands will be different in the two phases as smawparts (c) and (d) of Figure 4.8.

55



Observing this change in contrast in solid anditiqphases is the basic principle of
our technique. This is how we obtain maps of leealperature gradient over the
entire in-situ field of view.

It is worth noting that even when molten, the lansis retain their shape. This
is due to the presence of a thin but robust, sssfwating 1803 layer around each
individual island. This enables our thermal imagiechnique to be repeatable over

several phase transition cycles.

Figure 4.8 TEM images of the In Islands. (a) Bright-field image of the islarsd
(b) Composite diffraction pattern of In islands. Dark field images areobtained
when the aperture is placed approximately where the circle is drawrfc) Dark
field image of the islands when they are in solid state. (d) Dark fieldnage of the
islands in liquid state. (Figure 1 of (4.3))

Samples are prepared on commercially availablestaading electron
transparent silicon nitride (SiNmembranes because they are electrically non-

conducting and can sustain high temperatures. ¢keek of the validity of the
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concept we proceeded by measuring the thermal ctindy of these silicon nitride
films and compared it with the values found inrhtteire for similar free standing
SiNxk membranes. These results have been published&i@WNano Letters (4.3).
Once this technique was developed, we employedsituidy the thermal properties of

MWCNTSs as explained in chapters 5 and 6.

Device Fabrication and Experiment

The local temperature gradient is attained by Joeéting in metallic heater
wires. 1-d Palladium-Titanium (Pd/Ti) heater watgout a micron in length was
fabricated by electron beam lithography (EBL) 0@ hon thick membranes. In later
studies thinner membranes of thickness 50nm anth2@ere also used. In all of our
experiments the thermal conductivity of the sultstigindividually calibrated.

Preparation of samples for our experiments is diratédp process, the details

of which are described below:

STEP | Spinning Resist

The first step involves spinning and baking of tegist on the SiNsubstrates.
We start by spinning a copolymer resist, compogedmixture of polymethyl
methacrylate (PMMA) and 8.5% methacrylic acid, drage substrate. During the
deposition of this layer the sample is spun at 4p0® for 40 sec. This copolymer
resist is shortly called as MMA(8.5)MAA or simplyMA . Once MMA is deposited,
the sample is heated at about #60or 10 mins to harden the deposited resist. s Thi

layer of MMA acts as an under layer to produce-antant profile.
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On the top of hardened MMA, a layer of PMMA havimglecular weight of
950k is deposited. This layer is spin cast at 6pdd for 40 sec and then baked for 10
mins at about 158C. Finally, we deposit a thin conducting laye”ofua-Save (4.4)
onto this bi-layer resist. This conducting layeadsled to help in writing the
contamination spot during electron beam lithogra#L). Using a contamination
spot to focus and correct for any astigmatism énldbam is critical for obtaining the
desired resolution of the features. The scheméticeosample preparation details is

shown in the Figure 4.9.

STEP Il Electron Beam Lithography

Once the resist is deposited onto the substragejehired pattern is written by
using EBL. The electron beam dissociates the Ci@i®mn the polymer through
scission. Consequently the larger parent polymeaks down into smaller segments.
Once pattern is written, the water soluble AquaeSayer is removed by de-ionized
(DI) water, before developing the e-beam exposatptain a 1:3 solution of Methyl
Isobutyl Ketone (MIBK) and Isopropanol (IPA). Thewtloping time is usually
between 30-60 secs. The smaller segments genastedesult of scission of larger
molecules are more readily soluble in MIBK/IPA gadn. PMMA and MMA both

are positive resists. (STEP Il of Schematic of Feg.9)

STEP Il Metal Depostion

The next step is to deposit high purity (usuallitdrethan 99.99%) metal

through thermal or electron beam evaporation methéte use thermal evaporation
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for chromium (Cr) and gold (Au) deposition wheréarsPd electron beam

evaporation is employed. (STEP Ill of Schemati€igure 4.9)

STEP IV LIFT OFF

After metal deposition, the sample is soaked inaeefor 30-60 mins.
Acetone dissolves the resist left in the undevealapgions and excess metal is
removed with it. The only metal that does not gasked away after the lift-off is

where the pattern was written by EBL. (STEP IV oh&matic of Figure 4.9)

STEP V Indium Deposition

The final step is the deposition of thin layer ofalt the back side of the
substrate. When thermally evaporated to a thicko&46-20 nm (measured by
quartz crystal monitor) In forms a discontinuougelaof sub-200nm islands. These In
islands act as thermal probes in our measureméRTEP V of Schematic of the

Figure 4.9)

59



Figure 4.9 Schematics of sample preparation steps. STEP | involves spingin
and baking of e-beam resist. The legend on the right gives the order imigh the
resist is put down on SiN substrate. In STEP I, after EBL, sample in developed
for 30-60s. In STEP Il metal is evaporated. STEP IV is the schematic of hotlie
cross-section of the sample looks like after the lift-off. Finally isTEP V, a thin
discontinuous layer of In is evaporated on the back side.

Data and Results

As mentioned before, in-situ thermal imaging of deeice is made possible
by using a four probe custom-built electrical measment TEM specimen holder.

Optical image of the sample in such a specimendnagdshown in Figure 4.10.

60



Fig 4.100ptical Image of the sample in custor-built TEM specimen holder. Be-
Cu copper clips of this specimen holder electricallcontact the heater wire in
middle of the sample (not apparent in this opticalmage) to the externil
electronics through large Pd/Ticontact pads. The scale-bar is 1 mm.

Joule heating in tt Pd/Ti metallic wire when a bias applied across thei
creates local temperature gradi. When the temperature of substrate at
particular location reaches the melting point of k6€.6 °C), the islands at th:
location meltBy ramping the applied voltage, a series of DF iesagre obtain.
The location of each island athe voltage at which it melts acaptured in re-time
by a video recorder. High resolution images dutimgvoltagecycle can also b

obtained by using the Gatan CCD camera on the21él TEM as shown in 4.11 .

By assigning uniqueolors to the lowest voltage at which each In islanelts, a
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thermal map as shown in Fig 4.11 (b) is obtainedrelike colors represent

isothermal regions.

Fig 4.11 (a) A bright-field, high resolution image of the device with tapexd
electrodes and In islands on the back. Scale bar is in (b) Thermal map
obtained experimentally. Different colors correspond to different voltage
needed to melt each island. Each color corresponds to an isothermal regido)
Map obtained by finite element analysis used to extract the thermal condtivity
of the membrane. (Figure 2 of (4.2))

As expected for Ohmic Joule heating in metallicesjrmost of the heat
dissipation occurs at the middle of the heater iikemodel our data we employed
finite element analysis where temperatures given by,

“SMN? -
Mis the local thermal conductivity ard is power given by,

= K ,

K is the electric potential and is electrical conductivity which has a temperatur

dependence given by,

%> XBN? R
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The parametex in the above equation is the thermal coefficiehicl gives
the transfer of Joule power from low temperaturbi¢in temperature regions. The
electrical conductivity and temperature coefficiare iteratively fitted by matching
the model to the measured current density of thgokaat low and high bias
respectively.

The temperature dependence of thermal conductvitlye heater wires is
calculated by Wiedemann-Franz law (4.5). The sitmuda for this study were
carried out by using FlexPDE. By choosing the tredroonductivity of SiN
(assumed to be constant in temperature) to beegpirmeter a series of thermal
maps were obtained and compared to the experimagiizl The thermal conductivity
of the membrane was extracted tafbe °+ FE from the simulated thermal
map that most closely resembled the one obtainpdrementally (see Figure 4.11
(c)). This extracted value is in agreement withvthkie found in literature (4.6-4.9),
thus confirming the validity of our technique. ligére 4.11 (c) a small field of view
in shown but simulations using the above equatwees performed over the entire

P QP » membrane window.

4.4 Resolution limits of EThM
(i) Melting Point Suppression due to Variation inSize of the In

Islands

In was chosen as indicator because it is a lovimggboint metal whose
phase transitions can be standardized (4.10). €pesited In forms a discontinuous

layer due to Volmer-Webber (4.11) growth. The sizéhese islands can vary
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between a few nm to 200 nm. However, we observgliieaslands that are smaller
than ~30nm are completely oxidized.

Due to the variation in size, there is suppressianelting-point of these
islands which introduces a temperature uncertambur technique. The variation in
melting point of In with the size of the islandsidze measured independently by
employing a heating-holder. We observed that thgperature uncertainty due to
variation in size of the islands is variable, bever more than1@C. We take this
uncertainty into account in analysis of the data.

Additionally, we observed that solidification oftlslands occurs at
significantly lower temperatures than the tempeeaat which they melt. The islands
have to be super-cooled before they solidify. Imparison to the melting, the
solidification process is noted to be random asd teliable. Consequently, we

always rely on melting profiles for thermal imaging

(i) Spatial Resolution

The size of the Indium islands, average spacingdxt them and the
thickness of the substrate limit the resolutiothis technique to about 200 nm.
Smaller and more uniform diameter islands can haiodd if the substrate is kept at
higher temperature (around the melting point ofdm)ing the metal deposition or by
evaporating a layer thinner than having a typicalkness of 16 nm-19 nm used in
our experiments. But if the Indium layer is made tioin (<15 nm, as measured by
guartz crystal monitor), it gets oxidized and matkesmal imaging impossible.

However, in principle, the resolution limit can jppgshed to ~10 nm or lower if
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chemical methods are employed which are report@daduce smaller and uniform
metal islands (4.12).

Alternatively, other metals and alloys can pothtibe used for
thermometry. Such metals include Sn, Pb, Ga, Althaut alloys. To reduce the
signal to noise ratio and thus increase the spa&sallution, we have also used thinner
substrates, which are readily available, in owarlatudies. For example, the

experiment described above was repeated on 50ickirtiembranes.

(ii) Effect of Beam Heating

During TEM imaging, the electron beam can induoceeasureable amount of
heating. We noted that under certain beam conditmelting of In occured at a
temperatures lower than expected. This was dugetadditional heating provided by
the intense electron beam. However, if we chosesipe 4 (corresponding to beam
current of 42 pA) instead of generally employedtsire 1(corresponding to a beam
current of 508 pA), it is still possible to accumtd data in DF mode but the effects of
beam heating become negligible (less th¥@ s measured by the specimen heating
holder).

While we can image our sample using this techniquer several voltage
cycles, the In does eventually oxidize with repeaeposure. The exact mechanism
of the oxidation process or its dependence onrtbegy of the electron beam is not
clearbut it only occurs if the sample is simultaneousdated to melting and

illuminated with the electron beam, and we find ithaging life we find the imaging
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life of samples is significantly increased by uslegs intense beam (larger spot size).
This enables us to capture higher exposure imag#s|ow signal to noise ratio.

To quantify the effects of beam heating we imagaraple that has In
evaporated at the back, in TEM by using a heatoiddr. A heating holder heats the
sample circumferentially around the edge of thegamwhich results in a
temperature gradient between the center of theeswlgal region (which is not
thermally anchored to Si frame) and the edgesefiHframe due to radiative heat
loss withinthe® > QP » membrane region. Since the edge of the suspended
region is thermally anchored to the Si frame uneatim, we do not expect the

electron beam heating to have much effect at tge efithe suspended window.

Figure 4.12 Schematic showing the regions of observation at the edge (A) and the
middle (B) of the2bb3d Q 2bb3d suspended region, to quantify the effects of
beam heating.

To verify this we proceed by measuring the tempeesat which islands on the edge
(region (A) in Figure 4.12) melt under varying theam conditions. We observe that,

irrespective of the beam conditions, melting atetlge always occurred at 156.6 C
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Heating Holder Temperature Needed to Melt Indium when Imaging in the

Center of the Free-Standing Membrane

Spot No Condensor Aperture First Condensor Aperture
Inserted Inserted

Size

1 136.80°C 167.0 °C

2 150.71°C 170.45°C

4 174.62°C 175.69°C

Table 4.1 Table showing how different beam conditions can have an effect
melting of In.

However the temperatures at which melting at timéereof the suspended SiN
region occurs (region (B) in Figure 4.12), varyhwilhe beam conditions. At the
lowest and second lowest beam currents (at whigldthimaging is still possible)
the In at the center (region (B) in Figure 4.12)lemyoes phase transition at 175@®9
and 174.62C. This implies that under such conditions heating to electron beam
results in a temperature variation €Iwhich is less than the temperature
uncertainty in melting temperature of In due toiaton in their sizes. At the highest
beam current same islands melt at a much lowerdeatyre of 136.8C. This
suggests that heating due to electron beam canldstesitial, on the order of ~4Q.
Therefore, we take data under the beam conditloatsdio not heat the sample

significantly. Effect of heating due to electrorabeat different beam conditions is
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summarized in Table 4.1. Using these guidelineshawe selected to use spot size 4

and the first condensor aperture for the work dieedrin this dissertation.
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Chapter 5

Measurement and Manipulation of Thermal Contact
Resistance of an Individual Multiwalled Carbon Nandube

While carbon nanotubes show promise for new themadagement
architectures due to their exceptionally high theroonductivity, there are potential
difficulties in fabricating such devices. Deperglon the application, these
extraordinary thermal conductors may be desirdakteither anchored to thermally
insulating mechanical supports or be required tkemgod thermal contacts, such as
to heat sinks. Thus, on the road to making themealagement devices it will be a
milestone to have the ability to manipulate thertred nature of such mechanical
contacts. However, the nature of contacts to ndrestinas been generally considered
a limiting factor that cannot be controlled as {her demands of the application. Here
we demonstrate that by manipulating their therroatact resistance by almost two
orders of magnitude, carbon nanotubes can be rodue/e weak or strong thermal
coupling to their mechanical anchors. In-situ gtatthermal microscopy, described
in the previous chapter enabled us to directly mesathe thermal contact resistance

tobe {* 9§ [ when the thermal coupling between a nanotubetarahchor
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point is strong while it is greatertha § - [ when coupled weakly. This work
is published in peer-reviewed journal Applied Phygdietter K. H. Baloch, N.

Voskanian, J. Cumings, APL 97, 061901 (2010))

5.1 Motivation

With a growing emphasis on energy conservationnaimiaturization to
increase the efficiency of electronics, an intehest emerged in extending thermal
management technology down to the nanometer s€E.s are considered to be a
strong candidate material for these applicatiorestditheir unique thermal properties
(5.1-5.4). Even though many experiments have beorted and many questions
relating to their electrical and mechanical projsrhave been resolved, these novel
materials remain elusive in their thermal propetrti&vidence indeed suggests them
to be superior thermal conductors, but the repdttednal conductivity values vary
widely between 200 W/m.K and 3000 W/m.K in therhtire (5.2, 5.5-5.12). This
incongruity in some cases can be attributed taatians in thermal contact resistance
R: (5.13) a parameter that, as discussed in ChaptiEt&mines the amount of heat
flow into or out of CNTs. Reproducibility and cooltof R; would open the door for
a new generation of nanoscale thermal managemdriharmal logic devices such as
thermal diodes and thermal transistors (5.14, 5.15)

As discussed in Chapter 3, because of the impatahthermal contact
resistance on thermal transport in individual CMiE topic has recently generated
interest in the scientific community, with studtesdate on the subject reporting

values that vary widely (5.13, 5.17-5.26). Forrapée, Mauneet al. perform
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thermometry employing electrical breakdown of CNd seport R values of 0.6-3
m.K/W (5.18), whereas Tseat al.report a value for Rof 25 m.K/W from
photothermal current microscopy that relies onlibeating from a scanning laser
(5.20). The wide difference incRalues may be attributable to the uncertainties in
the characterization of the heat sources. Indh@mér case, heat is assumed to be
generated by Joule heating from electrical curiretite CNT, while in the latter case
photo-absorption is the source of thermal powenfodunately, in both cases the
heat sources are not amenable to independent td@zation and the underlying
phenomena thus still leave substantial uncertaimi¢he modeling. In this work, we
rely upon a well-characterized metallic palladiupd) heater wire as a power source
to heat a CNT. Using this, we demonstrate by timezasurement that.Ran be
manipulated by more than two orders of magnitudeking it possible to realize
thermally conducting or thermally insulating cortaas may be needed for different

applications.

5.2 Sample preparation
The samples used to measure the contact resistad¢Ts are prepared on
SiNy substrate which can be 20nm, 50nm or 100nm timakultiples steps as
described below:
1. Making the substrate ready
We start by writing alignment markers and the canpads on the substrate by

using EBL and thermal evaporation of a layer o#AQr( 3nm, 27nm).The purpose of
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having such alignment markers is to use them ageaence in determining the
position of CNTs on the substrate.
2. Making CNTSs ready

0] Isolation

For experiments described in this dissertatior ljigality (as grown), arc-
discharge MWCNTSs are obtained from Sigma-Aldriche MWCNTSs in the arc-
discharge grown boule are scrapped off by usiragarrblade from the graphitic
outer shell and the graphite inner core. Thesgpeichoff, MWCNTSs are in the form
bundles. Individual MWCNTSs are obtained from thbaadles by gently grinding
them to a powder.

(i) CNT Solutions

The nanotube powder is then dissolved in IPA. iTtygical weight to
volume proportion is 0.6 mg of CNT powder per 0.5aillPA. Sonication is
required for uniform dispersion of CNTs in IPA. ThRiglure 5.1 shows the CNT/IPA

solutions before and after the sonication process.

Figure 5.1 CNTs in IPA before and after the sonication process.
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3. Casting CNTs onto the Substrate

This solution is then spin cast onto the substretalready has alignment
markers. This process will disperse CNTs on thetsate; many of them would be
clean and isolated.

4. Determining the position of CNTs on the substrate

The position of the CNT of interest w.r.t . thegalnent markers is determined by
imaging the sample in TEM. One such CNT near tlgnalent marker is shown in
Figure 5.2. To minimize the effects of beam damé#geimaging is done by

operating the TEM at 100 kV instead of at convardl@®00 kV.

Figure 5.2 The position of a CNT on the substrate can determined to within a
few hundred nanometers by making use of alignment markers. The scalaib
ist3d
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5. Electrical/Thermal contacts

Once the position of CNTs on the substrate is kndhannext step is to make
electrical and thermal contacts to the CNT. Thégpatis generated in Design CAD
and the lithography steps are repeated as des@ikgibusly. Because of its small
grain size and the fact that it does not requingetiing layer, our electrical and

thermal contacts are made up of Pd.

6. Deposition of Indium

As a final step a thin layer of In is depositedtio@ back side of the substrate.
Since the contrast from this In layer makes iticlifit to see the CNT, the images of a
test device used for thermal measurements are shothie Figure 5.3 before and

after In deposition.

Figure 5.3 TEM image of a typical CNT device (before and after In deposition)
after all the fabrication steps have been completed.
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5.3 Thermal Contact Resistance Measurements

In these experiments EThM enabled us to make ctaaslusions about the;R
value for the nanotube on the bare substriiRd as well as for Rfor the nanotube
underneath the Pd thermal contdéRy).

Measurements were done on two types of samplehcaen by TEM images
in Figures 5.4 a and 5. 4 b. In one type, a CNT thvasmally anchored only by the
SiNy substrate beneath and was heated by a Pd metattoannected to a resistive
Pd heater wire. In another sample type, a secdrmbRtact was added to the free
end of the CNT to control the contact resistandé tie substrate. For clarity, a
schematic top view of the test device where the @Nermally anchored by Pd
metal at both ends is depicted in Figure 4 c. Aestatic cross-section of the
anchored region of CNT is shown in Figure 4 d, shgwhat the mechanism of
thermal anchoring is the increased area of thecoralact of the CNT beneath the Pd.
Note that the CNT only contacts the g#libstrate underneath tangentially, while the
width of the overlap between the CNT and Pd mdiaVa is nearly half the
circumference of the CNT. This difference in cahi@rea is the primary mechanism

we propose for tuning the thermal contact resiganc
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Figure 5.4 (a) and (b) TEM images of the thermally anchored and unanchored
CNT devices used for this study, prior to depositing In. Small arrows indate
the position of CNT, and both scale bars are 1 um. (c) Schematic diagram of
thermally anchored device with a circuit overlay. The device is fabricad on a
silicon nitride membrane with a 20nm thick discontinuous In film deposited on
the back side, represented by gray dots. The thermal contact resistancethe
nanotube is decreased by two square palladium contacts at each end of the
nanotube. Joule heating in the Pd heater wire can be used to heat the CNT and
its environment. (d) Schematic cross-section of the sample, whetean be seen
that the CNT touches the SiN membrane only tangentially whereas the contact
of the CNT with the Pd contact width is approximately half the circumfeence.
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The heat source in these experiments was Joategen the Pd wire
produced by a test current, a phenomenon whiclellscharacterized, as describe in
the previous chapter. In the absence of a nanptobelistance from the center of the
Pd heater wire to which islands melt on either 8dexpected to be same at a given
voltage, reflecting the geometrical symmetry of skreicture as shown in Figure 5.5
a. However, the presence of a hanotube shoulodinte an asymmetry in this
distance due to its high thermal conductivity (apgmately 1000-3000 W/m.K, refs.
5.6-5.10) relative to the substrate (~2.5 W/m.K50mm thick membranes) as shown
in Figure 5.5 b. While the contact resistance betwtbae nanotube and the substrate,
Rc is assumed to be zero in Figure 5.5 b, the amaofuthie asymmetry can give a

reliable measure this quantity.

Figure 5.5 Simulations perdicting melting profiles of In islands with ad without
a CNT. (a) Given the symmetry of the geometry, the melting profile shoulde
symmetric about the heater wire. However, assuming thermal conductance
between the CNT and its surrondings, simulations predict an asyemmtri
melting as shown in (b) because the thermal conductivity of the CNi§ much
higher than that of SiN..
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In the case of the device shown in Figure 5.4athermal conductivity of
the region to the right of the heater should bééighan of that on the left. This
means that the melting of the In at a particulgrae on the right of the heater should
occur at lower applied voltages compared to thdingedf In at a symmetric region
on the left side.

Data are acquired by continuously ramping the agplioltage using a
MATLAB command and capturing the DF TEM imagesattevoltage. Selected
frames at the specified heater biases are showigime 5.6. These “as-captured” DF
frames do not show any asymmetry in melting.

It will be more instructive to generate a singlerthal map from these
individual frames. This is done by assigning a uriqolor to the voltage required to
melt each island. Figure 5.7 shows such a therragl with an overlay of device
geometry. The like colors represent isothermalargyi To detect an asymmetry, two
parallel white lines equidistant from the heaterevare also added as a guide to the
eye. Thus we can qualitatively see that meltindilerof In islands in this device is
identical to the situation in which there was noTC(Rigure 5.5 a). This indicates that
even though the CNT has a high thermal conductiitdyability to transport heat to
the substrate is limited by a high thermal contasistancé™R.. Other experiments
on similar devices also showed this lack of asymyneiemonstrating that a CNT

adhered to a SiNsubstrate has an inherently hitfiR. .
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Figure 5.6 Experimental data on the device shown in Figure 5.5 (a) taken at the
specified applied voltages. It can be seen that when TEM is operated in B
mode the contrast of the islands in solid-liquid phase is differénScale bar is

13
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Figure 5.7 The individual TEM frames obtained by D. F. imaging can be
complied into one single image by assigning a unique color to the voltage nede
to melt each island. This figure shows such a thermal map with an overlay of
image of the device. Here like colors represent isothermal regions. Waitines

are added equidistant from the center of the heater as guides to theeefor
detecting any asymmetry. Contrary to prediction of Figure 5.5 b the data show
no clear asymmetry in melting of the In islands on the two sides of theeater

wire. This demonstrates that thermal contact between the CNT anslubstrate is
not perfect and thus an unanchored CNT cannot transfer heat effestely to the
substrate.
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To measuré™R. quantitatively, we extract the voltages that paeimelting
at a point 2/3 along the nanotdland at a symmetric point on the opposite sidaef t
heater wire. These locations were chosen as tiwy the largest temperature-
asymmetry in the finite-element model and are thesanost sensitive to variations in
SNR.. In quantitative analysis, we note that the larids used to measure
temperature come in a distribution of sizes, andinement effects (5.27) therefore
produce an uncertainty in the melting temperatfi@ng given island. If we use just
a single In island on each side to detect a volsayenmetry, this results in a large
uncertainty in the amount of asymmetry in the terapge profiles, adding error to
our measurement 6F'R.. To improve our estimate 8f'R., we instead use an
ensemble of islands to extract a more precise meaduhe asymmetry. This is done
by selecting sets of at least 30 In islands eagmaximity to the nanotube and
calculating an average melting voltage and confidenterval for each set. To
accomplish this, a control region is defined withigiven radius around the point of
interest and an identical symmetric region is dafion the opposite side of the heater
wire. The radius of these regions is chosen sathieg both contain at least 30
islands. For all islands within these two regidhg, melting voltage and the distance

from the center of the wire are extracted and gtb#ts shown in Figure 5.8.

ISince a CNT can also be viewed as a "fin" heatzsfme the characteristic thermal length of thedinwhich T drops by 1/e)
may be a better length scale to use instead ofjasitistance 2/3 length of CNT. This characteristigth increases withs and
E. Using the lowest values consistent with our expents, we estimate a characteristic length mangér than the CNTs used
in these studies. Thus the parameter has a dimeihistility in modeling our results
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Then these values are fit using a linear regresagorithm to obtain the expectation
value and 95% confidence interval for the voltageded to bring the substrate to the
melting point of indium at the control point and@kat the symmetric poinhese
expectation and 95% confidence interval valuesiaegl in the finite-element
modeling described below to extract the thermatactiresistance between the CNT
and substrate. We can estimate the smail¥2¢ value that could generate an
asymmetry consistent with our uncertainties by gisinvorst-case combination of
these expectation values and confidence intervalsarying®"R. as a free
parameter to obtain the same asymmetry withinhiberetical model. Using a best-
case combination of melting voltages would prodarceipper bound of"R., but

such a combination produces a negative asymmetiyanld thus predict and
unphysical negativé™R.. Thus, we can only meaningfully extract a loweutd on
SINR.. Also shown on the same plot is a second datexsetcted from indium islands
at a symmetric point on the opposite side of thetdrewire. By comparison, it is
readily apparent that there is no significant défece in melting distance on the two
sides of the heater wire, indicating a high therowaitact resistance between the

nanotube and the substrate.
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Figure 5.8 Plot of average distances (with standard deviation) at which tha |
islands melt for each given voltage, for un-anchored. The raw data are used to fit
and extract 95% confidence intervals for the melting voltage. No quantitatively
detectable asymmetry.

We can estimate the small€SiR; value that could generate an asymmetry
consistent with our uncertainties by using a woeste combination of these
expectation values and confidence intervals angivgr"R.as a free parameter to
obtain the same asymmetry within a theoretical hddedeling of the data is
performed using the finite element analysis packagmsol. Combined electrical and
thermal partial differential equations are usednriterative solver. In the model, the

working thermal equation is
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° SMNPHE (5.1)

whereN is the local temperatui@\Nis the temperature difference between the CNT
and the substrate,is thermal conductivityf, sis the two dimensional thermal contact
resistance of the CNT with the material it is cahtaith, and- is the power in the
heater wire, given by K . In this relationship is the electric potential,

and > XBN? R | isthe electrical conductivity, with, the value at room
temperature ankl the temperature coefficient, both characterizewipusly. In the
modeling, steady state conditions were assumede3ie power source and thermal
conductivity values were previously characterized,only unknown parameter in
equation (5.1) iss. A series of simulated thermal maps are obtalnyechoosing

as a free parameter. The contact resistanceracgadi from the simulated thermal
maps that match with the one obtained experimgntaiich a theoretically-predicted
thermal map used to extra¥R. for the device being discussed is shown in Figure
5.9. Further details of modeling are explainethen Appendix at the end of this
thesis.

In our modeling, we assume that the thermal comiteisveen the Pd and SiN
is perfect. Such interfaces are also known toleitiiermal boundary resistance, but
even in the worst case of two dissimilar material&8), the temperature drop at this
interface would be less than 10% of total tempeeatinop between the CNT and

substrate.
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Figure 5.9 Simulated thermal maps obtained using finite element analgs
White lines equidistant from the center of the Pd heater wire are atkd as a
guide to the eye for the detecting asymmetry. The thermal contact is eatted
by comparing the simulations to the experimental data.

From these observations tHER. value that we extract is 25 P . We
can conclude that the asymmetry is smaller thanrthinimum-detectable level and
that the>™R; value is therefore higher than this minimum. Thuis, important to
note that this value is a lower bound ¥8IR., and the actual value could be much
higher than this. This is a high thermal contasistance and it indicates that even
though the nanotube and substrate are in intin@attact, there is effectively good

thermal insulation between them.
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An alternative explanation for this reduced asymmynegtther than a highR
value might be a diminished thermal conductivityled nanotube, as might be
expected, for example, from electron-beam indu@edate (5.29). However, other
studies show that nanotubes retain their high theconductivities under similar
temperatures and electron microscopy imaging cimmdit(5.30).

To further demonstrate that nanotubes retain tighntal conductivity in our
experimental setup and to meastffe,, we make use of a second device designed to
reduce the observed. Ralue and provide a test of the high thermal catidiy of
the nanotube. This is achieved by adding a sePaonithermal pad at the opposite
end of the CNT as shown in Figures 5.4 c. Aslierunanchored device, the Pd
thermal pad located at the center of the heatex fatilitates the transport of heat
into the CNT, while the other Pd thermal pad onrtpbt side of the heater wire helps
the CNT dispense heat more effectively into thessale beneath. Figure 5.10 shows
“as-captured” DF images at the specified applidthges. Here, the middle of the
heater wire is the hottest region, but unlike theaachored CNT case, a clear

asymmetry can be seen.
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Figure 5.10 Experimental data of thermally anchored CNT device shown in
Figure 4 (b). Imbedding CNT in Pd contacts improves the heat transferddween
CNT and the substrate as can be seen in (b), (c) & (d).

As done earlier, these individual frames are usembimpile a single thermal
map by assigning colors to voltages at which eaagbldnd melts. Such a thermal
map is shown in Figure 5.11. Clearly, thermal cargpobtained for this device in

which the CNT is thermally anchored to the substtatough Pd, are asymmetric

around the heater. The area around the Pd theadabythe right melts the In islands
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at significantly lower voltages than an equidistarga on the left side, where there is

no CNT.

Figure 5.11 Experimental thermal maps for thermally anchored CNT obtained

in the same way as the one shown in Figure 5.7 for unanchored CNT. Two white
lines, parallel and equidistant from the center of the heater wire a added, as
before to guide the eye to detect any asymmetry. It clearly shows the asymnetr
melting of In islands on the two sides of the heater wire. At a given voltagihe
melting of the islands goes further on the CNT side (above and right of the
heater) than it does on the opposite side (below and left of the hegteiThis
asymmetry is attributed to the presence of highly thermally conductive 8T and
the low contact resistance at Pd contacts. The scale bars are 1 um.
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The relationship between melting voltage and distdnom the heat source for a set
of In islands near the Pd anchor and a symmetiit pa the opposite side of the
heater wire are plotted in Figure 5.13, where aratigfference can be seen between

the two sides

Figure 5.12 Plot of average distances (with standard deviation) at which the In
islands melt for each given voltage for thermally anchored CNT. The raw data
are used to fit and extract 95% confidence intervals for the melting voltage.
Melting of In on the side of the heater where there is a CNT occurs at
significantly lower voltages than on the other side. Thus demonstratindpat
thermal contact resistance of a CNT can be manipulated by increasintgiarea of
contact.
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As before, expectation voltages and 95% confidemeevals are determined
by linear regression, and finite-element modelmgsed to extract a value 8R..
However, in this case, the confidence intervalscarapletely non-overlapping,
reflecting the strong asymmetry we observe, antherefore can extract an
expectation value with upper and lower bounds erthilermal contact resistance, as
PIRe= A* E P . Figure 5.13 shows a voltage map from the mogdglin

showing an asymmetry comparable to the experimentge map.

Figure 5.13 Simulated thermal map obtained by finite element modeling for
thermal anchored CNT. Consistent with the experimental data, the isogrmal
contours are not symmetric. As before the parallel white lines, equistant from
the heater wire are added as a guide to the eye.
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This low value fof ‘R by itself demonstrates that the nanotube must higre
thermal conductivity and thus is not affected digantly by beam damage, justifying
the value used in the modeling above gfK= 3000 W/m.K (5.2). However, we
may alternatively estimate a minimum thermal conigtitg of the CNT consistent
with our results by assuming an unrealistically kYR, value of 0.1 m.K/W
(derived from other measurements of the thermahdary resistance for a single-
layer of graphene (5.33)). Using this, we estintlaét the minimum thermal
conductivity for the CNTs in this study is at |1e&80 W/m.K. This is still a
relatively high value and would only modify the lembound or'™NR. from modeling
the one-contact data above from 250 to 120 m.K/Michvis still substantially higher
than most of the previously reported estimategiteebeing only an excluded lower
bound consistent with our results above.

The observation that the asymmetric melting ofithislands occurs only
when two Pd thermal contacts are deposited onrestiek of the CNT and the fact
that the®™R. and”R. differ by more than an order of magnitude bothpsupour
assertion that manipulating the effective contadthvcan substantially change the
thermal contact resistance. It is important to tieenhere that all data were acquired
under imaging conditions such that the heatingtdube electron beam was not a
factor. Independent measurements using a spedioldar with a calibrated heat
source and thermocouple confirm that beam heatihggh illumination intensity can
increase the sample temperature by tens of °Ghbuteam conditions used here
produce heating that is immeasurably small withmriesolution of the heating

holder, namely less than 1°C.
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If we assume a model in which B inversely proportional to the contact
width, we expect that the higher contact area oT @Nchored to the Pd metal would
give lower thermal resistance than when it is lyamgthe substrate, as indicated in the
schematic in Figure 5.4 d. For multiwall CNTs,rthare inherent difficulties in
defining a contact width between the CNT and thHessate. In fact, mechanical
modeling predicts almost no flattening for a CNTtlod sizes we report here, when
van der Waals bonded to a flat substrate (5.32veNheless, for the sake of
estimation, we can define the contact width asphat of the circular nanotube cross-
section which comes within 0.1 nm of the substrassuming that the bottom of the
nanotube is perfectly in contact. Using this défin, we calculate an effective
contact width between the CNT and the substra24hm. However, underneath
the Pd contact we expect the contact width to Ipeceqimately half the
circumference of the nanotube, or 24 nm. This puts™R. at least 10 times larger
than™“R., which is consistent with our observed lack ofrasetry in the thermal
maps of Figures 5.6 & 5.7 and demonstrates a felthlrrmally-insulating support
for multiwall carbon nanotubes. The exact contaea @f the nanotube and the QIN
would require considerations of the surface roughrod the substrate and the
mechanical interactions of the nanotube, whichoaitside the scope of this
dissertation. However, we note that the membraags very low surface roughness
(< 8 ARMS) and the basic result is the same evieervihe the experiment is
repeated with the nanotube on the back side ah#rmbrane (Figure 5.14), which is
expected to have an even lower roughness, compa@abite parent Si wafer on

which it was grown.
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@232mV

Figure 5.14 The back side of freestanding SiNx substrates are expectede
smoother than the free side because the film grows on Si@afer. Even in the
situation, where the CNT is on the back ( smoother) side, no asymmetry is
observed. This suggests that surface roughness is not the reason for our very
high thermal contact resistance.

It is also instructive to compare the thermal cantighity and electrical
conductivity of the CNT-Pd contacts to determinestiler the enhancement of
thermal transport may be electron-mediated. lotetal devices fabricated with
similar geometries (discussed in the next chaptax);outinely see an electrical
contact resistance of approximately 10, konsistent with other findings (5.33).
Using the Wiedemann-Franz law, we thus estimalbeartal conductance from
electrons of 18 W/K. This value is two orders of magnitude small&n our
modeled thermal conductance of 1.2 ¥ /K at the contacts. Thus, the heat
transfer between the CNT and Pd is believed tohoa@n-mediated.

In further considering these results, it is impott@ note an apparent

inconsistency with other studies showing a smaltertact resistance for a CNT

94



adhered to a substrqti8, 18-25). However, many of these studies use $&ading
(5.13, 5.19, 5.24, 5.25) which is known to depsgjhificant amounts of
carbonaceous material onto CNTs during imaging4{5.Bhis material may reduce
Rc in the same manner that Pd does here. Similatihgr studies use a CNT
manipulation-and-placement routine that explictiis for embedding the CNT in an
acrylic adhesive (5.2. 5.35). For other studies$ dloanot use SEM imaging or other
adhesive coatings (5.18, 5.20, 5.21, 5.23) the unea®ents are performed at elevated
temperatures, where near-field thermal radiatioBgbmay be playing a significant
role in the transport phenomena, reducing the obsgdr value. The results we
report here do not use SEM imaging or adhesivesyall-characterized by TEM to
exclude the possible presence of gross amoundéiminating materials, and are
carried out at relatively low temperatures, whéexnal radiation effects are not
expected to play a role in the transport. ThusRlwvalues we report here are
obtained with high confidence and without mitiggtfiactors.

In summary, we demonstrate that the thermal coggietween a CNT and its
mechanical support can be manipulated. In faobuih this study we have shown
that thermal nature of mechanical supports of a M¥WGhould no longer be a
limiting factor in utilizing CNTs for thermal apglations. This result should aid in

the future engineering of CNTSs for thermal devices.
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Chapter 6

Mutiwalled Carbon Nanotube Devices

6.1 Joule heating in Carbon Nanotube

We studied joule heating in the CNTs by passingteéal current through
them. The schematic of a typical device employedHis purpose is shown in
Figure 6.1. In such a device a metallic CNT resandiN,, makes top electrical
contact with Pd electrodes. As discussed in theigue chapter, the imbedding
of CNT under metal contacts ensures a larger dreanbact and thus a lower
thermal contact resistandDé"I‘\Qc) compared with that with the substra?@'lkc).

The device fabrication process is similar to whaswxplained in chapter 5.
There is, however, one additional step of plasrolieg that is employed to rid
of any lithography and CNT-deposition residues. plasma etching is done in a
TRION system available to the author, which carabdy sustain a plasma at a
low power of 8W. The chamber is purged with 5 safr®, to maintain a
constant pressure of 150mTorr. Lithography-donepdasn(prior to Pd
deposition) are exposed to such a plasma for 68e806nds. The etching done
this way is very mild which improves the two ter@lielectrical resistances of

our devices from a few Mto 5-35 k and is also expected to similarly assist in
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improving thermal conductic without significantly damaging the CN. A
schematic of device geometry is shown in Figuread a high resolution TEI
image of the actual device prior to In depositi®@shown in Figure 6.3 (i
Before discussing tl data acquired by employing this device it is instine to

present results of finite element model

~
@il

Figure 6.1 Schematic of device fabricated for studgg joule heating in a
MWCNT. Current is passed through a metallic CNT hawng Pd electrodes

Simulations werearried outusing the geometry of the actual device. T
modeling exercise was dc at two extremes of lowest and high&8R values
repored in the literature i.ehe R values reported by Maurg. al.(6.1) and
Tsenet. al.(6.2) Since neither of these two studies report thecuoatact
resistance between metal and ¢ ("™*®R.), we calculated ifrom reported | of
CNT with the reporteSubstraté“"R. value. Given théarger area of contact,

is reasonable to assume t™R; is fifty times smaller than th&®R.. Thus for
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Mauneet. aland Tseret. al, ™R, should be 0.012 m.K/W and 0.2 m.K/W

respectively.

Figure 6.2 Simulated thermal maps of a biased CNT (a) using the lowest timeal
contact resistance value (b) using the highest value reported in ligure. It is to
be noted that the temperature profiles are very different for the twohermal
contact resistance values used in the simulations. For qualitative analy$g
shows temperature profiles along the length of CNT. The blue curve corsponds
to the case when R=0.6 m.K/W was used, whereas the red curve is obtained
when R; =25 m.K/W is used in the simulations. Dotted pink lines are drawn at
the positions where the Left (L) and Right (R) contacts are along themgth of
the CNT. It can be seen here that for the higher Rvalue (red curve) the contacts
are significantly hotter than the Middle (M) of the CNT. Even though for the
lower R value, the contacts appear to be at slightly higher temperature (blue
curve) than the point M, such a temperature drop along the length of CNT is
below temperature resolution of our technique.

The simulated thermal maps thus obtained are showhRigures 6.2 (a) and 6.2 (b).
By looking at these maps it is apparent that thepradile of CNT depends strongly

on the R values. In the case of Figure 6.2 (a), the CNTeappto be at a uniform
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temperature whereas, the thermal map of Figuréby.2hows that for the Rralues
used there, the contacts would get hot first.

Temperature versus distance along the length of gINflfor the two Rvalues
under discussion are shown in Figure 6.2 (c). Aerbefor the higher R(Tsenet.
al.) the simulated plot shows that the temperatufergihce between the points M, L
and R contacts of CNT is significant. However, ttog smaller R(Maneuet. al.)
while the contacts still slightly hotter than polit the temperature difference
between C and ends is below the resolution of EThM.

For the CNTs used in our studies meas@f&®. is ten times the Tseat. al
value. Thus in our measurements the heating obcbshould be more profound
and this should manifest itself easily in the faymin on the contacts melting before
that at the mid or the entire region that is ndieaded under Pd.

The experimental data are collected by employingMETThe voltage applied
along the two ends of the MWCNT is ramped in 10naps and, as before, a
MATLAB script is used to capture the DF imagesatheapplied voltage. The data
for this experiment are shown in Figure 6.3. h ba seen that contrary to what was
expected in light of simulations performed for tesdreme Rvalues, than melting
of In in this data set starts at the center ofGhNI. While our data does not match (
even qualitatively) to either results of the sintidilas shown in Figure 6.2, it
resembles more closely to the simulations for Matnal suggesting that that the
thermal contact resistance of CNT used in thisatebie close t8"R. ~ 0.6 K.m/W
and™R. ~ 0.012 K.m/W. However, as discussed in the previthapter, these

values are completely excluded by our measureme&htss, we see a contradiction
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in our model when applied simultaneously to theddtchapter 5 and the data
presented here. It is to be noted that Maned.aetxaacted the Rby electrical
break down method, which is at a higher tempergtt60°C) than the melting
point of Indium ( ~156C) used here. This means thatrfeasured through self-
heating a CNT apparently differs by more than twaecs of magnitude from the

values that when the CNTs are remotely heatedRxy laeater wire.

Figure 6.3 High resolution TEM image of the device and the data of Joule
heating in CNT. The TEM image of a device with MWCNT is shown in (a).
(b), (c) and (d) are the data acquired when 1.94V, 2.04V and 2.14V are
applied across the CNT. Clearly, the melting occurs at the center of CNT
first. The melting profiles of our data resemble (qualitatively) to the
simulations carried out by using Rc=0.6 K.m/W as shown in Figure 6.2 (a).
As shown in the previous chapter, such a low value is completed excldder
our CNTs, within the model developed. The scale bar is3tl .
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This led us to suspect that there might be othetenof heat transfer like thermal
radiation (6.3) or near-field thermal radiationd)owhen the CNTs are heated by
passing current through them. It is also posshm the hot electrons in the CNT the
electrons scatter off the phonons in the subs(6a%g. To investigate it further we
present an ongoing research project in which cursgmassed through a part of the

CNT and see if the CNT is at higher than assumegégatures or not.

6.2 Investigating modes of heat transfer in Self-fated Carbon

Nanotubes

Figure 6.4 High resolution TEM image of the device fabricated to
understand modes of heater transfer in a CNT when operated by a direct
current. The current flows through just a short segment of CNT
(~450nm)between one thin and one wide electrode. To ensure proper
thermal anchoring of the un-operated part of the CNT to the substrate a
small Pd patch is added. This geometry will provide insight into whethreor
not there is any variation along the entire CNT.
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To understand the physical mechanism that is resplenfor thermal transport
when current is passed through the CNT we desdgvece in which current flows
through a part of the CNT as shown in the Figude where it can be seen there that
current can flow through just a short segment ofCN

The choice of one Pd electrode on the right in Fegu4 to be wide and the
second electrode to be wire-thin is to ensure asothermal anchoring on the right.
The isolated contact (referred to as remote Pchdaden here on) on further left is
added to improve the thermal coupling between Chd tae substrate. While here
we only discuss data taken for such a device, nmeamnts were done on samples
with and without this remote Pd patch. Both typksamples yielded identical
results.

As done in previous studies, we ramp the voltagem¥V steps. A few dark field
images captured at specified voltages are showigure 6.5. It is obvious that the
melting of In starts in the middle of the activgimrn and the melting profile is
centered around that region. In our preliminarylysisiwe note that the segment of
the CNT through which no current was passed shansgnificant heating of the
substrate underneath. If the entire CNT was asdmee temperature, we would have
observed the melting of the In at the remote cargtlower voltages. Another
interesting observation is that melting profileasighly circular about the operated
region of CNT. If the CNT was being heated by theent, we would expect to see
the In near the remote contact to melt at lowetaggs than for other locations at the

same distance from the source.
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Figure 6.5 Data acquired (at the specified voltaged) in TEM showing that the
CNT gets hot only in the region in which the current passes. The melgrof
the In even at 650mV is centered around that region.
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To qualitatively understand this data we carry sanons (shown in Figure 6.6)
using a model geometry which is similar to the getsgnof the device and using
parameters extracted from previous studies ( ch&ptd he results of these
simulations show (Figure 6.6 (a)) a melting profilevhich the entire CNT, not just

the operated segments, gets hot, different front vghabserved in experiments.

Figure 6.6 Simulations of a device in which current is passed through just

small segment of CNT. While (a) is obtained by assuming the standard joule

heating model, this thermal map does not match well to the data. (b) matche

data better but is obtained by considering a non-physical case of power

being generated in SiN, instead of in the nanotube.

Cursory modifications of the parameters show thitdifficult to construct a

model that simultaneously predicts the currentltesund those of Chapter 5.
However one surprising modification to the modedvsh excellent qualitative

agreement. When we perform the simulations by asguthat somehow there is
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power generated in the substrate instead of imaéin@tube, the simulated maps show
that the operated region gets hot first, matchirgexperimental results. This is
apparently an unphysical model but these resuliklanost straightforwardly be
explained by assuming that hot electrons in the @MTinelastically scattered off by
the phonons in the dielectric layer. In order tavdia robust conclusion, however, a

detailed quantitative analysis is required.

6.3 Future Work

In the immediate future the aim is to explore ihode scattering is a necessary
component of a unique and complete model needexrgiain the data presented
above. This will require a more detailed and cdrafalysis and modeling of the
most recent data. An alternate model can be cansttibased upon a very low
thermal conductivity for the CNTSs ( less than apgprately 100W/K. m).
Experiments are ongoing to test this possibilitycbystructing devices that are
highly sensitive to the thermal conductivity of thenotube. Also, It will be
instructive to repeat the same experiment but widevice in which the operated
region of CNT is suspended instead of resting &f,Svhereby remote scattering
would presumably be suppressed.

A long term aim of this field is to make thermagjio devices (6.6, 6.7) from
CNTs (6.8). For this purpose it will be importantunderstand a temperature
dependence of Rc and thermal behavior of CNT-CMEtjons. Electrical properties
of such cross CNTs have been studied (6.9) butthaldoehavior of such a device

remains to be explored.
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Appendix

A.l.1. Comsol Modeling

The Comsol 3.5a software that we employ in our fatirans comes with
many pre-defined modules in which working equatiaresalready set-up. Instead of
having a script-based command system, the bourdaditions and the sub-domain
settings can be fed in the model via graphical irgerface. Once the geometry is
defined the electrical properties and thermal pribgge can defined in separate layers.
Thus, by choosing appropriate built-in modules -+chinave predefined, yet
customizable to the physical situation at hand kimgy equations; we can carry out
simulations after putting in the values of variabseich as thermal & electrical
conductivities of the various components of thengetoy, initial temperature and bias
conditions etc. into the model. The first stepisléfine the geometry in Comsol. The
geometry can be defined by importing the Design Gidinto the Comsol or by
putting in the coordinates of each point. Everynsegt of the geometry is
characterized through the properties of the matiémepresents in Comsol by
defining “sub-domain” settings in the software. @tiais is done we, based on the
physical situation, define the correct boundaryditbons (see Figure A.l.1).

In our Comsol analysis, we set-up our model soith®s three layers, one
electrical and two thermal. Two thermal layersiarportant because in our
experiments we measure the temperature of Biémbrane (represented by the
temperature layer T1) by directly observing thedstd liquid phase transition of In

islands while the temperature of the CNT ( represithy temperature layer T2) is
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not measured directly in our experiments. Thussouaulations not only give the

temperature of the substrate but enable us to th&trof the CNT as well.

Figure A.1.1 Defining Geometry and Boundary conditions in Comsol. The
simulations are carried out over the whole suspended SidMembrane window,
the boundaries of which are assumed to be at room temperature, To.

In the electric-conduction layer, the electricalgerties of all the components
in the model, namely Au-leads, Pd contacts & heatexs, CNT and SiNx are
defined. Given that the biases applied are toottosignificantly heat the Au leads,
we neglect the temperature dependence of the iebdatesistance of the Au. The
sheet resistance of Au leads, measured by usimepfobe Van der Pauw method to
be 1.048 , can be converted to resistivity by multiplyingatan arbitrary thickness
of 100 nm. All the physical parameters in our modgivere normalized to this
length scale except the electrical conductivity?df which is determined by matching
the current density through the heater wire inntteglel to that measured
experimentally at the lowest applied bias. The terapure dependence of the

electrical conductivity, defined in Comsol by theuation w> X>N H
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N2® , wherex the temperature coefficient is accounted for bggig as a free
parameter in matching the current density in Corasbigh bias to the experimental
value at that applied voltage. Due to its elecliydasulating nature, the substrate is
assumed to have a very high electrical resistaht&o.

In first of the two “heat transfer by conductio@aykrs, defined by temperature
T1 in Comsol, we calculate the thermal conductgitof Au and Pd by using
Wiedemann-Franz law. For the extraction of therooatact resistances, simulated
maps are obtained at two extremes of the 95% ceméiel intervals of melting
voltages at the two sides of the heater wire (wnere the CNT is present and the
other side where there is no CNT), as describegation 5.3 of this dissertation.
The thermal conductivity of the substrate is calibd by making it a free parameter
in the simulated maps obtained at the voltagesrddaexperimentally for the side
where no CNT was present in the experiment. Thertllecontact resistance is
chosen to be a free parameter in the simulated mhjgh are obtained at voltages
extracted from the experiments for the side ofitbater wire where CNT is present
(refer to the section 5.3 of this dissertation)ud iterations between the two sides
give us the thermal conductivity of the Siahd the thermal contact resistance,
simultaneously. Note that the thermal conductivityhe substrate is calibrated
independently for each experiment described herein.

The second of the two “heat transfer by conductlagérs, defined by
temperature T2 in Comsol, contains only CNT inrttedel. Because we expect the
temperature gradient in our measurements to beoog than 50C and for the sake

of simplicity, we take the thermal conductivitytbe CNT to independent of
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temperature. While the 3-d value of thermal conidugtof CNT, found in literature
is 3000 W/m.K ( Kimet. al, Phys. Rev. Lett. 87, 215502 (2001)), this valuesds to
be normalized to a 2-d value that goes into Coniduls the appropriate thermal
conductivity of the CNT to be used should be;

$ > [E ?Q&YuP>??
P> 7Q >7?

where¥s P, is the radius of CNT as measured by TERI;  is the dimensions
of the CNT ( same as the diameter ) in Comsol mauel is the arbitrary

thickness to which all the 3-d values are normdlize

A.1.2 Comsol Modeling (Mesh Study)

The simulations were carried out by employing &retement analysis. In
finite element analysis the geometry is dividedaldyiangular mesh and the
predefined equations are solved for each mesh eleiee final solution is obtained
by integrating the solution from every mesh elenienthe whole geometry. Due to
the flexibility in customizing the mesh we employtee commercially available
software Comsol 3.5a available in the Engineeriagd.on campus.

Initial simulations were done by the script-baseftware called FlexPDE.
While scripting in FlexPDE we did not have the #fpilo choose the mesh size.
Consequently, the software gave errors if any piatie device geometry was orders
of magnitude smaller than the largest parts. Mpeeiically, the software failed to

converge the solution for our devices that invol@NiTs, because the diameter of
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CNT was several orders of magnitude smaller tharother components of the

device.
Reliable Solution?
Element growth rate No of mesh elements (Unreliable when re-
(Resolution of narrow (Degrees of freedom meshing gave a
regions) solved) variation of 0.5%-20%

in derived values)

1.6 4355 No

(1.0) (26334)

1.7 6549 No

(1.0) (39498)

1.9 5999

(1.0) (36198) No

2.1 10778

(1.5) (64899) ves

2.1 13564

(2.0) (81615) ves

2.1 18236 Yes

(2.5) (109677)

Table A.l:  The mesh study done to see how the reliability of the solon is
affected by the resolution of the meshing.

Comsol does give more control over defining meshst the number of
meshes (and hence the degree of freedom to bed¥alkeslow, the solutions could be
inaccurate. During the course of our simulationgeatized that for low degrees of
freedom, a simple re-meshing could give variationderived parameters between
0.5%-20%. For this reason we did a systematic raesgly and realized that if the
number of degrees of freedom solved is above 501@@Gsolution given by comsol is

accurately reliable. The mesh study is summariae¢te Table A.l.
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A.ll Analytical Modeling

To cross-check the results of Comsol we did a “lEHdke envelope”
analytical calculation. In the device set-up diseasin chapter 5, a hot CNT is
imbedded in Pd. The amount of heat the CNT imbedd&udl can ‘dump’ into the
substrate will be limited by the thermal contasistance between the CNT and Pd.
Since in Comsol, we treat CNT to be in one therangr and Pd and substrate to be
in another, we can extract the temperature difiszdretween the two thermal layers.
Thus the temperature difference between the CNTsabsdtrate layer beneathdglT
is known.Keeping this information in mind we set-up a sirfiptl model in which a
cylindrical heating source (radius, & thickness?2) is imbedded into cylindrical sink
(radius b, & thicknes®2). The schematic is shown in Figure A.ll
The working equation is

N

which, in cylindrical coordinates, takes the form

& goeN
Y, ¥ ¢Ya

CEE
A A3 A3
3/, — . 3
A iy HYg
or

>‘°V§,-3’? P - 2 )
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(2)

where
>3, 220
Aj

Figure A.ll: Cross-sectional & top view of the geometry employed for analytial

estimate of thermal contact resistance

solving (1)
A%
L
Al
~ g .
©N A ;/43/4 i 39
BN .« ¢ (3)
we calculate by noting that the thermal qu><|\(l2—j§, Mbeing the thermal conductivity
of the substrate Sil\when multiplied by the are@.J & Q Q¥ , gives the
power. This is the same power given by the expoassi
Lok (4)

Thus,
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I\/Q—f Q>%J ? - M (5)

%) & Q QY . By substituting (2) and (3) in equation (5) vet;g

/;_jé cOA§i ®)
We can solve (6) fo g,
fo 48 —ui? @)
For P> , JGN “LY%E"AE P"M $ QEF " andBN
E E, (7) gives the estimate to be;
fo EEF #°

This is consistent with the value extracted fronité element analysis and these
results can be used to cross-check finite elemaalysis results when meshing

problems or other numerical uncertainties are suisgde

A.1ll Design of the Custom-Built TEM Holder

We designed three TEM specimen holders in totab ®wthese specimen
holders, custom built for two different TEM modél3eol 4000FX & Jeol 2100), in
addition to imaging have the capability to do fpuobe electrical measurements. We
will refer to each of these holders as “Electrigeasurement Holder”.

The third holder was designed and constructedlibrate the field of the
Objective Lens (OL) of the TEM. In such a holdéflal sensor was affixed at the
location where specimen is conventionally insertgd.will refer to such a holder as

“Hall Calibration Holder”.
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Since the design and assembly procedure of ak pecimen holders was
very similar, we will explain the construction diétaf only one specimen holder.
The information regarding the dimensions of thecgpen holders was obtained from
JEOL.

The body of the specimen holder was machined gethrain parts as shown
in figure. The first part referred to as “Nose Riear the “Tip” in this dissertation
requires most care both in design and machining.sBtond part, referred to as “Mid
Part” is relatively simple. This Mid Part contamguide pin which is aligned to the
guide grove in the microscope during specimen titse(see Figure A.lll.2). The
rear part of the specimen holder, which we refeas6Connector End”, has an
electronic connector that electrically connectsstple to the external electronics
as well as an alignment blade. While connectingdbenector End to the Mid Part
care must be taken in ensuring that this alignrbtatte and the guide pin on the mid
part are at the angle specified by manufacturer.

We designed the Nose Piece in such a way thatebtieal connection
between the sample and the external electronitsade via Beryllium-Copper (Be-
Cu) clips and Cu wires. Be-Cu clips make contatthwie sample from the back as
shown in Figure 4.10 of this dissertation. All theing is done on the back side of
the specimen holder as well; ergo the groves arsila. The width of these groves
was chosen such that there is enough room to wbhanuwhe wiring is done. These
groves are deep enough to ensure that the wirastdsiick much out lest they
interfere with the parts of the TEM during insentiand withdrawal of the specimen

holder. The insulated Cu wires and bare Be-Cu drpsaffixed to the specimen
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holder by using an insulating epoxy. Wherever eleaitinsulation between the
specimen holder and wires or clips is desired atguj epoxy is used and whenever
an electrical connection is desired a conductinexgpcontaining silver, is used.
While being very different in composition, both &gof epoxies are hardened when
cured at or above AT for more than an hour in a convection oven.

After sonication of machined parts in acetone dalmem of any oily residue
and make the holder vacuum compatible, the wisndpine on the machined Nose-
Piece, the three parts are permanently attacheddw other by using insulating
epoxy. Once that is done, appropriate-sized O-riludpsicated by vacuum
compatible vacuum grease, are put onto the spediwieier. Finally the specimen
holder is inserted in the TEM and the system is pesiover night to make check if
there are any vacuum leaks.

The Solid-Work drawing are shown in the followinages.
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Figure A.lll.1 The Solid-Works design diagrams of a custom-builTEM
specimen holder.

Solid works &-D drawings of “Nose-Piece”
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Figure A.111.2 The Solid Works Drawings Of Mid-Part And Connector End Of
The Custom Built Specimen Holder

Solid works 3-D drawings of Mid-Part & Connector End

Dimensions of Mid-Part
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Dimensions of Connector End
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