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ABSTRACT

ABSTRACT

Since the discovery of carbon nanotubes in 1991 by lijima, many potential applications
have been suggested and examined in mechanics, optics, electronics and thermotics. Due to the
quasi-one-dimensional atomic structure, individual carbon nanotube possesses significant
thermal conductivity along the axial direction, thus its probable prospects in the field of thermal
managements has attracted many researchers and engineers, especially as a thermal interface
material to enhance the heat dissipation in electronics that limits the further miniaturization.
Besides, the newly developed methods have fabricated high-quality free-standing carbon
nanotube thin films, and they inherit some of the extraordinary characteristics and manifest great

optical, mechanical, electrical and thermal properties as well.

Waste heat utilization has attracted worldwide attention due to the pressing energy crisis,
hence thermoelectric materials owe to its simple and direct conversion from low-grade waste
heat into high-grade electric power stand out as a promising candidate to ease the severe problem
of this century. Of the current commercially available TE materials, the high cost, toxicity,
inflexibility, and heavy weight are the obstacles for their broad applications. Therefore, extensive
researches have been invested in organic TE materials that are cheaper, non-toxic, flexible and
lighter, among which carbon nanotube thin film shows its great potential thanks to its abundance
in nature and superb mechanical properties. Although the thermal conductance of individual
carbon nanotubes is significantly high, the weak van der Waals interactions between nanotubes

and the finite length of carbon nanotubes in network are hugely suppressing the thermal
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conductance of the thin mats or films, while its electrical properties has not been affected much.
Contrast to the easiness of obtaining the electrical properties of carbon nanotube thin films with
well-studied theories and experiments, the thermal properties on the other hand are short of fairly
verified methods to account for. Therefore, this thesis proposes a new method for studying the
in-plane thermal conductance of thin film with infrared thermography. Infrared thermography is
a quick method to obtain the temperature profiles of the targets, along with some ad hoc
designing to calculate the heat flux, it can develop into a direct and handy technique for
contactless thermal conductance determination. In this experiment, the single walled carbon
nanotube thin films are free-standing in between two cantilevered silicon thin plates which work
as the reference to calculate the heat flux through SWNT thin film. The temperature profile along
the silicon-SWNT-silicon bridge is recorded with the infrared camera. Besides, another unloaded
parallel silicon pair is set in order to offset the noise from the camera. A control experiment
without film is also conducted to account for background conductance originating from thermal
radiation or residual convection. Since the thickness of single walled carbon nanotube thin film
in this study is hard to determine and it is changeable under different conditions, sheet thermal
conductance is proposed to evaluate the capability of heat transfer of single walled carbon
nanotube thin films. The results indicate the sheet thermal conductance are 15613.4 +
2672.5nW/K, 9925.4+1417.1nW/K, 5454.8+594.9nW/K and 3405.7 £773.8nW/K at room
temperature for single walled carbon nanotube thin film with transparency of 60%, 70%, 80%
and 90%, respectively. Furthermore, for the 50nm single walled carbon nanotube thin film of
90% transparency, its thermal conductivity is around 68.1Wm*K-t, which is benefitting from the

composition of the very long high-quality single walled carbon nanotubes by aerosol chemical
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vapor deposition synthesis method. The sensitivity of This method is on the order of 10 W/K
and can be applied to any other films (especially low thermal conductance films) that can be
transferred to free-standing in between the cantilevered silicon pair plates. Besides, in
comparison with the Raman measurements performed on the same thin films, the non-
equilibrium among different phonon polarizations in Raman measurements might have
contributed to the lower sheet thermal conductance by a factor of 1.9 to 2.5 in the condition of

this study.

There has been large amount of experiments conducted concerning the axial thermal
conductivity of individual carbon nanotubes. However, the various sample preparation methods
as well as different measurement methods make the results ranging hugely and hardly
comparable with each other. The hidden reason behind this challenge is the difficulty to identify
the precise nanoscale structure of the carbon nanotubes being studied. Furthermore, the chirality-
specific SWNT growth has been realized, which have excited the application in electronics, then
the thermal behaviors of individual single walled carbon nanotubes with specific atomic structure
are more urgently needed to be addressed. Besides, the length of SWNT is a critical parameter
that determines the number of phonons in it, but the length dependency of phonon conductance
in single walled carbon nanotubes is still a controversial debate in theoretical investigations, and
due to the challenges of sample preparations, there are scarce experimental studies to clarify the
disagreement. The unsettlement and insufficiency of the structure dependency of thermal
transport properties in SWNTs motivate us to systematically study the relationship of the thermal

conductance and its nanoscale structure with the high-quality defect-free horizontally aligned
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SWNTs. Tackling the structure dependency of thermal transport in individual SWNTs would
help us better understand and manipulate its extraordinary thermal properties to serve for future

applications.

The micro-thermometer compatible with transmission electron microscope has been
fabricated in this thesis to investigate the axial thermal conductance of individual carbon
nanotubes and their nanoscale structure. The transmission electron microscope images show that
the transferred horizontally aligned carbon nanotubes across the micro-thermometers are very
clean and straight. Through comparison of the SEM and TEM images, the number of SWNTSs in
a bundle can be determined by counting the extended SWNTSs dispersedly distributed on the
supporting membranes. The thermal conductance of four samples, including three bundles with
different sizes as well as three isolated single carbon nanotubes, have been studied. Thanks to
the very long extended carbon nanotubes on the membranes and the annealing process during
carbon nanotube transfer, the contact strength and contact area is immensely enhanced that the
thermal boundary resistance can be effectively ignored in this investigation. The measured
background conductance is much higher than the theoretical prediction, makes the deduction of
background conductance compulsory for the precision of measurements. The effective thermal
conductivity of the four samples under investigation are increasing with the temperature first and
saturates around room temperature. The thermal conductivity of the isolated carbon nanotubes
reaches around 5000Wm™*K around 300K, fold larger than that of the bundles. Furthermore,
the larger the size of the bundles, the lower its effective thermal conductivity. The logarithmical

decrease of the thermal conductivity with the bundle size is the first-time quantitative study. This

iv
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experiment proves the serious degeneration of thermal transport properties by the interactions
between carbon nanotubes, and in consistent with the IR measurements of higher thermal

conductivity of thin films composed of smaller size bundles.

In macro-scale, a quick and handy method is presented here to measure the sheet thermal
conductance of carbon nanotube thin films; in nanoscale, the correlation between the thermal
transport properties of individual carbon nanotube and its nanoscale structure is investigated to
provide scientific guides to carbon nanotube electronics architecture. Therefore, the clear
relationship of the thermal conductivity of carbon nanotube and its nanoscale structure can help
to design the thermal conductance of carbon nanotube thin films through control growth, tuning
it to be higher for thermal managements or lower for insulator or thermoelectric applications in

the future.






CONTENTS

CONTENTS

AABSTRACT ettt h e h et b e h e e R e R R e R R e E e r e e I
CONTENTS Lttt b bt h bbb e bR b e bt e s e e b e e bt e b e b e e e b et e e st e be e n e VIl
CHAPTER 1 INTRODUCTION ...cuiuiiiitetisitstetesesenesestssesessssssesesesssesssbese e s ssssesessnsssssssesensssssans 1
00 R = 7= 1ot (o | 01 T SO SSSSPSSN 2

1.2 Physics of Carbon NanOtUDES............ccccciieiiii e 4
1.2.1  GeomMELriCal STIUCLUIE.......ccveeeiitiiecee e 5

1.2.2  EIECIrONIC PrOPEITIES .....ooveeiviiieitie sttt sttt 8

1.2.3 PRONON IMOES ... 13

1.3 Thermal Transport in Carbon Nanotubes ...........ccccevriiiienieneneee e 15

1.4 Thermal conduction metrology of Carbon Nanotubes .............ccccceviiiinnnnene 17
141 30 MENOU ..o e 18

1.4.2 Suspended MiCro-TherMOMELEr .........ccciuviieieeecee e 19

1.4.3 Raman Spectroscopy MeasUrEMENT .........cccueviruieiiiieiniiie et 20
CHAPTER2  MOTIVATION, CHALLENGES AND ORGANIZATION OF THE THESIS............... 21
2.1 Motivation and Challenges ..o 22

2.2 Organization of the thesiS ... 24

CHAPTER 3 MEASUREMENT OF SHEET THERMAL CONDUCTANCE OF SINGLE WALLED

CARBON NANOTUBE THIN FILMS BY STEADY-STATE INFRARED THERMOGRAPHY ............... 27
T8 A = - Tod 1o 0] ¥ o OSSR 28

3.2  Motivation and Scope of the Present WOrK..........ccccvevvviiiiveieciiese e 29

3.3 EXPErimeNnt DESION ...ccveieieiicie ettt re e nne e 30
3.3.1  EXPerimental SEUP .....cccveieeieciece et 30

3.3.2  Temperature MeaSUIEMENT. .......cuiiieeiieeeesieesiee st e e see e e e see e se e sreesnneenee 34

3.3.3  Uncertainty ANAIYSIS ......cooviiiiieiiee e e 37

3.3.4  NOISES ANU SENSITIVILY ....eoiveiiiiiieiiieie et ne s 38



CONTENTS

3.4  Experimental Results and diSCUSSIONS ........cccccueveerieiiiesierie e seesieseesiee e snee e 40
3.4.1 Sheet Thermal CONUCTANCE .......ccccoviirreiiiiieices e 41
3.4.2  Thermal CONAUCTIVITY .....cccoveieeieieereeie et 43

3.5 CONCIUSIONS ...ttt bbb 46

CHAPTER4 INVESTIGATION OF THERMAL TRANSPORT PROPERTIES OF INDIVIDUAL

SINGLE WALLED CARBON NANOTUBES BY MICRO-THERMOMETER COMPATIBLE WITH TEM

49

g N = T Tod 10 ] o U o PSS 50
4.2 Motivation and Scope of the Present WOrkK ...........cccocevvvevviieiiiene e 51
4.3 EXPEriment DESION .....coiiveiiiieci ettt et nns 53
4.3.1 Micro Thermometer Device Fabrication...........cccouereinineniinencseseeee 54
4.3.2  SamPIe Preparation ........cocooee oot 58
4.3.3  SWNT CharaCteriZatiOns ...........cccoueeeiieiienieniesesie st 60
4.3.4  MeEASUrEMENT SETUPD ... eiiiieiiiieitie ettt ettt st e be e r e e sene e 63
4.3.5 Thermal Conductance MeasUrement ...........ccoovriririiieieeieiesese s 65
4.3.6  UNCErtainty ANAIYSIS......cccviieiieiieieseese e 68
4.3.7 Temperature Coefficient of RESISIANCE .........ceveiieiverice e 70
4.3.8  NOISE aNd SENSITIVILY ....eeivrerieiieieeieseese e sre e 72
4.4  Experimental Results and DiSCUSSIONS.........c.ccviiereeieseesieeeeseesie e sseesee e seas 75
4.4.1 Thermal Conductance of Suspended Beam .........ccccvvviriienininnienie e 75
4.4.2 Thermal Conductance OF SWINTS ......ccooiiiiiiiiiiieeee s 78
4.4.3  Sample 1dentifiCatioN .........ccuoiieiiiieiiee e 80
4.4.4 Thermal Boundary RESISLANCE ........c.cocveiiiieiierie et 83
4.45 Effective Thermal CondUCHIVILY.........ccooviiiiiiieie e 85
4.5 CONCIUSIONS ....cuiiiiciiiie ettt 90
CHAPTERDS  SUMMARY ..ottt 93
BIBLIOGRAPHY ....ouiuiiiitetisisistetete sttt etttk ettt bbbttt 97

viii



CONTENTS

LIST OF FIGURES .....eiiitiie ittt ettt ettt ekt e kbt e e be e e e b e e e et e e e ssb et e nnbe e e nnbe e e e 107
LIST OF TABLES .ttteittte ittt sit ettt sttt ettt et e ekt e ek bt e ek bt e e bb e e e be e e et e e e snbe e e nnb e e e anbe e e e 111
INOMENCLATURE ....cuttttesiettetesteestesteeesestestesessestesessesteseeseatesseseasesseneeseaseseeseasesseneeseasesseneasessns 112
ACKNOWLEGEMENTS. ..tttesteteatesteeesestessesessesseseesesseseeseasessessasessessessasessessesessessessesessessesessessens 113
CURRICULUM VITAE ...ttt sieiee sttt sttt tesbestesessesee e sessesesesbesseseasesbessasesseneesensenens 114






CHAPTER 1 INTRODUCTION



Structure dependent thermal transport properties of single walled carbon nanotubes

1.1 BACKGROUD

Heat dissipation in electronics is the bottleneck in this ever-pursuing miniaturization
century, urgently needs to be broken through[1]. The extraordinary axial thermal transport
capabilities of single walled carbon nanotube (SWNT)[2] makes it a promising candidate for
thermal managements in micro- or nano-scale devices. Therefore, how to control and manipulate
the ultra-high thermal transport properties of SWNT to serve for applications in reality calls for
more precise investigations concerning to the intrinsic thermal transport properties of SWNT as
well as their dependencies on other factors, such as its geometrical parameters and the future

working conditions.

Researches have extensively conducted on the thermal transport properties of carbon
nanotubes (CNTSs) through theoretical[3-7] and experimental[8-17] studies in the past score years,
as indicated in Table 1-1. However, due to the various sample preparations and methodologies,
the results from different researches can hardly be compared with each other to enhance or
degrade the conclusions[18], and this dilemma maostly lies to the difficulty of identification of
the precise structure of SWNTSs being investigated. As shown in Table 1-1, the values of thermal
conductivities of CNT ranges from tens to thousands from experiments, and the similar
phenomena is also exhibited in the simulation studies. Even from the same group of researchers,
different samples vary largely in their capability of heat transfer[19]. Besides, when the one-

dimensional individual SWNTs form multi-dimensional bundles or bulky mats or films, their
2
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thermal transport properties change a lot, even becoming a good insulator[20]. Those are

indicating that the atomic structure of SWNTSs or formation structure of SWNT films possess a

great influence on their thermal transport properties.

Table 1-1 Reported thermal conductivities for SWNTs, MWNTs and CNT films or mats by experiments.

Experimental thermal measurements of CNTs

SWNTs MWNTs Films or Mats
L(um) D(@mm) xWm?K?Y L@um) D((mm) «(Wm?IK?) Thickness (nm)  «(Wm1K?)
41 1.8 2400[17] 32 8.2 1400[17] 93000~55  0.203~65.9[21]
2.6 1.7 3436[15] 25 14 3000[13] 170 18.3[22]
2.76 1-3 3270- 1 46 650 140 50[23]
9800[14] /1.1 142 /830[8]
431 234 ~500 1.4 20 300[10] 400~500 80~370[24]
203 /15 /600[19]
0.509 1.9 2630 4.02 2.7 ~520 1300 >200[25]
14.919/ /1.9 /3160 /3.02 /10.3 /210
6.941 /1.9 /3210[16] /1.95 /9.9 /180
/1.97 /11.4 /130
/331 /14.0 /34[19]
2/ 2 2700 3.7 9.8 2950 87 16.5[27]

1039 12 /8638[26] = /1.89 = /16.1 /1650
3.6 /282 /500[9]

As followed, the physics of this unique material of our topic will be introduced,
including its geometrical structure which is what we are pursuing to identify in our experiments,
its electronic properties which burdens part of the heat transfer and its phonon modes that is the
main heat carriers. Then the thermal transport mechanism in SWNTSs will be briefed. Lastly, the

current thermal conduction metrology for SWNTs will be presented.
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1.2 PHYSICS OF CARBON NANOTUBES

Carbon is the elementary of all life on the earth, and itself with different atomic
architectures can form different materials with very different properties. For example, the
diamond, one of the common allotrope of carbon is the hardest material, while graphite, another
allotrope of carbon is so soft that it is the composition of our daily pencil for writing and drawing.
Besides, carbon fibers with strong mechanical properties are widely used in the aerospace, civil
engineering and military. Except the above bulk materials, carbon allotropes include the two-
dimensional (2D) graphene, which is the layer unit of graphite and won Noble Prize for
Chemistry in 2005, one-dimensional (1D) carbon nanotubes and zero-dimensional (0D)

fullerenes.

To some extent, ever since humans learnt to make fire, we were making fullerenes and
CNTs. Fullerenes are a small part of the carbon particles in the flames. However, it is until 1985
that humans are consciously entering the carbon nano world with the discovery of fullerene[28],
which won the Noble Prize for Chemistry in 1996. After that, people started to infer that CNT
were some limited geometry of spherical fullerene, so CNT was the most important adds-on for
the study of fullerene. In 1991, the Japanese scientist lijima observed the multi-walled carbon
nanotubes (MWNT) in NEC lab for the first time[29], which hugely promoted the science

academia to the field of CNT, and two years later in 1993, SWNT was discovered[30].
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A SWNT is formed when a two-dimensional single layer graphene sheet is rolled
seamless into a cylinder; if it is multi-layered graphene sheets that roll up, it will generate an
MWNT. SWNT has been theoretically predicted with extraordinary characteristics in mechanics,
electronics, optics and thermotics dues to its quasi-one-dimensional structure even before its
preparation has been realized. Later, the development of growth methods such as arch-discharge,
laser ablation, plasma torch, and chemical vapor deposition (CVD) have rapidly produced large

scale CNTs[31, 32], narrowing the gap between theoretical predictions to realistic applications.

1.2.1 GEOMETRICAL STRUCTURE

To better understand the geometry of SWNT, the lamellar structure of graphite
(graphene sheet) is a good start point[33]. Graphite is stacked with graphene sheets which is
composed of sp? hybridized carbon atoms arranged in repeatable hexagons. When a single layer
2D graphene sheet is rolled seamless into a cylinder, a particular SWNT is generated, defined by
the rolling vector or chiral vector Ch. There are three general types of SWNTSs according to their
rolling vector: zigzag, armchair and chiral, shown in the Figure 1-1. Zigzag and armchair refer
to the end shape of the carbon nanotube and they are highly symmetrical, while the chiral ones

are common and abundant.
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FIG. 1-1 Left: (6, 6) armchair SWNT; Middle: (11, 0) zigzag SWNT; Right: (8, 5) chiral SWNT. The end

shapes are highlighted to show the origin of the names.

The rolling vector, also known as chirality is the only definition of SWNT, it completely
determines the structural parameters of SWNTSs, such as diameter, crystal units, number of
carbon atoms, as well as the size and shape of Brillouin zone. It can be expressed as Ch = nax +
maz= (n, m), in which a1 and az are the unit vectors of graphene, n and m are integers. The length
of the unit vector is |a1| = |az| = a = 2.416A, and a is the lattice constant of graphene, and the
cross angle of the two unit-vectors is 60°. When the graphene sheet was rolling into a seamless
cylinder, the start-point and end-point of Ch is in superposition, so the circumference of the

SWNT is |Ch|, then the diameter of SWNT d; can be calculated by the following equation.

d, =|Cyl/T=a-VmZ+m -n+n2/n Eg. (1-1)
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l

FIG. 1-2 Lattice structure of graphene; how to roll the graphene sheet into a (4, 6) SWNT (the translational

vector T is truncated for space consideration).

By the above definition, the SWNT is exclusively identified by the integer pair (n, m),

which is named as chirality of the SWNT. To be more illustrative, Figure 1-2 generates a (4, 6)

SWNT, the starting O and ending A of the chiral vector will match together when the graphene

sheet rolls seamlessly. Besides, when m=0 or n=0, the generated SWNTSs are zigzags, while when

n=m, it all belongs to the armchair. The chiral angle & is defined as the cross angle of a1 and Ch,
which can be calculated through Equation (1-2).

6 = tan~!|—V3-n/(2m + n)| Eq. (1-2)

The vector T, perpendicular to Ch, is the smallest lattice vector in graphene sheet that determines

the axial translational period of the SWNT, which can be expressed by integer pair (t, t2) that

are related to chirality (n, m).

T =247 a; — anm a; = t1jaq + tay = (ty, ty) Eq. (1-3)
dgr dgr
N
_ |T| _ 3(n2+nm+m2)a Eq. (1_4)

dr
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here, dr is the largest common divisor of (2n+m) and (2m-+n).

d, = {d, if n — m is not a multiple of 3d; Eq. (1-5)

3d, if n — m is a multiple of 3d;

where d is the largest common divisor of n and m. Therefore, the lattice unit of SWNT is
composed of the surface of a cylinder with diameter of d: and height of T. For the zigzag and
armchair SWNTs, the above formulas can be simplified as
|Chl =na, T=+3a, 6=0 (Zigzag) Eq. (1-6)
|IChl =V3na, T=a, 6=30°  (Armchair) Eq. (1-7)
The number of carbon atoms N¢ in the lattice unit can be calculated by the ratio of the surface
area of the lattice unit cylinder, which is St =T - zd: and the lattice area of graphene Sq. Moreover,

this ratio provides the number of hexagons in the lattice unit of SWNT N,

St _ 2(m%*+nm+m?)
Sg dr

N = Eq. (1-8)
Since there are two carbon atoms in the hexagon, the number of carbon atoms in the lattice unit

of SWNT is

St _ 4m%*+nm+m?)

N, = 2N =
Sg dgr

Eq. (1-9)
To the zigzag and armchair, from the above equation it can be readily deduced that there are 4n

carbon atoms in their lattice units.

1.2.2 ELECTRONIC PROPERTIES

One of the most impressive characteristics of SWNTs is that they can be metallic or

semiconducting depending on their chirality, and the band gap ranges from 0.5eV to 2eV which
8
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covers most of the semiconductors current in use. A brief introduction to their unique electronic
properties is also necessary to better understand the behavior of their counterpart, phonons, in

heat transfer.

Real space A Reciprocal space
FIG. 1-3 The unit cell and Brillouin zone of graphene are indicated as the dotted rhombus and shaded

hexagon in real space (left) and reciprocal space (right), respectively.

The unit cell of graphene in real space (lattice) and momentum space (reciprocal lattice)
are shown in Figure 1-3. In the Cartesian x-y coordinate, the basis vectors a1 and az in real space
are expressed as

a; = (—a,;a), a; =(—a —-a) Eqg. (1-10)
and a is the lattice constant of graphene as introduced in the last section. Correspondingly, in the

kx-ky coordinate, the basis vectors in the reciprocal lattice b1 and b2 are given by

2T 21

2
b= (5, 7) ba=(5~

27 Eq. (1-11)

a
and the lattice constant in reciprocal space is 4m/~+/3a. In the Brillouin zone of graphene, three

high symmetry points, I, K and M denoting the center, the corner, and the center of the edge are

defined, respectively.
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Similarly, since the basis vectors in real space of a SWNT is Ch and T, the basis vectors
in reciprocal space of it can be defined as K1 and Kz through the following equations.
C,'K;=2m;, T-K{=0; Eq. (1-12a)
C,'K,=0; T-K,=2m Eq. (1-12b)
Therefore, K1 and K2 can be obtained as
Ky =—~(—t; by +t; - by) Eq. (1-13a)

As demonstrated in the above equations, the Brillouin zone of SWNT in momentum
space is much smaller than that of graphene because of the much larger unit cell in its real space,
and it becomes cutting lines on the reciprocal lattice of graphene as shown in Figure 1-4(a),
which are results of the N wave vectors pKi (u=0, ..., N-1). These leads to N discrete k vectors
in the circumferential direction. For each of the p discrete circumferential wave vectors, a one-
dimensional electronic energy band appears, whereas each of them gives rise to 6 branches in
the phonon dispersion relations. In the axial direction, if the length of SWNT is infinite, there
would be continuous wave vectors along Kz, while for SWNT with finite length of L;, the

distance between wave vectors is 2n/L:.

The allowable and discrete wave vectors in the circumferential direction of SWNT can

10
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or cannot pass through the K-point of the 2D Brillouin zone of graphene depending on the
chirality (n, m), where the valence and conduction bands are keeping in touch in graphene, thus
resulting a metallic or semiconducting SWNT. With the increasing diameters, there are more
allowable wave vectors for the circumferential direction, indicating that the CNTs are
transforming from 1D to 2D, and the semiconducting band gap gradually disappears. Therefore,

to observe 1D quantum effects, the CNTs have to be smaller enough in their diameters.

(a)

FIG. 1-4 (a) Brillouin zone (cutting lines) of (4, 2) SWNT in the lattice reciprocal of graphene; (b) The
conduction and valence bands of a graphene layer in the first Brillouin zone and the cutting lines
of (4, 2) SWNT indicated in solid lines (adapted from reference [34], Copyright 2005, with

permission from Elsevier).

The cutting lines for a small SWNT with chirality of (4, 2) in the first Brillouin zone of
graphene are obtained through tight-binding method and shown in Figure 1-4[34], as can be seen,
its cutting lines have not come across the K-point, so (4, 2) is a semiconducting CNT. Besides,
the electronic density of states (eDOS) can also be calculated, and in Figure 1-5, the eDOSs of

semiconducting and metallic SWNTSs give a general view of their origin of differences. The sharp
11
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peaks in the eDOS is named as van Hove singularities (vHS) that is introduced by the one-
dimensional quantum confinement. The eDOS of the metallic SWNT (9, 0) is nonzero at the
Fermi level, while that of the semiconducting SWNT (10, 0) is zero and the energy difference
between the first two VHSs crossing over the zero-area is the bandgap. Therefore, the 2D
graphene is a zero-gap semiconductor, as the dotted lines in the figure (eDOS of graphene)

touches the bottom but immediately increases. The calculation details are specified in

Reference[34].
(a) SWNT (10, 0) (b) SWNT (9, 0)
T 1.0 1 TIirTr 1 1T 1 71" n ™ 1.0 LI T T
£ £
5 5
(=] o
5 5
o ]
= 05 | {=os}f .
= [=
3 3
4 I s 5
s s
o) IRy B
w 1 w
O {} o} p
D 00 i 1 i 1 i i L A 1 i i D 0‘0 L L L 1
-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 -4.0 -3.0 -2.0 -1, 0.0 1.0 2.0 3.0 4.0
Energy/y, Energyly,

Figure 1-5 Electronic density of states of SWNTSs, in which (a) is from a semiconducting SWNT (10, 0) and
(b) is from a metallic SWNT (9, 0), also the dotted line in the figures is from the graphene sheet as
in comparison (adapted from reference [35], Copyright 2000, with permission from Taylor &

Francis).

Moreover, the calculations also revealed that one third of the nanotubes are metallic and
the other two thirds are semiconducting according to their chirality. When the chirality of a
SWNT satisfies 2n+m=3q (q is any integer), it is metallic, whereas it is semiconducting if not[33].

12
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As aresult, a periodic table of SWNTSs based upon the electronic properties can be generated, as

demonstrated in Figure 1-6.

A A A A A A 1\/\ NN

(0 0) (l 0) @ oj (3,0) (4 0) | (5, 0) (6 0) (7 0) (8, o)L(g 0) uo 0)' -+ | Zigzag
= L ,,/\‘,/ TN

I

@2 [5.2) | 62| (71.2)[8.2) 9.2) (10,21/

- . "w< -~ - \/
(4,3) (5.3 1(6,3) (7,3) [(8,3) 1 9.3) (103)

@4) [(5.4) 66, 4)T(7 4) | (8.4) \(94)T(|o 4)
D/'

Semiconducting
P S .

® Metallic

FIG 1-6 Periodic table of SWNTs. The blue dot indicating a semiconducting SWNT, while the red dot

referring to a metallic SWNT.

1.2.3 PHONON MODES

The phonon dispersion relations in a SWNT can be obtained from those of the 2D
graphene sheet through the same zone folding approach as mentioned in the electronic properties.
Since there are 2N carbon atoms in the unit cell of a SWCNT, the total vibrational degree is 6N,
therefore the phonon dispersion relations of SWNT consist of 6N¢ branches deriving from a

vector displacement of each carbon atom in its unit cell.
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The one-dimensional phonon dispersion relations w;y (k)for SWNTs are relating to
that of two-dimensional graphene w, 7 (k) through the following expression[35]:
W]t (k) = Wyt (k) (k= +uK)< m=1--6 and -2 <k < )Eq(114)
1D |K| 1 M—O,"',N_l,
The superscript m represents the 6 phonon modes originating from three-dimensional vibrations
of the two carbon atoms in graphene unit cell, shown in Figure 1-7(a), in addition Figure 1-7(b)
shows the corresponding phonon density of states; k is any one-dimensional wave vector,

( k2 4 uK;) describing the quantized wave vectors in the circumferential direction of SWNT

IKI

resulting from the periodic boundary conditions.

Figure 1-7(c) demonstrates the calculated phonon dispersion relations of (10, 10)
armchair SWNT. Although there are 120 degrees of freedom, only 66 phonon branches are
recognizable due to the degeneracies of some modes. At the lower frequencies, there are four
acoustic phonon modes around the I" point that crossing at k=0, which are the doubly degenerate
transverse acoustic (TA) modes, the longitudinal acoustic (LA) mode, and the twisting acoustic
(TW) mode, respectively. These low-frequency acoustic phonon modes are significant for
thermal transport in CNTs due to their relatively larger group velocity (dw/dk) and better
coupling to the heat sink in comparison with the high-frequency optical modes[36]. Alongside,
the phonon density of states for (10, 10) SWNT is shown in Figure 1-7(d), where a large number
of peaks appears while no such exhibition in that of graphene, reflecting the unique effects from

1D quantum confinement.
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FIG 1-7 (a) Phonon dispersion relations of graphene sheet, including six phonon modes which are out-of-
plane transverse acoustic (0TA), in-plane transverse acoustic (iTA), longitudinal acoustic (LA), out-
of-plane transverse optic (0TO), in-plane transverse optic (iTO) and longitudinal optic (LO),
respectively. (b) The phonon density of states of graphene sheet. (c) The calculated phonon
dispersion relations of (10, 10) armchair SWNT. (d) The corresponding phonon density of states for

(10,10) SWNT (adapted from reference [34], Copyright 2005, with permission from Elsevier).

1.3 THERMAL TRANSPORT IN CARBON NANOTUBES

Phonons are the dominant heat carriers in 3D crystalline diamond and graphite as well
as 2D graphene sheet, and the contribution from electrons are small enough to be ignored.
Therefore, phonons are expecting to be dominating in thermal transport of SWNTs which are
derivatives of graphene sheets. The phonon contribution to the heat capacity is generally
expressed as[35]:

2
hw hw/kgT
o kb () p(@)e /BT do

Con = J T 1) Eq. (1-15)
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where p(w) is the phonon density of states obtained from the phonon dispersion relations. For
the isolated SWNTs, the four acoustic phonon modes which are mentioned in the last section,
exhibiting a linear dispersion relation w=vk at lower wave vectors (Figure (1-7¢)) in the low
temperature range, are expected to be the dominated heat carriers. Therefore, the phonon density
of states is regarded as being independent of w, and a linear relationship between Cpn and
temperature T in the low range can be expected as:

2 hv

KET
C,, = const=2—, T K
h Ao kpd;’

p

Eqg. (1-16)
Here, v and d: are an appropriately averaged velocity of sound and the diameter of SWNT,
respectively. Even though these four high-energy phonon modes weight significantly, the
contribution from the optical phonons cannot be completely nullified and would bring the total

heat capacity deviate from the linearity with temperature[37].

The contribution from the electrons to heat capacity is also considered to be in a linearity
with temperature, particularly at lower temperature, in metallic SWNTSs, but its impact is two
orders of magnitude lower than phonons since the velocity of sound is hundred times larger than
the Fermi velocity. As in semiconducting SWNTs, the electron contribution is quite small at
lower temperature resulting from the disappearance of eDOS at Fermi Level and is expected to

depend exponentially on temperature[35].

Electrons and phonons both contribute to heat transfer in SWNTSs. Thermal conductivity

from electrons can be determined from the electrical conductivity o by the Wiedemann-Fanz law:
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% ~ Ly = 2.45 x 1078 (V/K)? Eq. (1-17)

In the one-dimensional limit, the phonon thermal conductivity can be expressed as:
Kpn = 2 CV*T Eq. (1-18)
C, v and z are specific heat capacity, phonon group velocity in the axial direction of SWNT and
the relaxation time of a given phonon mode. The sum is conducted over all phonon modes. Thus,
the total thermal conductivity of SWNTSs can be obtained through summing e and #pn. It is worth
to note that the contribution to heat transfer from the phonons is much larger than that from the
electrons at all temperatures in SWNTSs. At low temperatures (T «< @, Debye temperature), the
boundary or defect scattering dominates the inelastic phonon scattering, indicating that the
changes in temperature should not affect the relaxation time z, thus the phonon thermal
conductivity would behave linearly with temperature as the heat capacity does in this temperature

range. As temperature increases, the phonon-phonon Umklapp scattering start to populate and

shorten the relaxation time z, so that the linearity to temperature vanishes[38].

1.4 THERMAL CONDUCTION METROLOGY OF CARBON
NANOTUBES

Driven by the promising prospects of 2D quantum wells and 1D quantum wires
enhancing thermoelectric figure of merits (ZT=S%cT/k, where S, o, k and T are the Seebeck
coefficient, electrical conductivity, thermal conductivity and absolute temperature, respectively),

a number of thermoelectric characterization methods have been designed especially for thin films
17
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and nanowires[39, 40], which also benefit for the thermal properties investigation of CNTs and

CNT films.

1.4.1 39 METHOD

The 3 method was initially designed by Cahill[41] to measure the cross-plane thermal
conductivity of thin-films, it has also been applied to study the in-plane thermal conductivity of
thin-films and axial thermal conductivity of nanowires and nanotubes later. This method provides
a sinusoidal current at frequency o in a metal line to generate modulated electrical heating or
temperature oscillation at frequency 2m. The metal line possesses large temperature coefficient
of resistance (TCR), thus its electrical resistance also oscillates at 2w, further inducing a voltage
drop between the ends of the metal line at 3w. As a result, this 3w voltage drop and the original

1 voltage drop can be utilized to calculate cross-plane thermal conductivity of thin film.

Through changing the width of the heating line, the in-plane thermal conductivity of
thin film can also be obtained. Choi and coworkers[8, 10] applied 2-pad 3w and 4-pad 3w method
to investigate thermal conductivity of suspended MWNT; Wang and coworkers[16] explored
thermal conductivity of SWNT on substrate through 4-pad 3w method. However, this method is
inconvenient for samples with low or changing thermal coefficient of resistance. Besides, the
coupling of electrons and phonons can be quite non-equilibrium in high-quality SWNT

electrically charged. Therefore, Pop and coworkers[15, 42] developed a coupled electron-phonon
18
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transport model to account for the non-equilibrium transport in the self-heating SWNT,

1.4.2 SuUSPENDED MICRO-THERMOMETER

To avoid heat and charge leaking to the substrate during measurements, different
suspended micro-thermometers have been designed. Fujii and coworkers[9] made a T-Junction
sensor to investigate the thermal conductivity of individual MWNT. The MWNT bridged a
suspended metal film and silicon substrate to form the T shape. Part of the Joule heat of the metal
film would transfer to the substrate through the MWNT bridge when the metal film is charged,
thus the thermal conductance of the MWNT can be analyzed through this self-heating

measurement.

Moreover, Shi and coworkers[12, 40] have developed a suspended platinum resistance
thermometer that widely used to determine the in-plane or axial thermal conductivity, Seebeck
coefficient, and electrical conductivity of thin films, nanowires and nanotubes. It is composed of
two isolated silicon nitride membranes anchored to the substrate through very long and thin
beams. Serpentine platinum nanowires are patterned on the membranes and beams to work as
heater and sensors. The samples under investigation will be placed across these two membranes,
and the thermal properties of the sample can then be analyzed through the temperature changes
on the membranes. Later, Wingert and coworkers[43] added a Wheatstone bridge circuit to

improve the measurement sensitivity, and applied to samples with much lower thermal
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conductivities. Besides, the present work investigating individual SWNTs is based on this

method, and details will be explained in the following chapter.

1.4.3 RAMAN SPECTROSCOPY MEASUREMENT

Because of the Raman peak shift with temperature, Raman spectroscopy has been
employed to determine the temperature of carbon nanotubes optically[44] or electrically[17, 45]
heated, thus the thermal conductance as well as contact thermal resistance can be deduced.
However, the temperature sensitivity of the Raman scattering[46] is too low to provide high
precision measurements. Moreover, the laser absorption during measurements are ignored,
which adds another source of uncertainty. The complexity relating to non-equilibrium transport

of various energy carriers limited the capacity of this Raman thermometry technique.
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21 MOTIVATION AND CHALLENGES

Since the discovery of CNTs in 1991 by lijima[29], many potential applications have
been suggested and examined[47, 48], such as Hydrogen storage[49], field emission devices[50,
51], nanoscale electronics[52], transistors[53], sensors[54, 55], probes[56, 57], solar cells[58,
59], et cetera. Due to its significant thermal conductivity along the axial direction, its probable
prospects in the field of thermal managements has attracted many researchers and engineers,
especially as a thermal interface material (TIM)[60-62] to enhance the heat dissipation and cool
down the fast-running electronics. The integration of electronic chips keeps on advancing with
the development of nanotechnology, which leads to the heat generation per unit area ever higher,
the traditional convection cooling method can no longer efficiently alleviate the situation. With
SWNTs bridging the hot chips and heat sink, the unwanted heat in electronics can be spread out
effectively in order to maintain the stability and longevity of the working devices. In such cases,
the axial thermal conductivity of SWNTs deserves careful examination to provide reliable

scientific guides for engineering designs.

There has been large amount of experiments conducted concerning the axial thermal
conductivity as has been shown in Table 1-1. However, the various CNT preparation methods as
well as different measurement methods make the results ranging hugely and hardly comparable
with each other. The hidden reason behind this challenge is the difficulty to identify the structure

of the SWNTs being studied. Furthermore, the chirality-specific SWNT growth has been
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realized[63-65], which have excited the application in electronics[53, 66], then the thermal
behaviors of individual SWNT with specific nanoscale structure are more urgently needed to be
addressed. Most of the current available experiments have only examined the length and
diameter of the CNTSs, but the periodic table of SWNTs demonstrates to us that there can be many
different SWNTSs with the same or very close diameters. Besides, the length of SWNT is another
critical parameter that determines the number of phonons in it, but the length dependency of
phonon conductance in SWNT is still a controversial debate in theoretical investigations[5, 6],
and due to the challenges of sample preparations, there are scarce experimental studies to clarify
the disagreement. The unsettlement and insufficiency of the structure dependency of thermal
transport properties in SWNTs motivate us to systematically study the relationship of the thermal
conductance and its nanoscale structure with the high-quality defect-free horizontally aligned
SWNTs. Tackling the structure dependency in individual SWNTs would help us better

manipulate its extraordinary thermal properties to serve for future applications.

Except individual SWNTs, the newly developed methods have fabricated high-quality
free-standing SWNT thin films[67-69], and they have manifested great properties in optics,
mechanics and electronics[70], and these properties are widely studied in comparison with the
ignorance of the thermal properties. Moreover, they are expected to be good thermoelectric
materials since the inter-tubes interactions hugely impedes the phonon transports but not the
electron transports, thus resulting of a lower thermal conductivity as a whole and a higher

thermoelectric figure of merits, and exciting ZT values from SWNT thin films have been reported
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recently[27, 71-73]. However, in comparison with the mature methods to measure the electrical
conductivity, the in-plane thermal conductivity of SWNT thin films has not been carefully
investigated or even roughly estimated in those reports, which would lead to an overestimation
of the ZT values. The shortage of available methods to conduct such investigations stimulates us
to establish a quick new method with the infrared (IR) thermography to study the macroscale

SWNTs film.

Generally speaking, the controversy and disagreement in the thermal transport
properties dependency on their atomic structure in nanoscale individual SWNTSs or formation
structure in microscale SWNT bundles or macroscale thin films elicit our attentions onto them
in the present work, in order to provide scientific guidance for future engineering designs and

manipulations through the systematic investigations.

2.2 ORGANIZATION OF THE THESIS

This Thesis is aiming to investigate the structure related thermal transport properties in
macroscale SWNT thin films by IR measurement as well as nanoscale individual SWNTs by

micro thermometer.

At first, information about the SWNTSs and previous studies concerning to it have been

briefly introduced and reviewed in the first Chapter. This Chapter has provided the motivations,
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challenges and organization of the present work. In Chapter Three, a quick and handy method to
measure the in-plane sheet thermal conductance of SWNT thin films is proposed with the steady-
state IR thermography, and four types of free-standing SWNT thin films are examined by this
method, which proves the validity of the new method. In Chapter Four, the suspended micro-
thermometer was fabricated and its auxiliary measurement setup was assembled to study the
thermal properties of individual SWNTs with the bundle size. At the end, the main merits of this

thesis are summarized.
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3.1 BACKGROUND

Waste heat utilization has attracted worldwide attention due to the pressing energy crisis,
hence thermoelectric(TE) materials owe to its simple and direct conversion from low-grade
waste heat into high-grade electric power stand out as a promising candidate to ease the severe
problem of this century[74, 75]. Of the current commercially available TE materials, the high
cost, toxicity, inflexibility, and heavy weight are the obstacles for their broad applications.
Therefore, extensive researches have been invested in organic TE materials[27, 71-73, 76, 77]
that are cheaper, non-toxic, flexible and lighter, among which CNT thin film shows its great
potential[27, 71-73] thanks to its abundance in nature and superb mechanical properties.
Although the thermal conductance of individual CNTs are significantly high, the weak van der
Waals interactions between nanotubes and the finite length of CNTs in network are expected to
hugely suppress the thermal conductance of the thin mats or films[20, 78], while its electrical
properties has not been affected much[67, 68]. Contrast to the easiness of obtaining the electrical
properties of CNT thin films with well-studied theories and experiments, the thermal properties
on the other hand are short of fairly verified methods to account for. To borrow the reported
value[72] is misunderstanding, since the reported values can vary in a very large range, due to
the diverse preparation methods, from good conductor to fine insulator of CNT films or mats[79],
which also exhibit in Table 1-1. Elsewise, with a magnitude thicker supporting substrate[27, 73],
parasitic heat loss to the substrate makes the measured thermal conductance be far away from

the true heat transfer capability of the thin film under investigation, so does the local heaters or
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thermometers in contact. Therefore, substrate-free and contact-free methods are most ideally

preferred.

3.2 MOTIVATION AND SCOPE OF THE PRESENT WORK

The current techniques that avoid substrate and contact include Raman spectroscopy
measurement which has made a success to determine the superior thermal conductance of
graphene sheet[80, 81], whereas the imperative and intricate calibration limits its application to
more materials. The four-probe measurement on suspended resistance thermometer micro
devices[12] is also frequently adopted, thanks to its regardless of the material types [82, 83] and
free of calibration, but the demanding sample preparation procedures restrict the broader
prospect, as the complex procedure indicating in the last chapter. Another alternative would be
ultrafast thermo-reflectance[84], yet the calibration and smooth surfaces without diffuse
reflection are also challenging. Otherwise, infrared (IR) thermography is a straight and quick
method to record the temperature profiles of the targets, along with some ad hoc designing to
calculate the heat flux, it can develop into a direct and handy technique for contactless thermal

conductance determination[24, 85].

In this chapter, a steady-state IR thermography measurement was established to
investigate the in-plane sheet thermal conductance of four SWNT thin films, with transparency

of 60%, 70%, 80% and 90% respectively. The thin films are suspended in between the free ends
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of two cantilevered silicon thin plates, with a steady-state heat flux flowing along silicon-
SWNTs-silicon then generating a constant temperature gradient which is recorded by the IR
camera. The silicon plate with known thermal conductivity is the reference to calculate the
constant heat flux, furthering to obtain the sheet thermal conductance of SWNT thin films
through Fourier’s law after deducting the influence from thermal radiation. This novel but simple

method can extend to any other free-standing thin films.

3.3 EXPERIMENT DESIGN

The principle of the experiment is to provide a substrate and contact-free method to

measure the thermal conductance of the free-standing SWNT thin films.

3.3.1 EXPERIMENTAL SETUP

To measure the thermal conductance, a temperature gradient should be generated in the
material under investigation with a known heat flux. Experimental setup in the present work is
arranged to form a quasi-one-dimensional steady-state heat transportation. Shown in Figure 3-
1(b) is the exploded view of the measurement setup. A copper heater is placed in the cavity of
the insulator cuboid and covered with aluminum plate; on the other side, parallel to it is a bulk
copper. These are the heat source and heat sink, respectively; then two pairs of silicon plates

(with width of 3mm or 2mm and thickness of 100um) covered with black paint on their surfaces
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are aligned with each other on heat source and sink. SWNT thin film is dry transferred to suspend
in between the free ends of one pair of aligned silicon cantilevers. Four thermal couples are
attached with Kapton tape on the surfaces of the silicon plates at the verge of heat source or sink,
which are in the view of the IR camera, to calibrate the emissivity of the silicon. Moreover, the
whole system is kept in a vacuum aluminum chamber with a ZnSe window (with diameter of
25mm) which barely impede the infrared radiation. Below the chamber is a cooler, to keep the
aluminum chamber and the cuboid copper heat sink fixed within it at a constant lower
temperature, while an outsider controller provides power to have the heater at a constant higher
temperature. Therefore, a steady-state quasi-one-dimensional heat transportation is established
along the silicon-SWNTs-silicon bridge after a while. Since the measurement is performed under
vacuum, the heat convection can be ignored, while the control experiment without free-standing
SWNT thin films and the other unloaded pair of silicon cantilevers are designed to eliminate the

influence of thermal radiation and IR camera fluctuation in later calculation, respectively.

The IR camera records the thermal changes of samples from above through the ZnSe
window; shown in Figure 3-1(a) is the temperature profile of the quasi-one-dimensional steady-
state heat transfer with SWNT thin film of 60% transparency. In between the heat source and
heat sink is the real-time thermal image taken by the IR camera, and beside the schematic heat
sink is the legend of IR thermography. The temperature on the higher temperature silicon plate
is out of the current display range in order to clearly show the temperature gradient on SWNT

thin film and that on the lower temperature silicon plate which is the reference to calculate the
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heat flux through the mixed bridge. However, the temperature on the SWNT thin film is not real
since the emissivity of this image is set at 0.94, which will calibrate in the following part. The
IR camera in performance is Avio H2640, high resolution (0.03°C) infrared thermal imaging
camera with a 25um close-up lens, which make the minimum detectable size 25um by 25um,
with the resolution of 640 by 480 pixels giving a 16mm by 12mm scan range, and the working

distance is 11mm. Besides, it detects IR signals in the wavelength range from 8um to 14um.

The samples in this study are high quality SWNT thin films, which are prepared by
aerosol CVD synthesis method[67]. The SWNT thin films are collected on low-adhesion filters,
thus they can be easily transferred to practically any substrate, such as flexible polymers, glass,
quartz, silicon and various metals. Therefore, it is not surprising that we successfully dry transfer

them to suspend in between the free ends of two silicon cantilevers.
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FIG. 3-1 (a) The temperature profile of the quasi-one-dimensional steady-state heat transfer. In between the
heat source and heat sink is the real-time thermal image taken by the IR camera, and the legend of
the thermography is placed beside the schematic heat sink. The temperature on the higher-
temperature silicon plate is out of the current display range in order to clearly show the
temperature gradient on SWNT thin film and lower-temperature silicon plate. The SWNT in this
image is of 60% transparency, the temperature of the SWNT is not real since the emissivity of the

image is set at 0.94; (b) Exploded view of the measurement setup.
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3.3.2 TEMPERATURE MEASUREMENT

The cantilevered silicon plates, which is the critical part to calculate the heat flux, are
covered with black paint of emissivity around 0.94, and we calibrate the IR camera through
comparing the temperature in the thermal image with that of the thermal couples in the same area
on the anchored part of the silicon plate at different temperatures, then the IR image taken at the
adjusted emissivity reflected the true temperature on the silicon. However, the IR image then
cannot tell the true temperature of the suspended SWNT thin film since its emissivity is much
lower. Via FT-IR we measure the absorbance of the four SWNT thin films, shown in Figure 3-2,
which indicates that the emissivity of the four highly transparent thin films can be as low as less
than 0.1 because Kirchhoff’s law states the emissivity equals the absorptivity when the surface
of the object can be approximated as a gray body. The adjustable emissivity of the IR camera is
from 0.1 to 1, thus we need some extra calibrations to obtain the temperature distribution on the

suspended thin films.
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FIG. 3-2 Absorbance taken by FT-IR of the four types SWNT thin film, film 1 to 4 corresponding to SWNT

thin film with transparency of 60%, 70%, 80% and 90%.

The object temperature is determined in the IR camera as follows[86]:
11 7 n_ Eapn "/n

Tobj = {; [;Tr -1 -7} — ;Ta ]} Eq. (3-1)
where 2 and za are the emissivity and transmission of the air respectively and ¢a = 1 - 73, while ¢
and 7 are the counterparts of the object under investigation; Topj, Tr, Ty, Ta are the temperature of
the object, the radiative temperature of the object, the environmental temperature and the
atmospheric temperature, respectively. Since the measurements are performed in a very short
distance, the effect of atmospheric absorption can be ignored, then za = 1, thus the above equation
can be simplified to aa

1 Un
Tonj = {7 117 = (1 = )T} Eq. (3-2)

Because the infrared thermometers only covers particular range of the wavelength and the

exponent n depends on the wavelength, n = 4.09 is suggested for the sensor of HgCdTe (8~14um)

in use from reference[87].
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FIG. 3-3 Fitting the temperature vs. emissivity with Eq. (4-2) to extrapolate the true temperature distribution

in the suspended SWNT thin film.

IR images at different emissivity are taken in order to calculate the temperature on the
SWNT thin film. With the temperature Topnj read by IR camera at different ¢, the data are fitted
with the above Eq. (3-2) thus the Tr and Ty can be obtained as the fitting parameters for the
sample under investigation, as shown in Figure 3-3. With the certainty of T, and Ty, the
temperature of the SWNT thin films with emissivity out of the range of the current IR camera
can be determined, thus the temperature distribution of the suspended thin films is acquired. The
temperature points on y axis at the same x point are averaged to obtain the quasi-one-dimensional
temperature distribution along the silicon-SWNT-silicon bridge, as demonstrated in Figure 3-4.
The very verge of the suspended thin film is blurred due to the focus of the IR camera, so the
temperature distribution is not continual at those points after they have been neglected. The
wrinkles caused during dry transfer lead to some local congestion of thin films, which generates
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the non-uniformity of the temperature points in SWNT thin film in consequence, shown by the
green points in Figure 3-4. Apart from that, the linear temperature profile in the suspended
SWNT thin film is verified, which proves the validity of this method. Therefore, the temperature
of the silicon at the contacts can be taken as the temperature of the thin film at that points to
calculate the temperature drop in the suspended SWNT thin films, since the films and contacts

are in macro-scale where the contact resistance can be left out of consideration.
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FIG. 3-4 The quasi-one-dimensional temperature distribution along the silicon-SWNT-silicon bridge with

SWNT thin film of 80% transparency.

3.3.3 UNCERTAINTY ANALYSIS
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The unloaded parallel silicon pair helps to eliminate the influence from the noise of the
IR camera, and the control experiment without film provides a method to deduct the background
radiation noises. The random uncertainty from averaging the ten data sets and fittings are
transferred to the calculation of sheet thermal conductance by the same way as specified in the

last chapter, and are incorporated in the error bar in Figure 3-7.

3.3.4 NOISES AND SENSITIVITY

The radiant heat transfer is the largest noise in this experiment, and it can be

approximated as
Graq = A10&1Fyp(TE + T3 (T + T,) Eq. (3-3)

here, A1 is the cross-sectional area of the copper; F12 is the view factor from heater to sink, which
is about 0.5; o, the Stefan-Boltzmann constant; &1 is the emissivity of the heater surface, about
0.2; thus Grag, the thermal conductance of the radiation, is on the order of 10 W/K by the above

definition. Therefore, a control experiment is necessary to rectify the measurements.

The cantilevered silicon on the low-temperature heat bath is chosen as the reference to
calculate the conduction heat flux through the suspended SWNT thin film because of the less
radiation disturbance. Apart from the radiation, the fluctuation of the IR camera also causes an
observable noise to the system. To decrease and calibrate the noises, another cantilevered silicon

pair unloaded (shown in Figure 3-1(b)) is placed side by side with the silicon-SWNT-silicon.
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Thus, the difference of temperature gradients on the two lower-temperature silicon plates is free
of the perturbation from the IR camera. The experiment in the same condition is repeated without
the SWNT thin film in order to deduct the influence from thermal radiation in later calculation.
In addition, the thermography takes ten images every experiment and then averaged to obtain
the temperature distribution in due experiment, the schematic temperature profile is indicated in

Figure 3-5.

Temperature profile with SWNT thin film ——— Temperature profile without SWNT thin film

N\
. \|

0

Heat Source

X

FIG. 3-5 Schematic temperature profiles along the silicon-SWNT-silicon bridge with and without SWNT thin

film to calculate the heat flux through suspended thin film.

The resolution of the IR camera is 0.03°C, then the minimum observable temperature

difference on silicon plate dT is 0.03K. Taking this value into Eq. (3-6) below, the smallest sheet

AgiX0.03XAXsWNT thin fillmXtsi the
)

thermal conductance can be measured by this method will be
AxXATSwWNT thin film

length of the cantilevered silicon plate dx is thrice of the suspended length of SWNT thin films
Ax in our experiment design, and the thickness of the silicon plate is 100um, therefore, the

minimum detectable sheet thermal conductance is determined by

Asi x 103 (NW/(KI)) Eq. (3-4)

ATSWNT thin film

This equation reveals that the larger the temperature difference AT in SWNT thin film, the
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smaller the detectable sheet thermal conductance by the present method, which means the higher

sensitivity. However, the larger temperature difference will bring the noisier radiation

disturbance which will degenerate the correctness on the other hand. With the same temperature

difference between heat source and sink in all of the four experiments with SWNT thin films of

different transparency, these two contradictory factors lead to the largest measurement

uncertainty for the lowest sheet thermal conductance film, but since the radiation effect will be

deducted through control experiment, this is not a concern. The heat source of 60°C and heat

sink of 15°C in the experiments have been set after a lot trials resulting a sensitivity on the order

of 10 W/K, which implies the non-negligibility of the radiation in the experiments.

3.4

tells,

EXPERIMENTAL RESULTS AND DISCUSSIONS

One dimensional steady-state heat transport by conduction as illustrated in Figure 3-5

Qcooter siticon = QswnT thin film Eqg. (3-5)

Taking Fourier’s Law into Eq. (4-5), the following equation is satisfied.
daT ﬂ

Ag; X [(—) — ( ) X
St
ax/ cooler silicon with SWNT thin film dx/ cooler silicon without SWNT thin film

AT

tsi X Wsi = Aswnr thin firm X (E X tswnT thin fitm X WswnT thin fitm

)SWNT thin film

Eq. (3-6)

In Eq. (3-5), 4, t, W are the thermal conductivity, thickness and width of the material denoted in

the subscript respectively. The width of the silicon plate and SWNT thin film are the same,
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furthermore, thermal conductivity of the silicon plate are available from literature[88] and its
thickness is 100um. The temperature gradient on silicon plate and SWNT thin film can be
calculated from thermography according to the analyses of last section. Then, there remains the
product of thermal conductivity and thickness of SWNT thin film to be determined. The
thickness of SWNT thin film are not easy to be certain, which is proportional to its transparency
or the growth time and is changeable in different conditions[67]. Therefore, we decide to treat

the product as a new term and call it sheet thermal conductance.

3.41 SHEET THERMAL CONDUCTANCE

The sheet thermal conductance is coined analogous to the sheet resistance. Eq. (3-7) is
the deduction of sheet resistance, of which R is the electrical resistance, o is the resistivity, A, L,
W and t are the section area, length, width and thickness of the material respectively, Rs is the
sheet resistance and its unit is /. The electrical conductance Ge is the reverse of electrical
resistance, so Eq. (3-7) can be equally expressed by Eg. (3-8). Accordingly, the thermal
conductance Gt is the product of the thermal conductivity A multiplies the cross-sectional area A
then divide the length L; then the cross-sectional area A can be split into the width W and sheet
thickness t. Upon combining the film thickness with the thermal conductivity, the thermal
conductance can be written as the second column in Eq. (3-9), where the Gs is the new term,
sheet thermal conductance. If the film thickness is known, the bulk thermal conductivity is the

quotient of the sheet thermal conductance over its film thickness. Sheet thermal conductance is
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a special case of conductivity for materials with a uniform sheet thickness and the SWNT thin
films investigated in this work are just as such. Like the unit Q/(1is used exclusively for the sheet
resistance, W/(KL)) is suggested to be the unit of the sheet thermal conductance. This new term
is a good description of the heat transfer capability for thin films that regardless of thickness. For
the 2D materials or thin film with a nanoscale thickness, the cross-sectional area is hard to define
or measure. In these cases, the sheet thermal conductance can provide a comparable evaluation

of heat transfer.

Ge:%:a_:g%’ Ge:O'tT:Gse%, Gse:()'t Eq (3'8)
Ge=2A2=2"% G = At =Gy A= Gge/t (W/(KD)) Eq. (3-9)

Four types free-standing SWNT thin films with different transparency, which are 60%,
70%, 80% and 90% respectively, are examined in this study. The upper four pictures in Figure
3-6 shows the optical images of these four thin films which shows that the films are getting
lighter with increasing transparency from left to right. In addition, the below two pictures of
Figure 3-6 are the SEM image of SWNT thin film with transparency of 80% and the TEM image
of the film with 90% transparency respectively, which suggests that the thin films are composed
of high-quality, very long SWNTSs. Besides, the SWNT bundles sizes are quite small in the thin
film, suggested by the TEM image, including even many parts of isolated SWNT and two- or

three-SWNT bundles.
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FIG. 3-6 The upper four pictures are the four SWNT thin films with transparency of 60%, 70%, 80% and
90% from left to right respectively, the light color on the very top is of the filter paper, the sale bar
on the very right for them is 1cm; the left below picture is the SEM image of SWNT thin film with
transparency of 80% and the right one below is the TEM image of SWNT thin film with

transparency of 90%.

3.4.2 THERMAL CONDUCTIVITY

The relationship of sheet thermal conductance and transparency is plotted in Figure 3-
7. The sheet thermal conductance is decreasing with the increasing transparency due to the
decreasing film thickness of higher transparency. However, the increase is not linear. The reason
might lay to the non-linear proportion of transparency to the film thickness. Besides, from the
TEM image in Figure 3-6, it exhibits that the density of SWNT thin film fundamentally is not
uniform, that is to say the number of the SWNTSs is not necessarily a linearity to the thickness,

while the heat transfer capability of the sheet is the net effect of the individual SWNTSs, hence,
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there is no guarantee that the sheet thermal conductance should increase linearly with the

thickness or the transparency.

Except the IR measurement, Raman spectroscopy was also conducted to explore the
thermal properties of the same four SWNT thin films[89], which was denoted by the red dots in
Figure 3-7. The trend of the results by Raman measurement is the same as the IR measurements,
but the values are 1.9 to 2.5 times lower. Contrary to the well-accepted assumption that near
thermal equilibrium are realized between different phonon polarizations in Raman measurements,
a first-principle study with monolayer graphene has revealed that strong nonequilibrium are
popular in electrons, optical phonons and acoustic phonons, which would result in an
underestimation of thermal conductivity in experiments by a factor of 1.35-2.6 at room
temperature due to the conditions of the Raman measurements[90], in which the flexural acoustic,
the main heat carrier in suspended graphene[91], shows the largest nonequilibrium. The flexural
acoustic phonons are also major contributors to the high thermal conductivity[92] in SWNT, and
the non-equilibrium between different phonon polarizations are expected[93]. Therefore, this
nonequilibrium in Raman measurement might be the main reason of the difference from the

thermal conductivities of SWNT thin films determined by IR measurements.
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FIG. 3-7 Sheet thermal conductance of the four SWNT thin films measured in this work are denoted by the
black squares, from left to right is corresponding to the thin films with transparency of 60%, 70%,
80% and 90%; the red dots were measured by the Raman measurements[89] with the same SWNT

thin films.

AFM and optical interference are adopted to estimate the thickness of the 90%
transparency film to be around 50nm[67]. By the definition of sheet thermal conductance in Eq.
(3-4), the thermal conductivity of this film can be calculated to be around 68.1Wm™K™. This
value is higher than the previously measured multi-walled random CNT films and most of the
sorted multi-walled CNT films[79], but it is reasonable because the thin films in this study are
composed of high-quality and very long SWNT[67, 94], as shown in Figure 3-6, meanwhile
single SWNT possesses very high thermal conductivity[2, 14] and it is increasing with the length
of SWNT[3, 95]. Furthermore, the intrinsic thermal conductivity of SWNT in the network has a
great contribution to the overall thermal conductance of the thin films[78]. In comparison with
other measurements[22, 27] which show much lower thermal conductivity of carbon nanotube
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thin films, the TEM images suggest that the bundles sizes of the thin films in this study is smaller,
which have been expected to contribute the most to decrease the thermal conductivity of bulk
carbon nanotube thin films[20]. Therefore, the less bundled SWNTSs in the thin films of this study

might be another main contributor to the high thermal conductivity.

3.5 CONCLUSIONS

In summary, a quick and non-contact method for the measurement of in-plane sheet
thermal conductance of SWNT thin films with the steady-state infrared thermography have been
presented here. The SWNT thin films are free-standing in between two cantilevered silicon thin
plates which work as the reference to calculate the heat flux through SWNT thin film. The
temperature profile along the silicon-SWNT-silicon bridge is recorded with the IR camera.
Besides, another unloaded parallel silicon pair is set in order to offset the noise from the camera.
A control experiment without film is also conducted to account for thermal radiation. Since the
thickness of SWNT thin film in this study is hard to determine and it is changeable under different
conditions, sheet thermal conductance is proposed to evaluate the capability of heat transfer of

SWNT thin films.

The results indicate the sheet thermal conductance are 15613.4+2672.5nW/K, 9925.4
+1417.1nW/K, 5454.8+594.9nW/K and 3405.7£773.8nW/K at room temperature for SWNT

thin films with transparency of 60%, 70%, 80% and 90%, respectively. Therefore, for the 50nm
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SWNT thin film of 90% transparency, its thermal conductivity is around 68.1Wm™K™, which is
benefitting from the composition of the high-quality and very long SWNTs by aerosol CVD
synthesis method as well as the less bundled SWNTs. The sensitivity of This method is no the
order of 10°® W/K and can be applied to any other films (especially low thermal conductance

films) that can be transferred to free-standing in between the cantilevered silicon pair plates.

In comparison with the Raman measurements of the same SWNT thin films, the strong
non-equilibrium of different phonon polarizations and electrons might contribute to the lower
thermal conductivity by a factor of 1.9-2.5 in our cases. The relatively higher thermal
conductivity of the SWNT thin films in this study suggests that the smaller bundles sizes in

composition might refrain the thermal transport properties from further degradation.
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41 BACKGROUND

The one-dimensional quantum effect participated the unique electronic properties of
carbon nanotubes[96], which firstly promoted the studies on carbon nanotubes. The potential
applications in the future making the best of the extraordinary not only electronic, but also
mechanical, optical, thermal characteristics further attracted the focus in academic societies. Two
years after the discovery of MWNT[29], SWNT comes into the view of humans[30]. Even before
its synthesis, many theoretical studies were conducted with SWNT, because of the much
fundamental base of its existence. In 1996, Smalley and his group synthesized the CNT
arrays[97], which was a huge breakthrough in the studies of CNTs and directly brought the
investigation of SWNT from theoretical area to experimental field. Afterwards, many other
synthesis methods[31, 32, 98-100] were materialized and mass production of CNTs has been
realized for academic studies or industrial trials, which provided the chance to experimentally
examine the theoretically predicted super-high axial phonon thermal transport in CNTs and the

prospects in thermal management.

With the further development of miniaturization in electronics, heat dissipation in
micro/nano scale has bothered engineers. Even though the miniaturization of electronic devices
has decreased the supplication of energy, the rapid increase of energy density is unavoidable,
which makes the effectiveness, stability and longevity of devices in performance highly

dependent on the thermal transport efficiency of materials. Moreover, the extra heat has limited
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the further miniaturization, thus new materials for electronics also with superb thermal properties
are strongly needed to ease this dilemma. Nanoscale SWNT with symmetrical structure shows
remarkable electrical characteristics as well as thermal properties in its axial direction, promoting
itself to be an upstart in this needy field. However, the present available researches are confined
by the precise structure identification of individual SWNT, resulting of the large variant

estimations of its capability in heat transferring, as having been indicated in Table 1-1.

42 MOTIVATION AND SCOPE OF THE PRESENT WORK

Many molecular dynamics simulations have been conducted regarding to structure
dependent thermal transport properties of CNT, as summarized in Table 4-1, but the experimental
investigations are fewer in comparison. In addition, the existing experimental investigations are
under no condition to be compared for analyzing, due to the blindness of the specific structure
of the studied CNTs. This shortage motivates the present work focus on the investigation of the

thermal transport properties of individual SWNTs with structure specification.

Up to date, only one experimental study of thermal transport properties has ever
identified the precise atomic structure of one SWNT through transmission electron microscope
(TEM)[101]. To systematically study and understand the fundamental thermal behavior of
SWNTSs, the determination of the nanoscale structure of SWNTSs is necessary, which would

provide valuable scientific guidance for the design of nanoscale CNT electronics[52, 53, 66].
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The length dependent thermal conductivity of SWNTs are theoretically studied in many
literatures due to the interest of confined phonons, but the results are inconclusive and
controversial. Some concluded that the thermal conductivity of SWNTs will converge with the
increasing length due to the transition from ballistic to diffusive phonon transport, while others
suggested that the thermal conductivity of SWNTs would keep increasing since the quasi-one-
dimensional structure can hold very long phonons. The only available experimental study[26]
claims that the thermal conductivity keeps increasing even to Imm. As to the thermal transport
dependency on chirality, the previous simulation results are also in conflicts and disagreements,

as implied in Table 4-1.

Table 4-1 Molecular dynamics simulation summary: the length L and thermal conductivity » are the
convergence values when x converges with length or the largest values in the study if not. The
values are corrected with the cross-sectional area of the nanotube defined as A=nDd, 6=0.34nm
is the thickness of graphene sheet.

Length dependency

Chirality L D K Convergence or Divergence
(nm) (nm)  (Wm?K?Y)

(10, 10) 40 1.36 876 Convergence[102]
(5, 5) 404 0.68 550 Divergence[3]
(10, 10) 150 1.36 350 Convergence[103]
(10, 10) 9.908 1.36 890 Convergence[104]

(18, 0) 8.580 1.40 815
(14, 6) 15.252 1.38 780
(5,5) 100 0.68 1480 Divergence[105]
(10,10) 100 1.36 1160
(10, 10) 40 1.36 160 Divergence[7]
(3,3) 800 0.40 820 Divergence[106]

(5,5) 1500 1.36 640
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Chirality

(10, 10)
(18, 0)
(14, 6)
(9.0)
(5.5)
0°~30°
(Chiral
angle)
(20, 0)

(11, 12)

(10, 13)

Moreover, as last chapter have suggested the bundle sizes might contribute a lot to the
overall thermal conductivity of the bulk thin films, therefore, bundle sizes dependency of the
thermal conductivity in SWNT is also intriguing to be addressed. No less than graphite has a
much lower thermal conductivity in comparison with its unit cell graphene due to the inter planar
interactions, the increased bundles sizes have been expected and experimentally observed to
degrade the thermal conductivity due to the interactions between SWNTs[12, 14]. However,
because of the difficulty of sample preparation, there is no quantitative study about the
relationship of the thermal conductivity of SWNTSs and the bundle sizes. In this Chapter, with

the transferred horizontally aligned SWNTs which is in uniform conditions, the bundle size can

L
(nm)
9.908
8.580
15.252
Not
indicated
20
50
100
2.510
2.899
2.786

D
(nm)
1.36
1.40
1.38
0.71
0.68
0.92
1.64
3.30
1.54
1.46
1.54

Chirality dependency

K
(WmiK?)
1780
1620
1560
352
384

100~440
7800

3500
1000

Armchair>Zigzag>Chiral[104]
Converged values

No significant reliance[105]
Armchair>Zigzag;
Chiral with larger angles>chiral with smaller

angles[107]

Zigzag>Armchair>Chiral[108]

be selectively chosen to realize the quantitative study for the first time.

4.3 EXPERIMENT DESIGN
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To study the thermal properties of individual SWNTs, the suspended platinum (Pt)
resistance thermometer was fabricated in the present work. The device was first invented by Shi
and coworker[12], and later applied to measure thermal properties of nanowires[43, 109, 110],
nanoribbons[82] and nanotubes[19, 111] with high sensitivity. The micro-thermometer is
composed of two 25um by 40um adjacent thermally isolated silicon nitride (SisN4) membranes
(one denoted as sensing membrane and the other as heating membrane) anchored to the substrate
with four 2um wide and 450um long SisN4 beams, as illustrated in Figure 4-1 and Figure 4-2.
The thin Pt serpentine lines with width of 400nm and thickness of 38nm are patterned on the
SisNs membranes as the sensor and heater benefiting from its high temperature coefficient of
resistance (TCR), and in connection with four Pt leads for four-probe measurement of the
resistance of the serpentine lines on the suspended SizN4 beams. At the end of the Pt leads are Pt
pads for wire bonding on the substrate, as specified in Figure 4-2. The silicon wafer underneath
the suspended structure will be etched completely for TEM characterization of the samples. The
horizontally aligned SWNT of high-quality and defect-free[112] will be transferred in between
the sensing and heating membranes later. The fabrication processes of the micro thermometer

and the SWNT transfer technique will be introduced in details below.

4.3.1 MICRO THERMOMETER DEVICE FABRICATION

The fabrication procedure of the suspended micro thermometer includes two Electron

Beam (E-Beam) Lithography (EBL), one Photo-Lithography (PL), two Reactive lon Etching
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(RIE) and one Deep Reactive lon Etching (DRIE) and many other processes, which are

specifically demonstrated and explained in Figure 4-1 and the following paragraphs.

(a) Si substrate (b) Is* Ebeam lithography (¢) Sputtering Cr+Pt
- | —L - i\(
(f) Backside photolithography (e) RIE Si3N, (d) 2n Ebeam lithography
&= 4= :
Illll
|

(2) Backside RIE Si;N, (h) Backside DRIE Si (1) KOH etching (Back view)
(1) Cut out from the chip (k) Dissolve PMMA (j) Transfer CNT with PMMA

EeEE
I

FIG. 4-1 The fabrication processes of the micro-thermometer device, a brief explanation is inserted above the
schematic figures: the chip has gone through in sequence ten steps, a EBL to pattern the electrodes,
metal deposition, the second EBL to pattern the suspended features, RIE, Backside
photolithography to open the window, RIE again, DRIE, KOH etching, CNT+PMMA transfer,

PMMA dissolving.
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The measurement device is batch-fabricated on a 4-inch silicon wafer with 300nm less

stressed silicon nitride (SizN4) thin layer on both sides through micro-fabrication technology.

b)

d)

Firstly, the wafer is cut into 1-inch square chips with dicing saw.

ZEP 520A is spin-coated on the chip with 4000rpm for 60s, which will result with a
thickness around 400nm as the first E-Beam resist, the EBL with dose of 106uC/cm? is
conducted to make the patterns for electrodes, leads and serpentine coils. After developed
in ZED-N50 for 60s, a 5s oxygen plasma is followed to further remove some residues in
the opening trenches.

2nm Cr and 30nm Pt are then deposited as heating and sensing components by RF sputter,
afterwards the chips are immersed in stripper solution (60%DMSO plus 40%NMP) to
dissolve remaining ZEP 520A. After the following sonication of several minutes, the
heating and sensing metal features are surfaced on the chips.

The second layer EBL is followed to make the patterns for the suspended SisN4 pads and
beams. OEBR-CAP 112 PM is spin-coated as E-Beam resist at 2500rpm for 60s of about
1.5um thick, and exposed to E-Beam of dose of 6uC/cm? Thus, the suspending
characters are materialized after developing in THAM for 60s.

Next, RIE is performed with CHF3 gas to transfer the suspending features from the E-
Beam resist to SisN4 thin layer. Later, the chips are annealed at 550°C in the air to
decompose the remaining OEBR-CAP 112 PM.

To final release and protect the fragile suspended structures on the front, a deep reactive
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9)

h)

)

K)

ion etching (DRIE) window for the suspended micro thermometer alongside with the
3mm circle compatible to TEM characterization are patterned by photolithography from
the backside of the chip. AZ P4620 is spin-coated at 3000rmp for 60s, which is around
7.1um thick, then exposed to ultra violet light for 45s, and developed in THAM for three
minutes.

With the thick photoresist protecting other parts, the uncovered SisN4 area is etched by
CHF3 in RIE to expose the below 525um silicon substrate.

Then the exposed silicon substrate is fast etched away by SFe and CsFs until only a few
tens of micrometer remained to support the front micro structures during later treatments.
After removing the photoresist, the remaining silicon in the window and circle is
completely etched away by 1mol/L KOH solution to ultimately suspend the SisN4 pads
and beams with heating and sensing serpentine Pt coils and leads. By now, the whole
device is complete and the optical images of a typical micro thermometer device is shown
in Figure 4-2.

When the SWNT sample preparation is ready, which will explain in details in the later
part, it will be transferred with PMMA onto the chip across micro thermometers.

After dissolving the PMMA and annealing the whole devices at 400°C for several hours
to further rid of any organic residues.

The device is cut out from the chip and ready for thermal measurements and sample

characterization now.
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On the one-inch chip, 25 small disks of 3mm in diameter was made particularly for
TEM examination, as shown in Figure 4-2. There are three micro-thermometer devices on each

disk, which amounts 75 micro devices on a chip.

o
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FIG. 4-2 Optical images of the micro thermal measurement devices. The first picture is the batched-
fabricated chip, the following five pictures show the devices in ever higher magnifications and the

components of the device are denoted in the pictures.
4.3.2 SAMPLE PREPARATION
The horizontally aligned single-walled carbon nanotube (HASWNT) will be transferred

across the two-suspended sensing and heating membranes with PMMA thin film, shown in

Figure 4-1(j). The sample preparation is demonstrated in Figure 4-3.
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(a) Quartz substrate (b) Photolithography (€) Thermal deposition Fe

(f) PMMA peeling off with SWNT (e) PMMA spincoat (d) CVD SWNT growth

FIG. 4-3 Schematic diagram of sample preparation: HASWNT is grown between paralleled catalyst lines,

and peeled off with PMMA to transfer onto micro thermal measurement chips.

a) The r-cut crystal quartz wafer is annealed in the air at 900°C for 12 hours.

b) The quartz wafer is undergone a photolithography to make the parallel catalyst patterns
which is perpendicular to the preferable growth direction of SWNT. In this
photolithography, photoresist JSR is spin-coated at 3000rpm for 30s ending with
thickness around 2um, exposed to ultra violet light for 3s and then developed in THAM
for 60s to show the trenches for catalysts.

c) Later 0.2nm Fe is deposited in the trenches through thermal evaporation, and the
photoresist will be dissolved in acetone with sonication. Afterwards, the wafer is cut into
around one-inch size and annealed in the air at 500°C for five minutes.

d) Then a typical ACCVD process[32, 113] is conducted to grow HASWNT. The quartz
substrate will go through a 40 minutes heating to 800°C under 300sccm Ar plus 3%H:
gases to reduce iron oxide. After reduction, 450sccm ethanol will be introduced to
provide carbon sources to grow HASWNT on the quartz substrate for 10 minutes to
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obtain the proper density suitable for the suspended thermal measurements. After growth,
the SEM images of HASWNT on quartz is show in Figure 4-4, and it is growth controlled
to be low density[112] to avoid too much bundles formed after transfer.

e) PMMA (4% in anisole) is spin-coated on the after-growth quartz substrate at 3000rmp
for 60s then baked at 180°C for 20 minutes.

f) As followed, the PMMA with HASWNT is peeled off in 5mol/L NaOH solution and

transferred onto the micro thermometer device.

Catalystlines

b
4800 1.0kV x400 SE EROI0T0T 0 I 54500 1.0kV x1.30k SE(U) 40mM

FIG. 4-4 HASWNT after growth on quartz substrate, the density is growth-controlled to be low.

4.3.3 SWNT CHARACTERIZATIONS

The successfully suspended SWNTs are shown in Figure 4-5 and Figure 4-6. SWNT
bundles are unavoidably formed during transfer and annealing as the red arrow indicating in

Figure 4-5, and they are much brighter than the single SWNTs in the SEM images. The gap sizes

60



CHAPTER 4 Investigation of Thermal Transport Properties of Individual Single Walled Carbon Nanotubes by Micro Thermometer Compatible with TEM

in the upper and below panels in Figure 4-5 are 2um and 4.5um respectively, and there are three
single SWNTs and a bundle in the upper panel, while there remains four single SWNTs and a
bundle over the larger gap, which means the gap sizes has limited damages on the transferred
SWNTs in this range. The SWNT or bundles can selectively be removed with a strong laser spot,
since there is enough space between SWNTSs. In Figure 4-6, five single SWNTSs are over the 5um
trench, and by now all the preparation procedures are complete, thus they are ready for the
thermal measurements. Meanwhile, the micro device with the same gap size but without
suspended SWNTs will also be conducted with the experiment as the comparison to measure the

background noises since they have gone through all of the same fabrication processes.

54800/0.7kV x1 Ojk SE(U) /

FIG. 4-5 Suspended SWNTSs across the heating and sensing membranes. The red arrow is indicating SWNT

bundles while the yellow arrow is pointing at single SWNTSs. There are three single SWNTs and a
bundle in the upper panel, the gap between membranes is 2um; while in the below panel, over the

4.5um gap there remains four single SWNTs and a bundle.
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10pm

FIG. 4-6 Five single SWNTSs are successfully transferred over the 5um trench.

The ready-for-thermal-measurement samples were also examined in Transmission
Electron Microscopy (TEM) which is a high-resolution method to explore the atomic structures
of materials. In Figure 4-7 and Figure 4-8, the TEM images show that after several hours
annealing at 400°C with a protection gas flow (300 sccm Ar+H») at 40kPa, the PMMA have
completely decomposed and the samples are clean and clear in these images. Besides, through
comparing the SEM and TEM images, a safe conclusion can be drawn that the carbon nanotube
grown in this study are indeed single walled and no bundles are formed during growth. Therefore,
the number of SWNTSs in a bundle can be deduced by counting the extended SWNT on the SisN4
membranes. On the upper membrane in the SEM image of Figure 4-7, three SWNTs formed a
bundle and then separated into a single SWNT and a two-SWNT bundle; another single SWNT

from the right side joined the two-SWNT bundle to form a three-SWNT bundle again. This
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structure is also demonstrated in the middle TEM image of Figure 4-7 and the three-SWNT

bundle is confirmed in the high magnification TEM image of the right in Figure 4-7.

FIG. 4-7 Left: SEM image; Middle: TEM image, scale bar 50nm; Right: TEM image.

FIG. 4-8 SEM (Left) and TEM (Right) images of the ready-for-thermal-measurement sample.

4.3.4 MEASUREMENT SETUP

The micro-fabricated device is fixed in a high-vacuum cryostat (Janis, VPF-100), as
demonstrated in Figure 4-9, through a cartridge heater and infilled liquid nitrogen, the
temperature on the sample can be precisely controlled within a fluctuation of 20mK. The sample

stage is further protected with a radiation shield, and the whole chamber will be pumped
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overnight with a turbo molecular pump (TMP) and rotary pump.

(a)

Thermal impedance

__— displacer

Fillin liquid N,

Temperature sensor

FIG. 4-9 (a) The schematic of the cryostat and (b) a photo of the practical device (Janis, VPF-100).

The measurement setup for the thermal properties investigation of SWNTs is illustrated
in Figure 4-10. Two lock-in amplifiers are separately connected with the two micro-
thermometers, denoted as heating membrane and sensing membrane respectively, to measure the
resistance of the serpentine Pt coil on the membranes with a very high sensitivity. A typical four-
point measurement is also conducted on the whole heating lines (serpentine Pt coil plus two Pt
leads of the heating membrane) by Semiconductor Parameter Analyzer (Agilent, 4156C) to
determine the resistance of the whole heating lines that also provides a DC current later to the
suspended heating parts to generate enough Joule heating and form a steady-state heat flow in
the suspended SWNTs at particular temperature. The feedback of the measurements is acquired

and recorded by the computer for further analysis.
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FIG. 4-10 Schematic illustration of the measurement setup for thermal transport properties of individual

SWNTs.

4.3.5 THERMAL CONDUCTANCE MEASUREMENT

When a DC current is supplied to the serpentine Pt coil on the heating membrane
through two Pt leads, they would generate Joule heats of Qn (generated by the Pt coil) and 2Q.
(generated by two Pt leads) respectively, and increase the temperature of the heating membrane
to Th, which proved to be uniform on the whole membrane through simulation calculations[114,
115]. Afterwards, part of the heat Q1 would dissipate to the environment through the four SisNa
beams anchored to the heating membrane, and the other part of the heat Q2 would be transported

to the sensing membrane and cause its temperature rise to Ts by the SWNTSs across the two
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membranes, which finally would also spread to the environment at temperature of To through the
four SisN4 beams connected with the sensing membrane. The heat flow and the thermal
resistance circuit are schematically detailed in Figure 4-11. Of the nanoscale SWNT, the contact
resistance cannot be ignored[114, 116, 117], which leads to the temperature of SWNT on the
heating membrane is lower than Ty and higher than Ts on the sensing membrane. The sum of the
contact conductance Ge1 and Gez on the membranes and the intrinsic thermal conductance of

SWNT Gsunt is marked as Gs and can be directly measured in this experiment.

Environment, T}

Heating
membra:

Thermal resistance circuit T, T_"a_ _T; = Qsz T,
E % -1 .
\Gci‘ ! Gswnr ! GG'Z } “ Gb) !
Gt

FIG. 4-11 Schematic diagram of the heat flow across the measurement setup and thermal conductance circuit

in the experiment.

The temperature increases on the membranes can be determined by the resistance
changes of the Pt coils through its TCR, and the resistance changes of the Pt coils can be detected
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by a sensitive AC measurement provided by the Lock-in amplifiers[118].
TCR = (dR/dT)/R Eqg. (4-1)

ARy(I) = Ry(I) = Ry(I = 0);  AT,(I) = s Eq. (4-2)

ar

here, the subscript s is referring to the sensing membrane, while the h would be denoting heating

membrane.

Moreover, the whole generated Joule heats Qn+2QL can be determined by the following
equation.

Qn+2Q, = I*(Ry + 2Ry) Eqg. (4-3)
and Rh+2Ry is measured by the semiconductor parameter analyzer with the traditional four-point
method before DC current heating at a particular temperature To. The temperature distribution in
the six non-heating beams is linear, whereas it is parabolic in the two heating beams [115].
Therefore, according to the analyzed heat flow above illustrated in Figure 4-11, the heat
conducted to the environment by the two heating beams of the heating membrane Qnb,2, the heat
conducted to the environment by the two non-heating beams on the heating membrane Qn,2 and
the heat ultimately also conducted to the environment by the four beams of the sensing membrane

Qs4 are respectively expressed as

Qnpz = 2(Gp(Ty, — To) + Q/2) Eq. (4-4)
Qnz2 = 2G,(Ty, — Tp) Eq. (4-5)
Qs,4 = 4Gy (Ts - TO) Eq. (4'6)

where Gy is the thermal conductance of the SisN4 beam. Furthermore, the energy conservation
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law predicts
Qnpz + Qn2 + Qsa = Qn + 20, Eqg. (4-7)
besides,
Q1 =0n+20,—0Qy; Q2 =46, (T; — To) = Gs(Ty, — T) Eq. (4-8)
as a result, what we are concerning most, the thermal conductance Gs can be determined through
the following equations

__ Qpt0QL _ AT
Gy = 4(ATp+ATy) Gs = 4Gy (AT, —ATy)

Eqg. (4-9)

here, AT, =T, — Ty; AT, =Ty — T,

As the most important intermediate term in investigation of the thermal conductance of

sample, Gy is a self-inspection candidate for the reliability of the measurement system.

4.3.6 UNCERTAINTY ANALYSIS
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FIG. 4-12 Lock-in amplifier voltage response to DC current heating. The below panel is the voltage feedback

of the Pt coil on the sensing membrane (input signal 100nA) while the upper panel is the voltage

response on the heating membrane when the DC current changes from 0A to 8uA at the base

temperature Toof 81.33K.

When the base temperature in the cryostat has been steady, the lock-in amplifier would
record the voltage drop of the Pt coil on the membranes for a minute (the input signal of lock-in
amplifier are 100nA AC current at 747.7Hz and 199.03Hz for heating membrane and sensing
membrane respectively[119]), and then another minute with the constant DC current added in,
as shown in Figure 4-12. The resistance is determined by averaging data in this one minute,
which includes 100 data sets. The random uncertainty of resistance Sr is calculated by taking the
standard deviation of the 100 data, which is less than 0.05% of the average values. The random
resistance uncertainty before and during DC current heating Sry and Srq are transferred to the
random uncertainty of the temperature change through
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JSot e Eq. (4-10)

Sar = dR(1=0)
dT

According to Eq. (4-9), the random uncertainty of the measured thermal conductance

can be calculated by

2 2
2AT R ATsSpT SAT 2ATZ ST
Sg.. = + (—h) +< S . ) Eq. (4-11
Gsm (Qh QL) (AT,%—ATSZ)Z AT,%—ATSZ (AT,f—ATSZ)Z q ( )

After background deduction, the thermal conductance of the sample is Gs= Gsm — Goyg,

and its uncertainty can be determined by

S, = \/SGS,mZ ¥ gy, Eq. (4-12)

4.3.7 TEMPERATURE COEFFICIENT OF RESISTANCE
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FIG 4-13 Measured resistance vs. temperature of the Pt coils on heating membrane (black filled squares) and

sensing membrane (red filled dots), also the Bloch-Gruneisen relations are shown by solid lines.
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The dashed curves are the extracted dR/dT from the Bloch- Griineisen fitting formula.

The Bloch-Griineisen formula is adopted to fit the experiment data R vs. T in order to
determine the TCR (defined as dR/dT in this thesis) for the serpentine Pt coil thermometers:

_ T\ GD/T x3dx
R=Rot K (5) fy e 4. (¢19)

in which, R is the resistance, T is the temperature; Ro is the residual resistance, éb is the Debye
temperature, including Kr, these three are fitting parameters. The electron-phonon scattering that
accounts for the temperature dependence of resistance is more accurately expressed in the Bloch-
Grineisen formula and it holds in the entire temperature range considered in the present work

(80-410K), in comparison with the common linear or polynomial relations.

Figure 4-13 shows the experimental data as well as the fitted curve derived from the
Bloch-Griineisen formula, and they are in a very good agreement. With the fitted parameters, the
TCR can be readily obtained by taking the temperature derivative of the resistance of the Bloch-
Grineisen formula as expressed in Eq. (4-20) and is plotted alongside the experimental data in

Figure 4-13.

drR 5T4 QD/T xSdx T3 (6p/T)5
ar ~ Kr (E) T emhames ~ Ke (g) (Fo/T—1) (e oy Ed-(4-20)
Compared with the constant TCR (15.7Q/K on the sensing membrane and 15.72Q3/K on the
heating membrane) by linear fitting, the Bloch-Griineisen fitting gives a changing TCR with

temperature, from 16.42Q/K and 16.49Q/K at 83K and reaching a peak of 16.98Q/K and

17.01Q/K at 107K, then decrease to 14.92Q/K and 14.93Q/K at 402K on sensing membrane and
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heating membrane respectively, avoiding about 7% deviation of the measured thermal

conductance.

4.3.8 NOISE AND SENSITIVITY

The temperature rises on the heating membrane is far larger than that on the sensing
membrane, and the true ATs might be submerged with noises from the cryostat itself or the
fluctuation in the measurement devices. Therefore, it is necessary to analyze the noise equivalent
thermal conductance (NEG) caused by the noise temperature rise. According to Eq. (4-9),

Groise = 4G Gy -2 — Eq. (4-21)

The random temperature fluctuation in the cryostat is approximately ATo=20mK by the

temperature controller, then the equivalent thermal conductance caused by it will be
AT, dRp,

_ AT ATy _ ARp (ATo -
Gar, = 4Gy (ATp—ATy) 4Gy AT, 4Gy ( dr ) (ARh) Eq. (4-22)

which is on the order of 10-°W/K at room temperature.

Another noise source is from the fluctuation of the resistance measurement. If the
resistance fluctuation from the lock-in amplifier is ARselectrical, then it will bring a noise

temperature rise of ATselectrical, resulting a noise equivalent conductance as the following equation.

_ ATs,electrical _ ARs,electrical
Gelectrical - 4Gb (AT - 4Gb Eq- (4'23)

_ ) dRg/dT
h=ATselectrical) (dRh/dT)ARh_ARS.electrical

Here, the fluctuation of resistance originates from the noises of the voltage and current supplied
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by the lock-in amplifier,

Hagectrical J (A—)2 + (A—)2 Eq. (4-24)

Vac lac

where Rs is the Pt resistance on the sensing membrane at the environment temperature To. The
voltage fluctuation is dominated by Johnson noise and can be calculated by
AVac=(4ksTsRs,0Af)Y2~7nV, in which kg is the Boltzmann’s constant and Af is the equivalent noise
bandwidth around 0.26Hz in the experiment[119], thus Avac/Vac s in the range of ~1x10°K™. The
Poisson noise Aiac=(20iacAf)?~107 (q is the electron charge) has contributed to the AC current
noise (Aiac/iac) ™ on the order of 1x10°K™1. Besides, the AC current iac is converted from the
internal constant AC voltage output from the lock-in amplifier vout with a 10MQ resistor,

therefore partially

bige\*? [ (Bvour\? |, (ARioma)\?
( iac) = \/ ( ot ) + (RIOMQ ) Eq. (4-25)
here, the output voltage noise Avout/Vout is about 5x10°KL, while the resistor fluctuation AR1omcy

RiomQ is 1x10°KL, s0 Aiacl/iac in this case is around 5x10°K*. Upon combination of the thermal

and electrical noises, noise equivalent conductance by resistance fluctuation of Eq. (4-23) can be

replaced by the following Eq. (4-26).

4Gy 4Gp

Gelectrical = (dRs/dT)( ARy )_1 = (dRs/dT\ ARy, 1
dRy/dTJ\AR i dRy/dT 2 2
n/ selectrical o }R (\/‘”‘BTSRs,OAf) +(«/2qiacﬂf) +(A7’out>2+(AR10MQ)2
5,0 Vac lac Vout Rioma
Eq. (4-26)

With the measured Gy which will discuss in the next section in Figure 4-15 and the TCR in Figure

4-13, Gelectrical Can be estimated on the order of 10" 1°W/K.
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The sum of the above two effects is the total noise equivalent thermal conductance

Groise = GATO + Gelectrical Eq. (4-27)
and is plotted in Figure 4-14.
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FIG 4-14 Sensitivity limit of the thermal conductance measurement with the temperature increase on the

heating membrane about 10K and the base temperature fluctuation of 20mK.

The radiation and residual gas molecules are the main contributors for the background
conductance to transfer part of the heat from the heating membrane to the sensing membrane.
The radiation transfer between the two membranes can be approximated by

Gpgraa = AFa (T + T&) (T, + Ts) Eqg. (4-28)
in which, A, F, o are the cross-sectional area of the heating membrane, view factor between the
heating and sensing membranes (~0.5) and Stefan-Boltzmann constant respectively. Gograd IS in
the range of 1013~10"! from the lowest temperature to the highest temperature investigated in

the present experiment, and below the sensitivity limit as discussed before. The radiation effects
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from the heating beams on the resistance calculation are less than 10% through the finite element

analysis[115].

The heat conduction from the heating membrane to the sensing membrane by the
residual gas molecules can be calculated by

KairA

Gpg,cond = L Eq. (4-29)
here, xair IS the pressure-dependent thermal conductivity of the air and is approximated on the
order of 10° Wm™K? at pressure of 102Pa; L is the distance in-between the membranes.
Therefore, Gpg,cond Can be obtained within the order of 10*'W/K and also below the sensitivity
limits of the experiment. However, the measured background conductance as plotted in Figure
4-16, ranges from ~3.5x10"MW/K at 79K to ~3.5x101°W/K at 417K, higher than the calculated

values in theory, too much to be ignored; indicating that the background measurements are

necessary and compulsory to guarantee the precision of the thermal measurements.

44 EXPERIMENTAL RESULTS AND DISCUSSIONS

The thermal conductance measurements and sample identification were performed on

the same single SWNTs or SWNT bundles across the two suspended micro-thermometer devices.

4.4.1 THERMAL CONDUCTANCE OF SUSPENDED BEAM
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Since the whole heat generated in the micro thermometer device are ultimately
dissipated to the environment through the eight identical SizN4 beams, the thermal conductance
of the suspended beam, the important self-inspection intermediate, predicts the functionality of
the measurement system. Through Eq. (4-9), the thermal conductance of the suspended beam
has been calculated at different temperatures and shown in Figure 4-15. The thermal conductance
of the suspended beam includes contributions from the SisN4 (thickness ~300nm) as well as the
Pt lead thin film (thickness about 30nm~40nm). Therefore, for micro thermometer devices from
different chips, the thermal conductance of the suspended beam will be a little divergent due to
the KOH etching time and Pt sputtering time leading to different thickness of the SisNs and Pt
thin film. In Figure 4-15, D1 is the thermal conductance of suspended beam from a particular
chip, while D2B2 and D2B3 are the thermal conductance of suspended beams of two adjacent
micro thermometer devices from another chip, which measured the SWNT samples B2 and B3
respectively. Micro thermometer of D2B2 and D2B3 have gone through the same fabrication
processes, so the thermal conductance of their SisN4 beams are within the error bar; whereas D1

from a different chip reasonably diverges from them at the higher temperature.

Taking into account the geometry of the suspended beam, as specified in Section 4.3.1,
and the room temperature thermal conductivity values of SiNx and Pt films from literature [12,
120], in which «sink=5.5Wm™K? and xp=70Wm™K™, the thermal conductance of suspended
beam can be obtained to be around 12.8nW/K, in good agreement with the values measured in

Figure 4-15. Moreover, the measured temperature dependency of electrical resistance of Pt lead
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on SisN4 beam in Figure 4-16 shows the reverse trend with the thermal conductance of the beam,
and the thermal conductivity of Pt thin film is inversely related with its electrical resistance,
indicating that the discrepancy of the thermal conductance of different suspended beams mostly

is due to the Pt thin film but SizN4.
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FIG. 4-15 The thermal conductance of the supporting SisN4 beam increases with temperature. In the legend,
D1 refers to the micro thermometer device on a particular 3-mm Disk 1; D2B1 and D2B2 are two
adjacent micro thermometer devices on the same Disk 2, which measured the SWNT samples B2

and B3 respectively.
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FIG. 4-16 The measured electrical resistance of Pt lead on the supporting SisN4 beam.

4,42 THERMAL CONDUCTANCE OF SWNTSs

As explained in Section 4.3.5, the measured thermal conductance can be obtained
through Eq. (4-9), and plotted in Figure 4-17. Four different SWNT samples and the background
without any SWNTSs across the two suspended membranes are investigated in the temperature
ranges from 78K to 410K. As elaborated before, the background thermal conductance
contributed from the radiation and residual gas molecules conduction by theory are quite low,
while the measured background thermal conductance indicated by the blank squares in Figure 4-
17, in the range of 3.5x10"* W/K to 3.5x10"° W/K are much higher. This suggests more

considerate modes for calculation of the radiation and residual gas molecules conduction.
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FIG. 4-17 The measured thermal conductance of four SWNT samples, denoted as S1, B1, B2 and B3, as well

as the background thermal conductance.

After deduction the background thermal conductance from the measured thermal
conductance of the samples, the thermal conductance of the SWNT samples is determined by
Gs= Gsm — Gng, and its uncertainty can be calculated by Eq. (4-12), the results are demonstrated
in Figure 4-18. The thermal conductance is increasing with the temperature first and saturate
around 300K, in accordance with theoretical predictions[7, 121] and other experimental

observations[13, 15].

79



Structure dependent thermal transport properties of single walled carbon nanotubes

T
10"
s * ¢
® & &
A ® &
& °
10°%F * e 2 ° |
£ e ® ¢ e
=
_q| & S1
e 107"t e > Bl
A B2
® B3
10_2 L 1 1 L L L
80 90100 200 300 400
Temperature (K)

FIG. 4-18 The thermal conductance of four SWNT samples after background deduction.

443 SAMPLE IDENTIFICATION

As discussed in Section 4.3.3, the horizontally aligned carbon nanotubes grown on r-cut
crystal quartz are single walled and no bundles formed during growth, and previous works[112,
122] in our lab through HASWNT characterization also suggested such conclusion. Therefore,
the number of SWNTSs in a bundle formed after transfer and annealing can be determined by
counting the extended SWNTSs on the membranes because the SWNTSs are difficult to survive in

TEM with 120kV accelerated electron beam.
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FIG. 4-19 SEM images of sample S1, composed of three single SWNTs, the gap between the two membranes

is Spm.

One of the four SWNT samples investigated in this study is denoted as S1, which
includes three single SWNTSs across the 5um gap of the micro thermometer device, as the SEM
images demonstate in Figure 4-19, in which number 1 to 3 are pointing at the extended ends of
those SWNTSs on the membranes. The other three SWNT samples are denoted as B1, B2 and B3
respectively, which are SWNT bundles composed of thirteen, four and eight SWNTSs as shown
and specified in Figure 4-20, Figure 4-21 and Figure 4-22 accordingly. It is worth to be noted
also in those images that the transferred HASWNTs remain tens of micrometers on both

membranes to keep the suspended part very straight over the gap.
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10pum

el

FIG. 4-20 SEM images of sample B1, an SWNT bundle of thirteen SWNTs, the gap between the two

membranes is 2.5um; the TEM images on the right side is taken after the SWNT bundle is broken.

FIG. 4-21 SEM images of sample B2, an SWNT bundle of four SWNTs, the gap between the two membranes

is 4.5pum.
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FIG. 4-22 SEM images of sample B3, an SWNT bundle of eight SWNTSs, the gap between the two membranes

is Spm.
444 THERMAL BOUNDARY RESISTANCE

To account for the thermal boundary resistance (TBR), the interface thermal coupling
per unit length (g, Wm™K™) developed for CNT-SiO; interactions by molecular dynamics
simulation in consideration of the lattice contribution to thermal transport[123] is adopted, which

is expressed as

7 \1/3
g~ 0.05Dx (5-) Eq. (4-30)
here, D is the diameter of CNT in nanometer and T is temperature in Kelvins; y is the CNT-

substrate interaction strength.

Assuming the average contact length per SWNT on the membrane surface is 40um as
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Figure 4-19 have shown for S1, and the average diameter of SWNT is 2nm[112] and y=1, the
thermal boundary resistance of the sample S1 is calculated with Eq. (4-30) and plotted in the
temperature range from 75K to 420K as demonstrated in Figure 4-23, which is in consistent with
other analyses and measurements[42, 124, 125]. The thermal boundary resistance is hugely
consumed by the long parts of SWNTs on the membranes, better than the limited increase of

contact area by Pt-C deposition[126].
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FIG. 4-23 Calculated thermal boundary resistance for sample S1 versus temperature.

In comparison with the direct CNT growth[19, 45, 127] on the micro thermometer or
CNT solution dropping[12], the annealing after PMMA transfer is hugely increased the contacts
between SWNT and the substrate. Therefore, the SWNTs after PMMA decomposition is still
well aligned and the suspended parts are perfectly straight, as shown in the previous SEM images.
The extended SWNTSs on the membranes of bundles is dispersive hence fold increases the contact

areas and decreases the thermal boundary resistance. With the uniform temperature on the
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membranes[115], the thermal boundary resistance become negligible consequently in this study.
As shown in Figure 4-24, the measured total thermal resistance of S1 is four magnitude larger

than the calculated thermal boundary resistance.
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FIG. 4-24 The measured total thermal resistance of S1 and the calculated thermal boundary resistance.

4.45 EFFECTIVE THERMAL CONDUCTIVITY

The above analysis legitimates the acquisition of effective thermal conductivity of the
samples in this study by x=GsL/A, where L and A are the suspended SWNTs length and cross-
sectional area of the samples, respectively. Assuming the diameter of SWNT to be 2nm (based
on the diameter distribution on quartz growth from previous study[112] and TEM
characterization in this study), the cross-sectional area of a SWNT can be calculated with noD,

in which ¢ is the thickness of monolayer graphene 0.34nm[128]. Figure 4-25 shows the effective
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thermal conductivity obtained for single SWNT (S1) and SWNT bundles (B1, B3 and B3).
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FIG. 4-25 The effective thermal conductivity of four samples versus temperature.

The isolated SWNT possesses the highest thermal conductivity, around 5000Wm*K*
at room temperature (RT), whereas the thermal conductivity is much lower in SWNT bundles,
and decreases with the bundles sizes (B2: four-SWNT bundle >B3: eight-SWNT bundle> B1:
thirteen-SWNT bundle). This degeneration of thermal conductivity resulting from bundles can
attribute to the inter-tube interactions that profoundly increases three-phonon Umklapp
scatterings involving phonons from neighboring SWNTs[129], and it is consistent with other
experimental observations[12, 14, 127, 130, 131]. Moreover, this conclusion verifies the
measured relatively higher thermal conductivity of the SWNT thin films in the last Chapter,
which are composed of smaller SWNT bundles and even fraction of isolated SWNT. Figure 4-
26 plots the effective thermal conductivity logarithmically decreases with the increased number

of SWNT in a bundle, and this is the first-time quantitative study of the thermal conductivity
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dependency on SWNT bundle size.
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FIG. 4-26 The effective thermal conductivity versus number of SWNT in a bundle.

Kinetic theory[132] (phonon gas) predicts the thermal conductivity in insulators or
semiconductor materials as follows:

K =2CviT; Eq. (4-31)
where C is the lattice volumetric specific heat, v is the average speed of corresponding phonons,
and z is the approximated relaxation time. Besides, z is the reciprocal of collision rate (y) between
phonons. For an isolated SWNT, its average collision rate is yisolated, and the addition of N SWNTs
will increase the collision rate by youndgie(N) which is proportional to the increased number of
interactions per nanotube in the bundle.

T= %; Y = Visotatea + Vpunaie(N) Eqg. (4-32)

Youndie (N) < Number of interactions per tube Eqg. (4-33)
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Therefore, the thermal conductivity in SWNTSs can be expressed as Eq. (4-34).

1

K = %Cv2 Eq. (4-34)

Yisolated Y bundle(N)

The thermal conductivity is inversely proportional to the phonons collision rate; with
the increase of bundle size, there are increased chances of collision with the neighboring carbon
nanotubes. The experimental data is fitted with Eq. (4-34) and shown in Figure 4-27, and they
agree well, indicating that the interactions with neighboring SWNT is inelastic scattering and
strongly quenches phonon modes in bundles that leads to the very low thermal conductivity of

bundled SWNTs.
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FIG. 4-27 Fitting the experimental data with collision rate through kinetic theory.

89



Structure dependent thermal transport properties of single walled carbon nanotubes

45 CONCLUSIONS

The micro thermometer device compatible with TEM has been fabricated and the
measurement setup has been established to investigate the axial thermal conductance of
individual SWNTs. The SEM and TEM images show that the transferred horizontally aligned
carbon nanotubes across the micro-thermometers are very clean and straight; and the number of
SWNT in a bundle can be determined by counting the dispersedly extended SWNTs on the

supporting membranes.

Four different samples are studied in this study, which are S1, composed of three single
SWNTs; B1, a thirteen-SWNT bundle; B2, a four-SWNT bundle and B3, an eight-SWNT bundle.
Due to the large overlap areas of SWNTs and supporting membranes, the thermal boundary
resistance is hugely decreased and can be ignored in calculation of effective thermal conductivity

of SWNTs.

The obtained thermal conductivity is the highest for the sample with three isolated
SWNTs, reaching 5000Wm™K around RT. The bundles possess much degenerated thermal
conductivity, and the larger the bundle, the lower its thermal conductivity. This is the first time
that the thermal conductivity of SWNT have been quantitatively studied in relation to the bundle
size. The logarithmical degeneration of thermal conductivity resulting from bundles can attribute

to the increased collision rate with neighboring SWNTs that impedes the phonon transport of
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isolated SWNTSs, and it agrees well with the analysis by kinetic theory, indicating much stronger
interactions between carbon nanotubes. Moreover, this conclusion verifies the measured
relatively higher thermal conductivity of the SWNT thin films in the last Chapter, which are

composed of less bundled SWNTs.
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The thermal properties of CNTs are demanding to be clarified with the fast approaching
application of CNT electronics. In nanoscale, the relationship of the thermal properties of SWNT
and its nanoscale structure determines the fundamental architecture of CNT electronics; it also

can help to understand the bulk properties in macro-scale SWNT films.

To address the problem of limited method to study the structure dependency of thermal
transport properties of macro-scale SWNT thin films, a quick and contact-free method for the
measurement of in-plane sheet thermal conductance of SWNT thin films with the steady-state
infrared thermography have been proposed in this thesis. Four different SWNT thin films have
been investigated with this new method and the results indicate the sheet thermal conductance
are 15613.4 + 2672.5nW/K, 9925.4 £ 1417.1nW/K, 5454.8 £ 594.9nW/K and 3405.7 =
773.8nW/K at room temperature for the films with transparency of 60%, 70%, 80% and 90%
(thickness related), respectively. In comparison with the Raman measurements of the same
SWNT thin films, the strong non-equilibrium of different phonon polarizations and electrons are
expected to contribute to the lower thermal conductivity by a factor of 1.9-2.5 in Raman
measurements. The relatively higher thermal conductivity of the SWNT thin films in this study
also suggests that the smaller bundles sizes in its composition might refrain the thermal transport

properties from further degradation.

To study how the nanoscale thermal behavior of SWNT affects the macro-scale SWNT
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networks or the bundle dependency, the micro-thermometer compatible with TEM has been
successfully fabricated and the auxiliary thermal measurement setup has been established to
explore the bundle size dependency of thermal conductivity in individual SWNTs. Four different
samples are studied in this study, which are S1, composed of three single SWNTs; B1, a thirteen-
SWNT bundle; B2, a four-SWNT bundle and B3, an eight-SWNT bundle. Due to the large
overlap areas of SWNTs and supporting membranes, the thermal boundary resistance is hugely
decreased and can be ignored in calculation of effective thermal conductivity of SWNTs. The
obtained thermal conductivity is the highest for the sample with three isolated SWNTSs. The
bundles possess much degenerated thermal conductivity, and the thermal conductivity
logarithmically decreases with the increased number of SWNT in a bundle, verifying the
speculation in the IR measurements; the degeneration of thermal conductivity in larger SWNT
bundles owes to the increased inelastic scattering with neighboring SWNTs. It is the first time

the thermal conductivity of SWNT have been quantitatively studied regarding the bundle size.

In this thesis, two different systems have been established to study the macro-scale and
nanoscale thermal transport properties of SWNTSs. The correlation of thermal transport properties
between the nanoscale and macro-scale in SWNTSs are expected to be more specifically founded

in the near future and contribute to the application of CNTSs.
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