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As silicon-based transistor technology continues to scale ever downward, 

anticipation of the fundamental limitations of ultimately-scaled devices has driven 

research into alternative device technologies as well as new materials for interconnects 

and packaging. Additionally, as power dissipation becomes an increasingly important 

challenge in highly miniaturized devices, both the implementation and verification of 

high mobility, high thermal conductivity materials, such as low dimensional carbon 

nanomaterials, and the experimental investigation of heat transfer in the nanoscale regime 

are requisite to continued progress. 

This work furthers the current understanding of structure-property relationships in 

low dimensional carbon nanomaterials, specifically carbon nanotubes (CNTs) and 

graphene, through use of combined thermal conductance and transmission electron 

microscopy (TEM) measurements on the same individual nanomaterials suspended 

between two micro-resistance thermometers. Through the development of a method to 

measure thermal contact resistance, the intrinsic thermal conductivity, κ, of multi-walled 



 viii

(MW) CNTs is found to correlate with TEM observed defect density, linking phonon-

defect scattering to the low κ in these chemical vapor deposition (CVD) synthesized 

nanomaterials. For single- (S) and double- (D) walled (W) CNTs, the κ is found to be 

limited by thermal contact resistance for the as-grown samples but still four times higher 

than that for bulk Si. Additionally, through the use of a combined thermal transport-TEM 

study, the κ of bi-layer graphene is correlated with both crystal structure and surface 

conditions. Theoretical modeling of the κ temperature dependence allows for the 

determination that phonon scattering mechanisms in suspended bi-layer graphene with a 

thin polymeric coating are similar to those for the case of graphene supported on SiO2. 

Furthermore, a method is developed to investigate heat transfer through a 

nanoscale point contact formed between a sharp silicon tip and a silicon substrate in an 

ultra high vacuum (UHV) atomic force microscope (AFM). A contact mechanics model 

of the interface, combined with a heat transport model considering solid-solid conduction 

and near-field thermal radiation leads to the conclusion that the thermal resistance of the 

nanoscale point contact is dominated by solid-solid conduction. 
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Chapter 1: Introduction 

The continued miniaturization of silicon-based technology towards the ultimately-

scaled limit has prompted research into alternative device technologies as well as new 

materials for interconnects and packaging.1 Current developmental efforts to reduce 

metal-oxide-semiconductor field-effect transistor (MOSFET) device geometry and 

maintain or improve performance standards focus on the insulating material separating 

the gate electrode from the channel (e.g. high-k dielectrics), engineering of the silicon 

transport layer (e.g. strained channels), using metal as opposed to polysilicon gates and 

ultra-thin body and multiple gate architectures (e.g. multiple gate field-effect transistors 

or FinFETs). Scaling of complementary metal-oxide-semiconductor (CMOS) technology 

will likely become inefficient and expensive in the long term and novel non-CMOS 

devices offer a solution for continued size reduction. The continued growth of the 

semiconductor industry will be impacted by these efforts on low-dimensional devices and 

materials as industrial production technology has already reached the 32 nm node. 

For long-term applications, defined as transistor gate length below 16 nm, the 

impact of quantum effects, such as electron tunneling and various scattering processes, 

will become increasingly significant and are not well understood.2 Due to challenges with 

scaling planar bulk MOSFETs, advanced non-classical CMOS devices such as multiple 

gate ultra-thin body silicon on insulator (SOI) MOSFETs will need to be developed. 

Eventually, high mobility channel materials such as carbon nanotubes and graphene 

nanoribbons will become necessary to control short channel effects in highly scaled 
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Table 1.1: Emerging Research Logic Devices – Demonstrated / Projected Parameters. 

For notes / references see Table ERD7a in Ref. 1. 

devices and enable continued performance gains. A comparison of devices currently 

being researched is listed in Table 1.1. 

Low dimensional carbon nanomaterials, such as 1D carbon nanotubes (CNTs) and 

2D graphene have received interest for both electronic device and thermal management 

application solutions. In both CNTs and graphene, high axial thermal conductivity and 

electron mobility is expected, as long-range crystallinity along the transport direction and 

negligible boundary scattering in unconstrained crystals allow heat and charge carriers to 
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flow with greater ease than in traditional semiconductor materials. The thermal 

conductivity of these low-dimensional carbon nanomaterials is potentially comparable to 

or higher than that for diamond and graphite (in-plane), which display the highest 

measured thermal conductivity of any known bulk materials. Additionally, as power 

dissipation becomes an increasingly important challenge in highly miniaturized electronic 

devices, their high thermal conductivity makes these carbon nanomaterials attractive for 

heat dissipation solutions such as thermal interface materials (TIMs) or fillers in polymer-

based nanocomposites. 

Owing to variations in structure, defect concentration and thermal contact 

resistance that were not adequately characterized in several prior measurements, a wide 

range of thermal conductivity values have been reported for CNTs, and differences in 

measurement method make direct comparison difficult. Graphene thermal transport 

measurements also show a wide range of thermal conductivity values and differences in 

measurement method and lack of knowledge about the surface conditions, which have 

been shown theoretically to dramatically affect phonon transport characteristics in these 

systems, preclude explanations for this variation. 

Moreover, as the characteristic length scales below the mean free paths of heat 

carriers in these systems, heat transport mechanisms themselves can diverge greatly from 

existing theoretical models. Few experimental measurements have been made of phonon 

transport through sub-phonon mean free path constrictions, the mechanisms of which are 

still not fully understood. As the state-of-the-art technologies push towards this limit, an 

accepted paradigm of heat transport in this regime in critically lacking. 
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1.1 MOTIVATION AND SCOPE OF THE PRESENT WORK 

This work aims to (i) improve the current understanding of structure-property 

relationships of carbon nanotubes and graphene, using combined thermal conductance 

and transmission electron microscopy (TEM) measurements on the same individual 

suspended nanostructures and (ii) obtain experimental data to verify theoretical models of 

heat transfer mechanisms in the sub-phonon mean free path regime, using a Si 

nanoconstriction formed between a sharp probe tip and substrate in an ultra high vacuum 

(UHV) atomic force microscope (AFM). Nano- and microelectromechanical systems 

(NEMS / MEMS) technology is used throughout this work to synthesize, custom fabricate 

and / or modify systems for the investigation of transport properties of nanoscale 

materials. The correlation of properties of nanomaterials with detailed knowledge of the 

crystal structure and surface conditions is in its infancy and the work presented here aims 

to advance the state of the art.  

The main components of this work are: (i) structure-thermal property correlations 

of individual carbon nanotubes, (ii) structure-thermal property correlations of individual 

bi-layer graphene crystals and (iii) thermal transport measurements of a tip-plane 

nanoscale point contact in silicon. Accordingly, these investigations are presented in the 

next three chapters. 

Chapter 2 reports thermal conductance measurements of individual single- (S), 

double- (D), and multi- (M) walled (W) carbon nanotubes (CNTs) grown using thermal 

chemical vapor deposition (CVD) between two suspended micro-thermometers. The 

crystal structure of the measured samples is characterized in detail using transmission 
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electron microscopy (TEM). The thermal conductance, diameter, and chirality are all 

determined on the same individual SWCNT and the thermal conductance of a DWCNT is 

measured. Additionally, the TEM observed defect density is directly correlated with 

intrinsic thermal conductivity of MWCNTs, which appear to scale with the number of 

walls in the CVD grown CNTs, and reveals phonon-defect scattering to be the dominant 

scattering mechanism. The thermal contact resistance per unit length is obtained as 78 – 

585 m K W-1 for three as-grown 10 – 14 nm diameter MWCNTs on rough Pt electrodes, 

and decreases by more than two times after the deposition of amorphous platinum-carbon 

composites at the contacts. The obtained intrinsic thermal conductivity, κ, of 

approximately 42 – 48, 178 – 336 and 269 – 343 W m-1 K-1 at room temperature for the 

three MWCNT samples correlates well with TEM observed defects spaced approximately 

13, 20 and 29 nm apart, respectively; whereas the effective κ is found to be limited by the 

thermal contact resistance to about 600 W m-1 K-1 at room temperature for the as-grown 

DWCNT and SWCNT samples without the contact deposition. Furthermore, analysis 

based on the measured thermal conductance of the individual CNTs shows that even 

contact-dominated CNTs promise one to two orders of magnitude performance 

enhancement when they are employed as thermal interface materials. 

Chapter 3 examines the effect of surface conditions on thermal transport in 

individual suspended bi-layer graphene sheets. The thermal conductivity of graphene has 

been correlated with both crystal structure and surface conditions through a combined 

thermal conductance / TEM study. The κ of two bi-layer graphene samples each 

suspended between two micro-resistance thermometers was measured to be 620 ± 80 and 
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560 ± 70 W m-1 K-1 at room temperature and exhibits a κ ∝ T1.5 behavior at temperatures 

(T) between 50 and 125 K. Upon further analysis by transmission electron microscopy, 

the presence of a thin layer of carbonaceous residue is observed on the suspended 

graphene. Through a theoretical calculation of the thermal conductivity for edge 

scattering dominated transport, phonon scattering mechanisms are concluded to be 

similar to those of supported graphene, with the polymeric residue acting as an effective 

support. The lower κ than that calculated for suspended graphene along with the 

temperature dependence are attributed to scattering of phonons in the bi-layer graphene 

by a residual polymeric layer that was clearly observed by TEM. This analysis 

emphasizes the importance of obtaining ultra-clean suspended graphene samples for 

fundamental studies of intrinsic phonon transport properties. Additionally, the measured 

κ of graphene coated with organic residue demonstrates its potential as a filler for 

increasing the effective thermal conductivity of nanocomposites and gives a critical 

design parameter for researchers in that field. 

Chapter 4 investigates heat transport mechanisms at a nano point contact between 

a sharp Si probe tip and a Si substrate. A controlled AFM experiment under UHV 

conditions is conducted to evaluate the relative contributions of solid-solid conduction 

and near-field thermal radiation to the thermal resistance of the nanoconstriction. Using a 

one-dimensional model, the thermal resistance of the nano point contact is measured to 

be (1.5 ± 0.3) × 106 K W-1. The temperature of the cantilever tip was observed to remain 

constant during approach to, while in contact with, and during retraction from the Si 

substrate, while a large temperature drop was observed at the points of contact and 
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separation. Solid-solid conduction is concluded to be the dominant mode of heat transport 

through the nanoconstriction. 

Finally, Chapter 5 summarizes the major findings of this work. 
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Chapter 2: Structure-Thermal Property Relationships in Single-, 

Double-, and Multi-Walled Carbon Nanotubes† 

2.1 BACKGROUND 

The high electron mobility and thermal conductivity of carbon nanotubes (CNTs) 

have attracted interest in their applications for nanoelectronic devices3 and thermal 

management solutions such as thermal interface materials (TIMs).4-9 These potential 

applications have motivated fundamental investigations of transport properties of CNTs. 

Existing reported experimental thermal conductivity values of individual single-walled 

(SW) and multi-walled (MW) CNTs vary by one order of magnitude. In addition, some 

of the measurement results have been attributed to unique thermal transport phenomena 

in low dimensions. These prior measurements were conducted on different samples by 

using different methods, each with its own advantages and limitations. Based on a 

suspended micro-thermometer device10-13 or a T-junction sensor14 that required a 

complicated sample preparation process, direct thermal conductance measurements of 

SW and MW CNTs of several μm in length were made with few assumptions but with an 

uncertainty in the thermal contact resistance. The 3-ω method based on modulated 

electrical heating of the sample was later employed to obtain the thermal conductance of 

a 1.4 μm-long MWCNT15 Because of mode selective electron-phonon coupling and non-

equilibrium phonon populations in SWCNTs of several microns in length and at bias 

                                                 
† Reproduced in part with permission from Pettes, M. T. and Shi, L., "Thermal and Structural 
Characterizations of Individual Single-, Double-, and Multi-Walled Carbon Nanotubes," Advanced 
Functional Materials 19, 3918–3925 (2009). Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA. 
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voltage above the optical phonon energy of about 0.16 eV,16 as revealed directly by 

Raman spectroscopy measurements,17-19 the 3-ω and other self electrical heating methods 

could not be applied readily to SWCNTs.20 To account for non-equilibrium transport in a 

current-carrying SWCNT, a coupled electron-phonon transport model was developed and 

used to obtain the thermal conductance of a 2.6 μm-long SWCNT by fitting the current-

voltage characteristics with several other parameters including the coupling constant 

between optical and acoustic phonons and contact thermal and electrical resistances, 

yielding thermal conductance inversely proportional to temperature at above room 

temperature.21 Spatially resolved Raman spectroscopy was recently employed to profile 

temperature distribution along a current-carrying suspended SWCNT, from which the 

thermal conductance of a 2 μm-long SWCNT was attributed mainly to hot optical 

phonons while that of a 5 μm-long SWCNT was attributed to equilibrium phonons and 

found to be proportional to temperature at above room temperature.22 In a more recent 

work,23 Raman spectroscopy was used to measure the temperature and thermal 

conductance of over 30 μm-long, current-carrying SW and MW CNTs, where local 

thermal equilibrium among different phonon branches was established in the very long 

CNTs. In these Raman measurements of thermal transport in CNTs,22-24 the thermal 

contact resistance could be determined from the obtained temperature profile. However, 

the temperature dependence of the thermal conductance has not been obtained partly 

because the temperature resolution of the Raman measurements was 50 – 100 K and the 

temperature rise used in the experiments usually exceeded 100 K.22-25 
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In order to obtain the thermal conductivity from the measured thermal 

conductance, the cross section of the CNT sample needs to be determined. In addition, 

the CNT thermal conductivity can depend on the number of shells, diameter, chirality, 

and structural defect concentrations. However, in many of the existing measurements, the 

crystal structure of the CNTs was not adequately characterized. Consequently, the 

obtained thermal conductivity could be subjected to errors resulting from uncertainty in 

the CNT cross section and the structure-thermal property relationship could not be 

established. 

In two experiments,12, 14 transmission electron microscopy (TEM) was used to 

characterize the cross section of individual MWCNTs assembled on a suspended micro-

thermometer device or T-junction sensor for thermal measurement. In both experiments, 

the effective thermal conductivity of the MWCNTs was found to increase with 

decreasing diameters. In another experiment conducted using a suspended micro-

thermometer device, the measurement results were attributed to an increase of the 

intrinsic thermal conductivity with the suspended length of the MWCNTs.13 In these 

direct thermal conductance measurements, thermal contact resistance to the MWCNTs 

could not be obtained as readily as in micro Raman thermometry based methods. In two 

earlier reports on thermal measurements of a MWCNT and a SWCNT using the 

suspended device,10, 11 it was suggested that contact resistance played a role. Thermal 

contact resistance was later shown to account for the lower effective thermal conductivity 

observed at low temperatures in a MWCNT10 than in graphite.26 The presence of large 

thermal contact resistance has recently been revealed via spatially resolved temperature 
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measurements of optically and electrically heated SWCNTs by using Raman and 

scanning thermal microscopy measurements.22, 24, 27 A review of existing thermal 

conductance measurements of carbon nanotubes is shown graphically in Fig. 2.1. 

2.2 MOTIVATION AND SCOPE OF THE PRESENT WORK 

The objectives of this work are to establish the structure-thermal property 

relationship and to quantify the thermal contact resistance to CNTs by conducting 

thermal conductance and TEM measurements of the same individual SW, double-walled 

(DW), and MW CNTs directly grown between two suspended micro-thermometers by 

thermal chemical vapor deposition (CVD). The thermal conductance, diameter, and 

chirality are all characterized on one SWCNT, and the thermal conductance of a DWCNT 

is measured. For three MWCNT samples, the thermal contact resistance is determined 

from thermal measurements before and after deposition of platinum-carbon (Pt-C) 

composites at the contacts. The intrinsic thermal conductivity values determined for the 

three MWCNT samples correlate well with the different structural defect concentrations 

observed by TEM. Thermal contact resistance is found to limit thermal transport in the 

as-grown CVD SW, DW, and MWCNT samples without the contact deposition, and is 

still appreciable for MWCNT samples after the contact deposition. 
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Figure 2.1: Reported thermal conductivity (κ) values of suspended single- (S) and 

multi- (M) walled (W) carbon nanotubes (CNTs). Samples were 

synthesized via laser ablation,10 arc discharge12, 14 and chemical vapor 

deposition11, 15, 21, 23 methods. Thermal conductance was measured by 

micro-resistance thermometry,10-12 T-junction,14 Raman G-peak 

thermometry23 and electrical self-heating using an electron-phonon 

coupling model to fit the current-voltage curve21 and using the 3-ω 

method.15 
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2.3 EXPERIMENT DESIGN 

2.3.1 Micro-Thermometer Device Fabrication 

The thermal conductance measurements were conducted using a suspended 

device,28 which consists of two adjacent low stress silicon nitride (SiNx) membranes each 

suspended by six 420 μm-long SiNx beams. One 35 nm-thick, 200 nm-wide, and 350 μm-

long serpentine Pt resistance thermometer (PRT) and two 1 μm-wide Pt electrodes are 

patterned on each membrane. Electron beam lithography and a lift-off process were used 

to pattern a 10 Å thick iron (Fe) thin film covered by a 5 Å thick ruthenium (Ru) thin film 

on the Pt electrodes of the two membranes in order to locally seed CNT growth via 

thermal CVD. A through-substrate hole was etched beneath the suspended membranes to 

allow for TEM characterization of the as-grown suspended CNTs. A schematic and 

scanning electron micrographs of the measurement device are shown in Fig. 2.2. 

The design of this device allows for electrical, thermal, and thermoelectric 

property measurements in the temperature range of 50 – 475 K of nanostructures that can 

be placed between the two membranes. In this chapter, individual single- (S), double- 

(D), and multi- (M) walled (W) carbon nanotubes (CNT) are grown between the two 

membranes using a chemical vapor deposition (CVD) process and their thermal 

conductance is measured after transmission electron microscopy analysis is performed to 

determine the diameter and crystalline structure. 

Fabrication of measurement devices is based on a wafer-stage process that utilizes 

microelectronics fabrication techniques (Fig. 2.3). The devices are built upon a double- 
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Figure 2.2: (a) Schematic diagram and (b) – (c) scanning electron micrographs of the 

suspended microdevice for thermal property measurements of carbon 

nanotubes. Scale bars are 200 μm and 10 μm for (b) and (c), respectively. 

side polished 500 µm-thick, 100 mm-diameter silicon wafer. First, an approximately 500 

nm-thick layer of low-stress SiNx was deposited on both sides of the wafer using a low-

pressure chemical vapor deposition (LPCVD) process with a (5 : 1) dichlorosilane : 

ammonia chemistry. An electron beam evaporation technique was then used to deposit 
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Figure 2.3: Fabrication process of the suspended microdevice used for CNT thermal 

conductance measurements. 

approximately 50 nm of platinum onto the top side of the wafer, with a 5 nm chromium 

layer evaporated directly onto the silicon nitride to promote adhesion of the platinum 

layer. A 200 nm-thick low-temperature silicon dioxide (LTO) film was then deposited on 

top of the platinum layer by LPCVD to act as an etching mask during lithography-to-film 

pattern transfer (Fig. 2.3a). 

(a)              (b) 
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To create the platinum resistance thermometers (PRTs) and electrodes that make 

up the core of the microdevices, an electron beam lithography procedure was used due to 

the small feature sizes employed. This pattern was then transferred to the platinum film 

using a reactive ion etching (RIE) process, first removing the silicon dioxide with a 

fluorocarbon based chemistry, then sputtering the platinum film away with high energy 

argon ions. A new 200 nm-thick LTO layer was then deposited onto the wafers and a 

standard contact lithography process followed by RIE was used to pattern the electrical 

leads and contact pads into the platinum film (Fig. 2.3b). 

After the platinum layer was patterned, a new 650 nm-thick LTO film was 

deposited onto the top side of the wafer to serve as a dielectric layer, preventing shorting 

of the measurement device by conductive debris. The bottom side of the wafer was then 

patterned with contact photolithography and RIE to expose silicon that would be removed 

to create the through hole in each device, allowing for transmission electron microscopy 

(TEM) of nanotubes grown on the microdevice. With the completion of this step the LTO 

film was patterned to expose contact pads and device electrodes (Fig. 2.3c). Finally, the 

top side of the wafer was patterned to expose silicon that after etching would allow for 

the suspension of the membranes (Fig. 2.3d).  The final step in the device fabrication was 

to wet etch the wafers in a 4 % v / v solution of tetramethylammonium hydroxide in H2O 

heated to 90 oC to selectively remove the silicon substrate (Fig. 2.3e). 
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2.3.2 Carbon Nanotube Synthesis 

Carbon nanotubes were grown between the two suspended membranes directly by 

catalytic decomposition of hydrocarbon gas on the transition metal catalysts patterned 

only on the two membranes.29 The temperature of the growth furnace was ramped / 

cooled under hydrogen (200 cm3 min-1, 99.999 %) and CVD was conducted at 900 oC and 

atmospheric pressure for 10 minutes with methane (1000 cm3 min-1, 99.999 %) as the 

carbon feedstock, yielding clean CNTs bridging the two membranes of the suspended 

micro-thermometer device. A high resolution SEM (Zeiss Supra 40 VP) was used to 

image each sample in this work and to ensure that no CNTs were grown on the suspended 

measurement device except between the two central membranes. The parameters utilized 

in this method were optimized to provide ultra-low density, small diameter SWCNTs 

while minimizing the effects of dewetting and nucleation of the thin, polycrystalline 

platinum resistance thermometers which can greatly degrade the sensitivity of this 

measurement method.   

2.3.3 Platinum-Carbon Deposition at Contacts 

After thermal conductance measurements were completed for the as-grown 

samples, a 30 keV electron beam was used to decompose the metal-organic precursor, 

trimethyl(methylcyclopentadienyl)platinum(IV), at the contacts of MWCNT samples M1, 

M3, and M4 in a scanning electron microscope (FEI DB Strata 235) in order to assess 

thermal contact resistance to the CNTs. The suspended MWCNT segments were not 

imaged during or after the gaseous organometallic precursor entered the chamber. After 
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Pt-C deposition and prior to thermal conductance measurements, the sample was 

annealed in vacuum at 490 K for several hours to improve Pt-C density30 prior to 

additional thermal conductance measurements. 

2.3.4 Transmission Electron Microscopy 

TEM analysis was carried out after thermal conductance measurements using a 

FEI Tecnai G2 F20 X-Twin at 120 kV accelerating voltage. Nanoarea electron diffraction 

patterns of the CNT samples were acquired using a 350 nm coherent electron beam and 

recorded on a CCD camera with a camera length of 33 cm and exposure times greater 

than 1 minute. Details of the quantitative electron diffraction analysis for atomic structure 

determination are given in Section 2.4.1 below. 

2.3.5 Thermal Conductance Measurement 

The thermal conductance of the as-grown CNTs was measured using a method 

described previously.28 During the measurement, the sample was placed into a cryostat 

under high vacuum to eliminate heat transfer through the air. The schematic and thermal 

resistance circuit for this measurement method is shown in Fig. 2.4. The two suspended 

membranes of the measurement device are denoted as the heating membrane and the 

sensing membrane, respectively. When a direct current, Idc, is supplied to the platinum 

resistance thermometer (PRT) on the heating membrane, part of the Joule heat generated 

in the heating membrane is conducted through the CNT to the sensing membrane. The 

temperature distribution on each membrane was found to be uniform in numerical 

simulations.31, 32 At different Idc values, the two PRTs are used to measure the 



 

Fi

tem

ΔT

igur

mp

Ts(I

re 2

era

Idc) 

2.4

ature

≡ T

: 

e r

Ts(Id

Sch

the

CN

rises

Idc) –

hem

erm

NTs

s o

– T

mati

mal r

s. 

on t

T0, r

ic a

resi

the 

resp

and

ista

he

pect

d th

ance

eatin

tive

herm

e o

ng 

ely,

mal

r c

an

 wh

 re

ond

nd s

here

sist

duc

sen

e T

19

tanc

ctan

sing

T0 is

ce 

nce 

g m

s th

circ

me

mem

he su

cuit

easu

mbr

ubs

t of

urem

rane

stra

f th

men

es, 

ate t

he e

nts 

ΔT

tem

exp

of 

Th(I

mper

peri

f ind

Idc)

ratu

ime

div

≡ 

ure.

enta

vidu

Th(

. A 

al m

ual 

(Idc)

sen

meth

sus

) – 

nsit

hod

spen

T0

tive

d fo

nde

 an

e A

or 

ed 

nd 

C 



 20

measurement was used to measure ΔTh(Idc) and ΔTs(Idc) whereby a small AC current, iac
 = 

0.5 μA, was passed through each PRT at frequencies of 747.7 Hz and 199.03 Hz, 

respectively. The first harmonic component of the AC voltage drop, vac, across each 

membrane was then measured to determine, Rh(Idc) and Rs(Idc). It has been shown that at 

these frequencies the thermal time constant of the suspended microdevice, on the order of 

10 ms, is much larger than the period of the AC current and the system yields a trivial 

first harmonic oscillation in the resistance of the PRTs.28 Hence measurement 

inaccuracies that can increase the calculated resistance rise by up to a factor of three 

when measuring resistance using coupled AC + DC current are not an issue in this 

measurement. A change in temperature induces a change in electrical resistance of each 

PRT which is interpreted by measuring the temperature coefficient of resistance [α ≡ (dR / 

dT) / R(T0)] of each PRT at each T0, typically on the order of 5 × 10-4 K-1 for this 

microdevice design. The quantitative temperature rises can then be calculated as 
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The thermal resistance of the six beams supporting each membrane can then be 

obtained as RB
 = (ΔTh

 + ΔTs) / (Qh
 + Ql), where Qh is the Joule heat dissipation in the PRT 

on the heating membrane, and Ql is half of the Joule heat dissipation in the two identical 

Pt leads supplying the current to the heating PRT.28 The total measured thermal resistance 

of the CNT sample is obtained as 
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With the use of a sensitive AC measurement of the differential electrical 

resistances of the two PRTs, the measurement method can achieve a sensitivity on the 

order of 1 × 10-10 W K-1 in the measured thermal conductance, Gm
 ≡ 1 / Rm. For the 

measurement of CNTs, the maximum temperature rise (ΔTh,max) on the heating membrane 

was between 10 and 20 K, so that Gm is the average value over the temperature range 

between T0 and (T0
 + ΔTh,max). 

For this thermal conductance measurement, radiation loss from the heating 

membrane is calculated to be below 3 % of Qh; whereas less than 5 % of Ql is lost via 

radiation from the two Pt lead wires supplying the heating current. We note radiation loss 

from the circumference of the beams has been estimated numerically to be at least one 

order of magnitude smaller than the conduction through the beams.32 On the other hand, 

radiation heat loss from the circumference of a CNT is calculated to be several orders of 

magnitude smaller than heat conduction along the CNT over the temperature range of this 

experiment. 

Owing to its small cross section, Gm of a SWCNT is often not much higher than 

the background thermal conductance, Gbg, measured with the suspended device after the 

SWCNT between the two membranes was broken (see Fig. 2.5). Gbg is a result of 

parasitic heat transfer between the two membranes via radiation or conduction by residual 

molecules in the evacuated cryostat, and by heating of the substrate due to a finite 

substrate thermal resistance. At 300 K, Gbg was measured to be about 3 × 10-10 W K-1. At 

each temperature, the measured Gbg value was subtracted from the as-measured thermal 

conductance, Gm, to obtain the sample thermal conductance Gs
 ≡ 1 / Rs

 = 1 / (Rc
 + RNT), 
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( )[ ]δδπδπ 11 −+=≡ ∑ ndndA n

j j , (2.3) 

where n is the number of shells in the CNT, dj is the diameter of the j-th nanotube shell, 

and δ = 3.35 Å is the (002) interplanar spacing of graphite.33 Equation 2.3 reduces to A = 

δπ d  for SWCNT samples and accounts for the cross-sectional area of each shell in 

DWCNT and MWCNT samples. In comparison, the definition A = π ( 22
io dd − ) / 4, where 

do and di are the outer and inner diameters of the CNT, respectively, can underestimate 

the cross-sectional area by up to 50 % for the DWCNT. Both cross-sectional area 

definitions converge to within the measurement error for the MWCNT samples. 

2.3.5(i) Uncertainty Analysis 

To improve on the accuracy of the thermal conductance measurement, the DC 

current applied to the heating membrane was ramped from Idc
 = 0 to Idc

 = –Idc,max
 ≈ –10 μA 

and down to Idc
 = 0, and then up to Idc

 = Idc,max
 ≈ 10 μA and back to Idc

 = 0. This cycle 

produced discrete ΔRh and ΔRs values for N = 203 different Idc values. At each 

environment temperature T0, and three to six measurement sets exhibiting the strongest 

correlation between ΔRh(Vdc) and ΔRs(Vdc), quantified by the squared Pearson product 

moment correlation coefficient (R2) of the ΔRh
 / ΔRs slope, were used in the thermal 

conductance calculation. As stated previously, RB was calculated as the slope of a least-

square linear curve fit of (ΔTh
 + ΔTs) as a function of Qtotal

 = Qh
 + Ql as shown in Fig. 2.6a 

for sample D1 at 300 K. Rm
 / RB was then calculated as the slope of a least-square linear 

curve fit of (ΔTh
 − ΔTs) as a function of ΔTs as shown in Fig. 2.6b for sample D1 at 300 

K. The thermal conductance of the SWCNT was then obtained as Gm
 = GB

 (Gm
 / GB). 
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Figure 2.6: (a) Total heat conducted through the six beams supporting the heating 

membrane to the environment, Qh
 + Ql, plotted as a function of ΔTh

 + ΔTs 

for sample D1 at 300 K, the slope yields GB. (b) Corresponding 

temperature rise on the sensing membrane, ΔTs, plotted as a function of 

ΔTh
 – ΔTs, the slope yields Gm

 / GB.  The least-square linear curve fit and 

square of the Pearson product moment correlation (R2) of the curve fitting 

are also shown. 

At each T0, the random uncertainty in the averaged SWCNT thermal conductance 

calculation, 
mGP , was taken using the t-distribution method with a one-sided confidence 

of 97.5% and three Gs values. The random uncertainty 
mGP  was then calculated as 

m
mG

m
mGv

mG G
S

G
n

St
P

3

303.497.5,
== , (2.4)  

where n is the number of data sets, v ≡ n – 1 and 
mGS  is the standard deviation of the three 

calculated Gs values. The total uncertainty, 
mGU , was calculated as 

22

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

m

mG

m

mG
mmG G

B

G

P
GU , (2.5) 



 25

where 
mGU  is the systematic error of the CNT thermal conductance measurement and the 

bias uncertainty, 
mGB , was calculated as 0.6 % of Gm. 

The background-corrected sample thermal conductance (Gs
 = Gm

 – Gbg) 

uncertainty (
sGU ) was then calculated as 
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where the background uncertainty, 
bgGU , is calculated in the same manner as 

mGU . 

The effective thermal conductivity of the CNTs was calculated as κ = Gs
 L / A, 

where the cross-sectional area, A, is defined as per Eq. 2.3. The uncertainty in the 

SWCNT thermal conductivity calculation, κU , was calculated from the random and bias 

uncertainties in the suspended length, L, as determined by scanning electron microscopy, 

the cross-sectional area, A, as determined by phase contrast TEM, and the sample thermal 

conductance, Gs, as 
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where JP  are calculated by the t-distribution method (Eq. 2.4). The random uncertainty 

in L was calculated from the length measurement of the SEM micrographs and mainly 

due to finite pixel size, while the bias uncertainty, LB , is based on the resolution of the 

SEM, approximately 1.3 nm. The random uncertainty in A was determined from separate 
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TEM micrographs of the same SWCNT using slightly different defocus values at 

different locations to be ~ 0.5 %. Due to the effects of spherical and chromatic 

aberrations, energy spread in the incident beam and finite vibrations of the sample and 

system we expect a bias uncertainty, AB , of ~ 2 % in the SWCNT diameter 

determination from TEM.34 A detailed description of the uncertainty analysis for this 

measurement method is discussed by Yu et al.31 

2.3.5(ii) Sensitivity, Noise and Error Approximations 

The sensitivity of the thermal conductance measurement can be estimated from 

voltage, current, resistance and thermal instabilities. If we consider Eqs. 2.1 and 2.2 and 

replace ΔTs with the temperature fluctuation due to electrical noise ΔTs,electrical, and ΔRs 

with the resistance fluctuation due to electrical noise ΔRs,electrical, it can be seen that the 

measured thermal conductance due to this noise, or the electrical noise equivalent thermal 

conductance NEGelectrical can be expressed as 
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One noise source in the resistance is made up of noise in the voltage and current 

supplied by the lock-in amplifier, 
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where Rs,0 is the resistance of the sensing PRT at the environment temperature, T0. The 

noise in the voltage, Δvac, is dominated by Johnson noise due to thermal perturbation of 

electrons within the PRT and is expressed as Δvac(rms) = (4 kB
 Ts

 Rs,0
 Δf )1/2 where kB is 

Boltzmann’s constant and Δf is the equivalent noise bandwidth of the measurement, 

which for the parameters used here is 0.26 Hz. The noise in the AC current, Δiac, has 

contributions due to shot noise, Δiac
 = (2 q iac

 Δf )1/2, where q is the electron charge; due to 

the noise of the sinusoidal voltage source output (Δvout
 / vout), rated at 50 × 10-6 K-1; and 

due to variations in resistance of the 106 Ω resistor used to turn the sinusoidal voltage 

source into an effective AC current source, which is rated at 1 × 10-6 K-1. Therefore the 

measured thermal conductance due to electrical noise in the system is calculated as 
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Overestimating the ambient temperature fluctuation around the lock-in amplifier and the 

106 Ω resistor as 0.25 K, and using GB calculated as shown in Fig. 2.6a, we can see that 

the sensitivity of this measurement due to electrical and thermal noise is dominated by 

the ambient temperature fluctuation and for a ~ 20 K temperature rise on the heating 

membrane is on the order of 10-10 W K-1. 

Another source of noise is the random fluctuation of the base temperature of the 
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cryostat, which is controlled to be about ΔT0
 = 40 × 10-3 K by the temperature controller. 

This noise gives rise to an equivalent conductance of  
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which is also on the order of 10-10 W K-1. The total noise equivalent thermal conductance 

is thus 

electricalTs NEGNEGNEG +=
0δ , (2.12) 

and is plotted versus temperature in Fig. 2.7. 

Two sources of background in this measurement method are contributions from 

heat conduction through residual gas molecules and radiation to the temperature rise on 

the sensing membrane. Radiation transfer between membranes can be approximated as 

( )( )shshhshradhs TTTTFAG ++= 22
, σ , (2.13) 

where Fhs is the view factor between the two membranes and is approximately 0.5, Ah is 

the cross sectional area of the heating membrane and σ is the Stefan-Boltzmann constant.  

Ghs,rad is on the order of 5 × 10-14 W K-1 and hence below the sensitivity limit of this 

measurement method. Although the above analysis only treats energy transferred 

between the two membranes by radiation, radiation from the beams to the environment 

can lead to a non-linear temperature profile along the beam and induce errors in the 

correlation of R with T. A thorough finite element analysis has concluded that for the 

device of this work, the errors in RB and Rs resulting from radiation heat loss along the 

beams are less than 10 % over the measured temperature range.32 
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Figure 2.7: Sensitivity limit of the thermal conductance measurement using ΔTh of 

approximately 10 K and assuming an ambient temperature fluctuation of 

0.25 K (calculated from the device used to measure sample M1). 

The heat conduction from the heating membrane to the sensing membrane due to 

residual gas molecules in the cryostat chamber can be expressed as 

L
A

G hair
condairhs

κ
=_, , (2.14) 

where κair is the pressure-dependent thermal conductivity of air, which is on the order of 

10-5 W m-1 K-1 10-5 Torr, Ah is the cross sectional area of the heating membrane and L is 

the distance separating the two membranes. Ghs,air_cond is calculated to be on the order of 

10-11 W K-1 and also below the sensitivity limits of this measurement method. The results 

of this analysis have been verified experimentally (Fig. 2.8), where it is shown that there 
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Figure 2.8: (a) Change in temperature of the heating membrane as Idc is ramped for two 

separate measurement devices, one with sample D1 between the suspended 

membranes, and one without. Both devices are from the same batch-

fabricated wafer and have undergone the same processing steps prior to 

measurement. (b) Corresponding change in temperature of the sensing 

membrane for both devices. Note that even though the temperature rise 

used on the heating membrane is higher for the device with no SWCNT, 

there is no discernable temperature rise on the sensing membrane. 

is no significant temperature rise on the sensing membrane when there is no carbon 

nanotube suspended between the two suspended membranes. 

2.4 EXPERIMENTAL RESULTS AND DISCUSSION 

Thermal conductance measurements and TEM analysis were conducted on the 

same individual CVD-grown CNTs between the two suspended micro-thermometers of 

the measurement device28 (see Fig. 2.2b,c), which has been described in detail in Section 

2.3. 
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Figure 2.9: TEM images of (a) MWCNT sample M1A and (b) M1C. Arrows indicate 

bimetallic catalyst particles as evidence for tip-growth formation. Methane 

flow direction is top to bottom with respect to the images, and no free-

standing MWCNT was observed without a catalyst particle at its tip. Scale 

bars are 1 μm. 

2.4.1 Structure Characterization 

TEM analysis was carried out after thermal conductance measurements, revealing 

that the CVD growth process yielded SW, DW, and MW CNTs under identical growth 

conditions. In addition, the MWCNTs were observed to be produced by the tip-growth 

mechanism (Fig. 2.9). It is likely that a variation of the iron-ruthenium (Fe-Ru) catalyst 

thickness and composition led to the nucleation of the three different types of CNTs. We 

are unaware of other studies using the bimetallic Fe-Ru thin film catalyst and methane 

CVD growth method, which will require further studies to illuminate the critical phase 
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transition parameters for the growth regimes observed in this work. A total of seven CNT 

samples are reported in this work. These samples are denoted as S1 and S2 for the two 

SWCNT samples, D1 for a DWCNT sample, and M1, M2, M3, and M4 for the four 

MWCNT samples. SEM and TEM results are shown in Fig. 2.10 for S1, Fig. 2.11 for S2, 

Fig. 2.12 for D1, Fig. 2.13 for M1, Fig. 2.14 for M2, Fig. 2.15 for M3 and Fig. 2.16 for 

M4. The CNT dimensions are listed in Table 2.1, where the suspended and contact 

lengths have been measured using SEM and the number of shells and diameter have been 

determined using TEM. Specifically, diameters were determined by nanoarea electron 

diffraction (NAED)35, 36 for sample S1 and phase contrast TEM34 for all others. 

Except for samples S2 and D1 where the CNTs were broken during the TEM 

sample preparation procedure after thermal conductance measurements and the remaining 

suspended sections were not long enough to obtain diffraction patterns, NAED patterns 

were obtained for each CNT sample of this work. The NAED pattern of S1 is shown in 

Fig. 2.10c. To assign chirality to SWCNT sample S1, we first determine the chiral angle 

from the observed (01), (10), and (11) layer lines of the experimental electron diffraction 

pattern as 20.44 ± 0.2o as described by Gao et al.35 and Zuo et al.36 The experimental 

intensity oscillations along the equatorial line for S1 are then used to obtain the diameter 

as 2.33 ± 0.02 nm, by fitting with the square of a zeroth-order Bessel function, whose 

argument (π R d) is both a function of nanotube diameter, d, and reciprocal space vector, 

R. This method eliminates the uncertainties induced when the SWCNT is not exactly 

perpendicular to the electron illumination. The only chirality which fits within the 

experimental error is (n, m) = (22, 12), whose calculated equatorial line intensity profile  
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Figure 2.10: (a) SEM and (b) transmission electron microscopy (TEM) image of 

SWCNT sample S1 bridging the two membranes. (c) Diffraction pattern for 

S1 using a 350 nm coherent electron beam, hexagons are added to highlight 

the 0}1{10  layer lines from the top and bottom of the nanotube. The 

diameter and chiral angle are determined to be 2.33 ± 0.02 nm and 20.44 ± 

0.2o, respectively. (e) Equatorial oscillations (solid line) along EE' in (c) 

and calculation (dashed line) for a (22, 12) SWCNT are in good agreement. 

Scale bars are 1 μm, 5 nm and 2 nm-1 for (a), (b) and (c), respectively. 

 

Figure 2.11: (a) SEM and (b) TEM image of SWCNT sample S2. Scale bars are 1 μm 

and 5 nm for (a) and (b), respectively. 
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Figure 2.12 (a) SEM and (b) TEM image of DWCNT sample D1. Scale bars are 1 μm 

and 5 nm for (a) and (b), respectively. 

 

Figure 2.13: (a) SEM image of as-grown MWCNT sample M1 that consists of 3 

individual MWCNTs, denoted as A, B, and C. (b) SEM of M1 after 

focused electron beam induced deposition of Pt-C at the nanotube-

membrane contacts. (c)-(d) TEM images of A, B and C reveal that they are 

quintuple-walled nanotubes with an axial defect structure density of 35  

μm-1, corresponding to an effective grain size of 29 nm. TEM images were 

taken before Pt-C was deposited at the contacts. Scale bars are 1 μm for (a) 

and (b), 50 nm for (c) and 5 nm for (d). 
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Figure 2.14: (a) SEM and (b) – (c) TEM images of MWCNT sample M2 reveal a 

quintuple-walled nanotube with an axial grain size of about 33 nm. Scale 

bars are 1 μm, 50 nm and 5 nm for (a), (b) and (c), respectively. 

 

Figure 2.15: (a) SEM image of as-grown MWCNT sample M3. (b) SEM image of M3 

after focused electron beam induced deposition of Pt-C at the nanotube-

membrane contacts; the suspended segment of M3 shifted and a 180 nm 

section contacted the edge of the right membrane. (c) One of the TEM 

images taken along the nanotube sample M3 after Pt-C was deposited at the 

contacts. These images reveal an axial structure defect concentration of 

about 50 μm-1, corresponding to an effective grain size of 20 nm. (d) High 

resolution TEM image of M3 reveals a 7-shelled multi-walled nanotube. 

Scale bars are 1 μm for (a) and (b), 50 nm for (c) and 5 nm for (d). 
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Figure 2.16: (a) SEM image of as-grown MWCNT sample M4. (b) – (c) SEM of M4 

after focused electron beam induced deposition of Pt-C at the nanotube-

membrane contacts. (d) – (e) TEM images of M4 reveal an 11-shelled 

MWCNT with an axial defect structure concentration of 77 μm-1, 

corresponding to an effective grain size of 13 nm. TEM images were taken 

after Pt-C was deposited at the contacts. Scale bars are 1 μm for (a) – (c), 

50 nm for (d) and 5 nm for (e). 

shown in Fig. 2.10d, is in agreement with the experimental result. The next two closest 

chiralities, (21, 12) and (23, 13) have diameters of 2.27 nm and 2.47 nm, respectively, 

and chiral angles of 21.05o and 20.89o, respectively, which are outside of the 

uncertainties of the diameter and chiral angle measurements. Most importantly, the 

experimental intensity oscillations along the equatorial line for S1 do not agree with those 
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Sample # Shells (di / do) / nm L / µm Lc,l / μm Lc,r / μm 

S1 1 2.34 4.31 N/A 2.10 

S2 1 1.5 2.03 0.72 N/A 

D1 2 2.1 / 2.7 4.02 0.40 0.64 

M1 

A 5 7.0 / 10.3 3.02 0.92 2.53 

B 5 7.0 / 10.5 2.83 2.44 2.53 

C 5 6.9 / 9.9 3.06 0.80 1.63 

M2 5 6.8 / 9.9 1.95 2.14 0.40 

M3 7 6.7 / 11.4 1.97 3.28 0.57 

M4 11 6.6 / 14.0 3.31 2.29 5.63 

Table 2.1: Carbon Nanotube Sample Dimensions. di and do are the inner and outer 

CNT diameters, respectively. L is the as-grown CNT suspended length. Lc,l 

and Lc,r are left and right CNT-membrane contact lengths. MWCNT sample 

M1 consists of three individual CNTs in parallel, labeled A, B, and C. N/A 

= not available. 

calculated for the closest alternative chiralities as shown in Fig. 2.17. Hence, these results 

allow us to determine the chirality assignment of (22, 12) for SWCNT sample S1 with 

confidence. 

TEM analysis allowed for quantification of axial defects in the CNTs. Samples 

S1, S2, and D1 showed no observable defects. On the other hand, the defect 

concentration observed on the four MWCNT samples appears to increase with the 

number of shells. MWCNT samples M1, M2, M3, and M4, consisting of 5, 5, 7, and 11 

shells, were observed to have about 35, 30, 50, and 77 dislocations, respectively, per 
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Figure 2.18: Diffraction patterns for (a) M1A, (b) M2, (c) M3 and (d) M4 obtained 

using a 350 nm coherent electron beam. Diffraction patterns show multiple 

equatorial lines that vary by a few degrees from the average orientation, a 

result of the probe size being an order of magnitude larger than the grain 

size of the MWCNT. Scale bars are 2 nm-1, intensities are not to scale. 

These results reveal that MWCNTs grown by the thermal CVD method consist of 

more defects than those produced by laser ablation37 and arc-discharge processes.38, 39 In 

recent experiments, in situ environmental TEM observation during CVD growth of CNTs 

by transition-metal catalyst particles has shown that axial defects to be a result of 

dynamic reshaping of the catalyst particle during the growth process.40, 41 Further study of 

a large number of CVD MWCNT samples is required to verify the existence of the 

correlation between number of shells and defect concentration, and to better understand 

the cause of such correlation. 

2.4.2 Thermal Conductance and Effective Thermal Conductivity 

The thermal conductance of the as-grown CNTs was measured using the 

suspended micro-thermometer device based on a method described previously28 and 

discussed in detail in Section 2.3.5 above. The obtained total sample thermal conductance 
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Figure 2.20:  As-measured effective thermal conductivity (κ) versus temperature (T) for 

the two SWCNT, one DWCNT, and four MWCNT samples in this work. 

For the samples of this work, filled symbols and unfilled symbols are 

results measured before and after Pt-C deposited at the contacts, 

respectively. Shown in comparison are the reported κ values of SW and 

MWCNTs. 

2.4.3 Thermal Contact Resistance 

For three MWCNT samples (M1, M3, and M4), the measured thermal resistance 

was decreased by a factor of two after Pt-C was deposited at the MWCNT-membrane 

contacts using focused electron beam induced deposition from an organometallic gaseous 

precursor,42 as shown in Fig. 2.21. Compared to those taken before the deposition 
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Figure 2.21: Measured thermal resistance (Rs) versus temperature (T) for three MWCNT 

samples before (filled symbols) and after (unfilled symbols) Pt-C was 

deposited at the contacts. 

(e.g. Fig. 2.14b,c), TEM images taken after the Pt-C deposition (e.g. Fig. 2.15c,d) reveal 

some additional black dots on the MWCNT surface, which are likely amorphous Pt-C 

with low thermal conductivity. Because these dots are small compared to the MWCNT 

cross section and do not form a continuous layer, they are not expected to contribute to 

the reduction in the thermal resistance of the sample. In addition, the suspended lengths 

of sample M1 and M4 remained the same before and after deposition; whereas a short (~ 

180 nm) segment of the suspended section of M3 was found to touch the side edge of one 
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membrane after the deposition (Fig. 2.15b). Hence, we attribute the large thermal 

resistance decrease to the decrease in the thermal contact resistance. The result 

establishes that thermal transport in the as-grown MWCNTs is limited by thermal contact 

resistance before the contact deposition. 

We calculate the contact resistance using the fin heat transfer model26, 31 

1
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, (2.15) 

where Rc,j is the thermal contact resistance at each of the two CNT-membrane contacts, Lc,j 

is the contact length, κNT is the intrinsic axial thermal conductivity of the CNT, and cR′  is 

the contact resistance between the CNT and the membrane per unit length. It has been 

suggested that cR′  is dominated by the interface thermal resistance between a CNT and 

the contacting medium per unit length, iR′ ,26 which is proportional to the contact width, 

b, and the phonon transmission coefficient, 21→α , across the interface from the CNT to 

the contacting surface. Hence, one expects that increasing contact area after the Pt-C 

deposition considerably reduces cR′  and the contact resistance. 

2.4.3(i) Analysis of Chang et al.’s13 measurement results and cR′   

To evaluate the cR′  value after the Pt-C deposition, we analyze the work of Chang 

et al.,13 which reports the thermal resistances of MWCNTs placed between two 

suspended micro-thermometers after each of several 0.5 – 1 μm-long Pt-C patterns was 

deposited in sequence to connect part of the suspended MWCNT segment with one 



 44

membrane. The length of this contact (contact 1) increased and the suspended length 

decreased after each deposition. The length of contact 2 on the other membrane is much 

shorter than contact 1 and was covered by a ~ 0.5 – 1 μm-long Pt-C pattern. Because of 

the very different contact lengths of the two contacts, the contact resistance of contact 2 

could be much larger than that of contact 1 even before any Pt-C depositions at either 

contact and after one ~ 0.5 – 1 μm long Pt-C deposition at each contact. This highly 

asymmetric contact resistance is the key to understanding the measured thermal 

resistance as a function of suspended length. 

We note that Chang et al.’s13 thermal resistance data measured after one or two 

more Pt-C depositions at contact 1 than at contact 2 decreases approximately linearly 

with the decreasing suspended length. This could occur when the thermal conductivity is 

independent of the suspended length and the total thermal contact resistance is dominated 

by that at contact 2 to be approximately constant. By extrapolating these thermal 

resistance data to zero suspended MWCNT length, we obtain the thermal contact 

resistance to be in the range of 54 – 88 % of the measured total thermal resistance of the 

MWCNT samples after all Pt-C depositions were completed at contact 1 (see Fig. 2.22). 

In addition, the obtained thermal contact resistance allows for the determination of the 

product between the intrinsic thermal conductivity and the MWCNT cross section. 

We use the fin resistance model (Eq. 2.15) to calculate the total thermal contact 

resistance of both contact 1 and contact 2 and fit the calculation result with the above 

extracted value to obtain cR′ , the contact resistance per unit length after the Pt-C 

deposition. Although Pt-C deposition was not intended on part of the long contact length 
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Figure 2.22: Experimental data from Chang et al.13 (open symbols) and linear 

extrapolation to zero suspended length (lines) of data measured after one to 

two more Pt-C depositions at contact 1 than at contact 2. 

of contact 1, this part could also have been covered by a thin layer of the Pt-C precursors 

if this part was imaged by intense electron beam in the contaminated SEM chamber. For 

this reason, the contact resistance per unit length for this part could be lower than that of 

a clean sample without surface contamination. The representative SEM image reported in 

Chang et al.13 does not cover the entire length of this part because it is too long. We 

define an effective length of this part, Lc,1i, as that if cR′  for this part is taken as the same 

as that with Pt-C deposition. We calculate cR′  for different Lc,1i values in the range 

between zero and infinite length and for different, Lc,2 values where the contact length is 

shown from the SEM to be typically ~ 0.5 – 1 μm. 
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Figure 2.23: Calculated thermal contact resistance per unit length (R'c) as a function of 

Lc,2 with Lc,1i in the range between zero (lower error bar) and infinity (upper 

error bar) for each CNT sample in Chang et al.13 

As shown in Fig. 2.23, the obtained cR′  value is in the range between 10 – 41 m K 

W-1 and increases approximately with the length of contact 2, Lc,2, which is in the 0.5 to 1 

μm range. On the other hand, the extracted cR′  is rather insensitive to the Lc,1i and 

approaches a constant value when Lc,1i is longer than 2 μm. We attribute the variation of 

the obtained cR′  values to the variation of the outer diameter, do, of the MWCNT samples 

from 10 to 33 nm. 

Using the obtained cR′  values for each sample at Lc,2
 = 0.75 μm and different Lc,1i 

values, we calculate the total resistance of each MWCNT sample of Chang et al.13 at 
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different suspended lengths. The calculation results are in good agreement with the 

reported measurement data when Lc,1i is taken as 3 μm or longer, as shown in Fig. 2.24. 

We also note that the obtained contact resistance and cR′  are lower than those that 

would be obtained if the intrinsic thermal conductivity of the MWCNT decreases with 

decreasing suspended length. Because the suspended length is much longer than the 

phonon mean free path value obtained by Chang et al.,13 the thermal conductivity is not 

expected to vary strongly as a function of length based on existing thermal transport 

theories. 

2.4.3(ii) Analysis of Measured Samples in this Work 

We use the obtained cR′  range to calculate the contact resistance, Rc,a, to be 19 – 

37, 28 – 54, and 12 – 23 % of the measured total thermal resistance of our CVD samples 

after the Pt-C deposition, Rs,a, for sample M1, M3, and M4, respectively, which have 

diameters in the 10 – 14 nm range. 

The contact resistance, Rc,b, of the as-grown MWCNT samples before Pt-C 

deposition can be obtained based on the relation Rs,b
 – Rs,a

 = Rc,b
 – Rc,a

 – ΔL / (⎢NT
 A), where 

Rs,b is the total thermal resistance of the as-grown sample measured before the Pt-C 

deposition and ΔL is the difference in the suspended length. For M1 and M4, ΔL = 0. For 

M3, poor thermal contact is expected between the 180 nm segment in contact with the 

rough right-membrane edge compared to the segment covered by the Pt-C deposition. If 

we ignore thermal contact between this segment and the side edge, ΔL = 0. On the other 

hand, if we consider thermal contact for this segment is the same as that covered by the 
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Figure 2.24: Total thermal resistance versus length. Experimental data from Chang et 

al.13 (open symbols) and calculated data (lines) converge as the initial 

effective contact length of contact 1 (Lc,1i) is varied from 1 µm (dotted line) 

to 6 µm (solid line) for each CNT sample in that work, thus suggesting that 

the measurement results can be attributed to thermal contact resistance 

instead of a length-dependant thermal conductivity. 
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Pt-C deposition, ΔL = –180 nm and the contact length increases by the same amount. 

With these two limiting cases taken into account for M3, the obtained Rc,b values would 

be 5.9 – 3.6, 4.2 – 2.5, and 6.8 – 4.1 times larger than the above-obtained Rc,a, for sample 

M1, M3, and M4, respectively. This comparison affirms the expectation that the 

increased contact area after the Pt-C deposition considerably reduces the thermal contact 

resistance. Based on the obtained Rc,b values, we further use Eq. 2.15 to obtain the contact 

resistance per unit length before the Pt-C deposition, bcR ,′ , to be 201 – 258, 78 – 125, and 

439 – 585 m K W-1, for M1, M3, and M4, respectively. 

We compare the obtained bcR ,′  values with literature values. In recent works based 

on an electrical breakdown method,43-46 the thermal contact resistance per unit length at 

the breakdown temperature of about 900 K was obtained as 2 – 6 m K W-1 for individual 

SWNCTs on SiO2 and sapphire, and 0.6 m K W-1 for an individual MWCNT on SiO2. 

The value obtained by a scanning thermal microscopy measurement is 17 – 142 m K W-1 

for individual SWCNTs on SiO2 and electrically-heated to 380 – 540 K.27 In addition, 

when the diffusive resistance component in the contact resistance is taken as much 

smaller than the interface resistance, the contact resistance per unit length can be 

calculated as bcR ,′
 ≈ 

iR ′′ b, where iR ′′  is the interface resistance per unit area and b is the 

contact width to a CNT. iR ′′ was recently measured to be 2 × 10-8 m2 K W-1 between the 

graphite basal plane and a thin aluminum film deposited on top.47 In addition, Ref. 26 can 

be followed to calculate iR ′′ = 6.3 × 10-9 m2 K W-1 at near room temperature between 

platinum and the graphite basal plane for the case of strong interface bonding. The 
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contact width due to van der Waals (vdW) force between a CNT and a perfectly smooth 

Pt surface can be calculated to be about 1 nm for a 10 nm diameter MWCNT,26 yielding 

cR′  in the range of 7 – 22 m K W-1 when iR ′′ = 6.3 × 10-9 – 2 × 10-8 m2 K W-1 is used. On 

the other hand, the same b value would result in cR′  of 89 m K W-1 if one uses the iR ′′  

value of 8.3 × 10-8 m2 K W-1 measured between a SWCNT and surfactant micelles.48 

The bcR ,′  values obtained from our measurements are on the same order of 

magnitude as that for CNT-micelles interface and the upper limit of the SThM 

measurement results, but 1 – 3 orders of magnitude higher than the other literature values. 

We note that both bcR ,  and bcR ,′  would be overestimated if cR′  after Pt-C deposition and 

Rc,a were overestimated in the above calculation. However, because the obtained Rc,a 

values are already 2.5 – 6.8 times smaller than the Rc,b values, the limiting case of  Rc,a
 = 0 

only reduces Rc,b by 17, 28, and 15 % and bcR ,′  by 29, 45, and 30 % for M1, M3, and M4, 

respectively. Hence, we conclude that the bcR ,′  values for the three MWCNT samples are 

indeed considerably higher than the measurement values found from electrical 

breakdown experiments and the theoretical values based on strong interface bonding of a 

MWCNT to a smooth metal surface. 

Several factors can lead to the high bcR ,′  values observed in this work. First, the 

surface of the Pt electrodes became rather rough after the high temperature CVD growth 

process, as shown in all of the SEM images of the Pt surface (e.g. Fig. 2.10a). The rough 

Pt surface can reduce the contact area to be much smaller than those for smooth surfaces 

encountered in other experimental or theoretical works. In addition, as shown in a recent 
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calculation,49 iR ′′ can increase by orders of magnitude for weak vdW bonding compared 

to strong interface adhesion that is assumed for the calculated iR ′′ = 6.3 × 10-9 m2 K W-1 

value between Pt and the graphite basal plane.26 Before the Pt-C deposition, our CVD 

CNT samples were only exposed briefly to low energy (1.5 keV) electrons in a clean 

SEM chamber for acquiring an image of the sample. Detailed structure characterization 

was conducted after completion of the thermal measurement of the as-grown samples. 

Hence, the interface adhesion energy could be much smaller for our clean, as-grown CNT 

samples than for CNT devices that have been fabricated using lithography and metal 

deposition or exposed in high energy electron beams in a contaminated SEM chamber 

such as that used for Pt-C deposition. In addition to these two major reasons, two 

additional factors can also lead the large bcR ,′ . The first one is associated with the much 

lower temperatures in our measurements than in the electrical breakdown experiments. 

For graphite, the specific heat (C) increases by about 2.5 times when the temperature is 

increased from 300 K to 900 K,50 thus reducing iR ′′  by a similar factor because iR ′′  is 

inversely proportional to C. Moreover, the diffuse thermal resistance component to the 

contact resistance, dR′ , could be appreciable in MWCNTs because of weak inter-shell 

coupling. 

The contact deposition was not applied to the SWCNT and DWCNT samples in 

this work as they did not survive the many steps required by this experiment. For as-

grown samples without Pt-C deposition, the influence of contact resistance could be less 

apparent in the smaller diameter SWCNTs and DWCNTs than MWCNTs because of a 
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smaller surface-to-cross section ratio and weak inter-shell coupling in the MWCNTs, 

provided that the intrinsic thermal conductivity is not a strong function of diameter or 

number of shells. However, SWCNT samples S1 and S2 could also have a high thermal 

contact resistance because of a very short contact length (~ 100 nm) on one contact, 

which could not be measured accurately with SEM. In fact, no electrical contact was 

made to the two SWCNT samples while ~ 106 Ω electrical resistance was found for the 

DWCNT measured in this work and another likely SWCNT sample of higher thermal 

conductance measured in an earlier work.11 

To evaluate the thermal contact resistance to the as-grown SW and DW CNT 

samples, we follow Ref. 26 to calculate the contact width to be ~ 0.3 nm between S1, S2, 

and D1 and a perfectly smooth Pt surface in vdW contact. Using iR ′′  in the range 

between 2 × 10-8 – 6.3 × 10-9 m2 K W-1 for the strong interface bonding case, we use Eq. 

2.15 to obtain a contact resistance of 10 – 25, 22 – 55, 15 – 31 % of the measured total 

thermal resistance for the as-grown samples S1, S2, and D1, respectively. The actual 

contact resistance could be considerably higher because of the rough Pt surface and weak 

vdW bonding. Hence, we conclude that the intrinsic thermal conductivity should be 

considerably higher than the effective thermal conductivity of about 600 W m-1 K-1 

measured at room temperature for the SWCNT and DWCNT samples. 

2.4.4 Intrinsic Thermal Conductivity & Correlation with Defects 

By eliminating the obtained contact resistance, Rc,a, from the total measured 

resistance, Rs,a, after the Pt-C deposition, we obtain an intrinsic thermal conductivity κNT 
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of 269 – 343, 178 – 336, and 42 – 48 W m-1 K-1 for sample M1, M3, and M4, respectively. 

These intrinsic thermal conductivity values have been used in Eq. 2.15 for calculating the 

Rc,a values in an iterative procedure. Although the obtained κNT increases with decreasing 

number of shells, we attribute this trend to the observed increased defect concentration 

instead of increased inter-shell scattering with number of shells. We calculate the phonon 

mean free path, l, of the MWCNTs using the thermal conductivity expression from 

kinetic theory for the two dimensional case, κ = C νg
 l / 2 where C is the specific heat and 

νg is the phonon group velocity. Using specific heat50 and basal plane Debye velocity26 

values for graphite, the phonon mean free path in M1, M3, and M4 is calculated from the 

intrinsic thermal conductivity values at 300 K to be l = 23 – 30, 15 – 29, and 4 nm, 

respectively, which agree reasonably well with the effective grain size La
 = 29, 20, and 13 

nm determined by TEM analysis for M1, M3, and M4, respectively as shown in Fig. 

2.25. Hence, the observed low thermal conductivity of the MWCNT can be attributed to 

phonon-defect scattering, with κ increasing with effective grain size as can be expected. 

The capability demonstrated here for correlating the intrinsic thermal conductivity 

of the CVD grown MWCNT with the structural defect concentration allows us to explain 

the order of magnitude lower κ of the CVD MWCNTs in this work than those measured 

for MWCNTs grown at much higher temperatures by laser ablation and arc-discharge 

methods.10, 12, 14 
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Figure 2.25: Phonon mean free path (l) determined from the obtained intrinsic thermal 

conductivity versus the effective grain size (La) obtained by TEM for three 

MWCNTs.  

2.4.5 Effects of Electron Irradiation on Thermal Transport Properties 

In addition, we have observed the effects of electron irradiation damage on the 

thermal conductance. Before Pt-C deposition at the contacts and after exposure of 

MWCNT samples M1 and M2 to 120 keV electron irradiation during the TEM analysis, 

the thermal conductance of the two samples was again measured, and found to be 21 and 

39 % lower than that measured before the TEM analysis, respectively, which is 

qualitatively expected as a result of primary knock-on damage.51 Interestingly, it was 
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found that the thermal conductance could be recovered to the original values prior to 

electron irradiation by passing about 7 μA of electrical current through MWCNT sample 

M1. With knowledge of the contact resistance, intrinsic thermal conductivity, and 

electrical heating rate (~ 3.6 μW), we calculate the maximum lattice temperature rise of 

M1 to be in the range of 650 – 850 K. In this calculation, the thermal conductivity is 

assumed to be the same as the measurement value at 300 K, which could slightly 

underestimate the actual temperature rise. Nevertheless, the obtained temperature range is 

on the order of the current-annealing temperature  used to achieve ultra-high mobility in 

suspended graphene (600 K)52 and that used to join SWCNTs in a Joule heating/electro-

migration technique (600 – 1200 K).53 The relatively high temperature during current 

annealing is likely responsible for repairing the defect sites caused by the knock-on 

damage. In MWCNT sample M2, when more aggressive current-annealing was 

attempted, the sample experienced electrical break-down at a current density of 

approximately 6 × 107 A cm-2 (~ 56 μW electrical power). This current density is an order 

of magnitude below those observed in high-quality SWCNTs16 and MWCNTs.54, 55 

Hence, it is likely that defects in the CVD MWCNTs localize heating and/or electro-

migration processes, leading to structural failure of the CNT.53 

2.5 CONCLUSION 

This work reports combined thermal conductance and TEM characterizations of 

the same SW, DW, and MW CNTs, and demonstrates the measurement of the thermal 

conductance, diameter, and chirality of the same SWCNT sample as well as the thermal 
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conductance of a DWCNT. For four MWCNT samples, the observed defect 

concentration appears to increase with the number of walls. For a MWCNT sample, high-

energy electron beam irradiation was found to cause a 21 – 39 % reduction of the thermal 

conductance, which was recovered after electrical current annealing of the sample. The 

thermal contact resistance per unit length is obtained as 78 – 585 m K W-1 for three as-

grown 10 – 14 nm diameter CVD MWCNTs on rough Pt electrodes, and decreases by 

more than 2 times after Pt-C is deposited at the contacts. With the thermal contact 

resistance eliminated from the measured thermal resistance after the Pt-C deposition, the 

obtained intrinsic thermal conductivity in the range of 42 – 343 W m-1 K-1 of the 

MWCNT samples at room temperature correlates well with the axial defect concentration 

determined by TEM. On the other hand, the large thermal contact resistance limits the 

effective thermal conductivity to approximately 600 W m-1 K-1 at room temperature for 

the as-grown CVD SW and DW CNTs without the Pt-C deposition at the contacts. With 

further efforts, the intrinsic thermal conductivity of high quality, high thermal 

conductivity CNTs at different temperatures can be obtained by exploring the recently 

developed four-probe thermal measurement method56, 57 based on the same suspended 

micro-thermometer device used in this work. 
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Chapter 3: Structure-Thermal Property Relationships in Bi-Layered 

Graphene Sheets‡ 

3.1 BACKGROUND 

Graphene-based electronic devices have been the focus of intense investigation, 

driven by the hope that such devices can greatly outperform silicon devices due to the 

record-high electron mobility in graphene.52, 58 The high thermal conductivity, κ, of 

graphene is another attractive feature for thermal management solutions such as 

nanofillers in a polymeric matrix to enhance the effective thermal conductivity of the 

nanocomposites.59, 60 Micro-Raman spectroscopy measurements have yielded thermal 

conductivity values for suspended single- to quadruple-layer graphene sheets above room 

temperature.61-66 For single-layer suspended graphene, the reported κ values are in the 

range of 1500 – 5800 W m-1 K-1 near room temperature, and decrease with increasing 

temperature.61-65 For suspended bi-layer graphene, one Raman measurement obtained a κ 

value of ~ 2800 W m-1 K-1 near room temperature.65 In these measurements, a suspended 

graphene sheet was heated by a laser and the resulting temperature rise was obtained 

from either the red shift of the Raman G-band or 2D-band frequency,61-65 or from the 

Anti-Stokes / Stokes ratio.66 Because of the limited temperature sensitivity of the Raman 

thermometry method, the temperature rises in the suspended graphene are often larger 

than 50 K. Since accurate temperature dependence of the thermal conductivity remains 

                                                 
‡ Reproduced in part with permission from Pettes, M. T., Jo, I., Yao, Z., and Shi, L., "Influence of 
Polymeric Residue on the Thermal Conductivity of Suspended Bilayer Graphene," Nano Letters 11, 1195–
1200 (2011). Copyright 2011 American Chemical Society. 
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experimentally challenging, few measurements have been reported, especially in the low 

temperature range that is useful for understanding the fundamental physics leading to the 

observed thermal conductivity.67-69 

Recently, the lattice thermal conductivity of freestanding graphene has been 

predicted to be dominated by contributions from the out-of-plane acoustic (ZA) phonons, 

i.e. the flexural modes.70 Using a suspended micro-resistance thermometer device, it has 

been reported that damping of the ZA phonons by a silicon dioxide support limits the 

thermal conductivity of supported single-layer graphene to ~ 600 W m-1 K-1,67 

considerably lower than the basal-plane values of highly-ordered pyrolytic graphite 

(HOPG).71-73 It is of considerable interest to employ similar sensitive micro-resistance 

thermometer devices to obtain the accurate temperature-thermal conductivity relationship 

of suspended graphene. However, difficulty in the assembly of suspended graphene 

between two suspended micro-thermometers has made these much-needed measurements 

highly challenging. Most recently, some successes have been reported in the assembly of 

a 0.5 μm-long suspended monolayer graphene69 and a 1 μm-long suspended 5-layer 

graphene68 between two suspended micro-thermometers. The measured thermal 

conductivity exhibits T1.5 dependence at temperatures lower than 150 K for these two 

suspended samples, and was attributed to a dominant contribution from the ZA modes. 

However, the obtained room temperature thermal conductivity is lower than 225 W m-1 

K-1 in these samples, considerably lower than the theoretical prediction of the ZA 

contribution. A review of existing thermal conductance measurements of graphene is 

shown graphically in Fig. 3.1. 



 59

 

Figure 3.1: Reported thermal conductivity values of graphene and graphite. All 

samples are suspended single layer graphene unless otherwise noted. 

Samples are exfoliated from highly oriented pyrolytic graphite (HOPG), 

Kish graphite, natural graphite (NG) or deposited by chemical vapor 

deposition (CVD). All studies with NG as the graphene source material use 

the same natural graphite as this work. 

3.2 MOTIVATION AND SCOPE OF THE PRESENT WORK 

In this work, we report a transfer method that can be used to assemble suspended 

graphene on suspended measurement devices, as well as combined thermal conductance, 
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micro-Raman spectroscopy and transmission electron microscopy (TEM) measurements 

of two suspended bi-layer graphene samples. The measured thermal conductivity of our 

samples is considerably lower than the Raman measurement results61, 62, 65 and theoretical 

predictions70, 74 for clean, flat, suspended graphene of similar dimensions. However, our 

values are considerably higher than those reported in Refs. 69 and 68 for both suspended 

and supported graphene samples, and slightly higher than those measured previously for 

supported single-layer graphene in our earlier work.67 A T1.5 dependence was also 

observed in the thermal conductivity measured at temperatures lower than 125 K for the 

samples in the present work. Our thermal conductivity modeling shows that the T1.5 

dependence cannot be attributed to a dominant ZA contribution, in contrast to the 

mechanism proposed in Refs. 69 and 68. Instead, we attribute our observations to the 

presence of a residual polymeric layer that can be clearly observed by TEM on the 

suspended graphene. The result suggests that the residual polymer layer scatters phonons 

in graphene in a similar fashion as the SiO2 support in the previously reported supported 

single-layer graphene. 

3.3 EXPERIMENT DESIGN 

3.3.1 Micro-Thermometer Device Fabrication 

The thermal conductance measurements were performed using a suspended 

micro-resistance thermometer device that has been developed for thermal and 

thermoelectric measurements of individual nanotubes, nanowires, and nanofilms,28, 56, 75 

The device consists of two adjacent 500 nm-thick low-stress silicon nitride (SiNx) 
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membranes each suspended by six 420 μm-long SiNx beams. One 35 nm-thick, 200 nm-

wide, and 350 μm-long serpentine platinum (Pt) resistance thermometer and two 1 μm-

wide Pt electrodes were patterned on each membrane. A through-substrate hole was 

etched beneath the suspended membranes to allow for TEM characterization of the 

nanostructure suspended between the two membranes. The fabrication of this device is 

covered in detail in Section 2.3.1 of Chapter 2. 

3.3.2 Graphene Exfoliation and Assembly 

Inspired by a method described by Meyer et al.,76 we developed the graphene 

transfer process shown schematically in Fig. 3.2. Bi-layer graphene sheets were located 

via optical microscopy77 of graphitic crystals mechanically exfoliated78 from natural 

graphite flakes (NGS Naturgraphit GmbH) onto a 90 nm thick poly(methyl methacrylate) 

(PMMA) film coated onto a silicon substrate. Rectangular crystals were chosen so that 

oxygen plasma patterning was not required. Suspended micro-resistance thermometer 

devices were then placed top-side down over the isolated graphene flake, allowing the as-

exfoliated side of the graphene flake to come in contact with the microdevice. A drop of 

isopropyl alcohol (IPA) was placed on the assembly to assist the alignment between the 

micro-thermometer and the graphene flake. Electron beam lithography (EBL) at 20 kV 

accelerating voltage was then used to expose the PMMA under the central area of the 

micro-resistance thermometer device. The electron irradiation dose was kept low (~ 110 

μC cm-2) in order to prevent damage to the bi-layer graphene.79 The PMMA exposed to 

the electron beam was selectively removed after the entire device assembly was 
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Figure 3.2: Schematic of the bi-layer graphene (BLG) transfer procedure showing (a) 

exfoliation of BLG onto PMMA on Si, (b) attachment and alignment of 

micro-resistance thermometer device to BLG with the help of a drop of 

isopropyl alcohol, (c) electron beam exposure of PMMA near the two 

central membranes, and (d) BLG suspended between two micro-

thermometers after wetting in methyl isobutyl ketone and acetone. 

submerged in (1:3) methyl isobutyl ketone : IPA, leaving the bi-layer graphene attached 

to the suspended device. The device was then placed in acetone at ~ 60 oC for several 

seconds to dissolve the PMMA and dried under reduced surface tension. For several 
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Figure 3.3: (a) Optical micrograph of bi-layer graphene sample BLG1 corresponding to 

Fig. 3.2b and final suspended samples (b) BLG1 and (c) BLG2 

corresponding to Fig. 3.2d. Scale bars are 10 μm. 

samples, the graphene was found to be successfully suspended between the two 

membranes of the micro-resistance thermometer device. Optical micrographs of the two 

BLG samples reported in this work are shown in Fig. 3.3. 

3.3.3 Transmission Electron Microscopy 

TEM analysis was carried out after thermal conductance measurements using a 

FEI Tecnai G2 F20 X-Twin at 120 kV accelerating voltage. Nanoarea electron diffraction 
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patterns of the CNT samples were acquired using a 350 nm coherent electron beam and 

recorded on a CCD camera with a camera length of 33 cm and exposure times of 33 s. 

TEM analysis is covered in more detail in Section 3.4.1 below. 

3.3.4 Thermal Conductance Measurement 

The thermal conductance of the as-grown CNTs was measured using a method 

described previously.28, 75 Details of the measurement are discussed in Section 2.3.5 of 

Chapter 2. 

3.4 EXPERIMENTAL RESULTS AND DISCUSSION 

3.4.1 Structure Characterization 

Thermal and structural characterization of two bi-layer graphene samples are 

reported in this work, denoted as BLG1 and BLG2. Following thermal conductance 

measurements, the samples were characterized with the use of micro-Raman 

spectroscopy (WITec Alpha 300, 532 nm laser excitation), as shown in Fig. 3.4. A small 

D-band and reduced IG
 / I2D ratio (Fig. 3.4a,b) were observed when compared with the 

Raman spectrum of the as-fabricated single-layer graphene sample supported on SiO2 in 

Ref. 67, likely due to our use of electron beam lithography and a thin residual layer of 

carbonaceous residue still present after thermal annealing. 

Sample BLG1 was subsequently characterized with the use of TEM (FEI Tecnai 

G2 F20) at 120 kV accelerating voltage. Although areas near the folded graphene edges 

were observed to be atomically clean after the sample was annealed in hydrogen during 
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Figure 3.4: Raman spectrographs of (a) BLG1 and (b) BLG2 showing the D peak to G 

peak intensity ratios (ID
 / IG) of 3.1 % and 8.5 %, respectively. The small D-

band and lowered intensity of the 2D-band with respect to the G-band can 

be attributed to polymer residue on the sample and also possibly the use of 

electron irradiation in the sample fabrication process.67, 79, 80 The full width 

at half maximum (FWHM) of the 2D peak is approximately 67 cm-1 for 

both samples. 

the thermal measurement (Fig. 3.6a) following the procedure in a previous report,81 phase 

contrast TEM resolved a thin layer of polymeric residue remaining on most of the surface 

area of the suspended bi-layer graphene even after hydrogen annealing was conducted 

(Fig. 3.6b). The stability of this layer under electron irradiation indicates that it is highly 

decomposed, with most non-carbon constituent elements likely removed during the 

annealing process. The optical microscopy images obtained before and after Raman 
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Figure 3.5: Optical microscopy images of bi-layer graphene sample BLG1 (a) before 

and (b) after micro-Raman spectroscopy. The arrow indicates a noticeable 

morphological change after heating the suspended section with the Raman 

laser. (c) TEM image of sample BLG1 taken after the micro-Raman 

measurement reveals edge folding. Scale bars are 10 μm for (a) and (b) and 

1 μm for (c). 

spectroscopy was performed suggest that folding of the edge of the graphene sample 

observed by TEM (Fig. 3.5c) occurred during the Raman measurement (Fig. 3.5a,b). 

Additionally, electron diffraction analysis was conducted using a 335 nm coherent 

electron beam and the diffraction pattern of BLG1 is shown in Fig. 3.6c. The bi-layer 

graphene is determined to be turbostratic, with a rotation of 11.7o between the two 

graphitic layers. Each set of reflections is determined to result from a single graphitic 
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Figure 3.6: (a) Transmission electron micrograph of bi-layer graphene sample BLG1 

after hydrogen annealing at 770 K showing a clean triple-folded edge. (b) 

Lower resolution reveals a relatively uniform layer of organic residue 

approximately 10 nm from the quintuple-folded edge. (c) Diffraction 

pattern for BLG1 using a 335 nm coherent electron beam. The two 

hexagons are added to highlight the two sets of { 0110 } reflections 

misoriented by 11.7o. (inset) Intensity profiles along AA' and BB' reveal 
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that each set of reflections result from an individual graphene layer.82 Scale 

bars are 5 nm for (a) and (b) and 2 nm-1 for (c). 

layer, as }0211{}0110{ / II  ~ 1.82, 83 For reflections arising from diffraction by ordered 

multiple graphitic layers, }0211{}0110{ / II  ~
 2 for Bernal (A–B) stacked bi-layer graphene82, 

83 and approaches 2.2 for bulk graphite.84 Additionally, as the observed number of layers 

at the folded edges are divisible by two, we are confident that the two sets of reflections 

apparent in the electron diffraction pattern arise from a single crystal of bi-layer 

graphene. The thermal transport direction for each of the individual graphene layers is 

determined to be 4.2o and 15.9o from the Γ–Μ high-symmetry direction. For sample 

BLG1, the TEM analysis verifies graphene folding occurred during the Raman 

measurement (Fig. 3.5c). Sample BLG2 was broken during the TEM sample preparation 

procedure after the thermal conductance and Raman measurements. 

3.4.2 Thermal Conductance 

The thermal conductance of the graphene was measured using the same method 

described previously,28, 56, 75 and covered in detail in Section 2.3.5. After thermal 

conductance measurements of the as-assembled sample, BLG1 was annealed for 3 hrs at 

500 oC under flowing hydrogen (50 cm3 min-1, 99.999 %, 760 Torr), followed by vacuum 

annealing at a temperature of 215 oC and pressure of 10-6 Torr. Subsequently, thermal 

conductance measurements were repeated on the annealed sample. BLG2 underwent 

vacuum annealing at 215 oC and 10-6 Torr after initial thermal conductance 

measurements. The thermal conductance (Gs) for both samples is shown in Fig. 3.7 along 
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Figure 3.7: Measured total thermal conductance (Gs) versus temperature (T) for the two 

bi-layer graphene samples in this work. The open and filled symbols are 

results measured before and after thermal annealing was performed, and 

cannot be distinguished from each other for sample BLG 1. The thermal 

conductance of both samples exhibits T1.5 behavior between 50 and 125 K. 

Also shown is the background thermal conductance measured using a blank 

device without a graphene sample between the two thermometers. 

with the much smaller background thermal conductance, which is due to parasitic heat 

transfer between the two membranes via radiation, conduction by residual gas molecules 

and heating of the substrate. Considering the very low thermal conductivity of PMMA 
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(0.13 – 0.19 W m-1 K-1 at 300 K)85 and amorphous carbon thin-films (0.2 – 2.2 W m-1 K-1 

at 300 K,86, 87 0.12 – 0.9 W m-1 K-1 at 80 K87), and assuming a uniform thickness of 20 

nm, the thermal conductance of the polymeric residue is calculated to be one to two 

orders of magnitude lower than the measured thermal conductance of the suspended bi-

layer graphene samples over the measured temperature range. 

3.4.3 Thermal Contact Resistance 

The contact thermal resistance between the suspended bi-layer graphene and the 

two suspended membranes are calculated using a fin thermal resistance model developed 

in previous works,31, 56 
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where Rc,j and Lc,j are the thermal contact resistance and the contact length at each of the 

two graphene-membrane contacts, respectively, κ is the thermal conductivity of the 

supported graphene, "
cR  is the interfacial thermal resistance between the graphene and the 

membrane per unit area, and ss wA δ2=  is the cross-sectional area, where ws is the 

sample width and δ = 0.34 nm is the interplanar spacing of graphite.84 Here, the bi-layer 

graphene thickness is taken as twice the inter-layer spacing of graphite, or 0.67 nm. 

Assuming that the thermal conductivity of the supported bi-layer graphene is similar to 

that reported for supported single-layer graphene,67 and the thermal interface resistance is 

in the range of (4.2 – 12) × 10-9 m2 K W-1 reported for the graphene-SiO2 interfaces,88, 89 

(2.3 – 5.3) × 10-8 m2 K W-1 reported for the graphene-Au interfaces,62 and 4 × 10-8 m2 K 
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W-1 reported for the Au/Ti-graphene-SiO2 interfaces,90 the calculated contact thermal 

resistance is only 1.6 – 5.6 % of the total measured thermal resistance at room 

temperature. At low temperature, assuming "
cR  is in the range of (1 – 3) × 10-8 m2 K W-1 

at 42 K reported for the graphene-SiO2 interfaces88 and 1 × 10-7 m2 K W-1 at 50 K 

reported for the Au / Ti-graphene-SiO2 interfaces,90 the contact resistance is only 0.9 – 

3.6 % of the total measured thermal resistance at 50 K. Hence we do not expect thermal 

contact resistance to limit thermal transport in the samples over the measured temperature 

range. 

3.4.4 Effective Thermal Conductivity  

The effective thermal conductivity is obtained as sss ALG=κ , where Gs and Ls 

are the measured thermal conductance and suspended length of the BLG samples, 

respectively, and As is the cross-sectional area. The as-obtained effective thermal 

conductivity of BLG1 and BLG2 is comparable to both the measured κ for SiO2-

supported single-layer graphene reported in Ref. 67, as shown in Fig. 3.8. These values 

are considerably lower than the basal plane values reported for high-quality HOPG71, 72 

and some theoretical70 or Raman-measured61, 62 values of suspended single-layer 

graphene, with the peak thermal conductivity shifted to a higher temperature in the bi-

layer graphene samples than for the calculation results and graphite. In addition, the 

measurement results exhibit an approximate Gs
 ∝ T1.5 or κ ∝ T1.5 behavior at temperatures 

(T) between 50 and 125 K, which is shown in the Gs versus T plot (Fig. 3.7). 



 72

 

Figure 3.8: Measured effective thermal conductivity (κ) versus temperature (T) for the 

two bi-layer graphene samples in this work. For sample BLG2, the open 

and filled symbols are results measured before and after thermal annealing 

was performed, respectively. Shown in comparison are the reported κ 

values of graphene and graphite. All samples are suspended single layer 

graphene unless otherwise noted. Samples are exfoliated from pyrolytic 

graphite (PG), natural graphite (NG), or deposited by chemical vapor 

deposition (CVD). All studies with NG as the graphene source material use 

the same natural graphite as this work. 
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3.4.5 Theoretical Thermal Conductivity Calculation 

In order to establish the underlying mechanisms responsible for the temperature-

dependent κ observed in the two samples, we first consider the effect of phonon 

scattering by the edge of the graphene ribbon. To calculate lattice thermal conductivity in 

the basal plane, we first neglect the weak inter-layer interaction and treat the system as 

two isolated single-layer graphene sheets. The heat flux in the transport direction, Jq,x, 

can then be expressed as91 
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where δ = 0.34 nm is the interplanar spacing of graphite,84 vp
 ≡ dωp

 / dk is the branch-

specific phonon velocity, ωp and k are the branch-specific phonon frequency and wave 

vector, respectively, ħ is the reduced Planck constant, fp is the branch-specific non-

equilibrium phonon distribution function, and Dp is the branch-specific two-dimensional 

(2D) phonon density of states. The subscript p is used to denote each of the six phonon 

branches; longitudinal acoustic (LA), transverse acoustic (TA) and out-of plane acoustic 

(ZA) phonon modes and their optical counterparts, LO, TO, and ZO. 



 74

Neglecting transient and external force terms, fp is obtained from the Boltzmann 

Transport Equation (BTE) under the relaxation time approximation91 

x
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T
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vff ppp ∂
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∂
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0 cosθτ , (3.3) 

where τp is the branch-specific relaxation time and f0 is the equilibrium phonon 

distribution, i.e., the Bose-Einstein distribution 
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where kB is the Boltzmann constant. The 2D density of states (Dp) can be obtained from 

πππ
πωω

2
d1

)2()2(
d2d)(d)(

][mareaunitper
[states]dand

betweenstatesof# 2-

kk
LLLL

kkDkkD
yx

kkk

yx
ppp ===

+

, (3.5) 

where Lx and Ly are the physical dimensions, length and width respectively, of the 

suspended graphene samples. Substituting Eq. 3.3 – 3.5 into Eq. 3.2, and carrying out the 

integration over 0 ≤ θ ≤ 2π, the term resulting from the first term in fp becomes zero, 

which is to be expected since there should be no net energy transport for the equilibrium 

system. Noting that Jq,x
 = –κ ∂T / ∂x yields 
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In 2D and at the low T limit, if the scattering rate 1−
pτ  is proportional to ωα, where 

ω is the phonon frequency, the contribution to κ is proportional to T2-α for all acoustic 

polarizations. If phonon-edge scattering with a constant mean free path lb is the dominant 
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phonon scattering process at low temperatures, bpp lv≈−1τ  is constant for the LA and 

TA branches since the group velocity is approximately independent of ω, and is 

approximately proportional to ω1/2 for the quadratic ZA branch with v ∝ ω1/2 in the low 

temperature limit. Making this substitution for the scattering rate, the thermal 

conductivity can be expressed as 
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3.4.5(i) Full Phonon Dispersion 

To calculate the thermal conductivity according to Eq. 3.7, we first use the full 

phonon dispersion of Nika et al.74 (Fig. 3.9) and calculate κΓ–Μ and κΓ–Κ. Transport in the 

basal plane has an anisotropy (κΓ–Κ
 / κΓ–Μ) of 1.04 and 1.24 at 50 K and 300 K, 

respectively, so we take a weighted average for an averaged transport direction of 10.05o 

from the Γ–Μ direction as observed by TEM and discussed in Section 3.4.1. In this case, 

the ZA contribution to κ is approximately proportional to T1.5 and the LA and TA 

contributions are approximately proportional to T2 in the low T limit. Hence, a κ ∝ T1.5 

behavior is expected if the ZA contribution dominates over the LA and TA contributions 

and phonon transport is dominated by edge-scattering in the low-T limit.67, 70 However, in 

order to match the measured thermal conductivity values at low temperatures, lb in Eq. 

3.7 needs to be  approximately 155 nm for BLG1 and 210 nm for BLG2 (Fig. 3.10). 

These values are considerably smaller than the 1.8 μm (BLG1) to 6.5 μm (BLG2) width 

or the 5 μm length of the suspended graphene ribbons measured in this work. Hence, 
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Figure 3.9: Phonon dispersion of Nika et al.74 used for the theoretical thermal 

conductivity calculation. 

even though edge scattering with a constant mean free path can in principle give rise to 

the T1.5 behavior at low-T because of the dominant contribution from the ZA modes (Fig. 

3.10), it cannot explain the large suppression in the observed κ values and thus is not 

expected to be the dominant scattering process in our samples. 

3.4.5(ii) Debye / Quadratic Model 

To compare the theoretical thermal conductivity calculated using the full phonon 

dispersion of Nika et al.74 with the simplified approach of the Debye / quadratic model for 
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Figure 3.10: As-measured effective thermal conductivity (κ) versus temperature (T) for 

the two bi-layer graphene samples in this work. For sample BLG 2, the 

open and filled symbols are results measured before and after thermal 

annealing was performed, respectively. The lines are κ values calculated 

from Eq. 3.7 using the full phonon dispersion of Nika et al.74 for constant 

phonon mean free path, lb = 1.8 μm (solid black line), 155 nm (solid orange 

line) and 210 nm (solid purple line). The κ contributions from the LA (LO) 

[solid (dash-dot) green line], TA (TO) [solid (dash-dot) red line], and ZA 

(ZO) [solid (dash-dot) blue line] acoustic (optical) phonon modes are also 

shown for the lb = 1.8 μm case. 
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acoustic phonon mode contributions to the lattice thermal conductivity, we first note that 

since dωp / dk is defined as the branch-specific phonon velocity vp, we can express the 2D 

density of states per unit frequency interval from Eq. 3.5 as 

p
pp v

kD
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2
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Substituting Eq. 3.3, 3.4 and 3.8 into Eq. 3.2, integrating over 0 ≤ θ ≤ 2π and 

noting that Jq,x
 = –κ ∂T / ∂x yields 
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and by making the substitution xp
 = ħ ωp

 / kB
 T, we can express κ as 
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At low temperatures, the basal-plane acoustic phonon dispersions for graphene 

can be approximated as26, 33, 92 

2kω

kvω
kvω

ZA

TATA

LALA

ξ=

=
=

 (3.11)  

for longitudinal acoustic (LA), transverse acoustic (TA), and out-of-plane (ZA) phonon 

modes, where vLA and vTA are the longitudinal and transverse phonon velocities, 

respectively, and ξ is an elastic constant. For the Debye / quadratic model, we use the 

following parameters averaged over the Γ–Μ and Γ–Κ transport directions as determined 

from the phonon dispersions for graphene given by Nika et al.:74 vLA
 = 2.01 × 104 m s-1, 
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vTA
 = 1.30 × 104 m s-1 and ξ = 4.93 × 10-7 m2 s-1. The frequency-dependent ZA phonon 

velocity is obtained as ( ) 212 ZAZAv ωξ= . Combining the 2D thermal conductivity 

expression (Eq. 3.10) with the frequency-wave vector relationships (Eq. 3.11) and 

defining the upper limit of integration as xp,max
 = ΘD

 / T, where ΘD
 = ħ ωp,max

 / kB
 is the 

Debye temperature, we can write the thermal conductivity as 
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The first Brillouin zone for graphene is shown in Fig. 3.11 along with the high-

symmetry points Γ, K, and M. The use of an isotropic model greatly simplifies the 

thermal conductivity model. Choosing the maximum wave vector so that the area of the 

isotropic circle equals that of the Brillouin zone, ABZ, therefore keeping the same number 

of normal modes in the isotropic crystal the same as for the real crystal. 

The high-symmetry wave vectors, Brillouin zone area, and magnitude of maxa,k  

are given below as 
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Figure 3.11: Brillouin zone of graphene. For the isotropic model, the maximum wave 

vector, maxa,k , is chosen so that its area equals that of the Brillouin zone. 
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where ac-c
 = 1.42 Å is the nearest-neighbor distance between carbon atoms.84 The 

maximum frequency for each phonon mode in the isotropic crystal is then used to 

calculate the branch-specific Debye Temperature, ΘD,p
 = 2377.8 K, 1537.9 K and 902.4 K 

for p = LA, TA and ZA phonon branches, respectively. 

As previously discussed, if phonon-edge scattering with a constant mean free path 

lb is the dominant phonon scattering process at low temperatures, bpp lv≈−1τ  is constant 

for the LA and TA branches since the group velocity is approximately independent of ω, 

and is approximately proportional to ω1/2 for the quadratic ZA branch with v ∝ ω1/2 in the 
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low temperature limit. With the assumption that phonon-edge scattering dominates total 

phonon scattering processes we can express the branch-specific thermal conductivity as 
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In this case, the ZA contribution to κ is proportional to T1.5 and the LA and TA 

contributions are proportional to T2 in the low T limit. Hence, a κ ∝ T1.5 behavior is 

expected if the ZA contribution dominates over the LA and TA contributions and phonon 

transport is dominated by edge-scattering in the low-T limit.67, 70 

We note that the Debye temperature of the LA and TA branches in graphene is 

very high so that a linear Debye approximation of these two branches yields rather 

accurate results at room temperature, below which the high frequency phonons in the 

non-linear regime are not thermally excited. This conclusion is well supported by the 

comparison between the results calculated based on the Debye approximation and the full 

phonon dispersion in Ref. 74 for the LA and TA branches, as shown in Fig. 3.12 below. 

For the ZA branch, the results based on the quadratic approximation and the actual 

dispersion in Ref. 74 are also similar (Fig. 3.12). In addition, the calculation based on the 

full dispersion calculated in Ref. 74 instead of a Debye / quadratic approximation for 

these branches yields similar mean free path values of approximately 155 nm and 210 nm 

for sample BLG1 and BLG2, respectively and underscores the utility of this simplified 
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Figure 3.12: Thermal conductivity (κ) versus temperature (T) calculated for constant 

phonon mean free path, lb
 = 1.8 μm using the full phonon dispersion of 

Nika et al.74 (solid lines) and the Debye / quadratic model (dashed lines) 

calculated from Eqs. 3.7 and 3.15, respectively. The κ contributions from 

the LA (green lines), TA (red lines), and ZA (blue lines) acoustic phonon 

modes are also shown for the lb
 = 1.8 μm case. (inset) Error resulting from 

the approximations made in the Debye / quadratic model, which 

overestimates κ by less than 10 % between 40 and 150 K. 

method for estimating edge-scattering dominated thermal conductivity in suspended 

graphene at low temperatures. 
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3.4.6 Discussion of Experimental and Theoretical Results  

We note that recent thermal conductivity measurements on suspended single-layer 

and 5-layer graphene samples in Refs. 69 and 68, respectively, also showed the κ ∝ T1.5 

dependence, which the authors attributed to a primary contribution from the ZA modes to 

the thermal conductivity and a dominant edge scattering process. However, the κ values 

in those samples are much lower compared to our samples. According to our calculations 

based on Eq. 3.15, the boundary scattering mean free path in those samples needs to be as 

small as 55 and 30 nm, in order to match the below room temperature values reported in 

Refs. 69 and 68, respectively. These mean free path values are 9 – 33 times smaller than 

the smallest lateral dimension of those samples, and also much smaller than the grain 

sizes of exfoliated93 and CVD grown94, 95 graphene samples. Because of this discrepancy, 

we believe that the proposed mechanism for the observations in those works deserves 

further investigation. 

We next consider phonon scattering by the residual polymer layer on the 

suspended graphene sample. For single-layer graphene supported on SiO2, the quantum 

mechanical calculation reported in Ref. 67 shows strong suppression of the ZA modes in 

the supported graphene by the substrate. Because of a much weaker effect of the substrate 

scattering on the in-plane LA and TA modes than on the ZA mode, the LA and TA 

contribution becomes dominant in the supported graphene. For the LA and TA modes, 

Umklapp scattering is still important for the supported graphene. In 2D and in the low T 

limit, if the scattering rate 1−
pτ  is proportional to ωα, where ω is the phonon frequency, 
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the contribution to κ is proportional to T2–α for all polarizations. The Umklapp scattering 

with a positive α on the LA and TA modes together with the substrate scattering on the 

ZA mode gives rise to the approximately κ ∝ T1.5 behavior at low temperatures observed 

in the calculation result for the single-layer graphene supported on SiO2.67 Since the 

magnitude and temperature dependence of the measured thermal conductivity of the 

suspended bi-layer graphene in this work are rather similar to both the measured κ and 

the κ calculated by a numerical solution of the Boltzmann transport equation (BTE) for 

single-layer graphene on a SiO2 support67 (see Fig. 3.13), we attribute the κ ∝ T1.5 

behavior and the comparable κ values observed in the suspended bi-layer graphene 

samples of this work mainly to scattering of phonons and especially the ZA modes in the 

graphene by the residual polymer layer that acts essentially as a support layer for the bi-

layer graphene. Recent works have shown that the polymer residue can be reduced by 

current heating or vacuum annealing.58, 96, 97 Using a nanomechanical resonator made 

from graphene it was experimentally probed that the as-prepared suspended single-layer 

graphene was up to 13 times more massive than a single sheet of carbon atoms, and that 

the mass density could be reduced close to the value for atomically pristine graphene 

after current annealing.96 In fact, the high thermal conductivity values measured by the 

micro-Raman spectroscopy methods on suspended graphene samples61, 62, 65, 66 could 

indicate that residual polymer or other adsorbates on these samples might have been 

reduced by the high temperature caused by laser heating. Likely because of a relatively 

thick starting residual polymer layer on the two samples reported here as a result of a 

relatively short exposure to acetone during the final step of the graphene assembly 
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Figure 3.13: Measured effective thermal conductivity (κ) versus temperature (T) for the 

two bi-layer graphene samples in this work. For sample BLG2, the open 

and filled symbols are results measured before and after thermal annealing 

was performed, respectively. Shown in comparison are the reported κ 

values of a graphene single-layer supported on SiO2 along with the 

numerical solution to the Boltzmann transport equation (BTE) for 

supported (solid blue line) and suspended (dashed black line) graphene 

from Seol et al.67 
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process, the polymer layer was not effectively removed by the annealing process, leading 

to the unexpected yet important observations in this work. In addition, the graphene 

sample preparation process in Refs. 69 and 68 involved a transfer process by attaching 

graphene to PMMA support. Because no sample annealing process above 325 oC was 

mentioned, it is conceivable that some polymer residue could be present on those samples 

similar to lithographically patterned graphene samples prior to thorough cleaning,96 

which would naturally explain the observed large thermal conductivity suppression. 

Besides phonon scattering by the residual polymer layer, inter-layer coupling in 

the bi-layer samples can also break the reflection symmetry of single-layer graphene, 

reducing the ZA contribution and resulting in a suppressed thermal conductivity based on 

a theoretical calculation,67, 70 which does not suggest that ZA contribution is dominant in 

multi-layer graphene samples. However, this effect is not strong enough to suppress the 

thermal conductivity to a value much lower than that of the basal plane of graphite 

according to previous reports.65 In addition, the reported thermal conductivity values of 

the encased few-layer graphene samples increases with the layer thickness because of 

weaker effect of inter-layer coupling than graphene-medium interaction on phonon 

transport.98 In our work, the low-temperature thermal conductivity values of the two bi-

layer samples are slightly higher than those reported in Ref. 67 for the three single-layer 

graphene samples supported on SiO2, and 3 – 14 times higher than the few-layer 

graphene samples encased in SiO2 reported in Ref. 98. This difference could be attributed 

to a weaker effect of the inter-layer coupling than that of interaction with the polymer 

residue that is present only on the top surface of the bi-layer graphene, or to weaker 
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interaction between the polymer residue and the bi-layer sample than that between the 

previously reported single-layer samples and the SiO2 support.    

In addition, point defects caused by electron beam irradiation can also play a role 

in the observed thermal conductivity of the suspended bi-layer sample. However, point 

defects are not effective in scattering long wavelength phonons99 that dominate the 

thermal conductivity of pristine graphene at low temperatures. In comparison, phonon 

scattering caused by interaction between graphene and a support layer increases with 

decreasing frequency and increasing wavelength of graphene phonons.67 Because the 

thermal conductivity at the low temperature limit of the two bi-layer graphene samples of 

this work is more than one order of magnitude smaller than that calculated for pristine 

single-layer graphene67 and the basal-plane value measured in high-quality graphite,71 

scattering by the polymer residue is expected to dominate over point defect scattering 

especially in the low temperature range of the measurements. 

3.5 CONCLUSION 

The results of this work demonstrate that the interaction between graphene and 

surrounding residual polymer can efficiently suppress phonon transport in graphene. 

Nevertheless, the room temperature thermal conductivity value of close to 600 W m-1 K-1 

is still considerably higher than those of common thin film materials. While this finding 

provides an important insight for the use of graphene as a filler material in polymeric 

nanocomposites, it also underscores the need of obtaining ultra-clean suspended graphene 
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samples for fundamental studies of the intrinsic phonon transport properties of two-

dimensional graphene. 
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Chapter 4: Experimental Investigation of Thermal Transport 

Mechanisms through a Nanoscale Point Contact 

4.1 BACKGROUND 

Thermal transport at nanometer scale point constrictions and interfaces is a 

fundamental problem that is important for a number of existing and emerging 

technologies. First, the spatial resolution, and hence bit size, of new Scanning 

Thermoelectric Microscopy100 and Thermally Assisted Magnetic Recording101 methods 

are determined by the temperature distribution at the nanoscale point contact between a 

sharp tip and a planar surface. Second, in order to employ high thermal conductivity 

carbon nanotubes (CNTs) as thermal interface materials,4-9 we will need to gain a better 

understanding of the thermal resistance at nanoscale point contacts between individual 

CNTs and the contacting surface.75 Similarly, the interface thermal resistance between 

individual nanowires and a metal electrode plays an important role in nanowire 

thermoelectric devices.57 

As of today, few measurement results of thermal resistances at nanoscale 

constrictions and interfaces are available.102-104 Moreover, although there have been 

extensive theoretical studies of contact thermal resistance between two solids, most of the 

existing analytical models have been developed for macro to micro scale contacts,105 with 

nanoscale contact models49, 106, 107 experimentally unverified. 
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4.2 MOTIVATION AND SCOPE OF THE PRESENT WORK 

This work aims to develop a method to experimentally obtain the thermal 

resistance at a nanoscale silicon-silicon point contact. In the experiment, the temperature 

of and force on a sharp, heated Si tip are measured as a function of height above a Si 

substrate in an ultra high vacuum (UHV) atomic force microscope (AFM). The 

measurement results are correlated with analytical models in order to better understand 

the thermal transport mechanisms through nanoscale point contacts. 

4.3 EXPERIMENT DESIGN 

In order to measure the thermal resistance of a Si nanoconstriction, we have 

modified a commercial atomic force microscopy (AFM) probe (Veeco MSNL-10, 

Cantilever Type C), which consists of a Si tip with a nominal tip radius of 2 nm, on a 

SiNx cantilever coated on the back-side with Ti / Au. Using a focused Ga+ ion beam, the 

metal back-side of the cantilever was patterned into two separate leads, between which a 

~ 100 nm thick layer of Pt-C was deposited by ion-beam induced metal deposition 

(IBIMD), as shown in Fig. 4.1. The electrical resistance of the Pt-C resistor is 

approximately 20 times that of the leads and decreases linearly with increasing 

temperature (Fig. 4.2). Hence, the Pt-C resistor can be used as a local electrical heater 

and resistance thermometer (RT). 
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Figure 4.1: False color scanning electron micrographs of the AFM cantilever 

preparation procedure showing (a) the as-fabricated commercial cantilever, 

(b) local removal of Ti/Au using a focused Ga+ ion beam and (c) local ion 

beam induced metal deposition of Pt-C heater/thermometer. The Si tip is 

located on the opposite side of the cantilever. Scale bars are 50 μm. 
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Figure 4.2: Electrical resistance (R) versus temperature (T) for the Pt-C resistance 

thermometer (RT). The least-square linear curve fit and square of the 

Pearson product moment correlation (R2) of the curve fitting are also 

shown. 

4.3.1 Measurement of the Thermal Resistance of the Cantilever 

The schematic diagram of the measurement setup is shown in Fig. 4.3. The 

cantilever is placed into an Omicron VT XA AFM / STM in UHV (~ 10-10 Torr) such that 

the thermal conductivity of air is on the order of 10-9 W m-1 K-1 and hence negligible. A 

direct current Idc flows to the cantilever, generating a Joule heat Ql
 = 2

dcI Rl in the leads, 

where Rl is the combined electrical resistance of the Ti / Au lead on each of the two 266 

μm-long cantilever beams, and a Joule heat Qh
 = 2

dcI (R – Rl) in the Pt-C resistance 

thermometer (RT), where R is the total measured electrical resistance. The four-probe 

voltage and current are measured as the current is ramped from 0 to –Idc,max to +Idc,max and 
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Figure 4.3: Schematic diagram of the experimental method for non-contact thermal 

resistance measurement of cantilever. 

back to 0. The Vdc(Idc) data can be fit with a third-order polynomial (Fig. 4.4a) which is 

used to determine R as a function of Idc, that is, R = Vdc(Idc) / Idc. The resistance changes 

obtained by fitting Vdc(Idc) match well with those obtained directly by dividing ΔVdc
 / ΔIdc 

as shown in Fig. 4.4b. Dividing by the measured ΔR / ΔT (Fig. 4.2) yields the temperature 

rise at the cantilever tip, ΔTm,non-contact, as a function of applied Idc (Fig. 4.4c). 

Since the cantilever is of uniform cross-sectional area A, we can assume that the 

volumetric heat generation in the cantilever beams, ql
 = Ql

 /V , where V  is the volume of 
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Figure 4.4: (a) Change in temperature of the Pt-C RT as Idc is ramped. The least-square 

third-order polynomial fit is also shown, the square of the Pearson product 

moment correlation (R2) of the curve fitting is 1.000. (b) Corresponding 

change in resistance determined by the polynomial fit of Vdc(Idc) (red 

circles) and by the measured ΔVdc
 / ΔIdc (grey hexagons). Both methods of 

determining R(Idc) are in agreement. (c) Corresponding change in 

temperature of the Pt-C RT using the polynomial fit of Vdc(Idc). 
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the cantilever, is also uniform. Assuming negligible heat loss due to convection and 

radiation as discussed earlier, the one-dimensional steady-state heat equation can be 

written as 

0=+⎟
⎠
⎞

⎜
⎝
⎛

lq
dx
dT

dx
d κ , (4.1) 

where κ(T) is the equivalent thermal conductivity of the cantilever beam. Since the 

temperature rise used is less than 40 K, we can assume constant κ along the cantilever 

beam and rewrite the heat equation as 
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2
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κ
, (4.2) 

which yields the general solution to the temperature profile, 
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The substrate temperature and heat generation in the Pt-C resistance thermometer 

yield the boundary conditions 
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where x is the distance from the cantilever tip and T0 is the substrate temperature. 

Applying the temperature profile (Eq. 4.3) to the boundary conditions (Eq. 4.4) 

we can solve for the analytical temperature profile 
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Figure 4.5: Temperature rise at the cantilever tip, ΔTm,non-contact, plotted as a function of 

total heat conducted through the cantilever beams to the environment, Qh
 + 

Ql
 / 2, the slope yields RB. The least-square linear curve fit and square of the 

Pearson product moment correlation (R2) of the curve fitting are also 

shown. 

and by defining the thermal resistance of the cantilever beams as RB
 ≡ L / (κ A) and the 

temperature rise along the cantilever beams as ΔT(x) = T(x) – T0, we can rewrite Eq. 4.5 as 
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We define the midpoint temperature, i.e. at the Pt-C RT, ΔTm,non-contact
 = T(x = 0) – 

T0, which is determined by measuring the electrical resistance of the Pt-C RT and the 

temperature coefficient of resistance (TCR), α ≡ (dR/dT) / R(T0), which is ~ –7 × 10-4 K-1 

(Fig. 4.2). The quantitative temperature rise can then be calculated as 
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which can then be used to express the cantilever beam thermal resistance as 
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as shown in Fig. 4.5. 

The cantilever beam resistance in this work has been measured to be (6.55 ± 0.02) 

× 105 K W-1. The uncertainty analysis is as per Section 2.3.5(i) of Chapter 2, where n = 5 

individual measurements have been used. 

4.3.2 Measurement Method for Heat Transfer through the Nanoconstriction 

During the thermal measurement, the AFM cantilever was placed into an Omicron 

STM chamber under UHV conditions (~ 10-10 Torr) to eliminate heat transfer through the 

air and liquid layers present under atmospheric conditions. We first measured the thermal 

conductance of the cantilever when the tip was out-of-contact with a silicon sample (fully 

retracted) using a purely direct current measurement method as discussed in the previous 

section. The electrical resistance of the Pt-C RT is on the order of 1.55 × 103 Ω and the 

resistance of both Au leads is on the order of 80 Ω, so that Ql
 contributes less than 5% to 

the total Joule heat generation. We have used this approach to measure thermal resistance 

of the cantilever to be RB
 = (6.55 ± 0.02) × 105 K W-1. 

To measure the temperature drop at the cantilever tip when the tip is brought into 

contact with a bare p-type Si substrate, we couple a small ac current, iac = 0.5 μA, f = 

2500 Hz to a fixed Idc. Both the Si tip and Si substrate possess a thin (~ 1 nm) layer of 
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Figure 4.6: Measured change in electrical resistance of the Pt-C RT, normalized by the 

change measured using a frequency (f ) of 15 kHz, plotted as a function of 

the f of the ac current coupled to the dc heating current. 

native SiO2. Since the Idc and iac coupling can lead to ambiguity in the measured 

resistance if f is on the order of the thermal time constant,28 we have measured the 

resistance change as a function f and determined 2.5 kHz to be much greater than the 

thermal time constant of the cantilever (see Fig. 4.6). To ensure steady-state conditions at 

each data point, the vertical height, z, is held constant for 10 s before the resistance of the 

Pt-C resistor, R, dc current, Idc, and normal force, FN, values are recorded. 

Concurrent with the thermal conductance measurement, we measure the 

cantilever beam deflection using a laser beam (λ = 830 nm). We have measured the 

temperature rise induced in the cantilever by the laser and find that there is a negligible 

temperature rise for laser power set points below 22 %, as shown in Fig. 4.7. For this 

experiment, we use a laser power set point of 17 % which is low enough to prevent 
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Figure 4.7: Concurrently measured temperature rise at the cantilever tip, ΔTm,non-contact, 

and intensity reading of the position sensitive quadrant-cell detector, IPSD, 

plotted as a function of laser power set point, Plaser
 / Plaser,max, where 

Plaser,max
 < 7 mW. Laser beam position was adjusted to maximize IPSD for 

each laser power set point. As can be typical with scanning probe 

microscopes, the emitted laser power is not a linear function of the set point 

for small set point values. The laser power set point used to measure 

cantilever deflection in this experiment is 17 % and hence induces a 

negligible ΔTm,non-contact. 

unwanted heating of the cantilever. Figure 4.8 shows that the normal force (FN), Joule 

heating power (Q), and electrical resistance change (ΔR) versus vertical height (z) 

measured concurrently for a fixed heating power of Q = 54.95 × 10-6 W. 
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Figure 4.8: (a) Normal force (FN), (b) electrical resistance change (ΔR) and (c) Joule 

heating power applied to PT-C RT (Q) versus vertical height above the Si 

substrate (z), all measured concurrently using a fixed Q of 53.4 μW. Data 

measured during approach (retract) are shown in filled (open) symbols.  (d) 

The temperature change at the cantilever tip (ΔTcontact) drops (rises) sharply 

at snap on (pull off) contact due to solid-solid thermal conduction. 
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4.3.2(i) Calibration of the Cantilever Spring Constant 

In order to accurately measure FN, it is necessary to calibrate the cantilever’s 

spring constant, c, which is not trivial. The manufacturer’s specified nominal c and 

resonant frequency f0 are given as 0.01 N/m and 7 kHz, respectively with uncertainties on 

the order of 40 – 60 %. There are many methods available for calibrating c of individual 

cantilevers, which fall into one of three categories: (i) dimensional, such as the parallel 

beam approximation (PBA),108 which use SEM measured cantilever geometry, (ii) static 

experimental, such as applying a known force using a nanoindenter and measuring the 

cantilever’s response,109 and (iii) dynamic experimental, such as adding a mass to the 

cantilever’s tip and measuring the change in f0
110 or deflection.111 There are limitations to 

each method, however. Uncertainties from dimensional c determinations arise mainly 

from uncertainty in the cantilever’s elastic modulus, E, although even when using 

experimental methods uncertainties in c up to 25 % can still arise due to difficulties in 

reference calibrations, contact mechanic estimates and mass determinations.112 The 

simplest, non-destructive calibration method available for this experiment is to measure 

the cantilever’s resonant frequency, f0, which correspond to the cantilever’s spring 

constant c through the relationship c = m (2 π f0)2 where m is the cantilever’s mass, 

however this only applies to rectangular beam cantilevers,113 not the V-shaped cantilever 

used here. Attempts to apply this method through the use of correction factors have 

proven unreliable.112 

Clifford and Seah112 have developed a modification of the Neumeister and 

Ducker114 method (modified ND), which takes into account the non-uniform curvature of  
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Figure 4.9: Cantilever dimensions. Schematic is to scale. 

the cantilever beams and the location of the Si tip. Through experimental and finite-

element analysis, this method was found to be the most accurate of the geometric 

models,108, 114-119 while uncertainty in this method lies mainly in determining 
xSiNE . For 

our calculations, we assume 
xSiNE  is similar to reported values for low pressure chemical 

vapor deposition (LPCVD) grown low-stress SiNx.111, 119-123 The modified ND method 

calculates the spring constant at the cantilever tip as 
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Cantilever Parameter Value 

L1 240 μm 

Ltop 52 μm 

LPt-C 42 μm 

d 12 μm 

w' 17 μm 

e 57 μm 

b 205 μm 

θ 19.5o 

tSiNx 562 nm 

ESiNx
a 234 ± 61 GPa111, 119-123

νSiNx 0.28120 

tAu 51 nm 

EAu 53 GPa124 

Table 4.1: Cantilever dimensions and material properties. Dimensions are measured 

by SEM. aAverage value, uncertainty calculated using t-distribution as per 

Section 2.3.5(i). 
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where ZI and ZII are deflection terms, ΘII describes the rotation, r is a length term, and  

xSiNν  is Poisson’s ratio. The applied normal load term, FN, cancel out when Eqs. 4.9b–e 

are substituted into Eq. 4.9a, but are kept in the expressions to maintain the physical 

significance of the terms. Other variables are defined in Fig. 4.9 and values are listed in 

Table 4.1.  

In order to account for the contribution of the Au layer to the spring constant, we 

can follow Ref. 112 and express c as 
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where the thicknesses, t, and elastic moduli, Ej, are given in Table 4.1. We calculate c = 

0.017 ± 0.004 N m-1, which is most sensitive to the 26 % uncertainty in ESiNx and within 

the range specified by the manufacturer (0.005 – 0.02 N m-1). Other less comprehensive 

but widely used geometric models calculate c = 0.0176, 0.0172, 0.0173, and 0.0162 N m-1 

for the PBA,108 Sader,115, 116 Warmack118 and Tortonese117 methods respectively, where 

errors are on the order of 10 – 25 %, mainly depending on whether the tip location was 

taken into account and the uncertainty in 
xSiNE . 



 105

4.3.2(ii) Measurement of the Thermal Conductance of the Nanoconstriction 

Using the measured TCR of the PT-C RT (Fig. 4.2), we can calculate the 

temperature change (ΔTcontact) of the electrically heated Pt-C RT, which changes abruptly 

when the Si tip is brought into contact with the flat (100) Si substrate. In the experiment, 

a constant direct current Idc flows to the cantilever, generating a Joule heat Ql
 = 2

dcI Rl in 

the leads and a Joule heat Qh
 = 2

dcI (R – Rl) in the Pt-C resistance thermometer (RT). A 

small amount of heat, Qc = ∆Tm,contact
 / Rc, where Rc is the total contact thermal resistance, 

then flows through the nano point contact when the cantilever tip is brought into contact 

with the substrate. Rc is comprised of the interface thermal resistance between the Si tip 

and the Si substrate, Ri, and the diffusive thermal resistance in the Si tip and Si substrate, 

Rd,tip and Rd,sub, respectively, as shown in the thermal resistance circuit of Fig. 4.10. 

The Joule heating in the Pt-C RT is measured concurrently and does not change as 

the cantilever is brought into and out of contact with the Si substrate (Fig. 4.8c). Since the 

experiment is conducted under UHV conditions, the measured drop in temperature at the 

cantilever tip, ΔTcontact
 ≡ ΔTm,non-contact

 – ΔTm,contact, can only occur via solid-solid 

conduction through the tip-substrate contact and near-field thermal radiation as shown in 

the thermal resistance circuit (Fig. 4.10). The contribution of each energy transfer process 

to the measured thermal contact resistance, Rc, is discussed in detail Sec. 4.1. 

To derive an expression for Rc, we follow the method of Section 4.3.1. Assuming 

negligible heat loss due to convection and radiation, the one-dimensional steady-state 

heat equation can be written as per Eqs. 4.1–4.3. For the in-contact condition, the 
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Figure 4.10: Schematic diagram and thermal resistance circuit of the experimental 

method for in-contact thermal resistance measurement of cantilever. 

substrate temperature, heat generation in the Pt-C resistance thermometer yield the 

boundary conditions 
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where x is the distance from the cantilever tip and T0 is the substrate temperature. 

Applying the temperature profile (Eq. 4.3) to the boundary conditions (Eq. 4.11) 

and making the substitutions RB
 ≡ L / (κ A) and ΔT(x) = T(x) – T0, we can solve for the 

analytical temperature profile 
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We define the midpoint temperature for the in-contact case, i.e. at the Pt-C RT, 

ΔTm,contact
 = T(x = 0) – T0, which is determined by measuring the electrical resistance of the 

Pt-C RT and TCR (Fig. 4.2). The quantitative temperature rise can then be calculated as 
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The in-contact and out-of-contact (Qc
 = 0) expressions can now be expressed as 
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Since we can accurately determine the temperature drop (rise) at the point of 

contact (pull off) and since we concurrently measure the Joule heating power, which is 

kept constant during each approach-retract measurement (see Fig. 4.8c),  we use the 

definition ΔTcontact
 ≡ ΔTm,non-contact

 – ΔTm,contact to arrive at an expression for Rc 
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Figure 4.11: (a) Normal force (FN), (b) electrical resistance change normalized by non-

contact electrical resistance (ΔR / R) and (c) temperature drop at the 

cantilever tip (ΔTcontact) plotted versus vertical height above the Si substrate 

(z). Data measured during approach (retract) are shown in filled (open) 

symbols. 
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Figure 4.12: Sudden temperature change of the Pt-C RT when the Si tip is brought in 

contact with the Si substrate (ΔTcontact) plotted versus power (Q) dissipated 

in the PT-C RT. The least-square linear curve fit and square of the Pearson 

product moment correlation (R2) of the curve fitting are also shown. 

The sudden temperature change ΔTcontact is measured for different Q = Qh
 + Ql

 / 2 

and is plotted versus vertical distance above the substrate, z, in Fig. 4.11. We note that the 

ΔTcontact is defined as the temperature drop (rise) at the cantilever tip between the adjacent 

points where the cantilever undergoes snap on (pull off) contact. Measurements are 

repeated several times for each different Q and averaged with uncertainties calculated as 

per the t-distribution [see Section 2.3.5(i)]. In this experiment we have used and n = 10, 

13 and 6 data sets for Q = (35.8, 45.1 and 54.9) × 10-6 W, respectively (Fig. 4.12). We 

also determine the vertical height over which the cantilever snaps to and pulls off contact 
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with the Si substrate from the force-distance curves, 32 ± 3 nm and 61 ± 13 respectively. 

Using Eq. 4.15 we are then able to calculate Rc
 = (1.5 ± 0.3) × 106 K W-1. 

4.4 EXPERIMENTAL RESULTS AND DISCUSSION 

With the total thermal contact resistance Rc of the nanoconstriction measured 

experimentally, we now look to deconstruct its constituent components with the intent of 

determining the dominant mode of heat transfer. We further note that since the 

experiment is conducted in UHV and ΔTcontact is measured at the point of snap to (pull 

off) contact, the contributions to Rc can only come from diffusive thermal resistance in 

the tip and substrate, Rd,tip
 + Rd,sub respectively, and the interfacial resistance comprised of 

solid-solid conduction through the nanoconstriction, Rss,b, and near-field radiation, Rrad,nf 

acting in parallel (Fig. 4.10). 

4.4.1 Determination of the Tip–Substrate Contact Diameter 

In order to understand heat transfer through the nanoconstriction, information 

about the contact area is critical. The cantilever tip is shown in Fig. 4.13 and its radius at 

the apex is measured by SEM to be rtip
 = 62.5 nm. The tip radius is much larger than the 

specified 2 nm, likely due to large applied FN during initial approach-to-contact, before 

the experiments of Sec. 4.3.6 were conducted. As apparent in Fig. 4.13c, the tip may also 

have made contact along the flattened portion at the frontal face of the tip as the 

cantilever is tilted slightly towards the substrate in its holder. We will consider the two 

cases below. 
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Figure 4.13: (a) Front, (b) side and (c) high resolution side profile scanning electron 

micrographs of the cantilever tip taken post-measurement. Dashed lines in 

(b–c) denote substrate plane. Labels in (c) denote geometry used for 

contact area calculations based on tip apex and tip front, b, contact cases. 

Scale bars are 1 μm for (a–b) and 50 nm for (c).  

4.4.1(i) Apex Contact 

The diameter of the contact area, dcontact, can be calculated by Hertzian contact 

mechanics for the case that the contact is made between the apex of the tip and the 

substrate, i.e. for sphere-plane contact.125 Since cantilever snaps to (pulls off) contact 

with the Si substrate over a vertical distance of 32 ± 3 (61 ± 13) nm, and since the 

cantilever is angled ~ 7o towards the substrate (Fig. 4.13b,c), as measured by the 

cantilever–cantilever mount angle using SEM, it is highly probable that the cantilever tip 

makes contact with the substrate at or near the apex. 

We consider two models for apex contact including both adhesive forces and 

elastic contact, Johnson-Kendall-Roberts (JKR) model126 and the Derjaguin-Muller-

Toporov (DMT) model.127, 128 As will be shown, the appropriate model for the 
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nanocontact between the Si tip and Si substrate lies in between these two cases. The JKR 

model considers elastic deformation and adhesive van der Waal (vdW) forces within the 

contact region whereas the DMT model also includes vdW interactions outside the 

contact area. The contact diameter for the JKR and DMT methods, dcontact,JKR and 

dcontact,DMT respectively, can be expressed as 
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where rtip, is the tip radius, E* is the effective elastic modulus, Δγ is the work of adhesion 

and FN is the external applied normal force. The effective elastic modulus is defined as 
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where νj and Ej are Poisson’s ratio and the elastic modulus of the two contacting surfaces, 

which are taken from the literature as 0.28 and 1.3 × 1011 Pa,129 respectively. Using the 

Lennard-Jones model (LJ) to model the surface adhesion,130, 131 Δγ can be calculated as

2
016 z

A
LJ π

γ =Δ , (4.18) 

where A = 2.58 × 1019 J is the Hamaker constant for Si in vacuum132 and z0 = 0.149 nm is 

the equilibrium separation for atomically smooth surfaces.131 Using these parameters ΔγLJ 

is calculated at 0.23 J m-2, which is an order of magnitude below that measured for 
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covalently bonded Si (Δγ = 2.13 J m-2)133 but on the order of that for bonded hydrophilic 

Si wafers (unannealed, Δγ = 0.2 J m-2).134 

If instead we calculate the work of adhesion according to the JKR and DMT 

models using the measured pull off force, Fpull-off, taken from the calibrated experimental 

force-distance curves,135 where Fpull-off
 = (–0.97 ± 0.2) × 10-9 N, Δγ is espressed as 
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and the works of adhesion are calculated as ΔγJKR
 = (3.3 ± 0.7) × 10-3 J m-2 and ΔγDMT

 = 

(2.5 ± 0.5) × 10-3 J m-2, which is two orders of magnitude below the calculated value 

based on the LJ model, and on the order of minimum value reported for Si–Si 

interfaces.136 This reduction in apparent Δγ can be caused by surface roughness of the tip 

and substrate, increasing the separation distance and hence weakening the strength of 

adhesion.135 Using the LJ model for Δγ (Eq. 4.18), we can calculate the effective z0 using 

ΔγJKR and ΔγDMT
 as 1.3 ± 0.3 nm. In fact this would help explain the 21 % uncertainty in 

the measured Fpull-off since each time the tip contacts the substrate, the surface roughness 

leads to different adhesion forces.137, 138 

In order to evaluate which elastic deformation model is more appropriate, we use 

rtip, Δγ, E*, and z0 to evaluate the Tabor coefficient φ as138 
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which for ΔγLJ is 0.6 and for ΔγJKR and ΔγDMT is ~ 0.004. For φ < 0.01 the DMT model is 

more appropriate and for φ > 5 the JKR model is more appropriate.131, 139 

For the Δγ values calculated from the measured Fpull-off, we can now use the DMT 

model for the tip apex contact case (Eq. 4.16b) to calculate dcontact
 = 3.4 ± 0.7 nm. To 

estimate an upper limit of the contact diameter in the apex contact case, i.e. a clean 

smooth contact, we use ΔγLJ to calculate dcontact,LJ
 = 9.8 ± 1.7 nm, where the upper and 

lower bounds of dcontact,LJ use the JKR and DMT models respectively. As a validation of 

our assumption of elastic contact, we use the contact diameters to estimate the stress 

limits at the contact under maximum applied FN at (63 – 713) × 106 Pa, corresponding to a 

maximum strain of 0.005, which is not expected to locally deform the Si during the 

experiment. As a theoretically ideal case, we can also look at the maximum allowable 

contact diameter for the case of a welded contact, i.e. Si atoms at the tip–substrate 

interface are covalently bonded. Using Δγ = 2.13 J m-2,133 the contact diameter would be 

23.8 nm, although if we calculate the force needed to separate the tip from the substrate 

for the covalently bonded case using the JKR model (φ = 2.6), Fpull-off ~ 630 × 10-9 N. This 

is three orders of larger than the experimentally measured Fpull-off we observed indicating 

that the covalently bonded tip–sample interface is an extremely unlikely case made even 

more so since both tip and substrate are covered by a thin native SiO2 layer. 

4.4.1(ii) Frontal Contact 

We note that a flattened portion of the cantilever of width, b ≈ 90 nm, is apparent 

in the tip side profile (Fig. 4.13c). The contact in this case can be assumed to be made by 
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an ellipse with minor diameter b and major diameter a, where a must be less than the tip 

diameter in the frontal profile (Fig. 4.13a), i.e. a < 165 nm. The contact area in this case is 

πab / 4. 

We further note that since ΔTcontact remains constant as the applied force is 

increased (decreased) (Figs. 4.8 and 4.12) and does not increase (decrease) as 3/1
NF  which 

would be expected for sphere-plane Hertzian contact,140 the contact area of the flattened 

portion of the tip’s frontal slope (Fig. 4.13c) will not increase appreciably with force. 

Therefore the case of a planar elliptical contact between the tip and substrate is plausible. 

4.4.2 Solid-Solid Conduction 

The contact thermal resistance due to solid-solid conduction is comprised of both 

an interfacial and a diffusive component, Rc
 = Ri

 + γRd, where γ(K) is a function of the 

Knudsen number, K ≡ lph
 / dcontact, and lph is the phonon mean free path. The value of γ(K) 

is approximately 0.694 for lph ≫ dcontact and 1 for lph ≪ dcontact. To estimate the diffusive 

components of the solid-solid thermal resistance between the Si tip and Si substrate, Rd
 = 

Rd,tip
 + Rd,sub, we model the tip as a cone of half angle θt and contact diameter dcontact. We 

can estimate the diffusive component of the tip, Rd,tip, including the sum of the thermal 

resistance from the Pt-C RT to the base of the tip, RPt-C_tip, as 
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where κB
 = 19.5 W m-1 K-1, tB

 = tSiNx
 + tAu, and θ are the effective beam thermal 

conductivity calculated from RB, the total beam thickness, and the half angle of the V-

shape cantilever, respectively and d and LPt-C are the tip to apex and Pt-C RT to apex 

distances, respectively; κtip and H = 4.36 μm are the thermal conductivity of the Si tip and 

the tip height, respectively. Parameters of Eq. 4.21a are depicted in Fig. 4.9 and values 

are listed in Table 4.1. 

The diffusive resistance of the Si substrate can be expressed similarly as 

contactsub
subd dk

R
2

1
, = , (4.22) 

where κsub
 = 148 W m-1 K-1 is the thermal conductivity of the Si substrate.141 It has been 

shown that boundary scattering can reduce the thermal conductivity of thin Si films by up 

to 50 % in thin Si films,142 so we estimate phonon scattering by the surface of the conical 

tip can reduce the thermal conductivity by a similar amount. Additionally, 115 nm 

diameter single crystal silicon nanowires have exhibited κ approximately one third that of 

bulk silicon,143, 144 and since the tip diameter is ~ 125 nm, we will assume κtip is similar to 

κ reported in those works (~ 40 W m-1 K-1). Combining Eqs. 4.21–4.22 we find that Rd
 = 

1.2 × 107 K W-1 for the apex contact case and is at least 5.1 × 105 K W-1 for the front 

contact case, where the effective contact diameter has been defined as dcontact,eff
 ≡ (ab)1/2. 

The ballistic or interface component to Ri can be estimated from the contact radius 

according to the expression for thermal boundary resistance with the assumption that 

phonon group velocity, vg, is independent of frequency106, 145, 146 
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where 21→α  is the transmission coefficient and C is the specific heat. Values of C and vg 

from Ref. 145 are used. It has been calculated that 21→α  ~ 1 for a welded contact, i.e. for 

covalently bonded Si133 with Δγ ~ 2 J m-2, but drops to as low as 10-3 for a vdW contacted 

Si-Si interface with Δγ ~ 2 × 10-3 J m-2,49 as is the case in this work. Over the range of 

21→α = 1 – 10-3, we estimate Rss,b at 8.5 × (108 – 1011) K W-1 for the apex contact case and 

is at least 6.4 × (105 – 108) K W-1 for the front contact case. 

 We note that for the apex contact case, Rd is on the order of the total measured 

contact thermal resistance, Rc, and Rss,b is much higher than Rc. Thus for the apex contact 

case the previous theoretical models106, 145, 146 cannot explain the low measured Rc. For 

the case that the tip makes contact across its frontal slope, using the observed major-axis 

diameter b, we can solve for a range of minor axes a assuming that all heat is lost through 

solid-solid conduction as the tip is brought into contact with the substrate (i.e. Ri
 = Rss,b). 

Using Eqs. 4.21 – 4.23 along with the measured value for Rc, we calculate the minimum 

allowable a, i.e. for a welded contact ( 21→α = 1), at 43 ± 9 nm. Since a must be less than 

165 nm, we can also calculate the minimum transmission coefficient, 21→α = 0.19 ± 0.04. 

Uncertainties are calculated based on the uncertainties of both Rc and γ(K). Therefore, we 

can conclude for the frontal contact case dcontact,eff = 62 – 122 nm and ≥→21α  0.19. 
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4.4.3 Far and Near Field Thermal Radiation 

The energy transferred by radiation between the Si tip and Si substrate is 

comprised of both far and near field components, for separations greater than and less 

than the dominant wavelength due to thermal radiation, λT, respectively. Since the 

experiment is conducted at room temperature, Wien’s displacement law147 is used to 

estimate the peak λT at ~ 10 μm, so both far field and near field radiation effects should be 

considered. 

The far field thermal radiation between two parallel surfaces, in our case the 

cantilever and the substrate, can be expressed by the relation 

( )( )[ ] 122
,

−++= shsttshffrad TTTTFAR σε , (4.24) 

where ε is the emissivity, Fts is the tip-substrate view factor and is approximately 1, Ah is 

the heated area in the cantilever plane, σ is the Stefan-Boltzmann constant and Tt and Ts 

are the tip and substrate temperatures, respectively. The environment temperature, T0
 ~ 

292 K, is taken as Ts, while the maximum temperature rise of the Pt-C RT, Tm,non-contact
 ~ 

330 K, is taken as Tt. We estimate Rrad,ff is on the order of 3 × 108 K W-1, two orders of 

magnitude larger than the measured Rc. Additionally, since the far field radiation acts 

over distances larger than λT, ( )nm611
, =− zR ffrad = ( )nm01

, =− zR ffrad , we can neglect the 

already small contribution of Rrad,ff in our heat transfer model. 

The near field thermal radiation can be thought of as photon tunneling due to 

evanescent modes of the far field thermal radiation, which is expected to dominate at 

distances z ≪ λT.148  Although a newly postulated phenomenon whereby evanescent 
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electric fields generated by vibrations of acoustic phonons can transfer thermal energy 

over extremely small distances can also be thought of as near field radiation energy 

transfer, it remains to be investigated whether this specific case, referred to as phonon 

tunneling,149-151 is already included in the vdW interaction giving rise to solid-solid 

conduction.  

Based on the work of Xu et al.,152-154 Majumdar140 proposed a model for near field 

radiation that assumes the tip to be a cone of half angle θt and expresses the thermal 

resistance due to near field radiation as 
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where ħ is the reduced Planck’s constant, ε0 is the permittivity of vacuum, c is speed of 

light in vacuum, kB is Boltzmann’s constant, ρe is the resistivity, R is the reflectivity and T 

is the absolute temperature. Using the parameters ρe
 = 10-5 Ω m (heavily doped p-type), R 

= 0.3,155 T ~ 300 K, and dcontact,eff
 = 3.4 – 122 nm, Rrad,nf is calculated on the order of 6 × 

108 – 2 × 1010 K W-1. This is at least two orders of magnitude larger than the measured Rc, 

and hence near field radiation is expected to conduct a negligible amount of heat. 

An alternate approach was taken by Pendry156 which models the tip as a sphere of 

radius rtip, in the electrostatic limit (z ≪ λT) and only considers transfer through dipole 

electromagnetic modes of the sphere to the planar substrate. Assuming perfect absorption 

by a planar substrate held at absolute zero, the lower limit of Rrad,nf, can then expressed as 
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where z0 is the separation of the sphere and planar substrate, and rtip and Ttip are the radius 

and absolute temperature of the hot tip, respectively. Under this model, we estimate Rrad,nf
 

~ 1 × 108 K W-1 for the in-contact case, still two orders of magnitude larger than the 

measured Rc, hence near field thermal radiation cannot account for the low measured 

thermal resistance of the nanoconstriction. 

Additionally, since the peak emitted wavelength for Si at room temperature is ~ 

10 μm, the near field radiation is expected to have saturated well before the z = 32 ± 3 nm 

and z = 61 ± 13 height change where ΔTcontact jumps abruptly as the tip snaps to and pulls 

off contact with the Si substrate, respectively. Although the z-3 dependence of near field 

radiative heat transfer has been observed in UHV experiments using a silica micro-

sphere157 and a Pt / Ir wire,104 near field radiation from the sharp tip in this work is 

expected to be much lower than for sphere or wire and we do not observe its effect in the 

ΔTcontact(z) measurement. For the reasons discussed above, we are confident in our 

assumption that neither near field nor far field thermal radiation are the dominant modes 

of heat transfer in this experiment. 

4.5 CONCLUSION 

Using a silicon nitride cantilever with an integral Si tip and a micro-fabricated Pt-

C resistance thermometer placed close to the tip, a method has been developed to 

measure the thermal contact resistance through a nanoscale Si point contact in an 

ultrahigh vacuum atomic force microscope at room temperature. Detailed contact 

mechanical calculations of the contact diameter and modeling of the nanocontact show 



 121

that solid-solid conduction with a minimum transmission coefficient of 0.19 is the 

dominant mode of heat transfer through the nanoconstriction. In addition, theoretical 

models cannot explain the measured Rc if the tip made contact with the substrate near its 

apex, as expected from tip-sample geometry. 
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Chapter 5: Conclusion 

This work aims to advance the current state of the art in the field of nanoscale 

heat transfer, and to augment knowledge of structure-property relationships in 

nanomaterials, namely carbon nanotubes and graphene, through the use of combined 

thermal conductance and transmission electron microscopy (TEM) measurements on the 

same individual suspended nanostructures. Furthermore, theoretical models of heat 

transfer mechanisms in the sub-phonon mean free path regime are verified through the 

use of a Si nanoconstriction formed between a sharp probe tip and substrate in an ultra 

high vacuum (UHV) atomic force microscope (AFM). 

Thermal conductance measurements of individual single- (S), double- (D), and 

multi- (M) walled (W) carbon nanotubes (CNTs) grown using thermal chemical vapor 

deposition (CVD) between two suspended micro-thermometers were correlated with 

detailed crystal structure analysis using transmission electron microscopy. The thermal 

conductance, diameter, and chirality were all determined on the same individual SWCNT 

and the thermal conductance of a DWCNT was measured. Additionally, TEM observed 

defect density was directly correlated with intrinsic thermal conductivity of MWCNTs, 

which appears to scale with the number of walls in the CVD grown CNTs, and reveals 

phonon-defect scattering to be the dominant scattering mechanism in CVD grown 

MWCNTs. The thermal contact resistance per unit length was obtained as 78 – 585 m K 

W-1 for three as-grown 10 – 14 nm diameter MWCNTs on rough Pt electrodes, and 

decreased by more than 2 times after the deposition of amorphous platinum-carbon 
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composites at the contacts. The obtained intrinsic thermal conductivity, κ, of 

approximately 42 – 48, 178 – 336, and 269 – 343 W m-1 K-1 at room temperature for the 

three MWCNT samples was directly correlated with TEM observed defects spaced 

approximately 13, 20, and 29 nm apart, respectively; whereas the effective κ was found to 

be limited by the thermal contact resistance to be about 600 W m-1 K-1 at room 

temperature for the as-grown DWCNT and SWCNT samples without the contact 

deposition. Furthermore, analysis based on the measured thermal conductance of the 

individual CNTs shows that even contact-dominated CNTs promise one to two orders of 

magnitude performance enhancement when they are employed as thermal interface 

materials. 

The thermal conductivity of suspended bi-layer graphene sheets has been 

correlated with both crystal structure and surface conditions through a combined thermal 

conductance / TEM study. The κ of two bi-layer graphene samples each suspended 

between two micro-resistance thermometers was measured to be 620 ± 80 and 560 ± 70 W 

m-1 K-1 at room temperature and exhibited κ ∝ T1.5 behavior at temperatures (T) between 

50 and 125 K. Upon further analysis by transmission electron microscopy, the presence 

of a thin layer of carbonaceous residue was observed on the surface of the suspended 

graphene. Through a theoretical calculation of the thermal conductivity for edge 

scattering dominated transport, phonon scattering mechanisms were shown to be similar 

to those of supported graphene, with the polymeric residue acting as an effective support. 

The lower κ than that calculated for suspended graphene along with the temperature 

dependence were attributed to scattering of phonons in the bi-layer graphene by a 
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residual polymeric layer that was clearly observed by TEM. These results emphasize the 

need of obtaining ultra-clean suspended graphene samples for fundamental studies of the 

intrinsic phonon transport properties. Additionally, the measured κ of graphene coated 

with organic residue demonstrates its potential as a filler material in nanocomposites for 

increasing the effective thermal conductivity. 

Additionally, a method to experimentally investigate heat transport mechanisms at 

a nano point contact between a sharp Si probe tip and a Si substrate was developed. A 

controlled AFM experiment under UHV conditions was conducted to evaluate the 

relative contributions of solid-solid conduction and near-field thermal radiation to the 

thermal resistance of the nanoconstriction. The thermal resistance of the nano point 

contact was measured to be (1.5 ± 0.3) × 106 K W-1. The temperature of the cantilever tip 

was observed to remain constant during approach to, while in contact with, and during 

retraction from the Si substrate, while a large temperature drop was observed at the points 

of contact and separation. The dominant mode of heat transport appears to be solid-solid 

conduction with a minimum transmission coefficient of 0.19. In addition, theoretical 

models cannot explain the measured Rc if the tip made contact with the substrate near its 

apex, as expected from tip-sample geometry. 

While this work greatly improves fundamental knowledge of heat transfer 

mechanisms in nanostructured materials, its conclusions also form a basis for future 

research. First, additional investigations are needed to augment understanding of the 

physical mechanisms of thermal transport in CNTs, especially in SWCNTs and 

DWCNTs where lack of knowledge about the atomic structure and thermal contact 
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resistance have precluded the verification of existing theoretical models in these low-

dimensional crystals. Second, future work is needed to elucidate the underlying physical 

mechanisms of phonon transport in atomically-clean suspended graphene, as samples in 

previous temperature-dependent measurements have not yet exhibited κ(T) comparable to 

experimentally reported values for bulk pyrolytic graphite. Subsequent experiments 

should seek to verify theoretical predictions of out-of-plane phonon mode contribution to 

the total thermal conductivity as the number of layers progress from graphene to graphite 

through temperature-resolved thermal conductance techniques. Lastly, thermal transport 

through a nano point contact requires further study using an ultra-sharp tip, allowing for 

more certainty of the contact size. Future investigations should address the 

appropriateness of applying existing theoretical models to sub-phonon mean free path 

nanoconstrictions. 
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