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Abstract

The year 2021 is the 30th anniversary of carbon nanotube (CNT) discovery in 1991
by Sumio Iijima. CNTs, a cylindrical hollow shape, exhibit fascinating electrical and
optical properties. CNTs have been at the heart of the fundamental research and en-
gineering applications in various studies last three decades. Especially, CNTs are at-
tractive because they have unique electronic structures which show different band gap
energy as a function of their size. Nevertheless, we face two serious technical challenges
with regards creating large-scale electronic and photonic devices using CNTs. First, we
need to solve a sorting problem to extract a specific size of CNTs. Second, we have to
control the alignment and orientation of sorted CNTs. Here, we present research pro-
gresses to master a sorting technique and to form an aligned CNT thin-film followed by
device fabrication and characterization of sorted films.

We decide to apply aqueous two-phase extraction (ATPE) method to purify vari-
ous CNT synthesis sources. ATPE shows strong advantages in scalability and relatively
simple and low-cost processing steps over other methods. We manage to achieve high
purity metallic and semiconducting CNTs in large volumes. We attempt a vacuum fil-
tration method to make thin-films with sorted CNT solutions for devices. Although we
need a transferring step to place films on substrates, we enjoy the flexibility to choose a
variety of substrate form factors with size and thickness control.

In order to characterize electrical performance of CNT films, we fabricate planar
two-terminal devices using different sizes of metallic and semiconducting CNT films
with and without alignment. We examine the film quality and basic electrical per-
formance via DC resistance and low frequency noise properties from temperature-
dependent measurements. Our lessons are that aligned CNT film devices behave better
than other conditions in terms of smaller resistance and more linear-like current-voltage
characteristics at low temperatures. All film devices follow the 1/f noise behavior and
we will pursue further quantitative assessment of their noise properties in depth. We
envision that we will make high performance quantum devices based on sorted CNT
thin-films.

iii



Acknowledgements

I would like to thank all the people who made this thesis possible.

First of all, I would like to express the deepest appreciation to my advisor Prof. Na
Young Kim. Prof. Kim gives me a lot of opportunities to learn various fields. Especially,
Prof. Kim brings me from industry to academia studying further and deeper. The door
to Prof. Kim office was always open whenever I ran into a trouble spot or had a question
about my research or writing. She consistently allowed this paper to be my own work
but steered me in the right direction whenever she thought I needed it.

I would like to thank the readers for this thesis Prof. Bo Cui and Prof. Christopher
Wilson for their time. I am grateful for their thoughts and reviews.

I would like to thank Dr. Jeffrey A. Fagan who guides and advises ATPE process.

I would like to thank all our group members: Mats Powlowski, Dr. Taehyun Yoon,
Dr. Daniel D. Kang, Alan James Malcolm, Aaron Gross, Marko Pejic, Steven Gassner,
Nina Brown.

I would like to thank collaborators: Prof. Michael Pope and Prof. Pope’s group
member (Luzhu Xu, Azam Nasr) and Prof. Junichiro Kono and Prof. Kono’s group
member (Dr. Weilu Gao and Natsumi Komatsu)

I would also like to thank all QNFCF staffs, Peter Sprenger, Deler Langenberg, Don
Carkner, Francois Sfigakis, Mohsen Asad, Dr. Hyun Ho Kim, Dr. Ho Sung Kim, Dr.
Long Cheng who helps me to fabricate and characterize samples.

Finally, I would express my very profound gratitude to my parents, wife’s parents
and to my wife and children for providing me with unfailing support and continuous
encouragement throughout my years of study and through the process of researching
and writing this thesis.

This accomplishment would not have been possible without them. Thank you.

iv



Contents

List of Tables ix

List of Figures x

Abbreviations xv

1 Introduction 1

2 Carbon Nanotubes 3

2.1 History of Carbon Nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Carbon and Carbon Allotropes . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.3 Types of Carbon Nanotube . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.4 Electronic Properties of Carbon Nanotube . . . . . . . . . . . . . . . . . . 7

2.4.1 Uniqueness of Carbon Nanotube’s Electric Property . . . . . . . . 7

2.4.2 Band Structure of Graphene and Carbon Nanotube . . . . . . . . . 9

2.5 Energy Band . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5.1 Secular Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5.2 Tight Binding Method in Graphene . . . . . . . . . . . . . . . . . . 16

2.5.3 Carbon Nanotube Energy Band with Boundary Conditions . . . . 20

v



3 Preparation of Sorted Carbon Nanotubes 25

3.1 Methods of Carbon Nanotube Synthesis . . . . . . . . . . . . . . . . . . . 26

3.1.1 Arc Discharge (ADC) . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1.2 Laser Ablation (LA) . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1.3 Chemical Vapour Deposition (CVD) . . . . . . . . . . . . . . . . . 28

3.1.4 Other Chemical methods : High Pressure Carbon Monoxide®
(HiPCO) and Cobalt-Molybdenum Catalyst®(CoMoCAT) . . . . . 28

3.1.5 Summary of Synthesis Methods . . . . . . . . . . . . . . . . . . . . 29

3.2 Sorting Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.1 Ion Exchange Chromatography . . . . . . . . . . . . . . . . . . . . 31

3.2.2 Density Gradient Ultracentrifugation (DGU) . . . . . . . . . . . . 31

3.2.3 Selective Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Aqueous Two-Phase Extraction (ATPE) 34

4.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.1.1 Polymers and Phase Diagram . . . . . . . . . . . . . . . . . . . . . 35

4.2 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2.1 Schemaitc of ATPE Process and Result with Surfactant Concen-
tration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.2 Pre-Process: Make SWNT Solution and Prepare Stocks . . . . . . . 43

4.2.3 Main Process: Proceed aqueous two-phase extraction (ATPE) Re-
peatably . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2.4 Post-Process: Characterize solution for chirality and do polymer
exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3 Optical Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3.1 Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 50

4.3.2 Background Extraction . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3.3 Analysis with Protocol through Background Extraction . . . . . . 53

4.3.4 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3.5 Separation Results by Aqueous Two-Phase Extraction . . . . . . . 56

vi



5 Preparation of Carbon Nanotube Films 67

5.1 Methods of making �lms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.1.1 Direct Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.1.2 Solution-Based Deposition . . . . . . . . . . . . . . . . . . . . . . . 68

5.2 Method of making �lms: Vacuum �ltration . . . . . . . . . . . . . . . . . 69

5.2.1 Preparing Apparatus and Solution . . . . . . . . . . . . . . . . . . 69

5.2.2 Making Film with Vacuum Filtration . . . . . . . . . . . . . . . . . 70

5.2.3 Transferring on a Substrate . . . . . . . . . . . . . . . . . . . . . . 71

5.2.4 Alignment Film: Another Advantage of Vacuum Filtration . . . . 72

5.3 Characterization of Films . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.3.1 Film Thickness and Surface Roughness . . . . . . . . . . . . . . . . 74

5.3.2 Surface observation by Scanning Electron Microscope (SEM) . . . 76

5.3.3 Resistance and Resistivity with Two-Probe Measurement . . . . . 77

5.3.4 Resistance with Four-Probe Measurement . . . . . . . . . . . . . . 79

5.3.5 Resistance with Annealing E� ect . . . . . . . . . . . . . . . . . . . 80

6 Carbon Nanotube Film Electronics 83

6.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2 Low Frequency Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.2.1 Types of Noises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.2.2 1/ f Noise and Random Telegraph Noise in Low Frequency Noise . 85

6.3 Device Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.4 Device Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.4.1 Preparing Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.4.2 Preparing Carbon Nanotube Pads . . . . . . . . . . . . . . . . . . . 89

6.4.3 Metallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.5 Device Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.5.1 Fabrication Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

vii



6.5.2 I-V Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.5.3 Temperature-Dependent Resistance . . . . . . . . . . . . . . . . . 95

6.5.4 Low Frequency Noise . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.6 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

7 Conclusion 101

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

References 103

APPENDICES 113

A 114

A.1 Preparing Substrates from 4-inch Wafer . . . . . . . . . . . . . . . . . . . 114

A.2 History of Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

B 116

B.1 SWNT Table [90, 31] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

B.2 Physical Constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

viii



List of Tables

2.1 Table of carbon allotropes [78]. . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Table of parameters for carbon nanotube (CNT) [78]. . . . . . . . . . . . . 21

3.1 Table of comparison of synthesis methods of CNTs [74] . . . . . . . . . . 32

4.1 Information of carbon nanotubes which we used for ATPE [46, 47, 48, 45,
44] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2 Table of information of stocks for ATPE [25]. . . . . . . . . . . . . . . . . . 45

4.3 Recipes of preparation steps [18]. � NI (NanoIntegris), SA (Sigma-Aldrich) 46

4.4 Raman modes in SWNTs [23]. . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.5 Absorbance data for common color solutions from SG65i and SG76. . . . 61

4.6 Absorbance data for simple sorting process with SG65i. . . . . . . . . . . 63

4.7 Absorbance data for simple sorting process with HiPCO. . . . . . . . . . . 63

5.1 Resistance and resistivity comparison between CNT �lms. . . . . . . . . . 80

A.1 Table of CNT device history. . . . . . . . . . . . . . . . . . . . . . . . . . . 115

B.1 Table of SWNT transition energy and wavelength. . . . . . . . . . . . . . 116

ix



List of Figures

2.1 Hybridized orbital by combination of sorbital and p orbital . . . . . . . . 4

2.2 Electron con�guration of carbon and three di � erent hybridizations. Each
arrow represents the spin of electron. . . . . . . . . . . . . . . . . . . . . . 5

2.3 Structure of hybridizations. . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.4 Types of CNTs. (Reprinted with permission from reference [57]. Copy-
right 2017 Elsevier Ltd.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.5 (a) Energy diagrams and DOS for metallic and semiconducting SWNTs.
(Reprinted with permission from reference [30].) (b) The Kataura plot
which shows the relations between a diameter of single-walled nanotube
(SWNT)s and energy band gap. Open circles are semiconducting, solid
circles are metallic, and double circles are armchair metallic SWNTs.
(Reprinted with permission from reference [54]. Copyright 1999 Else-
vier Science S.A..) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.6 Images of real and reciprocal space of graphene sheet. (a) Real space in a
graphene. (b) Reciprocal space in a graphene. . . . . . . . . . . . . . . . . 10

2.7 Structure of spread CNT with
��!
Ch and

�!
T and an example of chilarity (6,2). 11

2.8 Series of chiral vectors on hexagonal lattice. . . . . . . . . . . . . . . . . . 12

2.9 There are various band structure calculation methods and tight binding
model will be used for carbon nanotube calculation [73] . . . . . . . . . . 13

2.10 Hexagonal lattice for graphene in real space. The numbers represent the
level of distance from carbon atoms in the unit cell. . . . . . . . . . . . . . 17

2.11 Nearest neighbors in terms of atom A in a unit cell. . . . . . . . . . . . . . 18

2.12 Energy diagram of graphene as a result of Eg2D with � 2p = s= 0, and t = 1. 19

x



2.13 Energy dispersion diagrams for armchair cases. (a) Energy dispersion for
(5,5). (b) Energy dispersion for (10,10). . . . . . . . . . . . . . . . . . . . . 22

2.14 Energy dispersion diagrams for zigzag semiconducting cases. (a) Energy
dispersion for (5,0). (b) Energy dispersion for (10,0). . . . . . . . . . . . . 23

2.15 Energy dispersion diagrams for zigzag metallic case. . . . . . . . . . . . . 23

2.16 Energy dispersion diagrams for (6,5) and (7,6). . . . . . . . . . . . . . . . 24

3.1 Drawing of arc discharge synthesis method. (Reprinted with permission
from reference [20].) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Drawing of laser ablation synthesis method. (Reprinted with permission
from reference [20].) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Schematic of chemical vapor deposition synthesis method. (Reprinted
with permission from reference [88].) . . . . . . . . . . . . . . . . . . . . . 29

3.4 Drawing of High Pressure Carbon Monoxide synthesis method. (Reprinted
with permission from reference [14]. Copyright 2001 America Vacuum
Society.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.5 Sketches of a CoMoCAT synthesis method. (Reprinted with permission
from reference [20].) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.6 Large diameter range in each SWNT synthesis method. (Reprinted with
permission from reference [24]. Copyright 2013 Woodhead Publishing
Limited..) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1 Phase diagrams with two-di � erent polymers. (a) General phase diagram.
(Reprinted with permission from reference [7]. Copyright 2016 Ameri-
can Chemical Society.) (b) Phase diagram with and without surfactant in
PEG 6 kDa and DX 70 kDa. (Reprinted with permission from reference
[25].) (c) Phase diagram with and without surfactant in PEG 6 kDa and
DX 70 kDa done by ourselves [21]. . . . . . . . . . . . . . . . . . . . . . . 37

4.2 Separation coe� cient diagrams. (a) Sepration coe� cient with varied SDS
concentration at �xed DOC for diameter separation. (Reprinted with per-
mission from reference [25].) (b) Separation coe� cient with varied SDS
concentration at �xed SC for metallic and semiconducting separation.
(Reprinted with permission from reference [25].) . . . . . . . . . . . . . . 38

xi



4.3 Chemical structure of SDS and DOC. (Reprinted with permission from
reference [91]. Copyright 2004 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4 Separation results in reduced or oxidized solutions. (Reprinted with per-
mission from reference [33]. Copyright 2015 American Chemical Society.) 40

4.5 A schematic of separation of SWNTs in biphsic system. (Reprinted with
permission from reference [25].) . . . . . . . . . . . . . . . . . . . . . . . . 41

4.6 A schematic of ATPE process. (Reprinted with permission from reference
[25].) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.7 The relation between the concentration of SDS and the diameter of SWNTs
at a �xed DOC 0.45 %. (Reprinted with permission from reference [25].) 43

4.8 Generalization of ATPE process for CoMoCAT and HiPCO SWNTs. (Reprinted
with permission from reference [25].) . . . . . . . . . . . . . . . . . . . . . 49

4.9 (a) Absorbance results with sorted solutions of SWNT. (Reprinted with
permission from reference [27]. Copyright 2014 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.) (b) Photoluminescence map of (6,5) SWNT so-
lution. (Reprinted with permission from reference [6]. . . . . . . . . . . . 51

4.10 Absorbance spectrum with background spectrum. (Reprinted with per-
mission from reference [25].) . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.11 Analysis protocol program of background extraction. [17] (a) Main con-
trol panel of analysis protocol program. (b) Plot of background extraction
result. (c) Plot of deconvolution results. . . . . . . . . . . . . . . . . . . . 55

4.12 Picture of the principle of Raman spectroscopy. (Reprinted with permis-
sion from reference [84].) (a) Image of scattering mode. (b) Image of
position in wave number domain. . . . . . . . . . . . . . . . . . . . . . . . 56

4.13 Common colors of ATPE separation results from SG65i and SG76. . . . . 58

4.14 Absorbance spectrum for common colors of ATPE separation results from
SG65i and SG76. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.15 RBM mode in Raman spectroscopy for common colors. . . . . . . . . . . . 60

4.16 D and G mode in Raman spectroscopy for common colors. . . . . . . . . . 60

4.17 Simple process sorting results with SG65i in bulk bottles. . . . . . . . . . 62

4.18 Simple process sorting results with HiPCO SWNTs. . . . . . . . . . . . . . 62

xii



4.19 Absorbance comparison with and without polymer. . . . . . . . . . . . . . 64

4.20 Raman spectroscopy RBM results of forest green solution with 532 nm
and 632 nm incident laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.21 Raman spectroscopy RBM results of purple solution with 532 nm and
632 nm incident laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.1 (a) Vacuum �ltration apparatus and (b) thickness of CNT �lms for refer-
ence solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2 (a) CNT �lm on a membrane after vacuum �ltration (b) transfer on a
substrate with vacuum �ltrated �lm. . . . . . . . . . . . . . . . . . . . . . 71

5.3 Recipe of transferring a CNT �lm on a substrate. . . . . . . . . . . . . . . 73

5.4 (a) atomic force microscopy (AFM) topological image of a CNT �lm on
a silicon substrate. Width of the �lm is 30 � m (b) The cross section of
pro�les at positions 1
 and 2
 indicated in Figure (a). . . . . . . . . . . . . 74

5.5 (a) Scanning the middle of the CNT �lm which is same in �gure (4.4) (b)
3-dimension plotting for �lm surface. . . . . . . . . . . . . . . . . . . . . . 75

5.6 A scheme of scanning a strain CNT with a bigger AFM tip. . . . . . . . . 76

5.7 (a) AFM result with small probe (b) Height of cross section for thickness
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.8 CNT �lms observation under SEM. (a) random direction of (6,5) dom-
inant �lm (b) random direction of MWNT �lm (c) aligned with mixed
SWNT �lm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.9 The schematic of a 2-terminal device. This is not a real size of ratio. . . . 78

5.10 Resistivity results of 2-terminal measurement for SWNT �lm devices
with di � erent design factors: (a) for the width and (b) for the gap. . . . . 79

5.11 Resistance comparison before and after annealing for four di � erent MWNT
�lms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.1 Types of noises in a frequency domain [60]. . . . . . . . . . . . . . . . . . 85

6.2 Fabrication process - Case 1. . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3 Fabrication process - Case 2. . . . . . . . . . . . . . . . . . . . . . . . . . . 92

xiii



6.4 (a) The microscope image of overall fabricated devices. Scale bar is 200
� m (b) Zoomed in view of microscope image for the device width 10 � m
and gap 250 nm. Scale bar is 10� m. (c) SEM image of observation of
gap for the device whose design values are width 10 � m and gap 250 nm.
Scale bar is 100 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.5 I-V measurement results for four cases at room temperature and low tem-
perature. All the measurements are voltage sweep results. (a) Results for
case 1. Voltage range is -200 mV to 200 mV, interval 1 mV. (b) Results for
case 2. Voltage range is -200 mV to 200 mV, interval 1 mV. (c) Results for
case 3. Voltage range is -1 V to 1 V, interval 1 mV. (d) Results for case 4.
Voltage range is -100 mV to 100 mV, interval 1 mV. . . . . . . . . . . . . . 94

6.6 Temperature-dependent resistance measurements results. Four cases re-
sults are normalized by room temperature resistance and represents as a
function of temperature. Inset reprinted plot removing case 1 in order to
adjust range of y-axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.7 Graphical user interface of low frequency analysis coding python [29]. . . 96

6.8 PSD data of each case with di� erent temperatures. . . . . . . . . . . . . . 97

6.9 (a) Log-log plot of temperature-dependent resistivity from SWNT �lm
�tting with VRH and FIT. (Reprinted with permission from reference [9].
Copyright 2010 American Physical Society.) (b) Log-log plot of temperature-
dependent relative resistance from our device results. . . . . . . . . . . . 98

6.10 1/ f noise coe� cient, A=Rand � comparison between cases. . . . . . . . . 99

A.1 (a) Drawing for multiple 1 cm by 1 cm substrates. (b) Drawing for an 1
cm by 1 cm substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

xiv



Abbreviations

ADC arc discharge 25–27

AFM atomic force microscopy xiii, 74, 75, 80

Al Aluminum 84

ATPE aqueous two-phase extraction vi, 2, 25, 32–36, 40–48, 54, 56, 59, 63, 64, 101, 102

ATPS aqueous two-phase system 36

Au gold 78, 87

CNT carbon nanotube ix, 2–7, 9–11, 13, 20, 21, 25–31, 43–46, 56, 67–75, 77–80, 83, 84,
86–91, 94, 101, 102, 114

CNTFET carbon nanotube �eld-e � ect transistor 2

CO carbon monoxide 29

Co cobalt 26, 29

CoMoCAT cobalt and molybdenum catalysts and CO gases 25, 28, 29, 32, 45, 47, 57,
73

CVD chemical vapor deposition 3, 25, 28, 30, 45, 67

Da dalton 35

DGU density gradient ultracentrifugation 32, 34, 35

DI deionized water 89, 90

xv



DMD digital mirror device 89

DOC sodium deoxycholate 32, 35–43, 45–48, 72

DOS density of states 7, 8, 22–24

DWNT double-walled nanotube 6

DX dextran 34–36, 38–41, 45–48

EBL e-beam lithography 90, 91, 115

Fe iron 26

Fe(CO)5 iron pentacarbonyl 29

FIT �uctuation-induced tunneling 97, 98

GaAs Gallium arsenide 8

gcd greatest common divisor 11, 21

GUI graphic user interface 53

He helium 27

HiPCO high pressure carbon monoxide 25, 28, 29, 32, 45, 47, 57, 61

InP indium phosphide 8

IPA isopropyl alcohol 72, 88–91

IR infrared 83

LA laser abalation 25, 27

LB Langmuir-Blodgett 68, 79, 80, 115

MLA Maskless aligner 89, 90, 115

Mo molybdenum 29

xvi



MOSFET metal-oxide-semiconductor �eld-e � ect transistor 1

MQW Milli-Q water 44, 45, 71

MWNT multi-walled nanotube 3, 4, 6, 7, 25–27, 43, 76, 77, 79, 80, 82–84, 87, 115

NaClO sodium hypochlorite 35, 38, 40, 45, 47, 59

Nb niobium 87

Ni nickel 26

NIST National Institute of Standards and Technology 34

NMP N-Methyl-2-Pyrrolidone 70, 72, 89

Pd palladium 78, 87

PECVD plasma enhanced chemical vapor deposition 28

PEG polyethylene glycol 34–36, 38–41, 45–48

PSD power spectral density 85, 86, 96, 97, 99

PVP polyvinylpyrrolidone 70, 72

QNFCF Quantum-Nano Fabrication and Characterization Facility 88, 101

qubit quantum bit 83, 84

RBM radial breathing mode 56–58, 65

RIE reactive-ion etching 89

SC sodium cholate 32, 35, 37–40, 43, 45–48

SDS sodium dodecyl sulfate 35–42, 45–48

SEM scanning electron microscope 3, 74, 76, 77, 91, 93

Si sillicon 1

xvii



SWNT single-walled nanotube x, xi, 2–8, 12, 13, 22, 25–43, 45–48, 50, 52–54, 56, 57,
64, 65, 70, 72, 74–80, 82–84, 87, 91, 93, 94, 98, 100–102, 115

TEM transmission electron microscope 3, 77

Ti titanium 87, 88

UV ultraviolet 83, 88, 89

VF vacuum �ltration 69–71, 78, 115

VHS van Hove singularities 7, 8

VRH variable-range hopping 97, 98

xviii



Chapter 1

Introduction

The history of human beings evolves with the discovery of materials. The �rst age
of a speci�c material occurred in the Stone Age, when people made knapped stones
for use in hunting. Next in the Bronze Age and the Iron Age, people used �re cast
weapons and household items with bronze and iron each era. At this point, people
who discovered and were good at dealing with new materials ruled territories and led
the era. We observe a similar phenomenon in our Modern Age. When we consider the
evolutionary progresses of transistors which are the main part of integrated circuits in
computers, sillicon (Si) has had an indispensible role in making transistors. Especially,
since metal-oxide-semiconductor �eld-e � ect transistor (MOSFET) was invented in 1959
by Mohamed Atalla and Dawon Kahng at Bell Labs [67], Si has been cemented as a king
of materials. There is no compatible material substituting Si which is as abundant in the
earth and non-toxic for the environment with reasonable mobility and energy band gap.
Because all electrical equipment has this Si circuit, this current era is called ”the Silicon
Age”, the successor of the Iron Age. This impactful material has governed the whole
world over 60 years. It is not visibly or physically enforced like war in prehistoric era
rather than it permeates in our lives without recognition and conquers contemporary
people all over the world. This phenomenon implies the history of human beings is not
made by man-kind, but by dominant material. Therefore, we think searching for and
developing a good material is a worthwhile task for a scientist.

We usually refer to Moore's law predicted by Gordon Moore, who is a co-founder of
Intel, when we discuss the development of computers [65]. This law says the number of
transistors in a integrated circuit doubles every 18 months, in other words, integrated
circuits get smaller exponentially. So far this has held true, but we are talking about
the next generation of integrated circuits as physically the size of Si transistors seem
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almost at the end of their limit. For the next generation material, we study CNTs. Sci-
entists have called CNTs a promising material since Sumio Iijima discovered CNTs in
1991 [42], which triggered a boom of research into CNTs. This material has outstanding
electrical, chemical, mechanical, and optical properties. Thanks to these properties, an
article was published recently which demonstrated another improved carbon nanotube
�eld-e � ect transistor (CNTFET) computer. Although it was not the �rst demonstra-
tion, this demonstration con�rms CNT is a viable material in future computers [37].
Speci�cally, SWNT, which is one form of CNT, can be either metallic or semiconduct-
ing depending on the chirality of the CNT, and the semiconducting SWNT has di � erent
band gap energies so that we can manipulate them for di � erent applications.

In order to separate SWNTs into metallic or semiconducting groups, or even one spe-
ci�c chilarity, we need to sort them because synthesis does not result in a homogenized
target. Among many methods, I performed ATPE which is able to separate them by di-
ameter, or metallic or semiconducting status, in a relatively economic way and at a large
volume. By using sorted metallic and semiconducting SWNTs [25], we benchmarked
electrical devices in the former, we have fabricated and characterized CNT two-terminal
electrical devices.

With these motivations, we introduce general information of CNTs in Chapter 2 and
Chapter 3: what CNT is and its properties in Chapter 2, and synthesis and sorting in
Chapter 3. Speci�cally, we will discuss one sorting method, ATPE, in Chapter 4. In
Chapter5, fabrication and characterization of CNT �lm are discussed and device level
discussions are presented in Chapter 6.
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Chapter 2

Carbon Nanotubes

CNT is a member of the carbon family which includes: fullerene which is a zero-
dimensional structure of C 60 descovred in 1985, graphene which has a two-dimensional
structure, and CNT which is a one-dimensional structure.

2.1 History of Carbon Nanotubes

CNTs are widely known to have been discovered by Sumio Iijima, in the form of
multi-walled nanotube (MWNT) in 1991, and form of SWNT in 1993 [42, 43]. Al-
though Iijima gave scientists all over the world the chance to study these materials by
introducing carbon cylindrical tube structures called 'microtubules', CNTs, similar car-
bon tubule structures were clearly observed in 1952 in the form of the MWNTs which
were 50 nm diameter and detected by transmission electron microscope (TEM) [75].
As those were discovered by two Russian scientists publishing in a Russian journal, the
Journal of Physical Chemistry of Russia, and it was during the Cold War period, this dis-
covery was not widely distributed amongst the world wide research communities. Until
publishing the papers by Iijima, there were several other discoveries in 1976, 1981, and
1987. The �rst SWNT, grown by a chemical vapor deposition (CVD) like method, was
observed by Oberlin et al. under a scanning electron microscope (SEM)[71]. Russian
scientists found that CNTs consist of graphene wrapped like into a cylindrical shape in
1981 and Howard Tennet applied for a patent of this cylindrical shape as carbon �brils
[75].
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After fullerene had a spotlight in 1985 when it was �rst discovered and published,
and then Kroto, Curl, and Smalley got a Nobel prize in 1996 [59], CNTs were start-
ing to get attention from 1991 when Sumio Iijima observed MWNTs [42]. These have
diameters which range from 4 to 30 nm, and were named microtubules of graphitic car-
bon initially. Iijima and his colleague Ichihashi observed SWNTs, whose diameter was
around 1 nm two years later, in 1993 [43]. Although these discoveries by Iijima were
not the �rst, they were what caused huge interest in scientists all over the world because
CNTs show outstanding electrical and mechanical properties with nano-size scale.

2.2 Carbon and Carbon Allotropes

Electrons in atoms occupy orbitals following Hund's rules, �lling from the lowest
energy level orbitals �rst. However, there are di � erent orbitals forming between 2 s
orbital and 2 p orbitals through hybridization. These hybridized orbitals are made by
combination of sorbital and p orbitals in Fig.2.1.

Figure 2.1: Hybridized orbital by combination of sorbital and p orbital

CNTs are made of carbon atoms whose symbol is 'C', atomic number is 6, and that
have 6 electrons, located in group 4 and period 2 in the Periodic table. According to
the electron con�guration in s and p orbitals 1s22s22p2, it has four outer electrons [78].
Even though carbon itself is non-metal element, carbon allotropes show either metallic
or semiconduncting properties according to the formation of electron orbitals and car-
bon structures. These 4 electrons in 2s orbital and 2 p orbitals transform into orbitals
which is called 'Hybridization' in order to minimize the total energy level and angular
momentum. There are three di � erent hybridization forms as shown in Fig.2.2.

Depending on the number of hybridized orbitals, the hybridization name and struc-
ture are denoted, sp-, sp2-, and sp3-hybridization. In case of sp2-hybridization, there are
three sp2 orbitals and one 2pz orbital to minimize angular momentum. Carbon atoms
are connecting through these hybridized orbitals presenting in Fig.2.3.

sp-, sp2-, and sp3-hybridization form linear, trigonal planar, and tetrahedral struc-
tures, respectively. These structures are found in di � erent alloptropes of carbon as

4



Figure 2.2: Electron con�guration of carbon and three di � erent hybridizations. Each
arrow represents the spin of electron.

shown in Table 2.1. Carbon allotropes are grouped by dimension from 0-dimension to
3-dimension. They can also be classi�ed by hybridization: sp3 is a well-known orbital
which is common in diamond, sp is carbyne which is predicted but it is under study,
and sp2 shows three di� erent allotropes, fullerene, graphene, and carbon nanotube.
This sp2 hybridization basically has a trigonal planar structure but allotropes are di-
vided by form of dimension, sphere for fullerene, cylinder for carbon nanotube, and
plane for graphene. Interestingly, CNTs have unique electronic properties of metals or
semiconductors. Even among semiconducting SWNTs, the band gap energy can vary
because the band gap energy is de�ned according to the chirality, which will be further
explained in section 2.4. On the other hand, fullerene is a semiconductor with �xed
band gap energy 1.9 eV and graphene is semi-metal with zero band gap energy.

These CNT properties arise from sp2 hybridization, speci�cally determined by the pz
orbital. This is explained by a tight binding model of with boundary conditions along
the circumferal direction of CNTs.
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Figure 2.3: Structure of hybridizations.

Dimension 0-D 1-D 2-D 3-D

Allotropes Fullerene Carbon Nanotube / Carbyne Graphene Diamond

Hybridization sp2 sp2 / sp sp2 sp3

Density [g/cm 3] 1.72 1.2-2.0 / 2.68-3.13 2.26 3.515

Bond length [ 	A] 1.40 (C=C) 1.44 (C=C) 1.42 (C=C) 1.54 (C-C)

Electronic properties Semiconductor Eg=1.9eV Metal or semiconductor Semimetal Insulator Eg=5.47eV

Table 2.1: Table of carbon allotropes [78].

2.3 Types of Carbon Nanotube

CNT is a so called one-dimensional material because it has a cylindrical shape with
diameter 0.7 - 10.0 nm and length which lie on the nano-meter to centi-meter scale.
Normally the ratio of length and diameter is 10 4 - 105, this is the reason why we call
CNT a one-dimensional structure. In order to imagine this structure, we are able to
think of a cylindrical shape like a prolonged version of zero-dimension of fullerene or
a 2-dimension graphene sheet which is rolled up. CNTs are composed by a hexagonal
lattice outer shell and hollow interior. There are interesting features depending on the
number of wrapping sheets: SWNT for one sheet, double-walled nanotube (DWNT)
for two sheet, and MWNT for more than three sheets in Fig.2.4 [57]. Apparently, the
number of sheets is increased, the diameter become thicker. Generally, the thickness
of SWNT is thinner than 2 nm. Furthermore, SWNT and DWNT show either semicon-
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ducting or metallic properties depending on the chirality [78, 87]. On the other hand,
MWNTs are known to be metallic [92].

Figure 2.4: Types of CNTs. (Reprinted with permission from reference [57]. Copyright
2017 Elsevier Ltd.)

2.4 Electronic Properties of Carbon Nanotube

2.4.1 Uniqueness of Carbon Nanotube's Electric Property

CNTs, especially SWNTs have a unique electrical property; unlike other materials,
they can be metallic or semiconducting with various band gap energy values depending
on the chirality. This is a powerful advantage in material because other materials have
their own determined energy band gap so that we have to search di � erent material if
we need speci�c band gap energies.

Fig.2.5(a) represents energy diagrams of semiconducting and metallic SWNTs matched
with density of states (DOS) [30]. As we know, the metallic materials do not have band
gap energy due to the touched energy diagram, whereas, the semiconducting diagram
has the gap between valence band and conduction band. When we take it account the
DOS, there are non-smooth points attributed to van Hove singularities (VHS). Energy
transitions occur between these �at areas and generate band gap energies. And inter-
esting result is that metallic SWNTs have also band gap energies.

According to the Kataura plot explanation [54], di � erent diameters of SWNTs are
matched with di � erent band gap energies and even metallic SWNTs have band gap
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energies due to VHS in the DOS. A smaller diameter SWNT has higher band gap energy
and there are several electric transitions which are denoted transition levels such as E11,
E22, E33, and E44, where E11 is the transition between the �rst valence and conduction
band. It is also separate metallic and semiconducting cases, M11, M22, M33, and M44
for metallic and S11, S22, S33, and S44 for semiconducting, because the range of energy
gaps varies. And as the transition energy value is larger, the energy gap is higher. For
diameter between 0.7 and 1 nm in S11 case, the band gap energy range is 1.00 - 1.42 eV,
which corresponds to near infrared wavelength range, 873 - 1240 nm [90]. In Fig.2.5(b),
we can see the range of band gap energies depending on the diameter and transition
type. Open circles are semiconducting, solid circles are metallic, and double circles are
armchair metallic. S11 is starting from the bottom open circle plot.

Figure 2.5: (a) Energy diagrams and DOS for metallic and semiconducting SWNTs.
(Reprinted with permission from reference [30].) (b) The Kataura plot which shows the
relations between a diameter of SWNTs and energy band gap. Open circles are semi-
conducting, solid circles are metallic, and double circles are armchair metallic SWNTs.
(Reprinted with permission from reference [54]. Copyright 1999 Elsevier Science S.A..)

Gallium arsenide (GaAs) and indium phosphide (InP) are able to be substituted
by SWNTs regarding energy band.Since band gap energy of GaAs is 1.43 eV which is
similar S11 band gap for chiarlity (6,4) and energy band of InP is 1.35 eV which is S11
band gap for chirality (9,1). This energy band gap associated with diameter is coming
from the boundary condition of circumferential direction. We will discuss the details
in energy band calculation section.
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2.4.2 Band Structure of Graphene and Carbon Nanotube

This section describes the band structure of CNTs. Graphene is a mother material of
CNTs so that we start with a graphene bands structure and impose a speci�c periodic
boundary condition to derive the CNT band structure.

Graphene

Starting with a graphene structure is a simple way to �gure out the CNT structure.
As can be seen in Fig.2.6, graphene is a single sheet of carbon hexagonal arrays which
is coming from carbon sp2 hybridization. The typical starting point is to de�ne two
primitive vectors, �!a1 and �!a2 , which in real space are not orthogonal and so require
special care or attention when we calculate energy bands and express vector form and
position,

�!a1 = (

p
3

2
a;

1
2

a); �!a2 = (

p
3

2
a;�

1
2

a):

where a = j �!a1 j = j �!a2 j. Note that a is not the distance between carbon atoms which is
denoted asac� c. Distances (ac� c) for graphene and CNT are di � erent as CNTs are curved
whereas graphene is planar. ac� c in graphene is 1.42 	A and in CNT is 1.44 	A. A unit cell
is drawn using four adjacent hexagonals with a rhombus shape connected four centers
of hexagons. This unit cell contains two carbon atoms, which is a starting point of the

band structure calculation.
�!
Ri ;(i = 1;2;3) in Fig.2.6(a) are vectors to describe positions

of nearest-neighbor carbon atoms explicitly speci�ed,

��!
R1 = (�

p
3

6
a;

1
2

a);
��!
R2 = (�

p
3

6
a;�

1
2

a);
��!
R3 = (

1
p

3
a;�

1
2

a):

Regarding reciprocal space, there are two reciprocal lattice vectors,
�!
b1 and

�!
b2 , de-

�ned by the relation between primitive vectors and reciprocal lattice vectors, �!ai �
�!
bj =

2�� ij . The Brillouin zone is a hexagonal shape as in Fig.2.6(b). There are three crucial
points, which are called critical points or high symmetry points, in reciprocal space
which are denoted as � , K, and M. The � point represents the center of the Brillouin
zones,K points are the corners of a hexagonal lattice in 2-dimension, and M points are
center of a hexagonal lattice edge [41, 13, 79].The triangle made by � , K, and M is called
”Irreducible Brillouin Zone” which is the crucial and smallest zone not being folded
anymore. Due to the hexagonal geometry, this is three-fold rotation symmetry so that
an edge point is not folded right next edge point. Therefore, the inequivalent K' exists.
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Figure 2.6: Images of real and reciprocal space of graphene sheet. (a) Real space in a
graphene. (b) Reciprocal space in a graphene.

Carbon Nanotube

As the CNT structure is cylindrical, it can be spread like a graphene sheet and ex-

amined with graphene information. Using the primitive vectors,
��!
Ch which is a chiral

vector and written in terms of the primitive vectors of a graphene denote like, �!a1 and
�!a2 ,

��!
Ch = n �!a1 + n �!a2 � (n;m); (2.1)

where n and m are integers. In this case,
��!
Ch can be a circumference of the CNT. Then,

the diameter is calculated as,

diameter dt =
j
��!
Ch j
�

=

q
(
��!
Ch �

��!
Ch

�
=

a
p

n2 + m2 + nm
�

: (2.2)

The angle between �!a1 and �!a2 is 60°, where should be careful to calculate because
it is normally 90°for common unit vectors. In order to express the longitudinal axis of

CNT, translational vector, we introduce a
�!
T , which is perpendicular to the chiral vector.

10



Using the perpendicular relation between two vectors,
��!
Ch �

�!
T = 0,

�!
T is represented by

de�nition in terms of �!a1 and �!a2 ,

�!
T = t1

�!a1 + t2
�!a2 � (t1; t2); (2.3)

where t1 = 2m+n
dR

, t2 = � 2n+m
dR

. dR is de�ned as greatest common divisor (gcd)(2 n+m;2m+
n) of two integers from 2 n + m and 2m + n. The relation of two integers, 2 n + m and
2m+ n, can be expressed by (n � m), whether (n � m) is multiples of 3 or not. If ( n � m) is
the number of multiple of 3, dR gcd=(n;m). If ( n � m) is not the number of multiples of
3, dR =gcd(n;m)×3.

Let's consider an explicit example. Fig.2.7 shows a CNT with chirality (6 ;2) unrolled

into a graphene sheet. The primitive vectors,
��!
Ch and

�!
T are directly drawn and the

values (n;m) and (t1; t2) are written. Then two vectors,
��!
Ch and

�!
T , de�ne a red-colored

rectangular region, a unit cell of a CNT.

Figure 2.7: Structure of spread CNT with
��!
Ch and

�!
T and an example of chilarity (6,2).

Fig.2.8 includes the series of
��!
Ch at a same hexagonal lattice. Chiral vectors are

located between 0° and 30° when n � m, and the angle is de�ned from the `Zigzag' di-
rection to chiral vector. On the other hand, n � m, the angle range between 30° and 60°,
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is mirror symmetry case we call as an enantiomer. Because the `Zigzag' is represented
simply by �!a1 , the angle can be expressed with a cosine form,

cos� =
��!
Ch � �!a1

j
��!
Ch jj �!a1 j

=
2n + m

2
p

n2 + m2 + nm
: (2.4)

When we look into chiral vector series, we can group metallic and semiconducting
SWNTs by chirality. If ( n � m) is multiples of 3, it is metallic and marked with red dots
in Fig.2.8, whereas semiconducting SWNTs are marked with blue dots. Speci�cally,
there are two symmetric chilarity cases which are ( n;n) and (n;0). As can be seen shapes
in the �gure, interesting names were coined such as ( n;n) for an `Armchair' and ( n;0)
for a `Zigzag' SWNT. Only n = multiple of 3 in zigzag cases are metallic, whereas all
armchairs are metals.

Figure 2.8: Series of chiral vectors on hexagonal lattice.
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2.5 Energy Band

Energy band calculation of CNT is doing by a tight binding method among various
methods in Fig.2.9 [73]. A tight binding model is one of the methods based on atomic or-
bital which periodic potential is strong enough where an electron in an atom is bounded
so that it is calculated as lattices or atomic orbitals. As CNT is formed by sp2 hybridiza-
tion and each carbon atom has pz orbital and carbon atoms form the hexagonal lattice,
tight binding model is applied for energy band calculation of CNT.

Energy band calculations are basically solving a secular equation of Hamiltonian
matrix (section 2.5.1). After we layout the mathematical framework of secular equa-
tion calculation explicitly, whose method is �rst applied to calculate graphene band
structure (section 2.5.2), followed by a SWNT band structure (section 2.5.3)

Figure 2.9: There are various band structure calculation methods and tight binding
model will be used for carbon nanotube calculation [73]
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2.5.1 Secular Equation

A wave function 	 is required to meet a Bloch's theorem in a crystal due to the trans-
lational crystal structure symmetry for the direction of the lattice vector �!aj ,

T�! a 	 = ei
�!
k � �!aj 	 j ; (2.5)

where �!aj is lattice vectors (j = 1;2;3), 	 is any wave function of the lattice, T�! a is trans-

lational operator along the lattice vector �!aj , and
�!
k is a wave vector. A Bloch function

� j (
�!
k ; �! r ) is written as,

� j (
�!
k ; �! r ) =

1
p

N

NX

�!
R

ei
�!
k �

�!
R ' j (

�! r �
�!
R); (j = 1;� � � ;n) (2.6)

where
�!
R is a position of the atom, ' j is an atomic wavefunction in state, N is the

number of unit cells, and n is the number of atomic wavefunctions in the unit cell.
Eq.(2.6) satis�es Eq.(2.5) as below.

� j (
�!
k ; �! r + �! a ) =

1
p

N

NX

�!
R

ei
�!
k �

�!
R ' j (

�! r + �! a �
�!
R); (2.7)

= ei
�!
k � �! a 1

p
N

NX

�!
R � �! a

ei
�!
k �(

�!
R � �! a )' j (

�! r + (
�!
R � �! a )); (2.8)

= ei
�!
k � �! a � j (

�!
k ; �! r ) (2.9)

Then, the eigen function 	 j (
�!
k ; �! r ) is represented by the sum of linear combination of

Bloch functions,

	 j (
�!
k ; �! r ) =

nX

j 0

Cj j 0(
�!
k )� j 0(

�!
k ; �! r ); (2.10)

where Cj j 0 is coe� cient to be determined. As the energy eigenvalues can be expressed
by Hamiltonian,

Ej (
�!
k ) =

h	 j jHj 	 j i

h	 j j	 j i
=

R
	 �

j H	 j dr
R

	 �
j 	 j dr

; (2.11)
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where H is Hamiltonian.

Plugging Eq.(2.10) into Eq.(2.11),

Ei (
�!
k ) =

P n
jj 0=1 C�

ij Cij 0h� j jHj � j 0i
P n

jj 0=1 C�
ij Cij 0h� j j� j 0i

; (2.12)

=

P n
jj 0=1 H ij 0(

�!
k )C�

ij Cij 0

P n
jj 0=1 Sij 0(

�!
k )C�

ij Cij 0

: (2.13)

Here we de�ne H ij 0(
�!
k ) as transfer integral matrices and Sij 0(

�!
k ) as overlap integral

matrices in Eq.(2.14) and Eq.(2.15).

H ij 0(
�!
k ) = h� j jHj � j 0i ; (2.14)

Sij 0(
�!
k ) = h� j j� j 0i : (2.15)

In order to minimize Ei (
�!
k ), the coe� cient C�

ij should be optimized by using partial
di � erentiation,

@Ei (
�!
k )

@C�
ij

=

P N
j 0=1 H j j 0(

�!
k )Cij 0

P N
jj 0=1 Sj j 0(

�!
k )C�

ij 0Cij 0

�

P N
j;j 0=1 H j j 0(

�!
k )C�

ij Cij 0

(
P N

jj 0=1 Sj j 0(
�!
k )C�

ij Cij 0)2

nX

j 0=1

Sij 0(
�!
k )Cij 0 = 0 (2.16)

By multiplying both side with
P N

jj 0=1 Sj j 0(
�!
k )C�

ij Cij 0 and plugging in Eq.(2.13),

NX

j 0=1

H j j 0(
�!
k )Cij 0 = Ei (

�!
k )

NX

j 0=1

Sj j 0(
�!
k )Cij 0 (2.17)

Introducing the matrix form of Ci asCi =

0
BBBBBBBB@

Ci 1
:::

CiN

1
CCCCCCCCA
, Eq.(2.17) is simply written in terms

matrix forms, reaching Eq.(2.18) as below.
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HCi = Ei (
�!
k )SCi (2.18)

In order to obtain the allowed energy, Ei (
�!
k ), we can make the formula all in the left

side and rearrange them with common part, Ci , then result is [ H � Ei (
�!
k )S]Ci = 0. If

there is a inverse matrix of [ H � Ei (
�!
k )S], Ci should be a null vector which is not the

eigenfunction. Therefore, [ H � Ei (
�!
k )S] has not to have inverse matrix which we reach

to the last equation, the secular equation in Eq.(2.19).

det[H � Ei (
�!
k )S] = 0 (2.19)

2.5.2 Tight Binding Method in Graphene

According to the secular equation method, we need to �gure out 2 by 2 matrix for
transfer integral matrix and overlap integral matrix so as to obtain the energy matrix.
In terms of graphene case, there are two carbon atoms we need to think about as two
carbon atoms exit in a unit cell.

When we look into 2 by 2 matrix of transfer integral matrix which is Hamiltonian
H ij ;(i; j = A;B), there are four terms grouped by two, interaction between same folded
atoms, H AA and H BB, and interaction between di � erent folding atoms, H AB and H BA.

H =

 
H AA H AB
H BA H BB

!

(2.20)

At �rst, the diagonal terms in the Hamiltonian can be explained sum of Hamiltonian
which is applied certain position of carbon atom A in Fig.2.10 interacting same folding
atoms, blue position atoms, 0 is the very itself position which is a most dominant term,
1 is the next nearest, etc. There are di� erent distance results in a H AA , we can take
the nearest term for further calculation because it is the most dominant term in the
Hamiltonian. When we add normalized term 1

N , H AA can be expressed� 2p and is equal
to H BB.
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Figure 2.10: Hexagonal lattice for graphene in real space. The numbers represent the
level of distance from carbon atoms in the unit cell.

H AA (r ) =
1
N

X

R;R0

eik(R� R0)h' A(r � R0)jHj ' A(r � R)i ; (2.21)

= (between blue interactions) 0
 term + 1
 terms + 2
 terms � � � ; (2.22)

� � 2p; (2.23)

= H BB(r ): (2.24)

The next part is o� -diagonal terms between di � erent folding atoms case. Method-
ology is same asH AA except interaction carbons. Suppose calculating H AB. A is the
reference carbon atom, then there are three nearest carbon atoms which is positioned
asRi described brown colored 1
 in Fig.2.11. It is �nally denoted as transfer integral t
and phase factor f (k),

H AB(r ) =
1
N

X

i =1;2;3

X

R

ei
�!
k �

�!
R i h' A(r � R)jHj ' B(r � Ri )i ; (2.25)

� t (ei
�!
k �

�!
R1 + ei

�!
k �

�!
R2 + ei

�!
k �

�!
R3); (2.26)

= tf (k) = H BA(r )� : (2.27)
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Figure 2.11: Nearest neighbors in terms of atom A in a unit cell.

where t = h' A(r � R)jHj ' B(r � Ri )i and f (k) is simpli�ed with kx and ky applying position

vector
�!
Ri ,

��!
R1 = (�

a

2
p

3
;
a
2

);
��!
R2 = (�

a

2
p

3
;�

a
2

);
��!
R3 = (

a
p

3
;0);

f (k) = ei
�!
k �

�!
R1 + ei

�!
k �

�!
R2 + ei

�!
k �

�!
R3; (2.28)

= e
ikxap

3 + 2e
� ikxa

2
p

3 cos
kya

2
: (2.29)

By de�nition of the overlap integral matrix S, it can be derived same as the transfer

integral matrix H. Then, H and S are prepared for solution for E(
�!
k ).

H =

 
� 2p tf (k)

tf (k)� � 2p

!

; S =

 
1 sf (k)

sf (k)� 1

!

: (2.30)

Plugging these two results in secular equation, solutions of the eigenvalue E(
�!
k ) can

be expressed as below.
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Eg2D (
�!
k ) =

� 2p � tw(
�!
k )

1 � sw(
�!
k )

; (2.31)

where w(
�!
k ) =

q
jf (

�!
k j2 =

q
1 + 4cos

p
3kxa
2 cos

kya
2 + 4cos2 kya

2 . Here we take � 2p = 0 and

s= 0; t = 1, then Eg2D (
�!
k ) becomes both� energy band which is positive sign result and

anti- � energy band which is negative sign result are symmetry and energy diagram of
Eq (2.32) is shown in Fig.2.12.

Eg2D (kx;ky) = � t

s

1 + 4cos

p
3kxa
2

cos
kya

2
+ 4cos2

kya

2
; (2.32)

There are six K points which are known as Dirac cone and � point at the center.

Figure 2.12: Energy diagram of graphene as a result of Eg2D with � 2p = s= 0, and t = 1.
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2.5.3 Carbon Nanotube Energy Band with Boundary Conditions

CNTs' band structure calculation is starting from graphene's band structure calcula-
tion results. In addition, we need to take into account of the boundary conditions of

CNTs because they are wrapped as cylindrical shape. According to the
��!
Ch , circumfer-

ence of CNT is determined and calculate energy dispersion of CNT E� .

E� (k) = Eg2D (k
��!
K2

j
��!
K2 j

+ �
��!
K1 ); (� = 0;� � � ;N � 1;& �

�
T

< k <
�
T

) (2.33)

Here, it looks it is consisted of two vectors, reciprocal vector for CNT
��!
K1 and

��!
K2 , but it

is mainly impacted by
��!
K1 because

��!
K2 is just described di � erent form and �xed, and the

only
��!
K1 can be varied and determine the E� (k) depending on the � which comes from

chirality.
��!
K1 and

��!
K2 are de�ned with

��!
Ch and

�!
T in CNT level. Following the formula

between primary vector and reciprocal vector, primary vector and reciprocal vector in
the CNT region relations can be described as below.

��!
Ch �

��!
K1 = 2�

��!
Ch �

��!
K2 = 0

�!
T �

��!
K1 = 0

�!
T �

��!
K2 = 2�

(2.34)

��!
K1 = 1

Ng
(� t2

�!
b1 + t1

�!
b2 )

��!
K2 = 1

Ng
(m

�!
b1 � n

�!
b2 ): (2.35)

where, Ng is the number of hexagons per unit cell, Ng = 2(n2+m2+nm)
dR

.

In Table 2.2, there is a summary of parameters for the energy band calculation for
CNT.

Symmetry Carbon Nanotube Cases: Armchair and Zigzag

Symmetry CNT cases such as armchair which is (n;n) and zigzag which is (n;0) are
readily approached as the chiral vector direction is on the ky and kx, respectively. Based

on the de�nition of relation between chirality vector and reciprocal lattice vector,
��!
Ch is
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Symbol Name Formula Remark

a length of unit vector a =
p

3ac� c = 2:49 	A ac� c = 1:44 	A

�!a1 , �!a2 unit vectors (
p

3
2 a;1

2a), (
p

3
2 a;� 1

2a) x;y coordinate

�!
b1 ,

�!
b2 reciprocal lattice vectors ( 2�p

3a
; 2�

a ), ( 2�p
3a

;� 2�
a ) x;y coordinate

��!
Ch chiral vector

��!
Ch = n �!a1 + m�!a2 � (n;m) 0 � m � n

L length of
��!
Ch L = j

��!
Ch j = a

p
n2 + m2 + nm

dt diameter dt = L=�

d gcd(n;m)

dR gcd(2n + m;2m + n) dR =

(
d; if ( n � m) is multiple of 3 d
3d; if ( n � m) is not multiple of 3 d

�!
T translational vector

�!
T = t1

�!a1 + t2
�!a2 � (t1; t2) gcd(t1; t2) = 1

t1 = 2m+n
dR

, t2 = � 2n+m
dR

Ng number of hexagons in the nanotube unit cell Ng = 2(n2+m2+nm)
dR

��!
K1 ,

��!
K2 reciprocal lattice vectors for CNT

��!
K1 = 1

Ng
(� t2

�!
b1 + t1

�!
b2 ),

��!
K2 = 1

Ng
(m

�!
b1 � n

�!
b2 )

Table 2.2: Table of parameters for CNT [78].

on the kx for armchair case so that
��!
K1 should be on the ky.

��!
K1 for zigzag case is on the

kx with similar manner. From this result, we can get boundary condition as,

n
p

3kx;qa = 2�q; (q = 1;� � � ;2n) for armchair (2.36)

nky;qa = 2�q; (q = 1;� � � ;2n) for zigzag (2.37)

here q is integer which is smaller than N , the number of hexagons in the nanotube unit
cell. Because armchair is (n;m) and zigzag is (n;0), q for both cases are same as 2n.
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When we write Eq.(2.32) with Eq.(2.36) and Eq.(2.37), we can obtain results of energy
dispersions of armchair and zigzag.

Ea
q(k) = � t

r

1 � 4cos
q�
n

cos
ka
2

+ 4cos2 ka
2

; (� � < ka < � ) for armchair (2.38)

Ez
q(k) = � t

s

1 � 4cos

p
3ka
2

cos
q�
n

+ 4cos2 q�
n

; (�
�

p
3

< ka <
�

p
3

) for zigzag (2.39)

Fig.2.13 represents the results of examples with armchair cases, (n;m) = (5;5) and
(10;10). As can be seen, shapes of the energy band structure are symmetric. DOS is
also shown in the same panel at the right side. Transfer matrix value t is applied 2.9 eV
which is same as Kataura plot. From this calculation, we can obtain transition energy
E11 for (5,5) is 4.498 eV and for (10,10) is 1.848 eV. DOS readily shows that armchair
is metallic as valence band and conduction band are connected: it is also observed in
energy band structure. Furthermore, the chiral number is larger, there are more sub
small energy bands observed when we compare (5;5) and (10;10). In case of armchair,
the number of energy band is 2n. For example, chirality (5,5) has 10 energy bands in
the valence band and conduction band. However, we cannot see 10 energy bands in the
energy band structure because energy band structure has degeneracy. So, for the (5,5)
case, there are 6 energy bands, which means there are 4 degenerate energy bands.

Figure 2.13: Energy dispersion diagrams for armchair cases. (a) Energy dispersion for
(5,5). (b) Energy dispersion for (10,10).

Fig.2.14 shows zigzag semiconducting SWNTs, (n;m) = (5;0) and (10;0). This dia-
gram is also applied transfer matrix value t is 2.9 eV. There is no contact point between
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conduction band and valence band as we expected it is semiconducting. These results
are also observed in DOS. There are large number of energy sub bands in (10;0) than
(5;0) similar manner like the armchair example. The transition energy E11 for (5,0) is
2.267 eV and for (10,0) is 1.011 eV.

Figure 2.14: Energy dispersion diagrams for zigzag semiconducting cases. (a) Energy
dispersion for (5,0). (b) Energy dispersion for (10,0).

From the metallic and semiconducting property relation, we can observe metallic
case in zigzag. Chirality (6,0) is an example in Fig.2.15. As can be seen, there is connec-
tion between valence band and conduction band in DOS, also it is observed in energy
band structure. The transition energy E11 for (6,0) is 2.476 eV, which is higher than
semiconducting (5,0).

Figure 2.15: Energy dispersion diagrams for zigzag metallic case.
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Non-Symmetry Case: General Chiral Cases

Using Eq.(2.33), we can obtain general form of energy band structure. Chirality (6,5)
and (7,6) are examples. Transfer matrix values are di� erent for matching with exper-
imental results [90]. For the (6,5) case, t is 3.2 eV and for the (7,6) case, t is 3.2 eV.
Energy diagram and DOS are shown in Fig.2.16.

Figure 2.16: Energy dispersion diagrams for (6,5) and (7,6).
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Chapter 3

Preparation of Sorted Carbon
Nanotubes

MWNTs were �rst discovered accidentally Sumio Iijima in 1991 who introduced to
make C60 by arc discharge method for C60. Two years later, he found SWNT in a sim-
ilar manner[74]. After Iijima's discovery discovered method of CNT fabrication, there
are �ve di � erent systematic synthesis methods developed: arc discharge (ADC), laser
abalation (LA), sono-chemical or hydro-thermal, electrolysis, and CVD. Among them,
the CVD method is commonly used and various sub-CVD methods are established;
cobalt and molybdenum catalysts and CO gases (CoMoCAT) and high pressure carbon
monoxide (HiPCO) are representative methods in the CVD growth. Diameter distribu-
tions of CNTs varies depending on the synthesis methods. During synthesis of CNTs
speci�cally for SWNTS, chirality is not controlled factor so that there would be made
mixture of SWNTs. Therefore, people have been working on sorting SWNTs in order
to obtain pure semiconducting or metallic SWNTs or even single chilarity for electrical
and optical devices.

Section 3.1 summarizes these synthesis methods to generates raw CNT materials,
followed by several puri�cation methods in section 3.2. In particular, we attempt a
cost-e� ective ATPE as our sorting choise, whose details are described in section 3.3 and
optical chracterization results in section 3.4.
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3.1 Methods of Carbon Nanotube Synthesis

3.1.1 Arc Discharge (ADC)

An ADC is the method of emergence of CNT introduced by Sumio Iijima [42, 43].
There are two carbon electrodes in the center of chamber and high currents, 200 A
for Iijima, are applying to grow CNT on negative carbon electrode. Iijima �lled the
chamber with methane and argon adding the iron as catalysts on the electrode, whereas
Journet et al. [53] and Bethune et al. [11] with helium and mixture of iron (Fe), nickel
(Ni), and cobalt (Co). With this method, SWNTs are synthesized in the 0.7-to 1.65 nm
diameter range. A schematic of the ADC chamber is shown in Fig.3.1 [20]. There are
graphite electrodes, small carbon fragments are generated by high current in anode and
deposited forming the CNT shape on the cathode in parallel. Inert gas becomes plasma
in high temperature, > 1500‰, and low pressure, 50 - 700 mbar, a� ects the formation
of CNTs with types of inert gases, temperature in the chamber, current, and catalysts.
Speci�cally, the type of CNTs are determined by existence of the catalysts: SWNT with
catalysts or MWNT without catalysts.

Figure 3.1: Drawing of arc discharge synthesis method. (Reprinted with permission
from reference [20].)
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3.1.2 Laser Ablation (LA)

LA method is another oldest one to synthesize CNTs. A main di � erent step in the
laser from the ADC is that laser directly shines the graphite target which contains cata-
lysts and is surrounded by a inert gas like helium (He). Guo et al. demonstrated the LA
method in 1995 and pursued since this method is better than ADC in terms of higher
yields, better control graphite electrodes, and sustainable operation due to the direct
laser exposure on the target [34]. A principle of process is explained in Fig.3.2 [20]. A
laser strikes target passing through the inner gas at 1200 ‰, evaporating graphite as-
sisted by inert gas and catalysts, and CNTs are formed on the water-cooled collector. In
this case, MWNTs or SWNTs are synthesized depending on the catalysts on the graphite
similar to the ADC method.

Figure 3.2: Drawing of laser ablation synthesis method. (Reprinted with permission
from reference [20].)

Despite these two methods, the ADC and the LA, are the oldest and common ways
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from the early stage of CNT synthesis, there are several disadvantages. First, both are
required high energy to generate arc or laser so that they have scalability limitation
as well as ine� cient input energy consumption. Second drawback is that both have
evaporation steps which is not su� cient in scalability as well. Last is that they suf-
fer from many contamination such as catalysts not desirable being generated on CNTs.
That is why the produced CNTs in these methods needs puri�cation step, another cost
expected[74]. Overcoming these three limitation in both old methods, CVD method is
common in these days.

3.1.3 Chemical Vapour Deposition (CVD)

The CVD technique is a common and popular synthesis of CNTs after arc discharge
and laser ablation methods by increasing purity in a relatively well-controlled man-
ner. Unlike previous two methods which physically impact by high voltage or laser,
the CVD method forms CNTs on the catalysts decomposing hydrocarbon gas. Li et
al. demonstrated the CVD methodology in 1996 with acetylene for hydrocarbon gas
and iron nanoparticles as a catalyst at 700 ‰[62]. CNTs grow directly on the catalysts
which are laid on substrates in a furnace as shown in Fig.3.3 [88]. These processes can
be performed synthesis continuously as long as hydrocarbon gases are supplied and
enough substrates are prepared in the furnace in atmospheric pressure. Through these
advantages, CVD can be suitable for mass production with maximizing yield and min-
imizing cost. However, precise control of catalysts size and temperature of substrates
are required because diameter of CNT is related to the size of nanoparticles. There are
other derivatives of CVD, such as hot �lament, water assisted, oxygen assisted, radio-
frequency, thermal, and plasma enhanced. In particular, the plasma enhanced chemical
vapor deposition (PECVD) is able to generate vertically aligned CNTs without porous
substrates [74].

3.1.4 Other Chemical methods : High Pressure Carbon Monoxide®
(HiPCO) and Cobalt-Molybdenum Catalyst®(CoMoCAT)

HiPCO and CoMoCAT methodologies are similar CVD methods but advanced syn-
thesis methods for large scale productions. Nikolaev et al. claims that SWNTs are syn-
thesized in a gas-phase catalytic process [69]. This process is similar to a standard CVD
; SWNTs are formed on substrates in a furnance. The gas-phase process is unique in
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Figure 3.3: Schematic of chemical vapor deposition synthesis method. (Reprinted with
permission from reference [88].)

this methodology when applying carbon monoxide (CO) for carbon supply and iron
pentacarbonyl (Fe(CO)5) as a catalyst precursor at high pressure, 1 - 10 atmospheric
pressure, and high temperature, 800 - 1200‰[69]. Bronikowski et al. optimizes the
growth parameters of the HiPCO process such as pressure, temperature, and they at-
tain the SWNTs 10 gram per day. The spray shape in a scheme of the HiPCO equipment
in Fig.3.4 seems to be a main apparatus in order to generate SWNTs [14].

The CoMoCAT process is known as high selectivity, reducing the variation of the
SWNT diameters which means the number of chirality is decreased. The secret of this
process is the combination of Co and molybdenum (Mo), and the power of those two-
element e� ect is discovered by Resascoet al. [76] and Fig.3.5 presents how the Co and
Mo work during growth. There is no reaction existence of each element on a substrate.
From the Co and Mo interaction makes synthesis process.

3.1.5 Summary of Synthesis Methods

Above methodologies can be classi�ed by either a physical process or a chemical pro-
cess. Physical processes are developed in the early stage of the CNT synthesis and they
are ine� cient in all of the comparison aspects. On the other hand, chemical processes
are controllable economical Table 3.1. Table 3.1 summarizes three representative CNT
synthesis methods and compares them in 8 distinct aspects. All of them possess pros
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Figure 3.4: Drawing of High Pressure Carbon Monoxide synthesis method. (Reprinted
with permission from reference [14]. Copyright 2001 America Vacuum Society.)

and cons and at present CVD-grown CNTs are dominantly available from commercial
vendors. The prices are still very high, which is a big challenge for ubiquitous use in
future applications.

3.2 Sorting Methods

As we discussed in chapter 2, SWNTs exhibit metallic or semiconducting properties,
furthermore although they are made of same carbons, they have various energy band
gaps in semiconducting cases. These properties are related to the chilarity which is rep-
resented as (n;m), at the moment we can not obtain or synthesize certain or speci�ed
chirality by various methods which we discussed in chapter 3. There are quantitative
results as our wish we can �gure out easily in Fig.3.6 which demonstrate large diame-
ter variation, corresponding chirality variation for synthetic methods. A big challenge
produced in CNTs, for functional application is sorting problem, even though it is be-
lieved as promising material in numerous �elds, we cannot select a pure chirality so as
to use special energy band gap or even combination of pure semiconducting or metallic
property of CNTs. For this reason, researchers who are inspired by superb material,
CNTs, have been exploring lots of sorting methods since it was become widely known
by Sumio Iijima. It has been more than 15 years, and several methods are well explained
chronologically in a review paper [95].
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Figure 3.5: Sketches of a CoMoCAT synthesis method. (Reprinted with permission from
reference [20].)

3.2.1 Ion Exchange Chromatography

A �rst attempt of the CNT sorting was done by ion exchange chromatography for
DNA-wrapped SWNTs [96]. The results were not attractive compared to those from
modern techniques, however the early attempt gives us possibilities and clues of strate-
gic of sorting methods of SWNTs. This approach is explained two di � erent manner,
atomic structure-based and electonic structure-based. Basically, SWNTs are wrapped
by DNA, namely, SWNTS are physically covered with biology background knowledge
technique which is atomic structure-based sorting manner, whereas ion exchange chro-
matography is for electronic structure-based sorting manner in 2003.

3.2.2 Density Gradient Ultracentrifugation (DGU)

A next approach is conceptually based on the density of SWNTs because of di� er-
ent of chiralities. Elaborately, large-diameter SWNTs are heavier than small diameter
ones, thus separation is done by ultracentrifugation which arranges SWNTs by the or-
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Process / Property Arc-discharge Laser Ablation Chemical Vapor Deposition

Raw materials availability Di � cult Di � cult Easy, abundantly available

Energy requirement High High Moderate

Process control Di� cult Di � cult Easy, can be automated

Reactor design Di� cult Di � cult Easy and can be designed as large scale process

Production rate Low Low High (HiPCO, CoMoCAT)

Purity of product High High High

Yield of process Moderate (70 %) High (80 - 85 %) High (95 - 99 %)

Post treatments requirements Require re�ning Require re�ning No extensive re�ning required

Process nature Batch type Batch type Continuous

Per unit cost High High Low

Table 3.1: Table of comparison of synthesis methods of CNTs [74]

der of densities. This is named as density gradient ultracentrifugation (DGU) which was
starting in 2005 [5]. This also used DNA-wrapped SWNTs in dispersion and separating
them and density gradients of iodixanol leveling density of SWNTs. Before doing DGU
process, Wenseleerset al. attempted to use surfactants, sodium cholate (SC), sodium
deoxycholate (DOC), etc. in order to disperse SWNTs in water [91]. This attempt was
borrowed into SWNT sorting and has been in�uenced not only DGU but other methods
such as selective extraction, gel chromatography, ATPE.

3.2.3 Selective Extraction

Another sorting attempt is selective extraction which is �rst demonstrated in 2007.
SWNTs produced by HiPCO and CoMoCAT are soluble in several di � erent polymers,
poly[9,9-dioctyl�uorenyl2,7-diyl], poly[9,9-dihexyl�uorenyl-2,7-diyl], poly[(9,9-diocty-
l�uorenyl-2,7-diyl)-co-(1,4-phenylene)], and poly[(9,9-dioctyl�uorenyl-2,7-diyl)-alt-co-
(1,4-benzo-2,10 ,3-thiadiazole)], refered as PFO, PFH, PFO-P, and PFO-BT, respectively.
Interesting results showed di � erent absorbance and photoluminescence map associ-
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Figure 3.6: Large diameter range in each SWNT synthesis method. (Reprinted with
permission from reference [24]. Copyright 2013 Woodhead Publishing Limited..)

ated with speci�c poymer solutions, which mean that solution contains di � erent chiral-
ity and selectively sorted SWNTs in not so big di � erent chemical structured polymers
[70]. This study demonstrated a possibility that di � erent solvents selectively dissolve
SWNTs, but it is impractical because we are not able to use non-dissolved SWNTs.
Gel chromatography sorting method was executed for SWNTs in 2009 [82], which is
a standard method in biotechnology. There are four di � erent speci�c implementation
ways with agarose gel, which is polysaccharide and is made from red seaweed resulting
in metallic and semiconducting separation; freezing SWNTs in gel and separating by
thawing solution of metallic, centrifugating SWNTs in gel, and mixing SWNTs in elu-
tion bu � er or surfactant with gel and separating. Tanaka et al. also mentioned it can be
scale up. This method is regarded as a kind of selective extraction method but it would
be a di� erent branch of separation method due to the �rst demonstration of sequential
separation to my best knowledge.

The last sorting method is ATPE. This method will be discussed in detail at chapter
4 as it is our choice of the SWNT separation which we have sorted SWNTs.
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Chapter 4

Aqueous Two-Phase Extraction (ATPE)

An ATPE method is also called as aqueous two-phase system (ATPS), and has been
also developed in the �elds of biotechnology from a long time ago with a long history.
A two-phase system was found with immiiscible aqueous gelatin in 1896 by Martinus
Willem Beijerinck by accident [32]. Currrent ATPE form of a polymer-polymer immis-
cible systems was discovered by Per-	Ake Albertsson using polyethylene glycol (PEG)
and dextran (DX) in 1960 [56]. After his discovery, ATPE has been improved and ap-
plied in various aspects: puri�cation and separation of protein, enzymes, monoclonal
antibodies, DNA, virus, drug residues in food and water, etc. [1]. An ATPE in SWNTs
was �rst attempted in 2013 by a group of researchers in National Institute of Standards
and Technology (NIST) [58]. This ATPE approach contains some features of previous
four di � erent sorting methods, DNA-warpped SWNTs, DGU, selective extraction, and
gel chromatography because SWNTs are wrapped by surfactants selectively and sepa-
rated due to the density and hydrophobicity di � erences during ATPE process. How-
ever, ATPE has homogeneous top and bottom phases such that copnsecutive separation
steps can be done sequentially, and it gives reproducible results with varying the surfac-
tant concentrations. Furthermore, it is relatively low-cost compared to aforementioned
methods above and it possesses a great potential to scale up in large quantities. In terms
of separation results, ATPE isolates SWNTs not only by diameters but also metallic and
semiconducting nature via redox process [33].
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4.1 Principle

Two key factors of sucessful ATPE sorting are 1
 two-phase polymer-polymer separa-
tion, 2
 surfactant concentration control. Summary of ATPE sorting process exploiting
SWNTs is able to simplify as below.

• Polymers : PEG and DX - must be care of phase diagram to sustain two clear
phases

• Surfactants : concentration is determined by diameter of SWNTs

1. Diameter separation : sodium dodecyl sulfate (SDS) and DOC

2. Metallic & semiconducting separation : SDS and SC with sodium hypochlo-
rite (NaClO)

4.1.1 Polymers and Phase Diagram

ATPE process separates SWNTs by diameters or metallic and semiconducting prop-
erties arising from the interplay of polymer and surfactants. As the name of the process
indicates, solution is divided to two-phases by two mixed immiscible polymers as we
discussed above, PEG and DX, as common and popluar choice in biology. Since the
molecular masses of polymers play a role in stabilizing bi-phase, similar to DGU, we
use 6 kdalton (Da) of PEG and 70 kDa DX so that heavier DX goes down. And depend-
ing on the mass-ratio, the solution can exhibit a single phase which should be avoided.
Hence, the phase diagram of PEG and DX is the one of the crucial prerequisite tasks for
SWNT separation with ATPE because we cannot separate without biphasic condition.
A binodal curve in Fig.4.1(a) is the boundary of biphasic or monophaic region for us to
establish phase diagram PEG and DX, which identi�es monophase and biphase..

There is no clear explanation how these phases form so far. One commonly accepted
model is by Albertsson's model. A partition coe � cient K is expressed by �ve di � erent
factors,

ln K = ln K0 + ln Kelec + ln Khfob + ln Ka� nity + ln Ksize+ ln Kconf (4.1)

where elec, hfob, a� nity, size, and conf are electrochemical, hydrophobic partitioning,
a� nity partitioning, molecular size or surface area of moleculers, and conformation,
respectively. K0 is all other factors such as environment [1]. This equation indicates
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these �ve factors control ATPE process. Here in this diagram Fig.4.1(a), phases are de-
termined by top and bottom concentrations; in order to make stable biphasic solutions,
we should prepare PEG and DX above certain concentrations. The line drawn by T and
B which are on the binodal curve is a tie line, namely; combinations on tie line have all
equilibrium composition for top and bottom phase. At point C which is a critical point,
the top and bottom phases have the same volume theoretically.

Faganet al. demonstrated the phase diagram with and without surfactants in Fig.4.1(b),
SDS and DOC, in PEG and DX. The shape of the binodal curves is not exactly symmetric
as the general binodal curve in Fig.4.1(a) because of molecular weight di � erences [7],
but it shows the surfactant e � ect in that surfactants move binodal curve to a upper side
[25].

We also established our own phase diagram [21] so as to con�rm our ATPE results
with our own recipes and to �gure out the surfactants concentration e � ects. The re-
sults are shown in Fig.4.1(c). Although we did not obtain the nice shape of the binodal
curve, the results clearly conclude that a phase diagram tends to push upward as the
concentrations of the surfactants increase. We may not draw the binodal curve in our
data because it is di� cult to �nd out the boundary of biphasic and monophasic regions.
The key point is that we successfully identify the biphasic region. With these points, we
also �t to the data in three aqueous two-phase system (ATPS)-speci�c coe � cients [7].
With a theoretical binodal equation is expressed as below,

[P EG] = C1eC2[DX]0:5+C3[DX]3; (4.2)

where [PEG] and [DX] correspond the concentrations of polymers and Ci are �tting
parameters. Without perceiving the importance of understanding the phase diagram,
we did not recognize the reason why the monophasic status came out during sorting
process, especially sorting with purple colored SWNT soultion when we used higher
surfactant concentrations. In addition, we also encountered murky solution from time
to time during ATPE, and we attribute the cause to the fact that solutions are near the
binodal line, where two polymers are partly mixed so that we did not obtain ideally
well-separated SWNT solutions. In conclusion, �nding, understanding, and reproduc-
ing a good phase diagram is a starting point for successful ATPE outcomes.

Separation with Surfactants: Partition coe � cient, Hydrophobicity, and Structure

Given a phase diagram of two polymers, a next step is making proper concentration
combination of surfactants for diameters. We already know that polymers form two
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Figure 4.1: Phase diagrams with two-di � erent polymers. (a) General phase diagram.
(Reprinted with permission from reference [7]. Copyright 2016 American Chemical
Society.) (b) Phase diagram with and without surfactant in PEG 6 kDa and DX 70 kDa.
(Reprinted with permission from reference [25].) (c) Phase diagram with and without
surfactant in PEG 6 kDa and DX 70 kDa done by ourselves [21].

phases but it is hard to explain how which the SWNTs go to top or bottom phases in
those polymers. One background theory expresses partition coe� cients described as
below [58].

Ki =
CT op;i

CBottom;i
= exp(�

� 0
T op;i � � 0

Bottom;i

kbT
); (4.3)

where � 0
T op;i and � 0

Bottom;i are the standard chemical potentials in the top and bottom
phases for a surfactant i , kb is Boltzmann constant, and T is absolute temperature. With
Eq.(4.3) and Fig.4.2, separation is explained by partition coe� cients Ki and the values
of Ki vary with surfactants.

In a diameter separation, for example in Fig.4.2(a), where DOC concentrations �xed,
and SDS concentration is selected depending on the separation boundary, which is de-
termined by an operator who wants to extract a certain chirality which is related to the
diameter. That concentration combination of SDS and DOC determines coe � cient Ki
based on chemical potential di � erences in the equation. Diameter separation is done
with DOC, on the other hand, metallic and semiconducting separation is done with
SC in Fig.4.2(b). This is a similar concept that varying the concentration of SDS but
di � erent pairing surfactant SC with the �xed SC concentration. One more hidden fac-
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tor is NaClO which is an oxidant agent to facilitate for metallic and semiconducting
separation. Let me discuss the role of NaClO in the next redox section.

Figure 4.2: Separation coe� cient diagrams. (a) Sepration coe� cient with varied SDS
concentration at �xed DOC for diameter separation. (Reprinted with permission from
reference [25].) (b) Separation coe� cient with varied SDS concentration at �xed SC for
metallic and semiconducting separation. (Reprinted with permission from reference
[25].)

Although the separation of SWNTs with surfactants is explained with partition coef-
�cients, there are still puzzles how di � erent surfactants are selectively covering SWNTs
and placing in di � erent phase; empirically, SDS is in the top phase PEG, and DOC for
diameter separation or SC for metallic or semiconducting separation are in the bottom
phase DX. This puzzle may be solved by hydrophobicity and structure of surfactants.

There is hydrophobicity di � erence in two polymers, PEG and DX. Hydrophobicity
is closely related to the concentration of the polymers. Therefore, when these two poly-
mers form a biphasic system, two polymers show hydrophobicity di � erences and PEG
is more hydrophobic than DX [94]. In the presence of surfactants, speci�cally, among
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SDS, DOC, and SC, SDS shows more hydrophobic property than DOC and SC [81].
From these inherent di � erences in polymers and surfactants, there exist distinct a � ni-
ties between polymers and surfactnats; PEG tends to pair with SDS and DX tends to
with DOC and SDS. Therefore, SDS goes up to the PEG phase, whereas DOC and SC
goes down to the DX phase. Then, the last puzzle is left the reason how surfactants
selectively adhere on SWNTs.

As can be seen in Fig.4.3, there are two chemical structures of SDS and DOC. SDS
has a long chain while DOC does not have a long chain. From this structural di � erence,
wrapping SWNTs conditions are di � erent; the long chain of SDS is relatively easy to
cover larger-diameter SWNTs and DOC is for smaller-diameter SWNTs.

Figure 4.3: Chemical structure of SDS and DOC. (Reprinted with permission from ref-
erence [91]. Copyright 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

Redox for Metallic and Semiconducting Separation

Reduction-oxidation reaction, redox in short, is a typical chemical reaction result-
ing from the electron transfer between molecules. Redox chemistry also adds a novel
method to enhance the e� ciency of sorting metallic and semiconducting SWNTs. Fig.4.4
captures the results of redox sorting with �ve distinct conditions: fully reduced, semi-
reduced, ambient, semi-oxidized, and fully oxidized. As can be seen for fully reduced,
ambient, and fully oxidized cases all SWNTs go to one phase, in other words, the sort-
ing fails. However, for semi-reduced and semi-oxidized cases we observe two di� erent
colors in the top and bottom phases where the sortings work. Note that the color con-
�gurations are opposite between semi-reduced and semi-oxidized. This means that
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metallic is in top phase and semiconducting is in bottom phase for semi-reduced and
vice versa for semi-oxidized.

The principle of these phenomena is accounted for band gap which we discussed
in chapter 2. The oxidation process carries out by adding various oxygen or losing
electrons. If we assume there are two di� erent band gap SWNTs, one has larger band
gap than the other, the smaller band gap SWNT is easy to lose electron and be oxidized.
According to this principle, metallic SWNTs are most SWNT to be oxidized since they
have no band gap, readily losing electron. Smaller band gap semiconducting SWNTs are
the next easist to be oxidized, and larger band gap semiconducting SWNTs are hardest.
Oxidized SWNTs are wrapped by SC and go down to the bottom phase of DX. Some
explanation of NaClO is one of standard oxidation agents and even small amount of
NaClO signi�es the separation. For example, typical amount of adding oxidation agent,
NaClO is 6 mL - 8 mL for 1 mL of total amount of solution; here concentration of NaClO
is 1=100th of original solution purchased at Sigma-Aldrich, 425044.

Figure 4.4: Separation results in reduced or oxidized solutions. (Reprinted with per-
mission from reference [33]. Copyright 2015 American Chemical Society.)

Brief Scheme of the Aqueous Two-Phase Extraction

If we put all of these together, forming the biphasic system of polymers (PEG and
DX), and coming the interplay of hydrophobicity of polymers (PEG and DX) and sur-
factants (SDS, DOC, and SC), and chemical structure of surfactants (SDS, DOC, and
SC), we can imagine how SWNTs are wrapped by surfactants and are separated in the
ATPE process. Due to the diameter di� erences for each chirality SWNTs, there are cur-
vature di � erences. These curvatures are related to chemical structure of surfactants.
According to the proper concentration of SDS and DOC which are correlated with di-
ameters of SWNTs, there are two groups: relatively larger diameter group wrapped
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SDS and smaller diameter group with DOC. And then two groups are moving along
the hydrophobicity so that in the end, larger diameter SWNTs go to the top PEG phase
and smaller diameter ones go the bottom DX phase in concentration dependent ATPE
Fig.4.5. In addition, density of smaller-diameter of SWNTs which is wrapped by DOC
is higher than larger diameter SWNTs, this is another reason going to the bottom phase.

Figure 4.5: A schematic of separation of SWNTs in biphsic system. (Reprinted with
permission from reference [25].)

4.2 Process

ATPE process consists of three steps: pre-process, main process, and post-process.
Pre-process consists of preparing solutions of SWNT and other stocks for the main
step. First, we need to disperse SWNTs in water with surfactants and purify the so-
lutions for removing impurities. Stocks in bulk of solutions essential for ATPE are
polymers and surfactants doing steps smoothly and quickly because we do not make
certain concentration of solutions each time. Once pre-process are done, we can move
the main process. This main process is ATPE itself, tracking concentration of solution
is a main point. And executing many times delivers high purity SWNT solution. The
last step is measurement parts which con�rms contents of solutions. UV-vis and Raman
measurements are able to show chirality in solution. Then, removing polymers and re-
duce concentration of surfactants so as to use sorted SWNTs. Below steps are simpli�ed
process of ATPE.

1. Pre-process: Make SWNT solutions and prepare stocks
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2. Main process: Proceed ATPE repeatably

3. Post-process : Characterize sorted solutions for chirality classi�cation and do poly-
mer exchange

4.2.1 Schemaitc of ATPE Process and Result with Surfactant Concen-
tration

Through the understanding of the ATPE separation principle, we can obtain sorted
SWNTs by repeating sequential ATPE steps in Fig.4.6. Because each ATPE results in
two outputs top and bottom, which contain mixtures of SWNTs with several chiralities.
Therefore, we need to repeat many steps in order to obtain high purity of a certain
SWNT. A crucial control parameter is varying the concentration of surfactants.

Figure 4.6: A schematic of ATPE process. (Reprinted with permission from reference
[25].)

Fig.4.7 captures one of the ATPE results to isolate SWNTs of a speci�c chirality
represented by SWNT diameter in terms of the SDS concentration while the DOC con-
centration is �xed at 0.045 %. This result is extremely impressive because most of the
chirality of SWNTs are on the green curve except several points, which demonstrates
that controlling a ratio of surfactant concentrations determines a chirality of sorted
SWNTs. Combining this relation with aforementioned synthesis method, we can pre-
dict the range of diameter of SWNTs and design ATPE considering the concentration of
surfactants.
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Figure 4.7: The relation between the concentration of SDS and the diameter of SWNTs
at a �xed DOC 0.45 %. (Reprinted with permission from reference [25].)

4.2.2 Pre-Process: Make SWNT Solution and Prepare Stocks

There are four sub-steps the pre-process, prepares essential SWNT dispersions and
necessary stocks during ATPE and it consists of 4-sub steps.

1. Dispersing SWNTs in surfactants

ATPE process works in solution-base. However, because CNTs are hydrophobic
CNTs are not easily dispersed in water; therefore we need to make homogeneous
solutions with the help of surfactants. There are two surfactatns commonly used
for dispersing CNTs; DOC is for SWNTS and SC is for MWNTs.

For dispersing SWNTs, we apply concentration of DOC is 1.6 % which is the
optimal concentration for dispersion [12]. The concentration of CNTs is 1 mg/mL
which is commonly used. Because CNTs are nano-particles which may be haz-
ardous to human-beings through inhalation, we need to proceed the dispersion
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process inside a glove box. In order to make 1 mg/mL CNT concentration, a sur-
factant mixed solution at a known weight is put in the glove box and CNTs are
added.

2. Doing bath and tip sonications

Although surfactatns are in Milli-Q water (MQW), CNTs are not dispersed in
the surfactant solution because of highly attractive van der Walls force between
CNTs. Therefore, external forces are needed to break aggregated CNT particles.
Once CNTs are in surfactant solution, the �rst step is bath sonication for 10 min-
utes, initial dispersion followed by tip sonication for 2 hours.

We use a Q125 sonicator made by QSONICA in a 2-seconds-on and 1-seconds-
o� mode with 71 % amplitude. There are two probes depending on the amount
of solution volume, the 1/8 inch diameter of a tip is used for 500 � L - 15 mL and
the 1/4 inch diameter of a tip is used for 10 mL - 50 mL. We can clearly observe
well-dispersed CNT solutions after tip sonication.

3. Centrifuging to remove impurities

Our raw CNTs typically in powder form and are not 100 % pure, contains also
95 % of carbon junks such as amorphous carbon, and carbon soot. In addition,
there are catalysts as well. For instance, SG65i which is purchased from Sigma-
Aldrich, has 95 % of CNTs, that means 5 % of impurity exists. Ultra-centrifugation
removes these impurities. There are two steps of ultra-centrifugation. The �rst
step is at 20,000 rpm for 1 hour 45 minutes and the second step is at 60,000 rpm
for 45 minutes in Optima XE-100 ultracentrifuge made by Beckman Coulter. This
process is time consuming and has risks because high speed spinning may gener-
ate extremely big force even with tiny weight of particles. Therefore, we must be
cautious balancing the solutions when loading samples in a ultra-centrifuge. We
take 60 % - 80 % of supernatants for top partition which means pure solution in
each step and rest of solution for bottom partition except pellets which are stuck
at the bottom of tubes. These top and bottom solutions are used for ATPE process.
Table 4.1 collects information of raw CNTs which we use for separation.

4. Preparing polymer and surfactant stocks

In the main process of ATPE, we need to make di� erent surfactant concentra-
tions in every step promptly. If we prepare larger volumes of stocks, this is an
e� cient process before starting main process. There are two polymers, three sur-
factants, and a oxidant. The concentration of solutions are recommended by Je� ey
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Product Distributor Product number CNT Type Synthetic method Average diameter Median length

SG65i Sigma-Aldrich 773735 SWNT CoMoCAT 0.78 nm 1 � m

SG76 Sigma-Aldrich 704121 SWNT CoMoCAT 0.83 nm 1 � m

SWNT Sigma-Aldrich 704113 SWNT CoMoCAT 0.7 - 1.3 nm 1 � m

MWNT Sigma-Aldrich 698849 SWNT CVD 12 nm 10 � m

Puri�ed SWNT NanoIntegris SWNT HiPCO 0.8 - 1.2 nm 100 - 1 � m

Table 4.1: Information of carbon nanotubes which we used for ATPE [46, 47, 48, 45, 44]

A. Fagan [25]. Detail information is in Table 4.2. Concentration unit of polymers
is mass per mass [% m/m] and surfactants is mass per volume [% m/v]. (For
instance, 1 % m/v = 1 g/10mL)

Product Maker Solution Remark
Target concentration Target amount Polymer or surfactant MQW

PEG 6k Alfa Aesar 25 % 402 mL 134 g 402 mL

DX 70k TCI 20 % 400 mL 100 g 400 mL

SDS Sigma-Aldrich 4.5 % 400 mL 18 g 400 mL OibXtra > 99 %

DOC Sigma-Aldrich 4.0 % 400 mL 16 g 400 mL OibXtra > 98 %

SC Sigma-Aldrich 4.5 % 400 mL 18 g 400 mL OibXtra > 99 %

NaClO Sigma-Aldrich 1 =100th 100 mL 1 mL 99 mL 10 - 15 % Chlorine

Table 4.2: Table of information of stocks for ATPE [25].

4.2.3 Main Process: Proceed ATPE Repeatably

The main process can be divided into two di � erent steps.

1. Preparation of SWNT Solutions
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Basically, overall ATPE progress is undergoing at DOC concentration, 0.04 %.
Because the DOC concentration in pre-process is set as 1.6 %, we need to lower
the DOC concentration before starting the ATPE. Two di � erent sorting options
are existent, one is for diameter separation at the beginning after the preparation
step and the other is for metallic and semiconducting separation. For diameter
separation keeping the DOC concentration as 0.04 % is not a big problem because
diameter separation needs SDS and DOC combination. On the other hand, for
metallic and semiconducting separation, DOC concentration should be lower than
0.02 %, that is the reason why those two recipes are di� erent. Another interesting
point is the choice of sorting methods relies on the raw materials. Speci�cally,
SG65i and puri�ed SWNT by Nanointegris start with diameter separation and
SG76 and SWNT by Sigma-Aldrich with metallic and semiconducting separation.
Here are the condition of preparation steps in Table 4.3.

Material Preparation #1 [%] Preparation #2 [%]

PEG DX DOC SC PEG DX DOC SC

SG65i & SWNT by NI � 9 - 10 5 - 6 0.40 - 0.45 9 - 10 5 - 6 0.2 - 0.225

SG76 & SWNT by SA� 9 - 10 5 - 6 0.35 - 0.40 9 - 10 5 - 6 <0.045 0.9

Table 4.3: Recipes of preparation steps [18]. � NI (NanoIntegris), SA (Sigma-Aldrich)

2. Main Procedure: Sorting CNTs

As we discussed, diameter separation is done by SDS and DOC. While concen-
tration of DOC is �xed, at 0.04 % , SDS concentration is varied with diameters as
the overall guide line of the separation. And metallic and semiconducting sepa-
ration is done by SDS and SC. Often metallic and semiconducting separation is
proceeding after diameter separation, and concentration of DOC should be under
0.02 % not to be a� ected by diameter separation e� ect [25]. A biphasic system is
made when the vial is left in ambient condition by natural gravity or low speed
centrifuge. Low speed centrifuge accelerates separation speed and time, so we
apply 1,500 rpm for 3 minutes with ST8 bench top centrifuge manufactured by
ThermoFisher.
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Fig.4.8 captures the highlights of ATPE procedure for CoMoCAT and HiPCO
SWNTs: SG65i, SG76, and SWNTs by Sigma-Aldrich and NanoIntegris. Diam-
eter range of these SWNTs is 0.7 - 1.3 nm so that concentration range of SDS is
between 0.6 % and 1.0 % for diameter separation. When we start with diameter
separation, the �rst aim is grouping larger diameter SWNTs and smaller diameter
SWNTs whose boundary concentration of SDS is around 0.75 %. Then, we move
to metallic and semiconducting separation. For this separation, concentration of
SC is �xed, at 0.9 % and SDS concentration is up to 1.1 %. NaClO is added in or-
der to oxidize the solution at the end of mixture. Its amount is 6 - 8 � L per 1 mL of
total volume. Here we use NaClO for 1 =100th diluted solution. Whenever separa-
tion with handling higher concentration surfactants, a serious care is required to
form a biphasic system. In order to obtain pure SWNT solutions, repeated ATPEs
are done.

The successful sorting recipes are obtained through concentration monitoring
at each step with the following assumptions. PEG and DX are separated and only
exist in each top or bottom phase. For example, when we discard top phase, we
consider and calculate only the bottom DX phase . Another assumption is that
surfactants are homogeneously distributed so that concentration of surfactants in
solution is same. In this way, we have calculated and proceeded with assumptions
and the process went well.

In case of SG76 and SWNT by Sigma-Aldrich, it starts with metallic and semi-
conducting separation. However, once it is done that separation, the rest of steps
are same.

The summary of this simple metallic and semiconducting separation recipe with
SG65i is as below. It is only four steps to complete metallic and semiconducting separa-
tion well. Steps (1) and (2) are for diameter separation, and steps (3) and (4) are metallic
and semiconducting separation.

1. Surfactants : SDS 0.7 %, DOC 0.04 % / Polymers : PEG is around 9 - 10 % and DX
is around 5 - 6 %

2. Surfactants : SDS 0.75 %, DOC 0.04 % / Polymers : PEG is around 9 - 10 % and
DX is around 5 - 6 %

3. With greenish solution, surfactants : SDS 0.7 %, SC 0.9 % / Polymers : PEG is
around 9 - 10 % and DX is around 5 - 6 % / NaClO 2 � L/mL
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4. With black purplish solution, surfactants : SDS 1.1 %, SC 0.9 % / Polymers : PEG
is around 9 - 10% and DX is around 5 - 6 % / NaClO 2 � L/mL

4.2.4 Post-Process: Characterize solution for chirality and do poly-
mer exchange

After ATPE is done, there are two essential tasks; one is characterization step that is
crucial to con�rm the chirality in solutions. We perform two optical characterization
methods: UV-vis and Raman spectroscopy measurement. These will be discussed next
section of optical characterization in detail.

The other important step is polymer exchange. This step to remove polymers and
lower surfactant concentrations for real applications. There are two ways to achieve
this task using centrifuge and pressure. Both methods have same concept, dilute the
SWNT solution by adding DOC 0.04 % and �ltrate polymers with membrane. Here,
the �ltration process is assisted by centrifuge or pressure.

Amicon Ultra-15 tubes with membrane 10 kDa made by Millipore-Sigma are used
for centrifuge. Centrifuge condition is related to the concentration of polymers, nor-
mally PEG is faster than DX. Adding SWNT solution 2 mL and 0.04 % DOC 10 mL can
�ll the volume of the tube around 13 mL. We normally repeat the exchange �ve times
diluting surfactant concentration and removing polymer as much as possible. Amicon
Stirred Cell with Ultra�ltration Discs 100kDa with membrane exploits pressure. This
method is able to �ltrate relatively fast with bulk amount depending on the size of Am-
icon Stirred Cell. Our recipe with Amicon Stirred Cell is in progress for handling larger
volumes of sorted solutions.

4.3 Optical Characterization

As discussed in chapter 2, semiconducting SWNTs have unique band gap energy val-
ues related to the chirality and that band gap energy is quanti�ed by absorption spec-
trum. This absorption spectrum is obtained by UV-vis spectroscopy. Raman spectra can
also inform not only chirality of SWNTs but also other characteristics such as chirality
and defect modes.
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Figure 4.8: Generalization of ATPE process for CoMoCAT and HiPCO SWNTs.
(Reprinted with permission from reference [25].)
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4.3.1 Absorption Spectroscopy

Absorption spectroscopy with UV-vis is the easiest and quickest method to �gure out
chilarity indices and composition of SWNTs in solution. The principle is shining the
broad band whilte light, typically 200 2,000 nm wavelength on the SWNT solutions
and measuring the transmitted light. In this way, we can obtain absorption a spectrum
from di � erences between incident and transmitted light. In the UV-vis measurement,
absorption spectrum is a plot of absorbance which is de�ned as a equation below,

Absorbance = log10
� i

� t = � log10 T ; (4.4)

where � i is the intensity of the incident light, � t is the intensity of the transmitted light,

and T = � i

� t is the transmittance of the material. So, absorbance is negative log of the
transmittance. The absorbance is represented intensity as a function of wavelength,
where we interpret the wavelength of strong peaks which is translated to band gap
energy.

Fig.4.9(a) is a series of absorbance plots as a function of wavelength with sorted
SWNT solutions. Although y-axis is arbitrary units, we can readily identify peaks and
distinguish di � erences between chirality. When we look into certain spectrum, there
are at least two peaks in a spectrum which may be from sorted pure SWNTs since there
are possible. The peaks may correspond to transitions of E11, E22, E33, etc. In these
plots, E11 region is above 800 nm in wavelength. Two sorted peaks at 1,000 nm and 600
nm in (6,5) spectrum may be assigned that. 1,000 nm is E11 and 600 nm is E22 of (6,5)
SWNTs. Because the transition energy ofE11 is smaller than E22, the wavelength of E11
should be longer than E22's.

In principle, emission spectrum is related to absorption spectrum shown in Fig.4.9(a)
and Fig.4.9(b). Fig.4.9(b) is an photoluminescence map of a SWNT solution. Emission
wavelength is shown in x-axis and excitation wavelength is in y-axis. Emission wave-
length of (6,5) indeed matches well with absorbance wavelength as we know. Here, hid-
den information comparing two plots is that we do not secure the excitation wavelength
with respect to the absorbance wavelength, but there are certain excitation wavelength
which makes high intensity of emission wavelength. I presume that this is because of
van Hove singularity, which is the narrow band coming from the 1-dimension nature
of SWNTs. This property appears in the Raman spectroscopy, which we will discuss in
next subsection.
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Figure 4.9: (a) Absorbance results with sorted solutions of SWNT. (Reprinted with per-
mission from reference [27]. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.) (b) Photoluminescence map of (6,5) SWNT solution. (Reprinted with per-
mission from reference [6].

4.3.2 Background Extraction

When we analyze absorbance spectra, we notice that a slope in shorter wave length
area which is below 400 nm, becomes steeper than that in longer wavelength. Cer-
tain spectrum is remarkably steeper than others. And non-existence area of absorbance
should be zero intensity, but there are still certain amount of intensity exist. This phe-
nomenon is explained as background intensity shown in Fig.4.10. This plot shows ab-
sorbance of before sorting in, black line, and after sorting in, red line. In the sorted
solution, two speci�ed areas are indicated as area A and area B. Area A is a real inten-
sity coming from absorbance intensity and area B is background intensity. Naumove
et al. explain several causes of background intensity in terms of extrinsic and intrinsic
factors [68].

• Extrinsic factors

1. Ultrasonication: From the turbulence of surfactant solution, there is light
scattering which prevents absorption. Three di � erent tip sonication results
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Figure 4.10: Absorbance spectrum with background spectrum. (Reprinted with per-
mission from reference [25].)

show that longer sonication absorbance graph has higher background inten-
sity and return to the initial level after centrifugation.

2. Chemical functionalization: Treating the side walls of SWNT with chemical
elements, delocalized electrons in pz orbital are removed and optical per-
formance is degraded. Oxidized SWNT solution shows broader peaks and
steeper slopes.

3. Amorphous carbon impurities: Amorphous carbon has strong plasmonic ab-
sorption in a short wavelength region. This a reason why the slope of near-
ultraviolet wavelength region is steeper than in other region.

4. Aggregation: Aggregated SWNTs are similar to the functionalization e � ects.
This bundling e � ect broadens the spectrum and shifts the peak to longer
wavelength (red shift). Making a good dispersed solution is an essential task.

• Intrinsic factors

1. Spectral congestion: With many chirality in a solution, there are many ab-
sorbance peaks in a plot and summing up those absorbance peaks lifts up
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the plot. Sorted SWNTs have low background intensity compared to un-
sorted SWNT solution.

2. SWNT length e� ect: The end of SWNTs is considered as a defect in the� -
eletron system. From this reason, population of shorter length of SWNTs acts
as more defect than longer length of them, resulting in stronger background
signals.

3. Metallic SWNT contributions: Signals in metallic SWNTs are more intense
arising from the � -plasmon resosnance than those in semiconducting SWNTs.

4.3.3 Analysis with Protocol through Background Extraction

Due to previous reasons on background intensity in absorbance spectrum, we have
put a much e� orts on establishing a systematic protocol to extract the background in-
tensity for obtaining a pure absorbance spectrum with which we try to calculate the
purity of SWNT solutions such as metallic xx % or semiconducting xx % in a solution
[17]. Sequences of the protocol are described as below.

1. Modeling background:
As we discussed in the background extraction subsection, we can model it as be-
low [68],

B� =
N
� m ; (4.5)

where B� background intensity with respect to the wavelength � , and N and m
are �tting parameters.

2. Determining coe� cient A and m by �tting:
Because the linear regression has high �delity, we have a trick to transform Eq.4.5
to the linear form by taking a logarithm,

ln B� = ln A � mln �; (4.6)

Unfortunately, this model does not �t all the absorbance spectra. However, we can
secure the best �tting results by setting the di � erent �tting range. Recommended
range of the �tting range is 440 - 880 nm for semiconducting and 200 - 500 nm
for metallic SWNTs. Once recommendation results do not �t well, we can adjust
�tting region in the graphic user interface (GUI).
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3. Subtracting the �tted background curve from the original absorbance curve.

4. Modeling a single peak of each SWNT:
The absorbance peak of single chirality SWNT is known as a Lorentzian shape.

5. Finding peaks and multi-�tting with Lorentzian model for deconvolution:
In order to deconvolute the mixed chilarity SWNT solution, we need to extract
peak wavelengths and multi-�tting with the Lorentzian model.

6. Calculating curve areas from �tting and purity of metallic or semiconducting:
Based on the �tting results, we can calculate the area of curve and grouping metal-
lic or semiconducting regions. As we know the chirality, M11, S11, and S22 region
are pretty much �xed. For the SG65i and SG76 cases, M11 ranges between 430
and 590 nm, S11 lies in between 850 and 1070 nm, and S22 is around 500 - 810
nm. Actually, S11 region is narrower than the real range, upto 1,700 nm, because
of the equipment limitation, upto 1,100 nm. By using the ratio of the areas, we
can quantify the purity of the sorted solutions.

Fig.4.11 shows the ATPE analysis protocol program. (a) is the main page of the con-
trol panel. As can be seen, we can set the �tting and transition regions. There are also
the Raman analysis section, but it is under development. The analysis results are dis-
played in the information panels located in the middle, and data is stored automatically
in excel �le. When it performs analysis, there are graphs popping up with estimating
the results and renewing the setting values in real time.

4.3.4 Raman Spectroscopy

Raman spectroscopy gives the information of SWNT structure, electronic, and phonon
properties. The principle is shown in Fig.4.12. There are three scattering modes which
are Rayleigh scattering, Stokes scattering, and anti-Stokes scattering. Rayleigh scatter-
ing is a common and normal scattering mode, but the rest of two are related to Raman
spectroscopy. When an incident light shines into a material, there are losing energy or
gaining energy due to phonons. If it is the losing energy case, it is Stokes scattering and
the gaining case is anti-Stokes scattering. Raman spectroscopy are sensitive to detect
these energies and shows as a function of frequency with the common unit of cm � 1.
Stokes case represents a longer wavelength than incident wavelength, so it is located
in the positive side. Anti-Stokes case is vise-versa. Basically, Raman spectroscopy also
measures the light of energy from excitation. Results should be a � ected by incident
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