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Chapter 1  

Introduction 

1.1 Overview and background 

Demands for thermoelectrics in our society 
Currently, a massive amount of fossil fuels are consumed worldwide. A society de-

pendent on fossil fuels will cause environmental problems, including global warming, 

and will threaten the realization of a sustainable society. Thus, we are responsible for 

shifting to various alternative energy resources. One option is to use waste heat. For ex-

ample, the conversion efficiency of fossil fuels is only about 30-40% at best [1,2], throw-

ing away the non-used energy as waste heat. Therefore, we are required to utilize a large 

amount of the excess waste heat as a new energy source. 

Thermoelectric conversion, which can convert 

heat into electricity, was first reported by T. J. See-

beck in 1822 [3]. When a temperature difference is 

applied to both ends of an electric conductor, gener-

ating a potential difference proportional to the tem-

perature difference, we can extract electric power 

externally [see Figure 1.1]. The advantages of ther-

moelectric conversion are manifold. Since heat can 

be directly converted into electricity, there is no CO2 

emission and no mechanical moving parts. Further-

more, thermoelectric devices have the advantage of generating power on a small scale 

because of no scale effects. Therefore, we expect thermoelectric devices that are clean, 

quiet, maintenance-free, and scalable. Most waste heat is relatively low-temperature heat, 

less than 200°C, and from any location. Therefore, the strategy of laying out a large num-

ber of small-scale thermoelectric conversion devices will be possible to recover a large 

amount of heat, i.e., energy harvesting technologies.  

Hot Cold

ΔV

ΔT

Carriers

Figure 1.1. Schematic diagram of 
the Seebeck effect. The details are 
given in Section 2.1. 
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In addition to the above properties, flexible and lightweight materials will expand 

the options of usable environments, leading to an explosion of applications [4,5]. For 

example, by forming thermoelectric devices to fit the curved surface of the human body, 

self-powered wearable devices can be driven by body heat [6]. Furthermore, we expect 

to enter an era of one trillion sensors shortly with the promotion of the IoT society [7]. 

Conventional chemical batteries need to be replaced with a life cycle, but it is not realistic 

to replace the huge number of batteries. Thermoelectric devices installed in any environ-

ment could be one strategy since they do not require battery replacement. Therefore, ther-

moelectric conversion can solve energy problems and contribute significantly to the 

advancement of technology. 

Conventional guidelines for the design of thermoelectric materials 
The initial mainstream of thermoelectric material developments was in inorganic 

bulk materials. Figure 1.2 summarizes the maximum value of the dimensionless figure 

of merit 𝑍𝑇 = (𝑆2𝜎𝑇 ) 𝜅⁄  and the reported year, where 𝑆 is the Seebeck coefficient, 

𝜎  is the electrical conductivity, 𝜅  is the thermal conductivity, and 𝑇   is the absolute 

temperature. First, let us look at the left area of the figure, which is in the early days of 

thermoelectrics. Research to explore materials with high thermoelectric conversion effi-

ciency has been vigorously conducted for more than 50 years. For example, the discovery 

of Bi2Te3-based thermoelectric materials by Goldsmid in the 1950s triggered a flurry of 

research on thermoelectric conversion [8,9]. Similar inorganic bulk semiconductors such 

as PbTe [10] and SiGe [11-13] were reported, and their performance was optimized 

𝑍𝑇~1 around the 1970s. 

The thermoelectric performance seemed to improve by the 1970s; however, these 

conventional inorganic thermoelectric materials faced the limit of conversion efficiency. 

As shown in Figure 1.2, no significant improvement in conversion performance was re-

ported for some decades after 1970 due to the trade-off relationship between thermoelec-

tric parameters [14]. For example, to improve 𝑍𝑇  , the strategy is to reduce the 

denominator 𝜅 or increase the numerator 𝑃 ≡ 𝑆2𝜎, called the power factor. However, 

these physical properties are closely related to each other, and there is a trade-off rela-

tionship. When the carrier density increases, we expect the increase of 𝜎 and 𝜅, while 
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the decrease of 𝑆 [15]. A series of studies revealed the approximate optimum carrier 

density, meaning the limit of performance improvement. Hence, thermoelectric research 

had been converging by establishing this design guideline. We required a new concept to 

break the trade-off problem to develop thermoelectric materials. 

In addition, the inorganic materials above have not solved the safety and cost issues 

[2,16]. Inorganic thermoelectric materials include toxic lead and tellurium as constituent 

elements, which raises safety concerns. Moreover, the fabrication cost is high due to the 

use of minor metals; thus, the cost performance is poor. For these reasons, thermoelectrics 

has not been widely used in society due to its limited applications, despite the potential 

promise. Therefore, safety and low cost are also essential factors in developing thermoe-

lectric materials [17]. 

Figure 1.2. The transition of thermoelectric conversion performance over year. The straight gray 
line indicates the year when the low-dimensional strategy was proposed by Hicks & 
Dresselhaus. Before the proposal, thermoelectric materials were mainly studied in 
inorganics. After the proposal, many new materials were reported. The points high-
lighted in the light-yellow circles are data for materials that utilize nanostructures. 
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New phase for developing thermoelectric materials 
In 1993, Hicks and Dresselhaus theoretically provided an innovative guideline for 

developing thermoelectric materials [18,19]. They proposed that introducing nanostruc-

tures into thermoelectric materials could dramatically enhance the performance by over-

coming the traditional trade-offs. Following this series of proposals, research in the 

thermoelectric field was resurgent and entered a new era after the 1990s. Let us look at 

the right side of Figure 1.2, i.e., after the proposal by Hicks & Dresselhaus. In fact, 𝑍𝑇  

began to improve again by processing inorganic materials such as Bi2Te3 [20-23], PbTe 

[24-27], and SiGe [28-30] into superlattice structures and nanowires [31-33]. Moreover, 

not limited to nanostructures, many new concepts (band engineering [27,34-36], phonon 

glasses [37], energy filters [38], etc.) and new thermoelectric materials (filled 

skutterudites [39-42], clathrate compounds [43-45], half-heusler [46-49], oxide materials 

[50,51], etc. [52,53]) have been proposed, and 𝑍𝑇  has improved significantly [54]. For 

most of these materials, the approaches focus on reducing 𝜅 while maintaining 𝑃  as 

high as possible.  

Advantages of low-dimensional materials 
The unique feature of low-dimensional materials with nanostructures is that the 𝑃  

value can be significantly increased [18,19]. Dresselhaus et al. originally showed that the 

following two factors could improve thermoelectric performance by lowering the dimen-

sionality of materials; reduction of 𝜅 and enhancement of 𝑃 . The reduction in 𝜅 is at-

tributed to the interfacial scattering of phonons. The improvement of 𝑍𝑇   in Bi2Te3 

nanowires and other nanostructured materials mentioned above is mainly due to the effect 

of 𝜅 [28,31,33]. However, research to improve 𝑍𝑇  by reducing 𝜅 had been conducted 

before their proposals [55,56]; thus, the approach was not a special case for nanomaterials. 

On the other hand, few approaches can enhance 𝑃 . Therefore, the lowering dimension-

ality was a unique milestone proposal, which provides the reduction of 𝜅 and the en-

hancement of 𝑃  simultaneously. Note that increasing 𝑃  not only leads to higher 𝑍𝑇  

but also higher output power density. For example, when an unlimited supply of thermal 

energy is available, such as factory waste heat, 𝑃   rather than 𝑍𝑇   may be a more 
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meaningful indicator [57-59]. Therefore, increasing the value of 𝑃  is as essential as in-

creasing 𝑍𝑇 . 

According to their theory, the increase in 𝑃  

is due to the quantum confinement effect in low-

dimensional materials. Low-dimensional materi-

als have electronic structures with an abrupt 

change in the density of states (DOS) as a func-

tion of energy dependence, unlike the typical 3D 

bulk materials [see Figure 1.3]. 𝑃  is expected 

to increase dramatically when the chemical po-

tential is near the abrupt change [19]. Recent 

studies reported the significant enhancement in 

𝑃   due to quantum confinement effects on 2D materials such as SrTiO3 superlattices 

[60,61], FeSe superconductor [62], and graphene [63,64]. These results verified that low-

ering the dimensionality of materials is promising for improving 𝑃 .  

As an extension of this line of discussions, we expect the ultimate thermoelectric 

material to be one-dimensional (1D) materials [19]. In their electronic structure, 1D ma-

terials have a divergent peak structure in DOS, called van Hove singularity (vHs), see 

Figure 1.3 [65]. Here, this unique electronic structure of 1D materials is referred to as the 

1D electronic structure. The DOS changes most rapidly in 1D systems, thus, the highest 

thermoelectric performance was predicted [19]. Mahan and Sofo also supported this idea 

[66]. Later, some research tried a top-down approach to making materials a 1D system 

[67-69]; however, no report showed that the 1D electronic structure clearly enhances 𝑃 . 

Experimental verification on the relationship between 1D electronic structures and the 

thermoelectric properties has not been performed yet due to the difficulty in handling 

truly 1D metallic materials and their low practicality as thermoelectric devices. In order 

to realize the innovative proposal by Dresselhaus to maximize thermoelectric perfor-

mance by 1D electronic structures, we had to wait for the emergence of an ideal 1D ma-

terial system with a diameter of ~1 nm. 

Figure 1.3. Conceptual diagram of the
density of states. Low-dimensional (2D &
1D) materials have a steep DOS change. 
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Single-walled carbon nanotubes 

In 1993, slightly before Dresselhaus published the theoretical papers, Iijima experi-

mentally discovered single-walled carbon nanotubes (SWCNTs) [70]. It is noteworthy 

that Iijima’s paper significantly influenced the motivation of Dresslhaus’s theoretical pa-

per. The new material has a 1D structure with an extremely high aspect ratio, consisting 

of graphene sheets rolled into a cylinder with a diameter of about 1 nm; see Figure 1.4 

[71,72]. SWCNTs have sharp vHs in their electronic structure, reflecting their 1D nature. 

In addition, the existence of a wide variety of structural isomers is the characteristic prop-

erty [73,74]. The structural isomers, called “chirality,” are distinguished by the chiral in-

dex (n,m), which determines how the graphene sheet is rolled. Every chirality has a 

different electronic structure, such as wide- or narrow-bandgap semiconducting types and 

metallic types. Another notable property of SWCNTs is their stability. Due to their closed-

shell structure without dangling bonds, SWCNTs are physically and chemically very sta-

ble despite being nanoscale materials. Therefore, SWCNTs are an ideal and unique ma-

terial to investigate the relationship between the 1D electronic structure and 

thermoelectric properties.  

Figure 1.4. Single-walled carbon nanotubes (SWCNTs). (a) Graphic image of SWCNTs.
Electronic structure of (b) semiconducting SWCNTs and (c) metallic SWCNTs. The 
density of states have sharp divergence points, van Hove singularity (vHs). 
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We should mention that SWCNTs are highly suitable thermoelectric materials also 

for applications. The constituent elements are only carbon, and minor metals are entirely 

free. Thus, safety and resource scarcity concerns are minimal. SWCNTs are lightweight 

yet have incredibly high mechanical durability, making them adaptable to various envi-

ronments. Moreover, SWCNTs can be fabricated into various shapes, such as thin films 

and fibers. Used in flexible forms, SWCNTs can be envisioned for use in wearable de-

vices for the human body and curved surfaces of factory pipes. Thus, SWCNTs possess 

all the requirements mentioned in the previous paragraphs. The experimental investiga-

tion of whether SWCNTs significantly improve 𝑃  by the 1D electronic structure has not 

only scientific value but also the value of extending the possibilities for applications. 

Thermoelectric research on SWCNTs 
SWCNTs, an attractive thermoelectric material, quickly became the scope of ther-

moelectric research in the 1990s. In this section, we will introduce recent studies on ther-

moelectric properties of SWCNTs.  

Initially, most of the research was related to a single rope of SWCNTs alone [75-77] 

or to transport phenomena of mat samples [78-82]. Then, with the development of sepa-

ration technologies of chirality in the 2000s [83], SWCNTs with different electronic struc-

tures, i.e., metallic and semiconducting SWCNTs, can be separated [84-89]. As a result, 

since the 2010s, research on the thermoelectric properties of SWCNTs has become more 

active, taking advantage of the diversity of their electronic structures [90,91]. In particular, 

semiconducting SWCNTs attracted much attention because their maximum value of 𝑆 

was predicted to show relatively large values about 1000-2000 µVK-1 [92-94], compared 

to the typical thermoelectric materials, such as Bi2Te3. Recently, Nakai et al. succeeded 

in enhancing the value of 𝑆  (~170 µVK-1) using purified semiconducting SWCNTs 

(>95%), exceeding the values (~60 µVK-1) of unseparated SWCNTs [95]. Later studies 

also observed larger 𝑆 of semiconducting SWCNTs than mixed or metallic SWCNTs 

[96,97]. 

Approaches to control the thermoelectric properties of SWCNTs have also been con-

ducted. For example, the sign of 𝑆 reverses depending on whether the dominant carrier 

inside the thermoelectric material is electrons (n-type) or holes (p-type). In general, n-
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type and p-type thermoelectric materials are arranged in series and alternately to fabricate 

thermoelectric devices with high efficiency [10]. Many research experimentally verified 

that SWCNT samples could be freely changed into n-type and p-type thermoelectric ma-

terials by doping with carriers [94,98-103], which is expected to be used for applications. 

Recently, structural control of CNT samples has been reported to improve their thermoe-

lectric performance. CNTs have a large aspect ratio and a large 𝜎 parallel to the axis. 

The technology to orient the nanotube axis in one direction to form them into thin films 

and fibers has been established [104,105]. As a result, increase in 𝜎 in the oriented sam-

ples showed enhanced 𝑃  (a maximum value ~3 mWm−1K−2) [106-109] close to that of 

Bi2Te3 (~4 mWm−1K−2 [20]). Composites with other materials also yield the increase of 

𝑃 , reported recently [110,111]. 

Lack of research on one-dimensionality 
Research on thermoelectric properties of SWCNTs seems to be making steady pro-

gress. However, in all of the achievements, there was no clear identification regarding the 

performance improvement due to the 1D electronic structures expected by Hicks & 

Dresselhaus. In other words, there is no knowledge of how the vHs, which are character-

istic of 1D electronic structures, affect thermoelectric properties and whether they actu-

ally improve thermoelectric performance significantly. Therefore, experimentally 

verifying the prediction of Dresselhaus et al., which is a guideline to improve thermoe-

lectric properties from the approach of condensed matter physics, is an important issue 

that will strongly promote the development of thermoelectric materials and solve various 

social problems. In particular, the relationship between 1D electronic structure and ther-

moelectric properties, which is expected to have the most excellent performance, is the 

most important problem to be solved. 

Even for SWCNTs, which are ideal materials for experimentally verifying this prob-

lem, the previous research has not solved it despite many thermoelectric studies. This is 

because the electronic structure of the SWCNT samples and the position of the chemical 

potential has not been precisely controlled in previous studies. Essentially, to experimen-

tally observe the effect of the vHs on thermoelectric properties, we need to tune the chem-

ical potential to the sharp vHs of the SWCNT samples. However, previous studies could 
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not establish such conditions and discussed the relationship between 1D electronic struc-

ture and thermoelectric properties in detail. The background of these issues is presented 

below, with examples regarding previous studies. 

Problem (1): Unprecise control of electronic structure 

The electronic structure of each chirality of SWCNTs is unique and can be roughly 

classified as metallic or semiconducting electronic structures. Thus, in a sample with a 

mixture of them, it would not be possible to discuss the physical properties of the indi-

vidual electronic structure because the physical properties of each SWCNTs would be 

observed mixed together. For instance, Hayashi et al. theoretically calculated the effect 

on thermoelectric properties when a metallic type is mixed into a single chirality of the 

semiconductor type [112]. Their results showed that the presence of only 1% of the 

metallic type significantly reduced 𝑆 of the semiconducting type from a few mV/K to 

tens of µV/K due to the presence of conducting path by the metallic SWCNTs. There-

fore, chirality purity is a crucial factor in investigating the thermoelectric properties of 

SWCNTs with an accurate evaluation. However, the purity of the single chirality ob-

tained by the conventional separation technique was about 98% at best [113]. In this 

situation, it was impossible to clearly observe the effect of the unique electronic struc-

ture of SWCNTs, i.e., vHs, on their thermoelectric properties. 

Problem (2): Unprecise control of chemical potential 

Since thermoelectric phenomena are caused by the transport of electrons and holes, the 

electronic structure around the chemical potential significantly influences thermoelec-

tric properties. Therefore, to clarify the relationship between vHs and thermoelectric 

properties, we need to measure the properties when the chemical potential is located in 

the vicinity of their vHs. In the study of thermoelectric properties, the chemical poten-

tial is generally shifted by chemical molecular doping methods [94,101-103] and back-

gating methods [69,75,76,114,115]. However, in the former method, it is difficult to 

precisely control chemical potentials and to measure the thermoelectric properties near 

vHs. The latter method can continuously change the carrier doping amount; however, 

the limit of the charge injection amount prevented us from investigating the thermoe-

lectric properties near the vHs. In this situation, it was impossible to observe the effect 
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of the vHs on thermoelectric properties clearly. However, there were only a few such 

systematically chemical-potential-modulated studies in 2016 when we started this 

study [98-100]. These studies also had the purity problem described in (1). 

Then, after solving the above two experimental problems, we can enter the stage of 

investigating the relationship between 1D electronic structure and thermoelectric proper-

ties. However, we have another problem: there was little knowledge of which thermoe-

lectric parameters could be used to observe the effect of vHs on thermoelectric properties. 

Problem (3): Relationship between one-dimensional electronic structure and ther-

moelectric parameters 

In the study of thermoelectric properties, we generally evaluate the thermoelectric pa-

rameters of 𝑆 and 𝑃 . To clarify the effect of the vHs on thermoelectric properties, we 

should know whether these thermoelectric parameters show behaviors that reflect the 

shape of the electronic structure. For metallic materials, we can use Mott's equation to 

correspond the relationship between 𝑆 and the shape of the electronic structure, which 

has been discussed in many previous studies [61,62,94,98,116-118]. Therefore, in me-

tallic SWCNTs, we should demonstrate whether the behavior of 𝑆 depends on the 1D 

electronic structure. In semiconductors, however, 𝑆 and 𝑃  do not show qualitative 

behavior that reflect the shape of the electronic structure. For example, it has been the-

oretically shown that 𝑆 in semiconductors has a maximum value near the center of 

the bandgap and decreases monotonically as the chemical potential moves toward the 

band edge, see Figure 1.5 [92,119]. This behavior is not limited to 1D semiconductors 

with vHs but also applies to 2D and 3D sem-

iconductors. Moreover, the maximum 𝑃  is 

obtained near the band edge [112,119], 

which is also independent of the dimension 

of the material. Therefore, in semiconduct-

ing SWCNTs, it is difficult to clarify the ef-

fect of vHs on thermoelectric properties 

with conventional thermoelectric parame-

ters 𝑆 and 𝑃 .  

S
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Figure 1.5. Typical behavior of Seebeck co-
efficient for 1D, 2D, and 3D semiconductors
as a function of chemical potential. The 
band edge is set to ±0.5 eV. 
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1.2 Purpose of this thesis 

On the basis of these backgrounds, the purpose of this thesis is to experimentally 

elucidate the relationship between 1D electronic structure of SWCNTs and thermoelectric 

properties. In other words, we aim to clarify how 1D electronic structures, i.e., the vHs, 

of SWCNTs effects on the thermoelectric properties and whether the improvement in 

thermoelectric performance can be embodied experimentally. 

To achieve this goal, we solve the experimental problems in the conventional study 

of thermoelectric properties of SWCNTs. Specifically, we established a separation tech-

nique for high-purity single-chirality SWCNTs to precisely control the electronic struc-

ture. The thermoelectric properties of the obtained high-purity samples is measured under 

precise chemical potential control using the electrical double layer carrier injection 

method. Thus, our unique experimental method, which combines the precise control of 

the electronic structure and the chemical potential, enables us to discuss the thermoelec-

tric properties by experimentally relating vHs to the chemical potential position. Taking 

advantage of the unique electronic structure of SWCNTs, we systematically investigate 

the metallic and semiconducting electronic structures, respectively, to comprehensively 

clarify the relationship between the 1D electronic structure and thermoelectric properties.  

h

h
h

h
h

e
e

e

e

e

Gate

Ionic liquid

SWCNT

Figure 1.6. Schematic image of the thermoelectric measurement using electric double layer
carrier injection method with ionic liquid. 
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1.3 Outline 

The research on the above subjects is described in detail starting from Chapter 2. 

Then, we solve the problem (1) in Chapter 3, and the problems (2) and (3) in Chapters 4 

and 5. The details of each chapter are shown below. 

Chapter 2 describes the basic information necessary to investigate the thermoelectric 

properties of SWCNTs. First, the basic properties of the thermoelectric effect and the 

theoretical background of the uniqueness in 1D materials were explained. Secondly, we 

briefly described the separation and purification methods to prepare high-purity SWCNTs. 

Next, we explained the details of the measurement methods that can control the chemical 

potential of SWCNT films, and measure in-situ thermoelectric properties based on the 

ionic liquid electric double layer carrier injection method. 

Chapter 3 describes the development of a new separation technique for single-chi-

rality SWCNTs. The sample purity of SWCNTs is crucial to observe the one-dimension-

ality. However, conventional separation techniques using surfactants could not altogether 

remove the residual few percent of metallic SWCNTs in semiconducting single-chirality 

SWCNT separation. Here, we developed a new technique to obtain high-purity (>99%) 

single-chirality SWCNTs by improving a reported gel chromatography separation to pre-

cisely control the acidity, or pH, as an additional parameter. The pH-controlled method 

succeeded in completely removing the residual metallic SWCNTs because metallic and 

semiconducting types have different sensitivities in responding to changes in pH. The 

high-purity sample obtained in this chapter is used for thermoelectric measurements in 

the next chapter and later. 

Chapter 4 systematically demonstrates the thermoelectric properties of high-purity 

semiconducting and metallic SWCNTs, and their mixtures. We observed the enhancement 

of thermoelectric performance due to the 1D electronic structure by adjusting the chemi-

cal potential of metallic SWCNTs at the vicinity of vHs. The enhancement was manifested 

in a simultaneous increase in 𝜎 and 𝑆. In conventional materials, there is a trade-off 

relationship between 𝜎 and 𝑆, which means that the increase of 𝜎 induces a decrease 

of 𝑆. However, the metallic SWCNTs violated the trade-off, demonstrating that the 1D 
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electronic structure can enhance the thermoelectric performance due to the quantum con-

finement effect. Furthermore, we experimentally showed the increase of 𝜎 without de-

creasing 𝑆 by preparing macroscopically aligned metallic SWCNT thin films, indicating 

that the morphology control of SWCNT samples can lead to further performance im-

provement. 

Chapter 5 identifies the traces of thermoelectric properties due to the 1D electronic 

structure in semiconducting SWCNTs. Using a simple model based on the Boltzmann 

transport equation, we showed that it is difficult to identify the 1D traces in 𝑆 and 𝑃 , 

the typical thermoelectric parameters. However, the 𝐿12 term, thermoelectrical conduc-

tivity term, was expected to reflect the dimensionality of the materials. In particular, the 

1D electronic structure was expected to have a peak structure in 𝐿12 at the vHs as a 

function of the chemical potential. Here, we observed the peak structure in 𝐿12 on high-

purity semiconducting SWCNTs thin films, consistent with the theoretical prediction. The 

linear response theory analysis and the experimental results of 2D semiconductors sup-

ported that the peak is a 1D trace originating from the electronic structure of SWCNTs. 

In the 1D system, the 𝐿12 term shows the peak structure in the low electrical conductiv-

ity region. We could understand the advantage of 1D materials as high thermoelectric 

performance materials from such behavior. 

In Chapter 6, we summarized the conclusions obtained in this thesis. 
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Chapter 2  

Thermoelectrics and Metrology 

2.1 Thermoelectrics 

2.1.1 Thermoelectric parameters 

The Seebeck effect is one of the thermoelectric phenomena. Here, we consider a 

conducting sample with the length 𝐿  along the 𝑥 -axis and a temperature difference 

∆𝑇 = 𝑇H − 𝑇C between the two ends, where 𝑇H and 𝑇C are the temperature at the 

hot end and the cold end, respectively. Due to the difference of the chemical potential 

between the ends, the electrons have a gradient distribution in the sample. In a steady 

state, where no net electric current flows, the gradient in the electron distribution produces 

a potential difference ∆𝑉  along the 𝑥-axis direction. This phenomenon is called the 

Seebeck effect. The Seebeck coefficient 𝑆, the ratio of the temperature difference ∆𝑇  

to the potential difference ∆𝑉 , is defined by the relation 

𝑆 ≡ − ∆𝑉
∆𝑇

. (2.1) 

The minus sign is assigned to match the type of charge; if the dominant carriers are holes, 

𝑆 is positive; if electrons, 𝑆 is negative. According to the definition, the larger the ab-

solute value of 𝑆, the larger the voltage obtained from the temperature difference. The 

value of 𝑆 varies depending on the material. Therefore, materials with large 𝑆 are gen-

erally valuable as thermoelectric materials, and we need to search for such materials. 

𝑆 can be relatively easily measured in a macroscopic sample. However, predicting 

the properties is not straightforward. Thermoelectrics are transport phenomena of elec-

trons or phonons. Moreover, since we deal with the scale of Avogadro’s numbers, it is 

necessary to consider the statistical mechanical motion of these transport carriers. In this 

section, we will describe the thermoelectric properties based on the linear response theory. 

Here, we consider a system in which the electric field ℰ and the temperature gradient 

𝑑𝑇 𝑑𝑥⁄  exist along the 𝑥-axis direction. The current density 𝐽  is generally given by the 
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linear response theory as follows [119]; 

𝐽 = 𝐿11ℰ − 𝐿12
𝑇

𝑑𝑇
𝑑𝑥

. (2.2) 

The response functions 𝐿11 and 𝐿12 are referred to as electrical conductivity and ther-

moelectric conductivity, respectively. The first term represents the current density pro-

duced by the electric field, and the second represents the current density produced by the 

temperature gradient. When the net current density 𝐽  is zero (𝐽 = 0), 𝑆 can be written 

by 𝐿11 and 𝐿12 as 

𝑆 = 1
𝑇

𝐿12
𝐿11

, (2.3) 

where we used the relationship ℰ = ∆𝑉 /𝐿  and 𝑑𝑇/𝑑𝑥 = ∆𝑇/𝐿 . Furthermore, the 

power factor 𝑃 , which is one of the indicators of thermoelectric performance, can be 

expressed as 

𝑃 ≡ 𝑆2𝜎 = 1
𝑇 2

𝐿12
2

𝐿11
. (2.4) 

Therefore, we can see that the physical quantities 𝑆 and 𝑃 , often crucial in thermoelec-

tric properties, are constituted by 𝐿11 and 𝐿12. 

Next, we consider 𝐿11 and 𝐿12 in more detail. According to Sommerfeld and Be-

the in 1933 [119-123], 𝐿11 and 𝐿12 are described as  

𝐿11 = ∫ 𝑑𝐸 (−𝜕𝑓(𝐸 − 𝜇)
𝜕𝐸

) 𝛼(𝐸),
∞

−∞
(2.5) 

𝐿12 = 1
𝑞
∫ 𝑑𝐸 (−𝜕𝑓(𝐸 − 𝜇)

𝜕𝐸
) (𝐸 − 𝜇)𝛼(𝐸),

∞

−∞
(2.6) 

where 𝑞 is the charge of a carrier, 𝐸 is the energy, 𝜇 is the chemical potential, 𝛼(𝐸) 

is the spectral conductivity, and 𝑓(𝐸 − 𝜇) is the Fermi-Dirac distribution function ex-

pressed by 

𝑓(𝐸 − 𝜇) = 1

exp(𝐸 − 𝜇
𝑘B𝑇 ) + 1

. (2.7) 

In this thesis, we call the equations (2.5) and (2.6) as the Sommerfeld-Bethe relation. The 

above equations will be used as the fundamental equations throughout this study. 
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2.1.2 Boltzmann expression 

According to the Sommerfeld-Bethe equation, to calculate 𝐿11 and 𝐿12, which de-

termine the behavior of thermoelectric properties, we only need to calculate a universal 

spectral conductivity 𝛼(𝐸). However, since it is not easy to obtain the exact spectral 

conductivity analytically, we use some approximations. Here, we use the Boltzmann 

transport equation for electrons to show the standard expression for thermoelectric prop-

erties. Although the Boltzmann equation is semiclassical, it is very effective in describing 

the transport phenomena of electrons by adding some quantum mechanical corrections. 

To describe the conduction of electrons, we introduce a nonequilibrium distribution 

function 𝑓 , where 𝑓  means the probability that an electron of a certain wavenumber 𝑘 

exists at position 𝑥 at time 𝑡. For simplicity, we consider the one-dimensional case be-

low. Using 𝑓 = 𝑓(𝑥, 𝑘, 𝑡), the current density 𝐽  per unit volume can be expressed as 

𝐽 = −𝑒∑𝑓(𝑥, 𝑘, 𝑡)𝑣(𝑘)
𝑘

. (2.8) 

Here 𝑒 is the elementary charge, and 𝑣 is the velocity of the electron, where 𝑣 = ℏ𝑘 𝑚⁄ . 

Note that ℏ is the Dirac constant, and 𝑚 is the mass of the electron. Hence, we can 

obtain an expression for the electric current by determining 𝑓  in the presence of electric 

field ℰ and temperature gradient 𝛻𝑇  in the system. Here, we use the Boltzmann equa-

tion; 

𝜕𝑓
𝜕𝑡

+ 𝜕𝑥
𝜕𝑡

𝜕𝑓
𝜕𝑥

+ 𝜕𝑘
𝜕𝑡

𝜕𝑓
𝜕𝑘

= (𝜕𝑓
𝜕𝑡

)
coll

(2.9) 

to obtain the solution for 𝑓 . Often, the left-hand side is called the drift term, and the right-

hand side is called the collision term. 

Under a weak external field, the deviation 𝑔 of the distribution function from the 

equilibrium state is regarded as small, and thus we linearize the Boltzmann equation (2.9). 

In other words, the nonequilibrium distribution function 𝑓  can be expressed as 

𝑓 = 𝑓0 + 𝑔 (2.10) 

with 𝑔 deviation from the equilibrium distribution function 𝑓0, which is given by the 

Fermi-Dirac distribution function. Specifically, under the assumption of local equilibrium, 

since we can introduce the temperature 𝑇 (𝑥)  and the chemical potential 𝜇(𝑥)  that 
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depend on the position 𝑥, the Fermi-Dirac distribution function can be written as 

𝑓0(𝑥, 𝑘) = 1

exp(𝐸(𝑘) − 𝜇(𝑥)
𝑘B𝑇 (𝑥) ) + 1

. (2.11) 

Substituting 𝑓  in Eq. (2.10) into the Boltzmann equation, we get 

𝜕𝑔
𝜕𝑡

+ (− 𝜕𝑓0

𝜕𝐸
) 𝑣 ⋅ (𝑒ℰ + ∇𝜇 + 𝐸 − 𝜇

𝑇
∇𝑇) = (𝜕𝑓

𝜕𝑡
)

coll
. (2.12) 

For simplicity, we do not consider the magnetic field here. We omit the detailed derivation 

of (2.12). Note in the derivation process, the relations ℏ�̇� = −𝑒ℰ and 𝐸 = ℏ2𝑘2 2𝑚⁄  

have been used. 

Within the relaxation-time approximation, the collision term on the right-hand side 

of Eq. (2.12) can be rewritten as 

(𝜕𝑓
𝜕𝑡

)
coll

= − 𝑔
𝜏𝑘

. (2.13) 

Since 𝜕𝑔 𝜕𝑡⁄ = 0 in the steady state, solving the Boltzmann equation for 𝑔 yields 

𝑔 = (− 𝜕𝑓0

𝜕𝐸
) 𝜏𝑘𝑣 ⋅ (−𝑒ℰ − 𝐸 − 𝜇

𝑇
∇𝑇) , (2.14) 

where ∇𝜇 is included in the term of electric field ℰ. 

Substituting the obtained nonequilibrium distribution function 𝑓   into the current 

density (Eq. (2.8)), and taking into account the spin, we obtain 

𝐽 = −2𝑒∑𝑓(𝑥, 𝑘)𝑣(𝑘)
𝑘

 

= −2𝑒∑𝜏𝑘𝑣2

𝑘
(− 𝜕𝑓0

𝜕𝐸
) (−𝑒ℰ − 𝐸 − 𝜇

𝑇
∇𝑇) . (2.15) 

Here, we have applied the relation 

−2𝑒∑𝑓0(𝑥, 𝑘)𝑣(𝑘)
𝑘

= 0, (2.16) 

which means the net current is zero in the equilibrium state. By comparing (2.15) with 

the expression for current density obtained in the linear response theory (Eq. (2.2)), we 

obtain 
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𝐽 = 𝐿11ℰ − 𝐿12
𝑇

∇𝑇 , (2.17) 

where 𝐿11 and 𝐿12 are 

𝐿11 = 2𝑒2 ∑𝜏𝑘𝑣2

𝑘
(−𝜕𝑓0

𝜕𝐸
) , (2.18) 

𝐿12 = −2𝑒∑𝜏𝑘𝑣2

𝑘
(− 𝜕𝑓0

𝜕𝐸
) (𝐸 − 𝜇), (2.19) 

respectively. Under the free electron approximation, we modify the summation of the 

wavenumber to the form of an energy integral, which can be rewritten as 

𝐿11 = 𝑒2 ∫𝑑𝐸 (−𝜕𝑓0

𝜕𝐸
) 𝜌(𝐸)𝜏(𝐸)𝑣2(𝐸) , (2.20) 

𝐿12 = −𝑒 ∫𝑑𝐸 (− 𝜕𝑓0

𝜕𝐸
) 𝜌(𝐸)𝜏(𝐸)𝑣2(𝐸)(𝐸 − 𝜇) , (2.21) 

where 𝜌(𝐸) is the density of states. These are 𝐿11 and 𝐿12 in Boltzmann expression. 

The spectral conductivity can be written as 

𝛼(𝐸) = 𝑒2𝜌(𝐸)𝜏(𝐸)𝑣2(𝐸). (2.22) 

Therefore, we could relate the material characteristics such as the electronic structure and 

the electron conductions to thermoelectric properties. 

2.1.3 Mott formula 

In this section, we use the spectral conductivity to calculate the Seebeck coefficient. 

Consider systems where the chemical potential is in the middle of the band, as in metals 

and degenerate semiconductors. In this situation, room temperature can be regarded as 

sufficiently low temperature 𝜇 F 𝑘B𝑇 . Using the Sommerfeld expansion 

∫𝑑𝐸 𝐺(𝐸)(− 𝜕𝑓0

𝜕𝐸
) = 𝐺(𝜇) + 𝜋2

6 (𝑘B𝑇 )2𝐺′′(𝜇) + ⋯ , (2.23) 

𝐿11 and 𝐿12 can be written as 

𝐿11 = 𝛼(𝜇), (2.24) 

𝐿12 = − 𝜋2

3𝑒 (𝑘B𝑇 )2𝛼′(𝜇). (2.25) 

Therefore, substituting 𝐿11 and 𝐿12 into Eq. (2.3) results in 
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𝑆 = − 𝜋2𝑘B
2 𝑇

3𝑒
𝛼′(𝜇)
𝛼(𝜇)

(2.26) 

or 

𝑆 = − 𝜋2𝑘B
2 𝑇

3𝑒
𝜕 ln 𝛼(𝐸)

𝜕𝐸
∣
𝐸=𝜇

. (2.27) 

These equations are called the Mott formula and represent the Seebeck coefficient in the 

degenerate region [116,124]. 

Mott’s formula is proportional to the energy derivative of the spectral conductivity. 

For many metals, the energy dependence of 𝛼(𝐸) is almost constant at the Fermi energy. 

Therefore, we can understand the observed fact that the Seebeck coefficient of metals is 

tiny. 

Furthermore, this formula indicates that 𝑆 decreases as 𝛼 in the denominator in-

creases, that is, as the electrical conductivity increases. In fact, in many thermoelectric 

materials, it is known that there is a trade-off relationship in which the absolute value of 

𝑆 decreases when the electrical conductivity increases [14]. Thus, in conventional inor-

ganic thermoelectric materials, a moderate amount of doping is required to maximize the 

power factor 𝑃  (= 𝑆2𝜎), and the performance has been limited [15]. Therefore, a new 

thermoelectric material design concept is needed to overcome this situation. In particular, 

simultaneous increase of 𝜎 and 𝑆 is generally desirable in order to enhance 𝑃 . 

One option is to make the derivative term of 𝛼 as large as possible in Mott’s for-

mula. To better understand the behavior of 𝑆, we substitute the 𝛼 obtained from the 

Boltzmann equation into Mott’s formula (2.27) and transform [61,94] it into 

𝑆 = − 𝜋2𝑘B
2 𝑇

3𝑒
[𝜕 ln 𝜌(𝐸)

𝜕𝐸
+ 𝜕 ln 𝐷(𝐸)

𝜕𝐸
]

𝐸=𝜇
. (2.28) 

Note that 𝐷(𝐸) is the diffusion coefficient and is summarized as a term representing the 

conduction of electrons. Here, we focus on the first term, which contains the derivative 

of the density of states. Hence, if the electronic structure has an abrupt change in the 

energy dependence of the density of states, we can expect a significant value of 𝑆. Figure 

2.1 shows the simple density of states of a 𝑑-dimensional (𝑑 = 1,2,3) material [65]. The 

lower-dimensional materials have a point where the density of states changes significantly 
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due to quantum confinement effects. Therefore, the electronic structure of low-dimen-

sional materials will lead to a large 𝑆 through an increase in the derivative term of 𝛼. 

Furthermore, in the region where the density of states increases, the electrical conductiv-

ity can also increase simultaneously. Thus, it is suggested that the low-dimensional elec-

tronic structure can significantly increase 𝑃  , breaking the trade-off relationship in 

conventional thermoelectric materials mentioned above. 

In particular, one-dimensional materials have a point of divergence in the density of 

states and the steepest electronic structure. This point is called the van Hove singularity 

(vHs). Since SWCNTs are one-dimensional materials with distinct vHs, they are expected 

to have a large thermoelectric performance derived from their one-dimensional electronic 

structure for the above reasons. With this background, the experimental investigation of 

the thermoelectric properties of metallic SWCNTs and the actual observation of the trade-

off breaking are discussed in Chapter 4 of this thesis. 

2.1.4 Non-degenerate region of semiconductors 

We have reviewed the thermoelectric properties for metals, i.e., degenerate regions. 

However, the expression of 𝑆 for the case where the chemical potential is located in the 

bandgap of the semiconductor, i.e., the non-degenerate region of the semiconductor, is 

different. It is a good approximation to treat the free electrons in this case as classical 
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3D 2D 1D

vHs

Figure 2.1. Density of states of d-dimensional materials. The density of state (DOS) as a function 
of the energy 𝐸 of (a) 3D, (b) 2D, and (c) 1D. The lower the dimensionality, the 
sharper the electronic structures. 1D DOS has some peak structures called van Hove 
singularity (vHs). 

(a) (b) (c) 
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particles following the Boltzmann distribution function 

𝑓0 ≈ exp(− 𝐸 − 𝜇
𝑘B𝑇

) , (2.29) 

instead of the Fermi-Dirac distribution function. Hence, 𝑆 in the non-degenerate region 

is generally expressed in the form  

𝑆 = −𝑘B
𝑒

(𝐸C − 𝜇
𝑘B𝑇

+ 𝐴) , (2.30) 

where 𝐸C is the energy at band edges of semiconductors and 𝐴 is a constant term in-

dependent of the chemical potential [15,116]. The details of the derivation can be found 

in Section 5.2. 

It is clear from Eq. (2.30) that 𝑆 in the non-degenerate region does not reflect the 

information of the electronic structure in the chemical potential dependence. Therefore, 

unlike metallic SWCNTs, it is not possible to discuss the thermoelectric properties of the 

one-dimensional electronic structure by looking 𝑆 in semiconducting SWCNTs. With 

this background in mind, we clarify the relationship between the one-dimensional elec-

tronic structure and thermoelectric properties of semiconducting SWCNTs by focusing 

on the behavior of 𝐿12, which is described in Chapter 5 of this thesis. 
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2.2 Experimental methods 

In order to clarify the relationship between the one-dimensional electronic structure 

and thermoelectric properties of SWCNTs, there are two experimental requirements. First, 

the purity of the SWCNTs sample should be high, and second, the chemical potential 

should locate near vHs. Regarding the first point, the electronic structure must retain the 

sharp vHs that characterizes the one-dimensionality to observe the one-dimensional ther-

moelectrics. For example, when we use a sample with low purity, i.e., a mixture of several 

SWCNTs with different band gaps, the observable properties are averaged, and the sharp 

one-dimensionality cannot be observed. We recognize that this is a severe problem in 

conventional research on thermoelectric properties of SWCNTs. Therefore, it is necessary 

to prepare extremely high purity SWCNTs. This study adopted the gel chromatography 

separation method to achieve high purity of single chirality SWCNTs. Regarding the sec-

ond point, precise control of the chemical potential is necessary to observe the one-di-

mensionality. The thermoelectric properties derived from the one-dimensional electronic 

structure are expected to emerge when the chemical potential is located near vHs. There-

fore, it is required to change the chemical potential of the SWCNTs sample precisely and 

continuously measure the thermoelectric properties. In this study, we employed the ionic 

liquid-based electric double layer carrier injection method to measure the thermoelectric 

properties of SWCNT thin films. 

2.2.1 Gel chromatography separation 

Various methods have been established to synthesize SWCNTs, such as the Arc dis-

charge method, the CoMoCAT method, and the HiPco method. In all of these methods, 

the synthesized SWCNTs contain a mixture of multiple chiralities (n,m). However, it is 

difficult to synthesize only one species selectively at present. This section introduces the 

basics of the separation methods using surfactants and gels to help the reader’s under-

standing of Chapter 3. 

SWCNTs form bundles in which SWCNTs are tightly packed together by van der 

Waals forces and π-π bonds [125]. A bundle consists of more than a few dozen SWCNTs 

and contains various chiralities. In order to extract and separate a specific chirality, this 
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bundle must first be disassembled. 

Surfactants can isolate and disperse SWCNTs [83]. For example, applying ultrason-

ics to SWCNTs in a surfactant solution causes the bundles to dissolve on impact. The 

physical adsorption of the surfactant on the surface of the SWCNTs, which is hydrophobic, 

results in the isolated dispersion of SWCNTs. Then, after the specific chirality is separated, 

the surfactant can be easily removed from the surface of SWCNTs with an organic solvent 

such as methanol. Therefore, SWCNTs samples with high purity can be obtained. 

Several types of surfactants are used for the dispersion of SWCNTs. In this study, 

sodium dodecyl sulfate (SDS), sodium cholate (SC), and sodium deoxycholate (DOC) 

were used in the separation [126]. The reason for using several types of surfactants is that 

each surfactant has a different adsorption capacity for different types of SWCNTs 

[86,127]. For example, SDS tends to adsorb on metallic SWCNTs, SC tends to adsorb on 

semiconducting SWCNTs, and DOC tends to adsorb on SWCNTs with small diameters. 

The combination of these surfactants can separate SWCNTs with high purity. 

The separation method using agarose gel is called the gel chromatography separation 

method. This method does not require large-scale equipment such as an ultracentrifuge 

and can separate a large number of samples at a low cost [87]. In the gel separation, we 

separate SWCNTs based on the difference in the adsorption force of the surfactant on 

each chirality. Different amount of surfactant adsorbed on the surface of SWCNTs de-

pending on the chirality creates a difference in the adsorption force between SWCNTs 

and the gel. As a result, we can separate the chiralities. For example, SDS tends to adsorb 

on metallic types. Therefore, when an SDS solution containing metallic and semiconduct-

ing SWCNTs is poured into a gel, the metallic type, which has more SDS attached, cannot 

adsorb to the gel and flows out. On the other hand, the semiconducting type adsorbs less 

SDS than the metallic type and thus adsorbs on the gel. As a result, the metallic and sem-

iconducting SWCNTs can be separated [87]. 

In 2011, it was reported that 13 kinds of single chirality SWCNTs were successfully 

separated by gel separation using SDS aqueous solution system [88]. Furthermore, a com-

bination of several surfactants such as SC and DOC instead of SDS alone made it possible 
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to separate more types of single chirality SWCNTs [113,126]. 

In the gel separation, we use a step-wise elution process to separate the SWCNTs. 

This technique was used in the separation of Chapter 3. First, the unseparated SWCNT 

dispersion is poured into the gel. At this phase, the surfactant concentration is adjusted to 

allow the SWCNTs to adsorb to the gel so that the SWCNTs remain in the gel. Subse-

quently, a surfactant solution with a slightly higher concentration is poured into the gel. 

Then, among the SWCNTs adsorbed on the gel, the chirality with the strongest adsorption 

force with the surfactant is eluted. The next chirality with the strongest adsorption to the 

surfactant will be eluted by further increasing the surfactant concentration. Chirality sep-

aration can be performed by repeating this process and collecting the eluent separately. In 

Chapter 3, in addition to the surfactant concentration, the acidity, or pH, of the solution 

was varied to perform the step-wise elution process.  

2.2.2 Electric double layer carrier injection 

In order to shift the chemical potential of a material, it is necessary to control the 

carrier concentration. In general, doping by elemental substitution or molecular doping is 

used to change the carrier concentration of thermoelectric materials. However, these 

Figure 2.2. Step-wise process of gel chromatography separation. (a) Adsorption process. (b)
Step-wise separation process. The surfactant concentration is gradually increased.
Collecting the eluent separately; for example, Eluent 1 and Eluent 2 contain different 
chiralities. 
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methods have some problems for thermoelectric property measurement, such as it is not 

easy to fine-tune the degree of doping or to change the amount of doping in the same 

sample continuously. Therefore, this section introduces the carrier injection method using 

the electric field effect and shows the principle of the chemical potential control used in 

this study. 

Field-effect transistors (FETs) that utilize a ca-

pacitor structure are noteworthy for their ability to 

continuously and reversibly change the doping level 

of the sample by increasing or decreasing the gate 

voltage. Figure 2.3 shows a schematic diagram of a 

back-gate FET. A capacitance structure is formed be-

tween the sample and the gate electrode across an in-

sulator (~several hundred nm). In the figure, negative 

charges are induced on the surface of the sample by 

applying a positive voltage to the gate electrode. Thus, precise p-type and n-type doping 

control is possible by varying the gate voltage finely. Furthermore, since there is no need 

to add impurities, the effect of impurities on the physical properties can be eliminated. 

Therefore, the FET structure, in which the amount of doping can be controlled continu-

ously and reversibly, is suitable for many physical property measurements. For example, 

thermoelectric property measurements using back-gate FETs were vigorously performed 

on single nanowires, nanotubes, and nanodots [69,75,76,114,115]. 

However, back-gating is not suitable for doping bulk or thin-film materials. As 

shown in Figure 2.3, the charge induced by the capacitance structure is only induced on 

the very thin surface of the sample (~1 nm). In the region away from the surface, carriers 

cannot be doped due to the screening effect. This situation is undesirable for the thermo-

electric property measurement of SWCNTs, which is the purpose of this study. For exam-

ple, consider the case where we prepare a high-purity and separated SWCNT thin film. If 

there is a difference in the doping level between the surface and the internal part of the 

film, we can expect to have a situation where SWCNTs with different chemical potentials 

Figure 2.3. Schematic image of the 
back-gating field-effect 
transistors. 
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coexist. Although the SWCNTs sample is separated with high purity, the apparent purity 

may be reduced when measuring the physical properties. In order to measure the thermo-

electric properties derived from the sharp vHs, it is necessary to dope the entire SWCNTs 

film uniformly. 

This study used an ionic liquid electric double layer transistor (EDLT) structure to 

dope the sample. A schematic of the EDLT is shown in Figure 2.4. The basic structure is 

similar to a back-gate FET, but the EDLT uses an ionic liquid as the gate dielectric. An 

ionic liquid is a salt consisting of cations and anions, and is a viscous liquid at room 

temperature [Figure 2.4(a)]. When a gate voltage is applied with the sample immersed in 

the ionic liquid, the ionic liquid is moved by the electric field [Figure 2.4(b)], forming 

two capacitance structures, or electric double layers, on the sample surface and the gate 

electrode surface [Figure 2.4(c)]. The thickness of the electric double layer capacitor is 

typically a few nanometers, and the extremely large capacitance results in high-density 

carrier doping. In particular, in contrast to back-gate FETs, for samples with a network 

structure such as SWCNTs, the ionic liquid can penetrate the interior of the thin film, 

allowing carrier accumulation throughout the entire thin film. Therefore, the electric dou-

ble layer carrier injection method using ionic liquids is the most suitable method for 

Figure 2.4. Schematic diagram of an electric double layer transistor. (a) Before electric double
layer formation. The ionic liquid is not polarized, and the SWCNTs are not doped
with carriers. (b) Immediately after the gate voltage is applied. The gate voltage
causes the ionic liquid to move. (c) After the formation of the electric double layer.
The ionic liquid is polarized, forming an electric double layer on the surface of the
gate electrode and the sample, and the carriers flowing from the source accumulate
in the sample. 
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controlling the chemical potential of SWCNTs thin films. 

2.2.3 Thermoelectric measurement 

We prepared a device to measure thermoelectric properties while controlling the 

chemical potential by the electric double layer carrier injection method described in the 

previous section. The measured properties are the electrical conductivity and Seebeck 

coefficient of SWCNTs. A detailed description of the fabrication process of the device is 

given in Appendix. Figure 2.5(a) shows the overall view of the device, where S is the 

source electrode, D is the drain electrode, and R is the reference electrode.  

All measurements were performed in a vacuum to prevent the oxygen and moisture 

in the air from affecting the measurements and eliminate thermal diffusion from the de-

vice into the air. Therefore, a vacuum cryogenic prober (Grail 10-Helips-4-R, Nagase 

Engineering) was used in this study. A photograph of the prober is shown in Figure 2.5(b). 

After the device was placed in the prober, a vacuum pump (HiCube 80 Classic, Pfeiffer 

Vacuum) was used to create a vacuum (~10−4 Pa) in the prober.  

First, we performed a transport measurement to check that the EDLTs were ade-

quately driven. Figure 2.6 shows a simplified schematic of the relationship between the 

device and the measurement instruments. The measurement instruments used were a two-

Figure 2.5. Measurement setup for the thermoelectric properties. (a) Device structure for com-
bining the Seebeck measurements and electric double layer carrier injection method.
(b) Picture of a vacuum cryogenic prober. 
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channel model source meter unit (SMU, 2636A, Keithley Instruments) and a digital mul-

timeter (DMM, 2000, Keithley Instruments). Channel 1 of the SMU was connected to the 

gate and source electrodes. The gate voltage 𝑉G was applied, and the current flowing 

here was measured as the leak current 𝐼L. The source electrode was connected to the 

ground. Then, the reference voltage 𝑉R, which was effectively applied to the sample by 

the electric double layer capacitor, was measured with a DMM. Next, channel 2 of the 

SMU was connected to the source and drain electrodes using a two-terminal method, and 

the drain current 𝐼SD was measured when a constant bias voltage 𝑉B was applied. 

In the transport measurement, the gate voltage 𝑉G varied in the range of approxi-

mately +3.2V to −2.8V, while the bias 𝑉B was fixed. This voltage range of 𝑉G corre-

sponds to the potential window of the ionic liquid TMPA-TFSI used in this study. 

Applying positive 𝑉G leads to the injection of electrons into the sample, and applying 

negative 𝑉G leads to the injection of holes. The drain current 𝐼SD changes with the car-

rier injection, and the ON/OFF ratio depends on the type of sample (e.g., semiconductor 

type or metal type). 

The electrical conductivity can be obtained from the measured 𝐼SD and the shape 

Figure 2.6. Schematic diagram of the transport measurement. Channel 1 of the source meter unit
(SMU) was connected to the gate and source electrodes, applying the gate voltage
𝑉G and measuring the leak current 𝐼L. Channel 2 of SMU was connected to the
drain and source electrodes, applying the bias voltage 𝑉B and measuring the drain 
current 𝐼SD. The source electrode was connected to the ground. 
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of the film. The thickness 𝑑 of the film was measured by the Atomic Force Microscope 

(AFM). Assuming that the length of the channel is 𝐿 and the width of the channel is 𝑤, 

the electrical conductivity is obtained as  

𝜎(𝑉G) = 1
𝜌
 

= 𝐿
𝑑𝑤

𝐼SD(𝑉G)
𝑉B

. 

After confirming the successful operation of the EDLT, we measured the Seebeck 

coefficient. A simplified schematic of the relationship between the device and the meas-

urement instruments is shown in Figure 2.7. The measurement instruments used were 

one 2-channel model source meter unit (SMU, 2636A, Keithley Instruments), three digital 

multimeters (DMM, 2000, Keithley Instruments), and one nanovoltmeter (2182A, 

Keithley Instruments). Channel 1 of the SMU was connected to the gate and source elec-

trodes. The gate voltage 𝑉G was applied, and the current flowing here was measured as 

the leak current 𝐼L. The source electrode was connected to the ground. Then, the refer-

ence voltage 𝑉R, which was effectively applied to the sample by the electric double layer 

capacitor, was measured with a DMM. Then, one side of the sample was heated by 

Figure 2.7. Schematic diagram of the Seebeck measurement. Channel 1 of the source meter unit
(SMU) was connected to the gate and source electrodes, applying the gate voltage
𝑉G and measuring the leak current 𝐼L. Channel 2 of SMU was connected to the
heater. The source electrode was connected to the ground. The temperature 𝑇H and 
𝑇C of the hot and cold parts, respectively, was measured by two digital multimeters.
The thermoelectric voltage 𝛥𝑉  between the both ends of the sample was measured
by the nanovoltmeter. 
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connecting channel 2 of the SMU to a heater and applying current to it. Two other DMM 

were used to measure the voltage of the K-type thermocouple and read the temperature 

𝑇H and 𝑇C of the hot and cold parts, respectively. Finally, the thermoelectric voltage 

𝛥𝑉  generated through the Seebeck effect of the sample was measured by connecting a 

nanovoltmeter between the Alumel wires of the thermocouples at both ends of the thin 

film. 

In the Seebeck coefficient measurement, the chemical potential dependence of the 

Seebeck coefficient was measured by varying 𝑉G in the range from +3.2V to −2.8V as 

in the transport measurement. Immediately after applying 𝑉G, the 𝛥𝑉  between thermo-

couples is not stable due to the movement of ionic liquid, so the measurement of the 

Seebeck coefficient was carried out after waiting with 𝑉G applied for about 30 min. 

Here, the potential difference 𝛥𝑉  is measured between the Alumel wires of the 

thermocouples attached at both ends of the sample, which means that we measure the 

integrated voltage both due to the Seebeck effect of the SWCNT thin film and the Seebeck 

effect of the Alumel wires. Hence, we removed the contribution of the Seebeck effect of 

the Alumel wires as follows. The schematic circuit for the sample and thermocouples is 

shown in Figure 2.8. Assuming that the reference temperatures 𝑇0 of the two sets of 

thermocouples are equal, the potential difference measured in one circuit cycle is ex-

pressed by 

∆𝑉ALL = − ∫ 𝑆Alumel𝑑𝑇
𝑇0

𝑇H

− ∫ 𝑆Sample𝑑𝑇
𝑇H

𝑇C

− ∫ 𝑆Alumel𝑑𝑇
𝑇C

𝑇0

 

= − ∫ (𝑆Sample − 𝑆Alumel)𝑑𝑇
𝑇H

𝑇C

 

= − (𝑆Sample − 𝑆Alumel) ⋅ (𝑇H − 𝑇C) 

using the Seebeck coefficient of the sample 𝑆Sample and the Alumel wires 𝑆Alumel (~ 

−16.8 µVK−1). Therefore, 𝑆Sample is calculated by 

𝑆Sample = − ∆𝑉ALL
𝑇H − 𝑇C

+ 𝑆Alumel. 
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Figure 2.8. Connection diagram of the nanovoltmeter. The reference temperature at the connec-
tion between the lead wire and the Alumel wire is constant at 𝑇0. The temperatures
at both ends of the sample are 𝑇H and 𝑇C. The Seebeck coefficient of the sample
is 𝑆Sample and the Alumel wire is 𝑆Alumel. 
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Chapter 3  

Extraction of High-Purity Single-Chirality  

SWCNTs through Precise pH Control 

The preparation of single-chirality single-walled carbon nanotubes (SWCNTs) is of 

great importance to comprehensively understand their physical properties and for appli-

cations. The high-purity separation of single-chirality SWCNTs has been reported using 

gel chromatography with a mixed surfactant system, but further improvements are neces-

sary to enhance the purity of the resulting single-chirality SWCNTs. In this study, we 

focused on using pH as a parameter to improve the separation purity and investigated its 

influence on mixed surfactant-based purification. The pH of the mixed surfactant solution 

was precisely controlled with carbon dioxide bubbling with an accuracy of approximately 

±0.1. Using this eluent with a series of different pH values, we achieved diameter-selec-

tive separation of the SWCNTs. Moreover, we found that the residual metallic SWCNTs 

could be completely removed under the proper pH condition. Finally, on the basis of these 

findings, we produced single-chirality SWCNTs with a purity of more than 99% without 

residual metallic SWCNTs. 

3.1 Introduction 

Developing techniques for preparing single-chirality single-walled carbon nano-

tubes (SWCNTs) is very important for comprehensively understanding the physical prop-

erties of SWCNTs in thin films and their transistor and biomedical applications 

[126,128,129]. To date, various types of purification techniques for single-chirality 

SWCNTs have been reported, such as DNA-based separation [130-132], density gradient 

ultra-centrifugation (DGU) [128,133-135], aqueous two-phase extraction (ATP) [136-

138], and gel chromatography [88,113,126,139,140]. Most of the methods have employed 

several different surfactants, such as sodium dodecyl sulfate (SDS), sodium cholate (SC), 

and sodium deoxycholate (DOC), to produce monodispersions of SWCNTs and extract 
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SWCNTs with a specific electronic structure. In the case of the gel chromatography 

method, it was recently revealed that using a mixed surfactant system, containing SC, 

DOC, and SDS, is crucial for high-purity separations of single-chirality SWCNTs [126]. 

In this method, precisely controlling the parameters (e.g., the composition of the mixed 

surfactants) is crucial for achieving high-purity separation. However, in the extracted so-

lutions with the single-chirality, other types of chirality have still been present (3−7%), 

and thus finding other controllable parameters is important for improving the purity of 

separated single-chirality SWCNTs. 

In 2011, Hirano et al. reported that pH was the important parameter in gel chroma-

tography using a single surfactant system of SDS, which influenced the metallic/semi-

conducting separation of SWCNTs [141]. They reported that a decrease in the pH led to 

oxidation of the SWCNTs and an increase in their SDS coverage, which changed the 

interactions between the SDS-wrapped SWCNTs and the gel. According to their results, 

semiconducting SWCNTs became nonadsorbed to the gel at pH values less than 7. It is 

known that the pH of an SDS solution can reach ~5.7 due to atmospheric carbon dioxide 

(CO2) [142]; thus, such separation processes can be sensitive to the atmosphere, and their 

proposed pH control is important for stable separations. In contrast, in mixed surfactant 

systems, it is necessary to use not only SDS but also SC and DOC, and it has been reported 

that SC- and DOC-wrapped SWCNTs become unsusceptible to oxidation, i.e., pH [143]. 

Therefore, the effect of pH may be different from that in usual SDS systems. However, 

studies regarding the influence of pH on mixed surfactant-based purification processes 

for single-chirality SWCNTs have not been conducted. 

This study systematically investigated the effects of pH on gel chromatography us-

ing a mixed surfactant system and demonstrated further purification of single-chirality 

SWCNTs by precise pH control. The pH was controlled using CO2, which is known to 

decrease the pH of SDS systems. The pH was easily changed by CO2 bubbling, and hence, 

we prepared a series of solutions with different pH values. Chirality separation was con-

ducted using these eluents with a series of different pH values. We observed diameter 

selective desorption of the SWCNTs from the gel, in which the larger diameter species 
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were more easily eluted as the pH decreased. This diameter selectivity was similar to that 

found in usual SDS systems, but the pH required for elution of the SWCNTs was different. 

Moreover, we found that the residual metallic SWCNTs could be completely removed 

under the proper pH condition. Finally, we demonstrated that further purification of high-

purity single-chirality SWCNTs is possible based on these findings. 

3.2 Method 

We investigated the effect of pH on chirality separation using a pH-controlled aque-

ous solution containing mixed surfactants. Figure 3.1 shows a schematic diagram of the 

method for preparing the pH-treated solution. First, we prepared two bottles of aqueous 

solution (pH ~8.8) containing 0.5% SDS (Sigma-Aldrich) and 0.5% SC (Sigma-Aldrich), 

and conducted bubbling CO2 gas into one of the bottles (Figure 3.1(a)). As a result, the 

pH of the CO2-treated solution decreased to ~6. Then, by mixing these two solutions pre-

cisely, we prepared a solution that varied in 0.1 decrements from pH 8.4 to 7.6 [Figure 

8.8

8.6

8.4

8.2

8.0

7.8

pH

76543210
CO2-treated solution (mL)

(a) (b) 

Figure 3.1. Preparation of pH-treated solutions. (a) Illustration of bubbling CO2. (b) Changes in 
pH of mixed surfactant solution as a function of the added amount of CO2 treated 
solutions. The change was investigated by pouring the selected amount of CO2-
treated solution of SDS and SC (pH: 6.55) into bottles filled with 20 mL of an un-
treated solution of SDS and SC (pH: 8.87). The solid black line is a fitted curve using
an exponential function. Reprinted with permission from Y. Ichinose et al., J. Phys. 
Chem. C 121, 13391 (2017). Copyright 2017 American Chemical Society. 
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3.1(b)]. Finally, after measuring the pH using a pH meter (±0.02 pH accuracy, S2K922, 

IFSETCOM Co., Ltd.), the bottle was refilled with nitrogen to avoid subsequent pH 

changes during the experiment. 

For separation, CoMoCAT (0.8 nm in diameter, Sigma-Aldrich) and HiPco 

SWCNTs (1.0 ± 0.3 nm in diameter, Unidym) were dispersed in an aqueous solution con-

taining 0.5% SDS and 0.5% SC, using sonication followed by ultracentrifugation. Figure 

3.2 depicts the gel separation process with the pH-controlled solution. The dispersion was 

loaded into a column filled with gel beads (Sephacryl S-200 HR, GE Healthcare). After 

eluting the unbound metallic SWCNTs, the adsorbed semiconducting SWCNTs were 

eluted and collected after a stepwise decrease in pH from 8.4 to 7.6 in decrements of 0.1. 

  

Figure 3.2. Gel chromatography separation with the pH-controlled solution. (a) Adsorption pro-
cess for separating semiconducting and metallic SWCNTs. Semiconducting
SWCNTs adsorb to the gel in the solution containing 0.5% SC and 0.5% SDS at pH 
8.8; on the other hand, metallic SWCNTs pass through the gel. (b) Step-wise separa-
tion process. Gradually increase the pH of the solution poured into the gel in 0.1
increments and collect the respective eluates. 

(a) (b) 
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3.3 Results and Discussion 

3.3.1 Diameter-selective separation of SWCNTs by precise pH control 

Figure 3.3(a) and (b) show the optical absorption spectra of the eluted SWCNTs at 

different pH values using the HiPco and CoMoCAT SWCNTs, respectively. The species 

with the longer absorption wavelengths were eluted first. SWCNTs with larger diameters 

have longer absorption wavelengths [73]. Thus, both results show that the large-diameter 

SWCNTs were eluted earlier than the small-diameter ones. This trend was clearly ob-

served in the HiPco SWCNT sample, which contained many (n,m) species with a wide 
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Figure 3.3. Diameter-selective separation of SWCNTs by precise pH control. (a, b) Optical ab-
sorption spectra of the eluted SWCNTs at different pH values. CoMoCAT (a) and
HiPco SWCNTs (b) were used as the original starting materials, as shown in the re-
spective top columns. These spectra corresponded to a pH range of 8.4 to 7.6 in dec-
rements of 0.1 in order from the top to the bottom. Reprinted with permission from
Y. Ichinose et al., J. Phys. Chem. C 121, 13391 (2017). Copyright 2017 American
Chemical Society. 
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range of diameters. This diameter-selective elution was similar to the previous study using 

a single surfactant system of SDS [144]. In contrast, the pH required for eluting the 

SWCNTs was higher in the SDS/SC system than in the SDS single system, in which 

nearly all of the SWCNTs were eluted at a pH of approximately 3−4 [141,144]. This 

observation indicates that the SC influenced the SWCNTs and/or micelle structure around 
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Figure 3.4. Purification of the chirality-enriched SWCNTs by precise pH control. (a−d) Optical 
absorption spectra of the single-chirality (n,m) species, including (a) (10,3), (b) (9,4),
(c) (7,5), and (d) (6,5), before and after the pH-controlled elution. These spectra were
normalized by their S11 intensities. Reprinted with permission from Y. Ichinose et al.,
J. Phys. Chem. C 121, 13391 (2017). Copyright 2017 American Chemical Society. 
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the SWCNTs, resulting in a change in the sensitivity to pH. The detailed pH dependence 

of the eluted (n,m) species is discussed later. 

3.3.2 Purification of chirality-enriched SWCNTs by precise pH control 

The pH-controlled diameter-selective elution of SWCNTs enables further purifica-

tion of chirality-enriched SWCNTs. In this study, we applied this method to purify four 

(n,m) species separated by the method reported previously [126], in which the SWCNTs 

were eluted with DOC (Kanto-Kagaku Co.). The nearly single-chirality (6,5) and (7,5) 

samples were obtained from CoMoCAT SWCNTs, while the (9,4) and (10,3) samples 

were obtained from HiPco SWCNTs. The details of the separation procedures for these 

chirality-enriched species are shown in Appendix A. To make these original samples ad-

sorb to the gel again, we diluted the DOC concentration of the dispersion to half of the 

original using a solution containing SDS and SC [126]. After loading the dispersion into 

a gel, the adsorbed SWCNTs were eluted and collected by decreasing the pH in the same 

manner as the previous separation. Figure 3.4 shows the optical absorption spectra of the 

purified SWCNTs compared to the original SWCNTs. Each spectrum of the purified 

SWCNTs shows sharp S11, S22, and S33 peaks (Sii indicates the ith optical transition of the 

semiconducting type chirality of SWCNTs) due to the disappearance of other absorption 

peaks around the target (n,m) species after purification. This observation indicates that 

the purities of these (n,m) species were highly improved after the pH-controlled purifica-

tion. 

Figure 3.5 shows the detailed elution profiles, revealing that the diameter selection 

played an important role during purification in this experiment, which was especially 

noted in the (7,5) and (9,4) samples that originally contained several (n,m) species. For 

instance, the purification of the (7,5) and (9,4) samples exhibited gradual changes in the 

eluted species from large-diameter species to small-diameter species at pH 8.1−8.0 and 

pH 8.2−8.1, respectively. In contrast, the (6,5) sample, which was originally high purity, 

did not exhibit changes in the S11 absorption but did exhibit changes in the residual me-

tallic SWCNT adsorption at approximately 400−500 nm [see Figure 3.4(d)]. The detailed 

analysis regarding the residual metallic SWCNTs is discussed later.  



Chapter 3 

40 
 

 

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

12001000800600400
Wavelength (nm)

Original

pH 8.3

8.2

8.1

8.0

7.9

7.8

7.7

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

12001000800600400
Wavelength (nm)

Original

pH 8.3

8.2

8.1

8.0

7.9

7.8

7.7

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

12001000800600400
Wavelength (nm)

Original

pH 8.4

8.3

8.2
8.1

8.0

7.9

7.8

7.7

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

12001000800600400
Wavelength (nm)

Original

pH 8.4

8.3

8.2

8.1

8.0

7.9

7.8

7.7

7.6

(10,3) (9,4)

(7,5) (6,5)

(a) (b)

(c) (d)

Figure 3.5. Purification process of the four chirality-enriched SWCNTs. Optical absorbance
spectra of (a) (10,3), (b) (9,4), (c) (7,5), and (d) (6,5). The top spectra of all graphs
show the samples before the pH-treated purification. Adapted with permission from
Y. Ichinose et al., J. Phys. Chem. C 121, 13391 (2017). Copyright 2017 American
Chemical Society. 
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The diameter dependence affected the target species elution under suitable pH con-

ditions. Figure 3.6 shows a correlation between the diameter of SWCNTs and the pH at 

which they elute. According to the S11 peak intensity of the target (n,m) species plotted as 

a function of the eluent pH in Figure 3.6(a), the different samples were eluted at slightly 

different pH values: approximately 8.1 for (9,4) and (10,3), 8.0 for (7,5), and 7.9 for (6,5). 

Figure 3.6(b) shows the relation between the diameters of the respective chiralities and 

the pH required for their elution. Here, we chose only the chiralities that could be identi-

fied clearly in their absorption spectra. These results clearly exhibited the linear relation 

between the diameters of the eluted SWCNTs and pH, which are the same as the results 

using pristine HiPco and CoMoCAT SWCNTs (Figure 3.3).  

3.3.3 Removal of residual metallic SWCNTs by precise pH control 

To investigate the detailed effects of pH-controlled purification on the removal of 

residual metallic SWCNTs, we analyzed the absorption spectra at approximately 400−500 

nm, which were assigned to M11 of the CoMoCAT metallic SWCNTs. Figure 3.7(a) 

Figure 3.6. Diameter selectivity of pH in the mixed surfactant solution. (a) Relationship between 
the eluted (n,m) species and the pH of the eluent. The plot shows S11 peak intensities 
of the eluted (6,5) (red), (7,5) (blue), (9,4) (yellow), and (10,3) species (light blue) 
as a function of the eluent pH. The plots in each chirality are normalized at their 
maximum intensity. (b) Relationship between the diameters of the respective chiral-
ities and the pH required for their elution. Adapted with permission from Y. Ichinose 
et al., J. Phys. Chem. C 121, 13391 (2017). Copyright 2017 American Chemical So-
ciety. 
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shows the results of the (6,5) sample. The spectra of the original (6,5) sample exhibited 

an S22 peak at 570 nm and the M11 peaks of residual metallic SWCNTs. The peaks at 400 

and 470 nm were assigned to (5,5) and (7,4), respectively. We found that these residual 

metallic SWCNTs were completely missing at pH values less than 7.9. Figure 3.7(b) 

shows the S11 peak intensity (6,5) and the content rate of the metallic SWCNTs. The con-

tent rate was estimated as the ratio of the M11 peak intensity (470 nm) to the S11 peak 

intensity of (6,5). The metallic SWCNTs were eluted before elution of (6,5) SWCNTs, 

and then the ratio of (6,5) increased. As a result, we could obtain high-purity single-chi-

rality (6,5) SWCNTs by collecting the eluted sample at pH values less than 7.8. This pH 

control was also effective during the adsorption process. We confirmed that the (6,5) 

SWCNTs could only be adsorbed without adsorption of the residual metallic SWCNTs 

by applying the pH-controlled sample onto the gel. 

It is known that a decrease of pH induces oxidation of nanotubes, making them p-

type and the positively charged state of the nanotube affects the adsorption of surfactants 

surrounding nanotubes [141,145,146]. For example, SDS, an anionic surfactant, is more 

attracted to positively charged nanotubes. The presence of a large amount of SDS on the 

surface of nanotubes reduces the adsorption of the nanotubes to the gel. The SWCNTs 

with a smaller bandgap tend to be more easily oxidized than the nanotubes with a larger 

bandgap [147,148]. Therefore, metallic SWCNTs tend to be more influenced by pH than 

semiconducting SWCNTs, and the semiconducting SWCNTs with larger diameters are 

more influenced than the nanotubes with smaller diameters. In this study, similar behavior 

is observed. A decrease in pH easily elutes the metallic SWCNTs and the semiconducting 

SWCNTs with large diameters than the semiconducting SWCNTs with small diameters 

[see Figure 3.6]. 
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Figure 3.7. Removal of the residual metallic SWCNTs by precise pH control. (a) Optical absorp-
tion spectra of the eluted SWCNTs of (6,5) at different pH values in the SDS/SC
system. These spectra were normalized at 280 nm, vertically shifted and focused at
300−700 nm for comparison. The top spectrum is the original sample before the pu-
rification procedure. From the second top to the second bottom, the elution spectra 
are at pH 8.2 to 7.7. The bottom spectrum is the component that was adsorbed to the
gel after pouring the solution with pH 7.7. (b) Relationship between the S11 peak 
intensity of (6,5) and pH, and the content ratio of the metallic SWCNTs. Adapted 
with permission from Y. Ichinose et al., J. Phys. Chem. C 121, 13391 (2017). Copy-
right 2017 American Chemical Society. 
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3.3.4 Evaluation of the purity of purified (6,5) 

Figure 3.8(a) shows the optical absorption spectra of the high-purity (6,5) SWCNTs 

obtained after pH-controlled purification. Since the M11 peaks at 400 and 470 nm com-

pletely disappeared after purification, the purity of the semiconducting SWCNTs was 

thought to be very high. The purity of the single-chirality SWCNTs was evaluated by 

fitting the absorption spectrum to simulated peaks of the individual (n,m) species with 

linear baseline absorption, and the ratio of the area of the dominant absorption peak to the 

sum of all peak areas was estimated. Figure 3.8(b) shows the results of the peak fitting 

for the high-purity (6,5) SWCNTs in the range of 800−1100 nm. Since the metallic type 

has been completely removed, only the semiconducting type needs to be considered in 

the purity evaluation. Since CoMoCAT, the raw material for (6,5), contains only semi-

conducting types close to the diameter of (6,5), the absorption peaks of other semicon-

ducting chiralities, if they appear, should be close to those of (6,5). Therefore, the purity 

evaluation was done in the range of 800−1100 nm. There were two recognizable peaks, 

except for the (6,5) SWCNTs: a peak corresponding to the phonon sideband of (6,5) at 

approximately 850 nm and a small peak corresponding to (9,1) at approximately 910 nm. 

The absorbance data did not allow for a quantitative evaluation of the purity beyond 99%; 

however, judging from the content of the other species, such as (9,1), being less than 1%, 

the purity of the single-chirality (6,5) SWCNTs was estimated be more than 99%.  
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Figure 3.8. Evaluation of the purity of (6,5). (a) Optical absorption spectrum of the (6,5)
SWCNTs. (b) Evaluation of the purity of the single-chirality (6,5) SWCNTs by fitting
the absorption spectrum. Adapted with permission from Y. Ichinose et al., J. Phys. 
Chem. C 121, 13391 (2017). Copyright 2017 American Chemical Society. 
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To ensure a more reliable purity assessment, we also measured the high-purity (6,5) 

SWCNTs by transmission electron microscope (TEM) (JEM 2010F electron microscope 

with a CEOS spherical aberration corrector operated at 120 keV). Figure 3.9(a) shows 

the TEM image of SWCNTs. We captured 16 samples of SWCNTs that could be identified 

on the same TEM grid, and analyzed their diameters. Figure 3.9(b) shows the diameters 

of the captured SWCNTs. Because of the presence of contamination of gel and surfactants, 

there were relatively large error bars (~10%) in the evaluations. The black horizontal line 

indicates the theoretically estimated diameter (~0.745 nm) of (6,5) SWCNTs. The diam-

eters of all the 16 nanotubes matched that of the (6,5) nanotubes within the accuracy of 

the error bars. Moreover, we observed the electron diffraction pattern of a bundle of the 

purified (6,5) SWCNTs sample using TEM, as shown in Figure 3.10(a). Figure 3.10(b) 

demonstrates the analyses results of the diffraction pattern. According to a report by Qin 

[149], the chiral index (n,m) can be determined as follows, 

𝑚
𝑛

= 2𝐷2 − 𝐷1
2𝐷1 − 𝐷2

. 

1.0

0.9

0.8

0.7

0.6

0.5

D
ia

m
et

er
 (n

m
)

161412108642
Sample number

(a) (b) 

Figure 3.9. TEM observation to confirm the diameters of the purified (6,5) SWCNTs. (a) A typ-
ical TEM image of a rope of SWCNT. (b) The diameters of 16 samples purified (6,5)
SWCNTs evaluated from the TEM images. Reprinted with permission from Y. 
Ichinose et al., J. Phys. Chem. C 121, 13391 (2017). Copyright 2017 American
Chemical Society. 
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Therefore, we evaluated the 𝑚/𝑛 value to be about 0.82 from the observed diffraction 

pattern. Figure 3.10(c-f) show the simulation patterns of electron diffractions in (n,m) 

chiralities. The experimental value was consistent with the simulation pattern of electron 

diffractions in (6,5) SWCNTs. Although the expected 𝑚/𝑛  values of (5,4) and (7,6) 

SWCNTs were also similar to the observed value, the diffraction pattern did not match 

the experimental pattern in Figure 3.10(a-b). On the other hand, (9,1) SWCNTs have 

almost the same diameter as (6,5) SWCNTs; however, the simulated 𝑚/𝑛  ratio is 

Figure 3.10. The electron diffraction pattern of SWCNTs. (a) The raw image of the diffraction
pattern taken from a bundle of the purified (6,5) sample. (b) Analysis result of the
diffraction pattern. (c-f) Simulation pattern of (c) (6,5), (d) (5,4), (e) (7,6), and (f) 
(9,1). Adapted with permission from Y. Ichinose et al., J. Phys. Chem. C 121, 13391
(2017). Copyright 2017 American Chemical Society. 
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different from 0.82. Therefore, according to the calculated 𝑚/𝑛 values and diffraction 

patterns, we concluded that the observed diffraction pattern is (6,5) SWCNTs. 

The purity was almost the same as that of (6,5) SWCNTs obtained by the state-of art 

of DNA purification techniques [132]. Moreover, this purity was estimated for the situa-

tion in which the metallic SWCNTs were absent. Therefore, we believe that this sample 

has better or comparable quality compared to those from other studies 

[88,113,130,132,133,150]. 

3.4 Conclusions 

We revealed the effect of pH on gel chromatography using mixed surfactant systems 

and applied the obtained knowledge to further purify single-chirality SWCNTs. The pH 

of the solution containing SDS and SC was precisely controlled in a range from 8.4 to 7.6 

with an accuracy of approximately 0.1 by mixing the solution (pH ~6) treated with CO2 

bubbling with an untreated solution (pH ~9). By applying this eluent with a series of 

different pH values to the gel with adsorbed SWCNTs, we observed diameter-selective 

desorption of the SWCNTs from the gel, in which the larger-diameter species were easily 

eluted as the pH decreased. This diameter selectivity was useful for the subsequent puri-

fication of four nearly single-chirality (n,m) species, including (6,5), (7,5), (9,4), and 

(10,3). Moreover, we found the metallic SWCNTs were eluted before elution of the sem-

iconducting SWCNTs, and hence, we could obtain high-purity semiconducting single-

chirality (6,5) SWCNTs by collecting the eluted sample at the proper pH. Finally, on the 

basis of these findings, the purity of the purified single-chirality (6,5) samples reached 

more than 99% without residual metallic SWCNTs. We believe that these high-purity 

single-chirality SWCNTs will enable high-performance semiconductor applications, such 

as in field-effect transistors [151] and thermoelectric devices [98].  
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Chapter 4  

Solving the Thermoelectric Trade-Off Problem with 

One-Dimensional Electronic Structure of  

Metallic SWCNTs 

Semiconductors are generally considered far superior to metals as thermoelectric 

materials because of their much larger Seebeck coefficients, 𝑆. However, a maximum 

value of 𝑆 in a semiconductor is normally accompanied by a minuscule electrical con-

ductivity, 𝜎, and hence, the thermoelectric power factor (𝑃 = 𝑆2𝜎) remains small. An 

attempt to increase 𝜎 by increasing the chemical potential, 𝜇, on the other hand, de-

creases 𝑆 . This trade-off between 𝑆  and 𝜎  is a well-known dilemma in developing 

high-performance thermoelectric devices based on semiconductors. Here, we show that 

the use of metallic carbon nanotubes (CNTs) with tunable 𝜇 solves this long-standing 

problem, demonstrating a higher thermoelectric performance than semiconducting CNTs. 

We studied the 𝜇 dependence of 𝑆, 𝜎, and 𝑃  in a series of CNT films with systemat-

ically varied metallic CNT contents. In purely metallic CNT films, both 𝑆 and 𝜎 mon-

otonically increased with 𝜇, continuously boosting 𝑃  while increasing 𝜇. Particularly, 

in an aligned metallic CNT film, the maximum of 𝑃  was ∼5 times larger than that in the 

highest-purity (>99%) single-chirality semiconducting CNT film. We attribute these su-

perior thermoelectric properties of metallic CNTs to the simultaneously enhanced 𝑆 and 

𝜎 of one-dimensional conduction electrons near the first van Hove singularity. 

4.1 Introduction 

There is an increasing recognition that efficient conversion of waste heat to electrical 

power is key to the successful development of wearable electronics and photonics. Much 

recent attention has been paid to nanostructured semiconductor materials, including sem-

iconducting polymers and carbon nanotubes (CNTs), for the development of wearable 
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thermoelectric devices because of their flexibility and scalability in addition to their ex-

pected superb thermoelectric properties [4]. Semiconductors have always been preferred 

for thermoelectric device applications, and little attention has been paid to metals because 

of their typically small Seebeck coefficient, 𝑆 [152,153]. 

A maximum 𝑆 in a semiconductor is achieved when the chemical potential, 𝜇, is 

shifted from the middle of the band gap, or the charge neutrality point (CNP), by an 

Figure 4.1. Mechanism of how a chemical-potential-tuned metallic carbon nanotube can outper-
form a semiconducting nanotube as a thermoelectric material. The expected behav-
iors of the Seebeck coefficient and electrical conductivity of (a) semiconducting and
(b) metallic carbon nanotubes as a function of chemical potential measured from the
charge neutrality point (ECNP). Note that the thermoelectric power factor is 𝑃 =
𝑆2𝜎, so a high power factor requires simultaneously large the Seebeck coefficient
and electrical conductivity, which is possible only in metallic nanotubes. Adapted
with permission from Y. Ichinose et al., Nano letters 19, 7370 (2019). Copyright 2019 
American Chemical Society. 

DOS 

σ 

S 

kBT 

σ 

S 

vHs 

µ−ECNP 

µ−ECNP 

EvHs 

0 

0 

(a) 

(b) 



Chapter 4 

51 
 

amount on the order of the thermal energy 𝑘B𝑇 . However, at this value of 𝜇, the carrier 

density, and hence electrical conductivity, 𝜎, is very small [see Figure 4.1(a)]. When the 

𝜇 is further moved away from the CNP gradually, increasing the carrier density either on 

the p- or n-side, 𝜎 tends to increase monotonically, but 𝑆 tends to decrease monoton-

ically. Therefore, the thermoelectric power factor 𝑃 = 𝑆2𝜎 continuously remains small 

as one varies the 𝜇. This trade-off between 𝑆 and 𝜎 is a well-known dilemma [14], 

preventing the development of high-performance thermoelectric devices.  

A special case arises in certain 4f-electron metals, which have exhibited unusually 

large 𝑃  values [34]. This can be explained as a result of the existence of a narrow 4f-

electron peak in density of states (DOS) in the vicinity of μ, as, in general, the best ther-

moelectric is expected in materials that have a sharp singularity in DOS very close to 

μ [66]. CNTs can embody this scenario if μ can be precisely tuned to a one-dimensional 

(1D) van Hove singularity (vHs), as pointed out by Hicks and Dresselhaus [19]. Previous 

experiments have examined the thermoelectric properties of various types of single-

walled CNT (SWCNT) samples [75,76,94,95,98,100-102,154]. Semiconducting 

SWCNTs have been shown to possess a large 𝑆  [92-94,98,119,120,155]. In contrast, 

metallic SWCNTs have been largely disregarded in thermoelectric studies because of 

their typically small 𝑆 under normal circumstances [95], and, in fact, a great deal of 

effort has been expended to remove small amounts of metallic SWCNTs from semicon-

ductor-enriched SWCNT specimens because they degrade thermoelectric performance 

[112]. However, since metallic SWCNTs also possess vHs in DOS, one should observe 

thermoelectric enhancement if μ is moved far away from the CNP and tuned to coincide 

with a vHs, where the 𝜎 is also enhanced [see Figure 4.1(b)]. 

Here, we systematically investigated the μ dependence of 𝑆, 𝜎, and 𝑃  in a variety 

of films containing high-purity (>99%) single-chirality semiconducting SWCNTs, high-

purity metallic SWCNTs, and their mixtures with different content ratios. In all samples, 

in which metallic nanotubes are present, we observed a nontraditional regime where both 

𝑆 and 𝜎 increased with μ. Correspondingly, 𝑆 increased with 𝜎 in this regime. This 

novel regime was followed by a traditionally seen regime, in which 𝑆 decreased with 𝜎 
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in films consisting of both semiconducting and metallic SWCNTs. However, in purely 

metallic films, 𝑆  monotonically increased with 𝜎  throughout the entire μ range we 

covered; namely, the thermoelectric trade-off problem has been solved by the use of 

purely metallic SWCNT films. Notably, the maximum value of 𝑃  achieved in an aligned 

metallic SWCNT film, ~300 µWm−1K−2, was five times larger than that obtained in the 

highest-purity single-chirality semiconducting SWCNT film. 

4.2 Experiment 

4.2.1 SWCNT film preparation 

Table 4.1 summarizes the main five SWCNT samples we studied in this work (sam-

ples 1−5). We first prepared two highly purified SWCNT ensemble samples: samples 1 

and 4 [see Figure 4.2(a)]. Sample 1 was enriched in (6,5) semiconducting SWCNTs, syn-

thesized by the CoMoCAT method (SG65, Sigma-Aldrich), using gel chromatography 

with precise pH control with a chirality purity over 99% [156]. Details of this separation 

procedure can be found in Chapter 3. Sample 4 was enriched in metallic SWCNTs with 

an average diameter of 1.4 nm (metallic purity > 99%), synthesized by the arc-discharge 

method (Arc SO, Meijyo Nano Carbon Co.) and enriched by density gradient ultracen-

trifugation [86]. The SWCNT concentrations of samples 1 and 4 were adjusted so that the 

Table 4.1. Five SWCNT Film Samples with varying Semiconductor−Metal Ratios a 

Sample 
(6,5) content 

(%) 

Metallic content 

(%) 
Synthesis and enrichment Aligned? 

1 >99 <1 CoMoCAT and GC No 

2 90 10 Mixture of 1 and 4 No 

3 50 50 Mixture of 1 and 4 No 

4 <1 >99 Arc discharge and DGU No 

5 <1 >96 Arc discharge and DGU yes 

a Note that (6,5) single-wall carbon nanotubes are semiconducting with a band gap of ~1 eV. Ab-

breviations: GC = gel chromatography; DGU = density gradient ultracentrifugation. 
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absorbance at the first vHs becomes the same level. Furthermore, by mixing samples 1 

and 4 at certain ratios, we prepared sample 2, in which the (6,5)-to-metal ratio was 9:1, 

and sample 3, in which the (6,5)-to-metal ratio was 1:1. Absorbance spectra are shown in 

Figure 4.2(b) for samples 1 to 4.  

Each sample was poured into the funnel of a vacuum filtration system and filtered 

through a PTFE membrane (Omnipore 0.2 µm PTFE Membrane, Merck Millipore Ltd.), 

and surfactants on SWCNTs such as sodium deoxycholate (DOC) or iodixanol were re-

placed by Triton (polyoxyethylene octylphenyl ether, Wako pure chemical Industries, 

Ltd.). Subsequently, the SWCNTs in the redispersed solution were filtered through a pol-

ycarbonate membrane filter (Whatman Nuclepore Track- Etched membrane 25 mm 0.2 

µm) to form a thin film. 

4.2.2 Aligned Metallic SWCNT Film (Sample 5) Preparation 

We prepared a highly aligned metallic SWCNT film, sample 5, as follow [157,158]. 

Metallic SWCNTs were separated by density gradient ultracentrifugation in the same 

manner as sample 4. We then conducted ultrafiltration (Amicon Ultra-15 Centrifugal Fil-

ters Ultracel, 100 K, Merck Millipore Ltd.) on the resulting metallically enriched solution 

to exchange the solvent from DOC/iodixanol to 0.3% DOC. Subsequently, the obtained 

suspension was sonicated with a tip sonicator (XL-2000 Sonicator, Qsonica, 1/4 in. probe, 

~30 W) for 5−10 mins and centrifuged for 15−20 mins at 38,000 rpm (Beckman-Coulter 

Optima L-80 XP Preparatory Ultracentrifuge (BSI414) using a Beckman SW-41 Ti swing 

bucket rotor). The upper 80% of the SWCNT suspension in the centrifuge tube was col-

lected and then diluted with pure water to have a surfactant concentration of 0.013% DOC. 

The suspension was then poured into the funnel of a vacuum filtration system and slowly 

filtered through a polycarbonate membrane filter (Whatman Nuclepore Track-Etched 

membrane 25 mm 0.2 µm) under well-controlled conditions to form an aligned SWCNT 

film [see Figure 4.2(c)]. We identified the alignment direction and evaluated the align-

ment degree using polarized Raman measurements with a laser wavelength of 488 nm. 
The average 𝐼∥ 𝐼⊥⁄ , which is the ratio of the G-band peak intensity for parallel polariza-

tion to that for perpendicular polarization, for the sample was 2.6 ± 0.2, as in Figure 
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4.2(d).  

4.2.3 Device preparation 

To investigate the thermoelectric properties of these samples as a function of μ, we 

employed the methods of electrolyte gating described previously [98,99]. The prepared 

SWCNT thin film was transferred onto a polyimide/parylene substrate with predeposited 

gold electrodes (thickness ~100 nm). Residual polymers such as polycarbonate or poly-

vinylpyrrolidone were dissolved and washed by chloroform and acetone. The length, 

width, and thickness of the film were respectively ~600 µm, ~1 mm, and ~80 nm. To 

Figure 4.2. Sample information. (a) A picture of aqueous solutions of purified SWCNTs used for
making thin films. They are enriched in (6,5) SWCNTs (left) and metallic SWCNTs
(right), respectively. (b) Optical absorbance spectra for Samples 1-4. We systemati-
cally changed the (6,5)-metal ratio – #1: 100%-0%, #2: 90%-10%, #3: 50%-50%, 
and #4: 0%-100%. (c) A picture of an atomic force microscopy (MultiMode 8, Bruker
Japan K.K.) image of an aligned metallic SWCNT film (Sample 5). (d) Raman spec-
tra for sample 5 with excitation light polarized parallel (red line) and perpendicular
(blue line) to the nanotube alignment axis. Adapted with permission from Y. Ichinose 
et al., Nano letters 19, 7370 (2019). Copyright 2019 American Chemical Society. 
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remove residual Triton and organic solvent, the sample was annealed at 200°C for 2 hours 

in a vacuum (< 10−3 Pa). A heater (KFR-02N-120-C1-11N10C2, Kyowa Dengyo Co.) 

was attached on one side of the film, and thermocouples (KFT(TW)-50-100-050, ANBE 

SMT Co.) were fixed on the electrodes at both film ends by silver paste (D-500 DOTITE, 

Fujikura Kasei Co.). To make sure that no chemical reaction occurs between silver and 

ionic liquid, insulating sealant (TSE397-C, Momentive Performance Materials Japan 

LLC.) covered the silver paste. Ionic liquid (TMPA-TFSI, Kanto Chemical Co.) was 

dropped to cover the SWCNT film and gate electrodes to create an electrolyte gating 

system. Figure 4.3(a) shows a schematic illustration of the experimental setup. We in-

jected electrons and holes through electric double-layer formation, which was controlled 

by the gate voltage (𝑉G). The device pictures are schematically depicted in Figure 4.3(b-

c). 

4.2.4 Conductivity and Seebeck Coefficient Measurements 

Electrical conductivity and Seebeck coefficient measurements were conducted in a 

vacuum (~10−3 Pa) using a vacuum- and low-temperature probe station (Grail 10, Nagase 

Techno Co.). By changing 𝑉G from +3.2 V to −2.8 V, we injected electrons or holes into 

the SWCNT film, i.e., shifting the μ. For the transport measurements, the source-drain 

voltage was kept as small as possible, such as 0.1 V for (6,5) and 5 mV for metallic 

SWCNTs, and then the transport properties were evaluated in the linear response region. 

𝜎 was calculated from the measured resistance of the film at each gate voltage. 𝑆 as a 

function of 𝑉G was measured in the same manner as that described in ref. [98]. 𝑆 were 

always measured in the same gate-shift direction, such as from positive to negative, in 

order to eliminate the influence of hysteresis during the measurements.  
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Figure 4.3. Device information. (a) Schematic diagram of the experimental setup used for meas-
uring thermoelectric properties of carbon nanotube films using electrolyte gating. (b)
A picture of the whole device. (b) A picture zoomed in on a (6,5) film. The tempera-
ture gradient and thermoelectric voltage was measured by thermocouples near both
ends of the film. The distance between channels was 600 µm. Adapted with permis-
sion from Y. Ichinose et al., Nano letters 19, 7370 (2019). Copyright 2019 American 
Chemical Society. 
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4.3 Results 

Figure 4.4 shows experimentally measured 𝜎 for samples 1−5 as a function of 𝑉G. 

In all plots, the CNP is set to be at 𝑉G = 0 V. All samples exhibited transistor behavior 

with on/off ratios varying from <10 (samples 4 and 5) to ~105 (sample 1). Figure 4.5(a) 

shows 𝑆 versus 𝑉G for the samples, where μ was tuned in a wide range, going from 

the p-type regime to the n-type regime. In sample 1, positive and negative peaks are ob-

served slightly below and above the CNP, respectively, with a sudden change of sign of 

𝑆 at the CNP. This is a typical behavior for semiconductors, with the peak separation in 

energy given by ~𝑘B𝑇 . The data for sample 2 in Figure 4.5(a) shows that inclusion of 

metallic SWCNTs, even at 10%, completely diminishes the peak of 𝑆 near the CNP and 

significantly suppresses the value of 𝑆 from 300 µVK−1 to 60 µVK−1. At the same time, 

the overall line shapes of 𝑉G dependence drastically changes. As the metal ratio further 

increases, the peak structure in the 𝑆−𝑉G curve tends to diminish (sample 3), and in the 

100% metallic case (samples 4 and 5), no peak structure is observed.  

Figure 4.4. Electrical conductivity as a function of gate voltage for a series of samples with dif-
ferent semiconductor-metal ratios (#1: 100%-0%, red circles; # 2: 90%-10%, orange 
squares; #3: 50%-50%, green triangles; #4: 0%-100%, blue inverted triangles; #5: 
0%-100%, pink diamonds). Adapted with permission from Y. Ichinose et al., Nano 
letters 19, 7370 (2019). Copyright 2019 American Chemical Society. 
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Figure 4.5(b) shows the corresponding 𝑉G dependence of 𝑃 , for the five samples, 

which exhibits peak structures. A peak in 𝑃  is expected to appear when the μ coincides 

with the first vHs either in the valence or conduction band [98]. The sharpness of the 

power factor peak for sample 1 indicates that fine-tuning of 𝑉G is necessary for achiev-

ing and maintaining a high 𝑃   in a highly purified (6,5) SWCNT sample. When the 

Figure 4.5. Gate-tuning the thermoelectric properties of semiconductor-enriched, type-mixed, 
and metal-enriched single-wall carbon nanotubes. (a) Seebeck coefficient, and (b) 
power factor as a function of gate voltage for a series of samples with different sem-
iconductor-metal ratios (#1: 100%-0%, red circles; # 2: 90%-10%, orange squares; 
#3: 50%-50%, green triangles; #4: 0%-100%, blue inverted triangles; #5: 0%-100%, 
pink diamonds). See Table 4.1 for sample descriptions. Adapted with permission 
from Y. Ichinose et al., Nano letters 19, 7370 (2019). Copyright 2019 American 
Chemical Society. 
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chirality purity is higher, the peak power factor value is higher at the vHs, as demonstrated 

by the data for Samples 1, 2, and 3 in Figure 4.5(b). However, in sample 4 (>99% metal-

lic) at a high |𝑉G|, such as when 𝑉G < −2 V, it is seen that 𝑃  continues to increase, 

reaching the value for the highest-purity semiconducting sample (sample 1). Finally, the 

peak 𝑃  value of an aligned metallic film (sample 5) exceeds that of sample 1. 

Figure 4.6(a) is a summary of the relationship between |𝑆| and 𝜎 for the five sam-

ples. This figure highlights the following three points: (1) In the metallically purified 

SWCNT samples (samples 4 and 5), 𝑆 increases monotonically with 𝜎, i.e., the trade-

off between them is fully eliminated. (2) As the content of semiconducting types increases 

(samples 2 and 3), the range where the trade-off is lifted becomes narrower and shifts 

toward a lower 𝜎 region, and a plateau region develops. (3) In the highest-purity semi-

conducting sample (sample 1), the unconventional regime is absent, i.e., 𝑆 decreases 

with increasing 𝜎 in the entire range.  

In the highest conductivity region, 𝜎 > 104 Sm−1, only the 𝑆 of the purely metal-

lic samples continues to increase as 𝜎 increases, while those of the other samples rapidly 

decrease with increasing 𝜎. The same behavior is also seen in 𝑃 , as shown in Figure 

4.6(b). Sample 1 exhibits a peak at 𝜎 ~ 6 × 103 Sm−1, while samples 2 and 3 show the 

maximum values at 𝜎 ~ 1 × 104 Sm−1. Samples 4 and 5 show a continuous increase of 

𝑃  with 𝜎 up to the highest value of 𝜎. The highest value of 𝑃  of sample 4 (achieved 

at the highest 𝜎) is essentially equal to that of sample 1 (achieved at 𝜎 ~ 6 × 103 Sm−1) 

within the experimental error. Sample 5 exhibits an even higher 𝑃  than sample 4, as 

expected from the fact that alignment leads to an enhanced 𝜎 [157], while 𝑆 remains 

constant [106]. The highest value of 𝑃  of sample 5 is ~300 µWm−1 K−2, which is the 

highest among all the samples studied in this work. That is, the aligned and metallically 

enriched SWCNT film outperforms the highest-purity semiconducting SCWNT film in 

terms of thermoelectric power factor.  
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Figure 4.6. Seebeck coefficient and power factor of carbon nanotube films with different semi-
conductor-metal ratios. (a) Relationship between the absolute value of Seebeck co-
efficient and conductivity of the five samples [see Table 4.1]. (b) Relationship 
between power factor and conductivity of the five samples with different semicon-
ductor-metal ratios (#1: 100%-0%, red circles; # 2: 90%-10%, orange squares; #3: 
50%-50%, green triangles; #4: 0%-100%, blue inverted triangles; #5: 0%-100%, 
pink diamonds). The dashed lines in panel (a) are theoretical simulations. Mott’s for-
mula was used for sample 4 (Mott Cal.), whereas the linear response theory com-
bined with the thermal Green’s function method within the constant-relaxation-time 
approximation was used for samples 1−3 (LR Cal.). Adapted with permission from 
Y. Ichinose et al., Nano letters 19, 7370 (2019). Copyright 2019 American Chemical
Society. 
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4.4 Discussion 

In this section, we discuss the observations of 𝑆 and 𝑃  quantitatively to clarify 

the relationship between the electronic structure of SWCNTs and the thermoelectric prop-

erties.  

4.4.1 Application of Mott formula to metallic SWCNTs 

We first analyzed the relationship between 𝑆 and 𝜎 for all samples on the basis of 

the standard Mott formula for metals [124]: 

𝑆 = − 𝜋2𝑘B
2 𝑇

3𝑒
1

𝜎(𝑉G)
𝜕𝜎(𝑉G)
𝜕𝑉G

( 𝜕𝜇
𝜕𝑉G

)
−1

. (4. 1) 

Here, 𝜎(𝑉G) is a function of 𝑉G as measured in Section 4.3. We assume 𝜕𝜇 𝜕𝑉G⁄  to 

be constant; that is, 𝜇 = 𝛼𝑉G, where 𝛼 is a fitting parameter. Figure 4.7 compares the 

calculation results with the experimental data for samples 1-5. As shown in the figure, 

this analysis well reproduced the experimental data for sample 4 and 5, indicating that, in 

metallic SWCNTs, the behavior of 𝑆 is consistent with the conventional Mott formula, 

in which the increase of 𝑆 can be attributed to the increase of DOS as μ increases. Hence, 

the simultaneous increase of 𝑆 and 𝜎 can be interpreted as a consequence of the μ ap-

proaching the first 1D vHs in metallic SWCNTs.  
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Figure 4.7. Comparison between experimental data and theoretical calculation by the Mott for-
mula for the five samples with different semiconductor-metal ratios (#1: 100%-0%, 
red circles; # 2: 90%-10%, orange squares; #3: 50%-50%, green triangles; #4: 0%-
100%, blue inverted triangles; #5: 0%-100%, pink diamonds). Color points are the 
experimental data and black dashed lines are the results of calculations by the Mott 
formula. Adapted with permission from Y. Ichinose et al., Nano letters 19, 7370 
(2019). Copyright 2019 American Chemical Society. 
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4.4.2 Kubo-Lüttinger theory 

The results for high-purity semiconducting samples (samples 1 and 2) cannot be ex-

plained within the conventional Mott formalism [see Figure 4.7]. Equation (4.1) or an 

approximate formula more appropriate for conventional semiconductors [4,152], com-

pletely fails to reproduce the observed behavior. The reason for this is that the energy 

region from the band edge to the band gap of semiconducting SWCNTs is not appropriate 

to be treated by the Boltzmann transport equation because the system is highly disordered 

[120]. Therefore, in order to calculate the relationship between 𝑆 and 𝜎 in samples 1−3, 

we used the linear response theory combined with the thermal Green’s function method 

within the constant-relaxation-time approximation [119]. The details of the calculation 

procedure are given in Appendix. We assumed that the electronic dispersions near the 

conduction- and valence-band edges of a (6,5) SWCNT can be described as gapped 1D 

Dirac bands. The presence of metallic SWCNT impurities in these samples can be treated 

by introducing finite DOS inside the band gap, or “in-gap states,” the amount of which 

can be represented by the relaxation time of Dirac electrons. Thus, we varied the relaxa-

tion time depending on the sample as a fitting parameter. The calculation results are 

shown as dashed lines in Figure 4.6(a). There is a good overall agreement between theory 

and experiment. 

4.4.3 Validity of the high performance of metallic SWCNTs 

To further corroborate our finding that metallic SWCNTs can be better thermoelec-

tric materials than semiconducting SWCNTs, we examined the relationships among 𝑆, 

electrical conductance 𝐺, and 𝑃 ′ ≡ 𝑆2𝐺 of single (6,5) and (10,10) SWCNTs using the 

nonequilibrium Green’s function formalism. Detailed calculation methods are given in 

Appendix. (10,10) SWCNTs are metallic with a diameter of ~1.4 nm, which is assumed 

to be the metallic SWCNTs used in the experiment. Figure 4.8 demonstrates the 𝐺, 𝑆, 

𝑃 ′, and DOS obtained from the calculation. Focusing on DOS, the values of chemical 

potential at which DOS diverges sharply, i.e., the first vHs, are approximately ±0.5 eV 

and ±0.8 eV for (6,5) and (10,10) SWCNTs, respectively. At these points, (6,5) SWCNTs 

show an increase in 𝐺 and a decrease in the absolute value of 𝑆. On the other hand, 
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(10,10) SWCNTs show an increase in 𝐺 and peak structures in 𝑆. The behavior is con-

sistent with the expected behavior of each in Figure 4.1. As a result, both (6,5) and (10,10) 

SWCNTs have maximum values of 𝑃 ′ at the first vHs.  

Figure 4.9 represents a plot of 𝑆 and 𝑃 ′ with 𝜎 on the horizontal axis to facili-

tate comparisons with the experimental results. As shown in Figure 4.9(a), for a (6,5) 

SWCNT, which is semiconducting, 𝑆 decreases as 𝐺 increases; i.e., the usual trade-off 

is observed. However, in a (10,10) SWCNT, which is metallic, we can identify a region 

Figure 4.8. Calculated conductance, Seebeck coefficient, power factor and DOS of (a) (6,5) and 
(b) (10,10) SWCNT are shown as a function of chemical potential. Adapted with 
permission from Y. Ichinose et al., Nano letters 19, 7370 (2019). Copyright 2019 
American Chemical Society. 
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where 𝑆  and 𝐺  simultaneously increase, which is similar to the experimentally ob-

served behavior. These calculations clearly indicate that this behavior is caused by the 

enhancement of 𝑆 around the first vHs of the metallic SWCNT. Regarding the power 

factor (Figure 4.9(b)), in a large 𝐺 region (> 10−4 S), the 𝑃 ′ of the (10,10) SWCNT 

increases with 𝐺, achieving a peak value at 𝐺 ≈ 3 × 10−4 S, which is comparable to the 

peak 𝑃 ′ value of the (6,5) SWCNT. Although these calculations were performed on sin-

gle SWCNTs and thus cannot be directly compared with our experimental data on mac-

roscopic films, the results basically support the notion that a chemical-potential-

optimized metallic SWCNT can be a better thermoelectric material than a semiconducting 

SWCNT.  

  

Figure 4.9. Calculated Seebeck coefficient and power factor of (6,5) and (10,10) SWCNTs as a
function of electrical conductance. (a) Relationship between Seebeck coefficient and
electrical conductance and (b) relationship between power factor and electrical con-
ductance for a (6,5) SWCNT (red circles) and a (10,10) SWCNT (blue triangles)
calculated using the nonequilibrium Green’s function method. Adapted with permis-
sion from Y. Ichinose et al., Nano letters 19, 7370 (2019). Copyright 2019 American 
Chemical Society. 
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4.5 Conclusion 

It is important to emphasize that metallic SWCNTs show negligibly small 𝑆 and 

𝑃  when μ is near the CNP, consistent with conventional wisdom that high-purity semi-

conducting nanomaterials are far superior to metallic nanomaterials for thermoelectric 

applications. However, metallic SWCNTs are unique in possessing semiconductor-like 

properties [159,160], especially wide chemical potential tunability. When we move μ 

from the CNP, either to the p- or n-side, both 𝑆 and 𝜎 increase. This behavior can be 

attributed to the existence of the 1D vHs in the DOS of metallic SWCNTs. Contrastingly, 

although there is a plateau region where 𝑆 is almost constant as a function of 𝜎, semi-

conducting SWCNTs exhibit the conventional trade-off, i.e., 𝑆 decreases with increas-

ing 𝜎 . As a result, the 𝑃   of metallic SWCNTs can become larger than that of 

semiconducting SWCNTs in the largest 𝜎 region.  
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Chapter 5  

One-Dimensionality on Thermoelectric Properties of 

Semiconducting SWCNTs 

Lowering the dimensionality of semiconductor thermoelectric materials is a prom-

ising approach for improving thermoelectric performance, ultimately one-dimensional 

(1D) semiconductor materials. However, experimentally verifying the effect of the 1D 

nature on the thermoelectric performance in semiconductor nanomaterials has been diffi-

cult because we cannot observe any traces of the 1D electronic structure in terms of con-

ventional thermoelectric parameters, such as the Seebeck coefficient or power factor. 

Here, we show that a thermoelectric parameter, the thermoelectrical conductivity (𝐿12), 

is strongly correlated with the electronic structure and exhibits a unique 1D trace with 

single-walled carbon nanotubes (SWCNTs). We experimentally clarify that the 𝐿12 of 

high-purity semiconducting SWCNTs has a peak structure with a chemical potential in 

the vicinity of the vHs. For comparison, the 𝐿12 of monolayer molybdenum disulfides 

and graphene, which are chosen as 2D models, shows a different behavior, simply exhib-

iting constant values. Furthermore, we find that theoretical calculations support these 𝐿12 

behaviors, which are consistent with the expected behaviors of 1D and 2D electronic 

structures. Our results demonstrate that 𝐿12 is a very good parameter for evaluating the 

traces of dimensionalities, thereby advancing the elucidation of the fundamental thermo-

electric properties necessary for the development of low-dimensional materials. 

5.1 Introduction 

The demand for flexible high-performance thermoelectric materials to power wear-

able electronics and sensors has been increasing [4]. Semiconductor materials with low 

dimensions have been pursued for their superior thermoelectrics, as predicted in seminal 

papers by Hicks and Dresselhaus [65]. In particular, one-dimensional (1D) semiconductor 

materials are expected to achieve the highest performance due to the decrease in thermal 
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conductivity and the formation of 1D electronic structures, such as the van Hove singu-

larity (vHs) in the density of states (DOS) [19,66]. The former factor has been experi-

mentally confirmed by many studies [20,28]; however, the experimental verification of 

how the 1D electronic structure influences the thermoelectric properties remains elusive. 

One of the reasons is that it is very difficult to discuss the dimensionalities of conventional 

thermoelectric parameters, such as the Seebeck coefficient 𝑆 and power factor 𝑃 . For 

example, within conventional theoretical models, such as the Boltzmann transport theory 

with a constant relaxation-time approximation and an effective-mass approximation, 𝑆 

in the band gap of a 𝑑-dimensional (𝑑 = 1, 2, 3) semiconductor as a function of the chem-

ical potential 𝜇 can be expressed as 

𝑆 = 𝑘B
𝑞

(𝑑
2

− 𝜇
𝑘B𝑇

+ 1) , (5. 1) 

where 𝑘B is Boltzmann’s constant, 𝑞 is the charge of carriers, and 𝑇  is the tempera-

ture [116]. Equation (5.1) indicates that the difference in 𝑑 does not influence the line 

shapes of 𝑆 as a function of 𝜇. Thus, the doping dependence of 𝑆, i.e., the shift of 𝜇, 

never signals the dimensionality. These characteristics make it difficult to understand how 

lowering the dimensions of materials enhances the thermoelectric performance, except 

for the apparent tendency of lowering the thermal conductivity. 

Recently, a theoretical study using the linear-response theory by Yamamoto and Fu-

kuyama noted the importance of the 𝐿12 term, which they called the “thermoelectrical 

conductivity,” for understanding the thermoelectric properties of nanomaterials [119]. 

Here, we briefly discuss their notations. The current density 𝐽  in the presence of an elec-

tric field 𝐸 and a temperature gradient 𝑑𝑇/𝑑𝑥 along the 𝑥-direction is described as 

𝐽 = 𝐿11𝐸 − 𝐿12
𝑇

𝑑𝑇
𝑑𝑥

. (5. 2) 

Here, 𝐸 = −∆𝑉 /𝐿 and 𝑑𝑇/𝑑𝑥 = ∆𝑇/𝐿 for a spatially uniform system with length 

𝐿, where we have introduced a temperature difference ∆𝑇  and an induced voltage ∆𝑉  

between the two ends of the materials. 𝐿11 corresponds to the electrical conductivity 𝜎. 

According to the definition, 𝑆  is expressed as 𝑆 = 𝐿12/(𝑇𝜎) . Yamamoto and Fuku-

yama’s paper implies that the structure of the DOS significantly affected the line shape of 
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the 𝐿12 term. The line shape of the DOS reflects the dimensionality of the electronic 

structure of the samples, suggesting that traces of the dimensionalities can be found in the 

𝐿12 term. The clarification of the independent thermoelectric parameter, which strongly 

couples with the dimensionality of the electronic structure or the structure of the DOS, 

will provide a bottom-up strategy for applying low-dimensional effects to improve ther-

moelectric performance. Therefore, in this study, first we theoretically discuss the rela-

tionships between the dimensionality and thermoelectric parameters, including 𝐿12, in 

the Boltzmann transport theory framework, and then we discuss the line shapes of 𝐿12 

using actual samples that utilize semiconducting single-walled carbon nanotubes 

(SWCNTs), which are 1D models. We compare these line shapes with the 𝐿12 line shape 

of molybdenum disulfide (MoS2) and graphene, which are 2D models, and then we 

demonstrate how the 1D characteristics appear in the 𝐿12 of semiconducting SWCNTs. 

5.2 Theory 

5.2.1 Boltzmann expression of thermoelectric coefficients for semiconductors 

In this section, we summarize how the thermoelectric parameters are represented in 

a simple system using the Boltzmann expression. We mainly discuss the electrical con-

ductivity 𝐿11(= 𝜎) , the thermoelectrical conductivity 𝐿12  and Seebeck coefficient 

𝑆 = 𝐿12 𝑇𝐿11⁄  when the chemical potential 𝜇 lies in (A) a band gap and (B) a conduc-

tion- and valence-band. 

According to the Sommerfeld-Bethe relation, 𝐿11 and 𝐿12 are 

𝐿11 = ∫ 𝑑𝐸 (− 𝜕𝑓(𝐸 − 𝜇)
𝜕𝐸

)𝛼(𝐸)
∞

−∞
, (5.3) 

and 

𝐿12 = 1
𝑞
∫ 𝑑𝐸 (−𝜕𝑓(𝐸 − 𝜇)

𝜕𝐸
) (𝐸 − 𝜇)𝛼(𝐸),

∞

−∞
(5.4) 

where 𝑓(𝐸 − 𝜇) is the Fermi-Dirac distribution function and 𝛼(𝐸) is the spectral con-

ductivity, and 𝑞 is the charge of carrier. Hence, we need to know 𝛼(𝐸) to derive 𝐿11 

and 𝐿12. For a 𝑑-dimensional homogenous semiconductor (𝑑 = 1, 2, 3), when the relax-

ation time 𝜏  of carriers is sufficiently long because of low-concentration scatters, 𝛼(𝐸) 
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can be described by the Boltzmann expression as 

𝛼(𝐸) = 2𝑞2𝜌(𝐸)𝜏(𝐸) 𝜐2(𝐸)
𝑑 (5.5) 

where the factor 2 reflects the spin degeneracy, 𝜌(𝐸) is the density of states per unit 

volume, and 𝜐(𝐸) is the group velocity of carrier. Considering a 𝑑-dimensional semi-

conductor with a bandgap 2∆, 𝜐2(𝐸) and 𝜌(𝐸) of a free electron having an effective 

mass 𝑚∗ are 

𝜐2(𝐸) = 2(|𝐸| − ∆)
𝑚∗ ,     |𝐸| ≥ ∆ (5.6) 

and 

𝜌(𝐸) = 𝜌0
𝑑(|𝐸| − ∆)

𝑑
2−1,     |𝐸| ≥ ∆. (5.7) 

Here, 𝜌0
𝑑 is a coefficient depending on the dimension 𝑑: 

𝜌0
𝑑 = 1

2
𝑑
2(2𝜋)

𝑑
2Γ (𝑑

2) 𝑎3−𝑑
(2𝑚∗

ℏ2 )
𝑑
2
, (5.8) 

where 𝑎 is the length of a unit cell and Γ(𝑑
2) is the gamma function. Substituting Eqs. 

(5.6) and (5.7) into Eq. (5.5), we obtain 

𝛼(𝐸) = 4𝑞2𝜌0
𝑑𝜏(𝐸)

𝑚∗𝑑 (|𝐸| − ∆)
𝑑
2,     |𝐸| ≥ ∆. (5.9) 

(A) 𝝁-dependence of 𝑳𝟏𝟏, 𝑳𝟏𝟐, and 𝑺 in band gap (−∆< 𝝁 < ∆) 
When 𝜇 lies in band gap of semiconductors, Fermi-Dirac distribution function can 

be approximately expressed as Boltzmann distribution function 𝑓(𝐸 − 𝜇) ≈

exp(− 𝐸−𝜇
𝑘B𝑇 ), thus, 𝐿11 and 𝐿12 are given as 

𝐿11 = 4𝑞2𝜌0
𝑑𝜏

𝑚∗𝑑 (𝑘B𝑇 )
𝑑
2𝑒

|𝜇|−∆
𝑘B𝑇 Γ(𝑑

2
+ 1) (5.10) 

and 

𝐿12 = 4𝑞𝜌0
𝑑𝜏

𝑚∗𝑑 (𝑘B𝑇 )
𝑑
2+1𝑒

|𝜇|−∆
𝑘B𝑇 (𝑑

2
+ 1 − |𝜇| − ∆

𝑘B𝑇
)Γ (𝑑

2
+ 1) (5.11) 

within the constant-𝜏  approximation. Therefore, 𝑆 is given by 

𝑆 = 1
𝑇

𝐿12
𝐿11

= 𝑘B
𝑞

(𝑑
2

+ 1 − |𝜇| − ∆
𝑘B𝑇

) . (5.12) 
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Note that Eqs. (5.10), (5.11) and (5.12) are valid for single-band electron systems, and 

thus, they cannot apply to the band center around 𝜇 = 0. 

(B) 𝝁-dependence of 𝑳𝟏𝟏, 𝑳𝟏𝟐, and 𝑺 in conduction and valence bands (𝝁 F ∆) 
When 𝜇 lies in the conduction or valence bands, 𝛼(𝐸) can be expanded by Taylor 

expansion around 𝐸 = 𝜇 as 

𝛼(𝐸) = 𝛼(𝜇) + 𝛼′(𝜇)(𝐸 − 𝜇) + ⋯ . (5.13) 

Substituting Eq. (5.13) into Eqs. (5.3) and (5.4), low-temperature 𝐿11 and 𝐿12 are ap-

proximately expressed as 

𝐿11 ≈ 4𝑞2𝜌0
𝑑𝜏

𝑚∗𝑑 (|𝜇| − ∆)
𝑑
2 (5.14) 

and 

𝐿12 ≈ 2𝜋2𝑞𝜌0
𝑑𝜏

3𝑚∗ (𝑘B𝑇 )2(|𝜇| − ∆)
𝑑
2−1 (5.15) 

within the constant-𝜏  approximation. Therefore, 𝑆 is also approximately given by 

𝑆 ≈ 𝜋2𝑘B𝑑
6𝑞

𝑘B𝑇
|𝜇| − ∆

. (5.16) 

Table 5.1 summarizes 𝐿11, 𝐿12, and 𝑆 derived above in (A) a band gap region and (B) 

a conduction- and valence-band energy region. 

 

 (A) −∆< 𝝁 < ∆ (B) 𝝁 F |∆| 

𝑳𝟏𝟏 ∝ 𝑒
|𝜇|−∆
𝑘B𝑇  Eq. (5.10) ∝ (|𝜇| − ∆)

𝑑
2 Eq. (5.14) 

𝑳𝟏𝟐 ∝ ∓ (𝑑
2

+ 1 − |𝜇| − ∆
𝑘B𝑇

)𝑒
|𝜇|−∆
𝑘B𝑇  Eq. (5.11) ∝ ∓(|𝜇| − ∆)

𝑑
2−1 Eq. (5.15) 

𝑺 ∝ ±(|𝜇| − ∆) Eq. (5.12) ∝ ∓(|𝜇| − ∆)−1 Eq. (5.16) 

Table 5.1. Relationship between thermoelectric properties and the location of chemical potential.
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5.2.2 Relationships between dimensionality and thermoelectric properties 

We discuss the relationships among the dimensionalities, 𝑆, 𝑃 , and 𝐿12. Figure 

5.1 describes the calculated DOS, 𝑆, 𝑃 , and 𝐿12 for semiconductor models with 1D, 

2D, and 3D electronic structures. The calculations are performed within the Boltzmann 

transport theory with a constant relaxation-time approximation and effective-mass 
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Figure 5.1. Thermoelectric properties for homogeneous semiconductors calculated using the
Boltzmann transport theory within an effective-mass approximation. The top panels
show the energy dependence of the density of states (DOS) for (a) 3D, (b) 2D, and
(c) 1D structures. Underneath the top row and from top to bottom, the panels show
the Seebeck coefficient (𝑆 ), power factor (𝑃  ), and thermoelectrical conductivity
( 𝐿12 ) as a function of chemical potential ( 𝜇 ) for an effective mass 𝑚∗ =
9.11 × 10−31 kg, a relaxation time 𝜏 = 100 fs, and a unit-cell length 𝑎 = 1 nm at 
𝑇 = 300 K. The vertical axes of (b) and (c) are the same as those in (a). The band
edges of the valence and conduction bands for all semiconductors are set to ±0.5 eV
(dotted lines). Details are provided in Table 5.1. Reprinted figure with permission
from Y. Ichinose et al., Phys. Rev. Mater. 5, 025404 (2021). Copyright 2021 by the 
American Physical Society. 
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approximation [see Table 5.1]. Note that the Boltzmann transport theory cannot apply to 

the disordered state in the energy region around the band edges [120]. Here, we plot the 

data by setting the potential of 𝜇 at the charge neutral point to zero. As shown in the 

figures, although the line shapes of the DOS change depending on the dimensionalities, 

those of 𝑆 are similar among all the dimensions. Regarding 𝑃 , the value just becomes 

the maximum around the band edge in any dimensionality, and the line shapes are almost 

the same. Therefore, we cannot distinguish the dimensionalities of the samples from the 

conventional thermoelectric parameters 𝑆 and 𝑃 . However, in the case of 𝐿12, the line 

shapes exhibit distinct characteristics depending on the dimensionalities. The 𝐿12 values 

are negligible in all dimensions when 𝜇 is located within the band gap. In 3D, the abso-

lute values of 𝐿12  increase monotonically as 𝜇  shifts from the band-edge position. 

However, in 2D, the values are constant, and in 1D, the value becomes the maximum 

around the band edge and decreases as 𝜇 shifts from the band edge. These simple theo-

retical analyses clearly indicate that 𝐿12 is a good parameter to discuss the dimension-

alities of thermoelectric properties.  

From an experimental point of view, it is rather difficult to precisely discuss the 

thermoelectric parameters as a function of 𝜇. Thus, we plotted the relationship between 

the thermoelectric parameters and 𝜎 in the 3D, 2D, and 1D semiconductors in Figure 

5.2. Here, 𝜎 at the band edge is described as 𝜎b. Figure 5.2(a–c) indicate the relation-

ships between 𝑆  and 𝜎  in the case of the 3D, 2D, and 1D electronic structures. As 

shown in the figures, it is very difficult to distinguish the dimensionalities from these 

plots. Figure 5.2 (d–f) indicate the relationships between 𝐿12  and 𝜎 . These panels 

clearly present the characteristic behaviors that depend on the dimensionalities. In all di-

mensionalities, when 𝜇 is located within the band gap, i.e., 𝜎 < 𝜎b, 𝐿12 increases as 

𝜎 increases. When 𝜇 is located outside the band gaps, i.e., 𝜎 > 𝜎b, in the 3D case 𝐿12 

increases as 𝜎 increases, and in the 2D case 𝐿12 stays constant, whereas in the 1D case 

𝐿12 decreases as 𝜎 increases. Therefore, 𝐿12 strongly reflects the dimensionalities of 

the electronic structure of materials, indicating that we can deduce the dimensionality of 

samples from this term. Thus, to clarify this point, we experimentally investigated the 

𝐿12 term with SWCNTs. 
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Figure 5.2. Thermoelectric parameters as a function of electrical conductivity (𝜎), calculated us-
ing the Boltzmann transport theory within an effective-mass approximation. The re-
lationship is shown between the Seebeck coefficient (𝑆) and 𝜎 for the (a) 3D, (b) 
2D, and (c) 1D structures. 𝜎 at the band edge is described as 𝜎b (yellow gradient 
color). The vertical axes of (b) and (c) are the same as those in (a). The relationship
is shown between thermoelectrical conductivity (𝐿12) and 𝜎 for the (d) 3D, (e) 2D, 
and (f) 1D structures. The vertical axes of (e) and (f) are the same as those in (d).
Reprinted figure with permission from Y. Ichinose et al., Phys. Rev. Mater. 5, 025404 
(2021). Copyright 2021 by the American Physical Society. 
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5.3 Experiments 

SWCNTs are one of the most suitable materials for tackling this subject because they 

have a sharp vHs in the DOS of their individual states. Since the discovery of SWCNTs, 

many studies have been conducted focusing on the thermoelectric properties of SWCNTs 

in their individual and thin-film forms [16]. Regarding the topic of the 1D characteristics 

of thermoelectric properties, Chapter 4 revealed the uniqueness of the 1D thermoelectric 

properties of the “metallic” type as breaking the thermoelectric trade off. However, we 

could not those of the “semiconducting” type, because, as discussed above, we cannot 

identify the 1D characteristics in the behavior of conventional thermoelectric parameters 

in the case of semiconductors. Here, we focused on the thermoelectrical conductivity, 

namely the 𝐿12 term, of semiconducting SWCNTs to verify the traces of the vHs on the 

thermoelectric properties.  

5.3.1 SWCNT film preparation 

To systematically understand the relationships between the electronic structures of 

semiconducting SWCNTs and the thermoelectric properties, we prepared four kinds of 

semiconducting SWCNTs. High-purity semiconducting (6,5), (9,4), and (10,3) SWCNTs 

were prepared through gel chromatography from the original SWCNTs synthesized by 

the CoMoCAT© method (SG65, Sigma-Aldrich) for (6,5) and by HiPco (HiPco Raw 

SWNTs HR32-166, NanoIntegris) for (9,4) and (10,3). The details of these separation 

procedures can be found in Chapter 3. We also prepared Semiconducting SWCNTs 

(Semi) and metallic SWCNTs with a diameter of 1.4 nm using density gradient ultracen-

trifugation [86] from the original SWCNTs synthesized by the arc-discharge method (Arc 

SO, Meijyo Nano Carbon Co.). Figure 5.3 shows sample information for four semicon-

ducting SWCNTs, namely, (6,5), (9,4), (10,3), and Semi. We can see the sharp vHs, i.e., 

1D electronic structure and the corresponding optical absorption peak. Metallic SWCNTs 

was used in the purity dependence experiments (Figure 5.8). In the purity dependence 

experiments, we prepared samples by mixing the (6,5) and metallic SWCNTs as the same 

manner of Chapter 4. The films were prepared using conventional transfer techniques 

using a polycarbonate membrane filter (Whatman Nuclepore Track-Etched membrane 25 

mm 0.2 μm) to form a thin film.  
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5.3.2 Device fabrication and the evaluation of thermoelectric properties 

To experimentally investigate the thermoelectric properties over a wide range of car-

rier densities, we systematically controlled the carrier injection by an electrolyte gating 

technique, which is a method used in previous studies [98,161]. The details of device 

structures and the method of measurements are the same as Chapter 4 [see Figure 4.3]. 

We used an ionic liquid (TMPA-TFSI, Kanto Chemical Co.) for the electrolyte. All the 
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Figure 5.3. Sample information for four semiconducting species of SWCNTs. (a) Optical ab-
sorbance spectra for (6,5), (9,4), (10,3), and Semi SWCNTs. The largest peaks in 
(6,5), (9,4) and (10,3) are S11 peaks, which is the absorbance between 1st vHs of a
valence band and a conduction band. The largest peak in Semi around 1000 nm
corresponds to S22 peaks of semiconducting SWCNTs. (b) Density of states calcu-
lated by the tight-binding method. Detailed calculation methods are given in Ap-
pendix C.2. Since Semi contains several semiconducting chiralities with a diameter 
of about 1.4 nm, the main chirality, (11,10), is shown as a representative. Reprinted 
figure with permission from Y. Ichinose et al., Phys. Rev. Mater. 5, 025404 (2021). 
Copyright 2021 by the American Physical Society. 
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measurements were conducted in vacuum (~10−3 Pa) using a vacuum and low-tempera-

ture probe station (Grail 10, Nagase Techno Co.). Although 𝑆 and 𝜎 values of (6,5) 

have already been evaluated in Chapter 4, we prepared another (6,5) sample with the same 

high purity (>99%) for this study to evaluate its 𝐿12, 𝑆, and 𝜎. In addition, we clarified 

the thermoelectric properties of (9,4), (10,3), and Semi SWCNTs and evaluated the 𝐿12 

values.  

By changing the gate voltage 𝑉G, the carrier injection is precisely controlled. 𝐿12 

and 𝑃  are obtained experimentally by measuring 𝜎 and 𝑆 at each 𝑉G. On the other 

hand, it is rather difficult to precisely determine the relationships between the 𝑉G and 

the location of 𝜇 in the SWCNT networks; thus, the 𝐿12 obtained in this study is plot-

ted and discussed as a function of 𝜎.  

  



Chapter 5 

78 
 

5.4 Results 

5.4.1 Gate voltage dependence of electrical conductivity and Seebeck coefficient 

First, we depict 𝜎 and 𝑆 of the semiconducting SWCNTs with different chiralities 

as a function of 𝑉G in Figure 5.4. In all the plots, the charge neutral point is set at 𝑉G =

0 V. The transport properties of all the samples show clear ambipolar behaviors and an 

on/off ratio ≥ 104. Reflecting the ambipolar behavior, 𝑆 exhibits positive or negative 

values, depending on the carrier type. The maximum values of 𝑆 are exhibited around 

the charge neutral point and decrease as 𝑉G shifts. Such behavior is in agreement with 
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Figure 5.4. Experimental results of four species of SWCNT films. (a) electrical conductivity (𝜎)
and (b) Seebeck coefficient (𝑆) of SWCNT films as a function of gate voltage. From
the top panel to bottom, the panels show (6,5), (9,4), (10,3), and Semi. In the all plots,
the charge neutral points are set at 𝑉𝐺 = 0 V. Reprinted figure with permission from
Y. Ichinose et al., Phys. Rev. Mater. 5, 025404 (2021). Copyright 2021 by the Amer-
ican Physical Society. 
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the general trend of 𝑆 vs. 𝜇 in semiconductors as discussed in Section 5.2.  

5.4.2 Estimating the band edges of semiconducting SWCNTs 

In this section, we analyze 𝑃   to estimate the location of the band edge. Figure 
5.5(a) shows the DOS of (6,5) obtained by Kubo-Lüttinger theory [119]. The details of 

calculations are shown in the Appendix. The vHs are located at around ±0.5 eV. Figure 

5.5(b) plots 𝑃  and 𝜎 as a function of 𝜇. We found that 𝑃  has peak structures at the 

positions of vHs, i.e., at the band edges, which is consistent with the result in Figure 

5.1(c). We note that 𝜎 ~ 4 × 106 Sm-1 at the band edges. Subsequently, Figure 5.5(c) 

shows the relationship between 𝑃   and 𝜎 . 𝑃   takes a maximum at a black arrow 
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Figure 5.5. Estimation of the band edges of semiconducting SWCNTs using relationship be-
tween peaks in power factor (𝑃 ) and electronic structures. (a) Calculated density of 
states (DOS) for (6,5) using Kubo-Lüttinger theory. (b) 𝑃  and electric conductivity 
(𝜎) of (6,5) as a function of 𝜇. (c) Plot of 𝑃  vs. 𝜎 obtained from panel (b). The 
black arrow indicates the 𝑃  peak, where 𝜎 ~ 4 × 106 Sm-1. (d) Relationship be-
tween 𝑃  and 𝜎 for (6,5), (9,4), (10,3), and Semi obtained from the experiments.
The peak positions of each chirality are pointed by small arrows. Color-filled markers 
represent the p-type and white outlined markers represent the n-type. Reprinted fig-
ure with permission from Y. Ichinose et al., Phys. Rev. Mater. 5, 025404 (2021). Cop-
yright 2021 by the American Physical Society. 
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position, where 𝜎 ~ 4 × 106  Sm-1. Therefore, we conclude that the peak in the 𝑃  –𝜎 

plot corresponds to the band edge of semiconducting SWCNTs and the high conductivity 

region to the right of this peak corresponds to the situation that the location of 𝜇 is in the 

conduction or valence band. Finally, Figure 5.5(d) represents the plots of 𝑃–𝜎 for (6,5), 

(9,4), (10,3), and Semi obtained from the experiments. The line shapes are in good agree-

ment with the calculated results in Figure 5.5(c). The peak positions of 𝑃  of each chi-

rality are pointed by small arrows. We defined the 𝜎 values at the 𝑃  peak as 𝜎b, which 

indicate the electrical conductivity when 𝜇 matches band edges. 

5.4.3 Observation of one dimensionality in high-purity (6,5) SWCNTs. 

Figure 5.6 presents the experimental result of the relationship between 𝐿12 and 𝜎 

of the (6,5) SWCNTs. Here, we obtained 𝐿12 through the equation 

𝐿12 = 𝑆𝐿11𝑇 = 𝑆𝜎𝑇 , (5.17) 

where 𝑆 and 𝜎 are experimentally measured values of Figure 5.4, and 𝑇  is the room 

temperature. In order to focus on the appearance of the dimensionalities on the data, we 

plotted only the p-type regions of 𝐿12 because we obtained a clear 𝑃  peak in p-type 

for the estimation of the band edge. As shown in the figure, 𝐿12 exhibits a clear peak 

structure around 𝜎 ~ 1.6 × 104 Sm−1 and then gradually decreases as 𝜎 increases. We 

find that 𝜎 at this peak position almost corresponds to 𝜎b. Therefore, we find that 𝐿12 

reaches its maximum around the band edge and decreases as 𝜎 increases. These behav-

iors are consistent with the 1D behavior of 𝐿12 predicted in Figure 5.2(f) except for the 

energy region around the band edges. To evaluate the correctness of the observed behavior 

of 𝐿12, we compare this experimental result to the theoretical calculation based on the 

Kubo-Lüttinger theory, which can apply even to disordered states around band edges 

[119,120,162]. Here, we used the linear-response theory combined with the thermal 

Green’s function method [see Appendix]. The calculation results are plotted as a solid line 

in Figure 5.6(a). As shown here, the theoretical calculation based on the 1D Dirac model 

of (6,5) SWCNTs can reproduce the experimental 𝐿12 behavior of (6,5) SWCNTs.  
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Figure 5.6. Experimental results of the thermoelectrical conductivity (𝐿12) as a function of elec-
trical conductivity (𝜎 ). (a) |𝐿12|  for (6,5) SWCNTs. 𝜎  at the band edge is de-
scribed as 𝜎b, which is obtained by analyzing the relationship between the power
factor and 𝜎 (see Figure 5.5). A solid line presents the result of the theoretical cal-
culation by the Kubo-Lüttinger theory. The relative error in 𝐿12 is ~10%, calculated 
from the Seebeck coefficient measurement errors of the devices. (b) |𝐿12| for mon-
olayer MoS2 as a representative 2D semiconducting material. The black arrow indi-
cates the plateau region. (c) |𝐿12| for graphene. Color-filled markers represent the 
p-type and white outlined markers represent the n-type. Reprinted figure with per-
mission from Y. Ichinose et al., Phys. Rev. Mater. 5, 025404 (2021). Copyright 2021 
by the American Physical Society. 

2.5

2.0

1.5

1.0

0.5

0.0

C
alculated L

12  (10
5 SVm

-1)
4.03.02.01.00.0

Calculated σ (107 Sm-1) 

3.0

2.5

2.0

1.5

1.0

0.5

0.0

|L
12

| (
10

2  S
Vm

-1
)

3.02.01.00.0
σ (104 Sm-1) 

 Experiment
 Calculation

6.0

5.0

4.0

3.0

2.0

1.0

0.0

|L
12

| (
10

4  S
Vm

-1
)

8.06.04.02.00.0

σ (106 Sm-1)

6.0

5.0

4.0

3.0

2.0

1.0

0.0

|L
12

| (
10

2  S
Vm

-1
)

4.03.02.01.00.0

σ (104 Sm-1)

(6,5)

σb

MoS2

(a)

(b) (c)
Graphene



Chapter 5 

82 
 

For comparison, we checked the 𝐿12 line shape of monolayer MoS2, which is a 

model for 2D semiconductors. 𝐿12 is derived from the data of 𝑆 and 𝜎 in Ref. [118]. 

As shown in Figure 5.6(b), in the case of MoS2, 𝐿12 does not show a peak structure but 

rather a plateau, reflecting the 𝐿12 behavior of the 2D-like semiconductor [see Figure 

5.2(e)]. Additionally, we also checked the 𝐿12 line shape of graphene using the data of 

𝑆 and 𝜎 in Ref. [64]. We observe that 𝐿12 becomes almost constant in the high-con-

ductivity region [see Figure 5.6(c)]. These results indicate that the peak structure of 𝐿12 

can only be observed in (6,5) SWCNTs. Therefore, we conclude that the experimentally 

observed peak structure of 𝐿12 in (6,5) SWCNT thin films reflects the 1D trace of the 

(6,5) SWCNT samples.  

Although we find such 1D character in the 𝐿12 of (6,5) SWCNTs, we sometimes 

find other-dimensional behavior in other samples. Figure 5.7 indicates 𝐿12 vs. 𝜎 plots 

in (9,4), (10,3), and Semi SWCNTs. In contrast to the case of (6,5) SWCNTs, we cannot 

observe clear peak structures in the 𝐿12 results of (9,4), (10,3), and Semi SWCNTs. In 

the figures, the position of 𝜎b is determined from 𝑃  versus 𝜎 [see Figure 5.5]. In all 

of the samples, when 𝜎 < 𝜎b, we observe increases in 𝐿12 as 𝜎 increases. However, 

the (9,4), (10,3), and Semi SWCNTs did not show a clear decrease in 𝐿12  as 𝜎  in-

creases, when 𝜎 > 𝜎b. In these samples, the 𝐿12 value becomes constant or increases 

as 𝜎 increases, when 𝜎 > 𝜎b. The behavior is relatively similar to the 𝐿12 behavior in 

2D or 3D electronic structures.  
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Figure 5.7. Chirality dependence of the thermoelectrical conductivity (𝐿12). Experimental re-
sults of |𝐿12| in the p-type regions for (a) (9,4), (b) (10,3), and (c) Semi SWCNTs
as a function of electrical conductivity (𝜎). 𝜎 at the band edge is described as 𝜎b, 
which is obtained by analyzing the relationship between the power factor and 𝜎. The 
relative error in 𝐿12 is ~10%, calculated from the Seebeck coefficient measurement 
errors of the devices. Reprinted figure with permission from Y. Ichinose et al., Phys. 
Rev. Mater. 5, 025404 (2021). Copyright 2021 by the American Physical Society. 
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5.5 Discussion 

To understand the background of the failure to observe one-dimensionality in chiral-

ity other than (6,5), we discuss the following two possible mechanisms: (i) the influence 

of bundle and network formation in films, and (ii) the influence of metallic SWCNTs as 

impurities. Regarding the former influence, in thin films of SWCNTs, the SWCNTs form 

a bundled structure in which individual SWCNTs are tightly packed and form networks. 

The bundle formation will broaden the peak of the vHs and will blur the 1D characteristics. 

SWCNTs with larger diameters tend to form bundles more easily than SWCNTs with 

smaller diameters [163]. Therefore, we assume that the peak structure in the 𝐿12  of 

large-diameter semiconducting SWCNTs may be blunted by the broadening of the vHs 

through the formation of the bundled structures. In addition, the presence of junctions 

between the bundles will also contribute to the thermoelectric properties, and these junc-

tions will make the transport in SWCNT networks deviate from that of 1D-like transport. 

These factors will cause 2D- or 3D-like thermoelectric properties in the thin films of (9,4), 

(10,3), and Semi SWCNTs. 

For the latter influence, we describe how the presence of metallic SWCNTs in the 

sample influences the line shape of 𝐿12. There have been many reports that metallic im-

purities can significantly affect the thermoelectric properties [94,112,120]. Figure 5.8 

compares the line shapes of 𝐿12 for the 100% (6,5) SWCNTs and mixed samples with 

metallic SWCNTs (9:1 and 1:1). These 𝐿12 line shapes are derived from the data of 𝑆 

and 𝜎 in Chapter 4. According to the results, the small amount of metallic SWCNTs 

significantly influences the peak structure of 𝐿12 . Only a 10% inclusion of metallic 

SWCNTs in the thin film decreases the value of 𝐿12 over the entire range, while a 50% 

inclusion completely eliminates the peak structure. In the present study, the purity of the 

(6,5) SWCNTs is greater than 99%, whereas the purities of the other semiconducting 

SWCNTs are not [see Figure 3.4]. Therefore, we conclude that the presence of metallic 

SWCNTs or other chiral SWCNT impurities will influence the decrease in the 𝐿12 peak 

structure results of semiconducting SWCNT thin films.  
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From the above discussion, we find that 𝐿12 is an important parameter for discuss-

ing the dimensionality of thermoelectric properties, but it should be further noted that 

𝐿12 is also an important parameter for improving the thermoelectric performance. The 

power factor (= 𝑆2𝜎) can be expressed using 𝐿12 as 𝑃 = 𝐿12
2/𝑇 2𝜎. According to this 

equation, to improve the value of 𝑃 , it is necessary to prepare materials with a large 𝐿12 

and a small 𝜎. A small 𝜎 also leads to a small thermal conductivity; thus, finding mate-

rials with a large 𝐿12 at a small 𝜎 is a good strategy for improving the thermoelectric 

performance. In fact, recently the enhancement of thermoelectric generation using the 

anomalous Nernst effect was reported in iron-based materials [164], and the enhancement 

was found to be due to the large increase in 𝐿12. Therefore, the understanding of 𝐿12 in 

materials will help us understand the background of thermoelectric phenomena and to 

improve the thermoelectric performance. 
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5.6 Conclusions 

In summary, the present study discusses how the dimensionalities of low-dimen-

sional semiconductor electronic structures influence the thermoelectric properties. In the 

line shape of conventional thermoelectric parameters, such as 𝑆 and 𝑃 , it is very diffi-

cult to find traces of the dimensionality of the electronic structure. However, the thermo-

electrical conductivity, 𝐿12, strongly depends on the line shape of the DOS, and we can 

evaluate the dimensionality of the sample from the 𝐿12 line shape. We find that 𝐿12 of 

the (6,5) SWCNTs exhibits a unique character that reflects the 1D electronic structure: 

the peak structure of 𝐿12 reflects the presence of a sharp DOS due to a vHs. Our results 

indicate the importance of 𝐿12 for understanding the relationships between the semicon-

ducting electronic structure and thermoelectric properties. In addition, our results imply 

that the 1D properties of nanomaterials can also be observed at a macroscopic scale, such 

as in films. This fact can be beneficial for promoting the potential thermoelectric appli-

cation of 1D materials and encouraging further research. 
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Chapter 6  

Conclusion 

6.1 Summary 

Developing efficient thermoelectric materials is one of the most important issues for 

our sustainable society. Dresselhaus et al. theoretically proposed that one-dimensional 

(1D) materials with nanostructures have the potential to exhibit the highest thermoelectric 

performance due to unique electronic structure, i.e., van Hove singularity. Experimentally 

verifying the prediction is essential to promote the development of thermoelectric mate-

rials from the viewpoint of condensed matter physics. Thus, many researchers have stud-

ied the thermoelectric properties of SWCNTs. However, no reports experimentally have 

revealed the relationship between the 1D electronic structure of SWCNTs and the ther-

moelectric properties. Previous studies could not discuss the relationship between 1D 

electronic structure and thermoelectric properties in detail due to multiple experimental 

problems.  

The purpose of this study is to clarify how the unique thermoelectric properties of 

1D electronic structures are embodied and whether the improvement in thermoelectric 

performance can be observed experimentally.  

In order to achieve this goal, we first established an experimental method to solve 

the experimental problems of precise control of chirality and chemical potential, which 

have been the main issues in the previous thermoelectric property studies of SWCNTs. 

The development of the technique to obtain high-purity semiconducting SWCNTs was 

carried out in Chapter 3. By improving the conventional separation method, we obtained 

single-chirality semiconducting SWCNTs with more than 99% purity. The chemical po-

tential control was performed using ionic liquids, an electric double layer carrier injection 

method, and combined with thermoelectric property measurements to establish a unique 

measurement. Finally, we establish the unique experimental method with the combination 

of extremely high-purity single-chirality SWCNT samples and thermoelectric 
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measurement with the precise chemical potential control. This approach allowed us to 

proceed with the subsequent study on SWCNTs thin-film samples with systematically 

different electronic structures, namely, metallic and semiconducting 1D electronic struc-

tures, in Chapters 4 and 5. 

In Chapter 4, we investigated the relationship between 1D electronic structure and 

thermoelectric properties in metallic SWCNTs. Metallic SWCNTs exhibited behavior in 

which 𝜎 and 𝑆 increased simultaneously when the chemical potential was positioned 

in the vicinity of vHs. This phenomenon was an unusual behavior that violated the trade-

off problem of conventional thermoelectric materials. Metallic SWCNTs had mainly been 

disregarded in thermoelectric studies because of their typically small thermoelectric per-

formance under normal circumstances. However, this simultaneous increase of 𝜎 and 𝑆 

in metallic SWCNTs led to a large 𝑃   comparable to the semiconducting SWCNTs. 

Through the analysis of several simulations and comparison with experimental results, 

we found that the position of the chemical potential coincided with vHs, which caused 

these phenomena. Therefore, we concluded that the 1D thermoelectric properties of me-

tallic SWCNTs appear in the relationship between 𝜎 and 𝑆 as the violation of the con-

ventional trade-off relation, resulting in the increase of 𝑃 . 

In Chapter 5, we investigated the relationship between 1D electronic structure and 

thermoelectric properties in semiconducting SWCNTs. In semiconductors, the infor-

mation of the dimensionalities in thermoelectric properties cannot be found in typical 

thermoelectric parameters. However, by focusing on the thermoelectric conductivity term 

𝐿12, we experimentally found the peak structure at vHs in the experiment on high-purity 

semiconducting SWCNTs. We compared this phenomenon with the behavior predicted 

by Boltzmann theory and linear response theory. As a result, we found that the behavior 

of 𝐿12 strongly depends on the electronic structure, and the peak structure of 𝐿12 is 

unique to one-dimensional electronic structures. Therefore, we concluded that the 1D 

thermoelectric properties of semiconducting SWCNTs appear in 𝐿12. The result indi-

cates that 𝐿12 is a valuable metric for investigating the fundamental thermoelectric prop-

erties of low-dimensional materials. 
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In summary, the results of this study provided experimental evidence for a previously 

unknown relationship between 1D electronic structure and thermoelectric properties in 

metallic and semiconducting SWCNTs. Therefore, we conclude that the purpose of this 

study, which is to experimentally clarify the relationship between the 1D electronic struc-

ture and thermoelectric properties, has been achieved. 

6.2 Prospect 

The relationship between the 1D electronic structure and thermoelectric properties 

is thus better understood by the many experimental facts and theoretical supports dis-

cussed in this thesis. Therefore, we believe that we can strongly support the guideline and 

the possibility of improving the thermoelectric performance of CNTs. Recently, we ob-

served a huge power factor (~14 mWm−1K−2) exceeding conventional thermoelectric ma-

terials such as Bi2Te3 in a sample of CNT fibers [165]. To the best of the author’s 

knowledge, this value is the highest among freestanding materials that are stable in air at 

around room temperature. This dramatic performance improvement is based on the prin-

ciple elucidated in Chapter 4, i.e., the violation of the trade-off by matching the chemical 

potential to vHs in the 1D electronic structure. Thus, this is an example of the immediate 

application of the findings of this study. We hope that the series of research will help solve 

social problems by increasing the momentum for using CNTs as flexible, safe, and high-

performance thermoelectric materials. 

On the other hand, there remain issues to be addressed. In this thesis, the samples 

such as the SWCNT thin film are an aggregate system of many SWCNTs. Thus, the phys-

ical model applied in this research would not fully capture the observed phenomena. For 

example, the SWCNT samples in this study were in the form of millimeter-scale thin 

films. Because of the assembly of SWCNTs, there are numerous interfaces between indi-

vidual nanotubes. Electrons must perform hopping conduction with thermal excitation to 

cross these barriers, i.e., the variable range hopping (VRH) model [79,116]. However, in 

this study, we have not performed an analysis that explicitly includes the effect of the 

hopping. At present, there is no obvious solution to why one-dimensionality was clearly 

visible in the system, such as the VRH model, which is different from the band conduction 
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model such as the Boltzmann theory. In other words, the mechanism of thermoelectric 

properties in the systems containing many interfaces remains unresolved. Solving the 

problem by incorporating the effects of hopping conduction may provide a solution to 

optimizing the macroscopic shape of SWCNT samples as thermoelectric materials. For 

example, changing the internal morphology of SWCNT samples, such as the macroscopic 

orientation and the density of SWCNTs, will alter the picture of hopping conduction and 

the thermoelectric properties. Once the relationship between the thermoelectric parame-

ters and the hopping conduction is clear, we can fabricate thermoelectric devices with 

maximum performance. 

Furthermore, the elucidation of thermoelectric properties in hopping conduction sys-

tems will provide a guideline to improve the performance of not only SWCNTs but also 

flexible thermoelectric materials in general. For example, organic polymers have been 

actively studied in thermoelectrics and are expected to be candidates for flexible thermo-

electric materials [2,166-169]. Organic polymers are often treated as hopping conduction 

systems, like SWCNTs, and there is a high possibility that a common mechanism exists 

in their thermoelectric properties. We hope that the thermoelectric mechanisms of hop-

ping conduction systems in SWCNTs will be elucidated by incorporating some recently 

developed models in this field [170,171]. 

Finally, on the basis of the uniqueness of the 1D electronic structure in thermoelec-

tric properties shown in this study, we hope that the research on thermoelectric properties 

of SWCNTs will make further progress, leading to solving social issues related to energy 

problems for the next generation and beyond. 
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Appendix A  

Methods of Gel-Chromatography Separation for 

High-Purity Semiconducting SWCNTs 

A.1 Separation procedures for single-chirality (6,5) and (7,5) SWCNTs 

We used CoMoCAT SWCNTs as a starting raw material to separate (6,5) and (7,5) 

SWCNTs. After CoMoCAT was dispersed into water with surfactants, a two-step gel sep-

aration was performed, in which the composition of surfactants was changed in each sep-

aration step to take advantage of different selectivity. 

Dispersion of CoMoCAT sample 
1. Prepare an aqueous solution of 1.0 wt% sodium cholate (SC). 
2. Add CoMoCAT SWCNTs (SG65, Sigma-Aldrich) at a rate of 1.0 w/v% and disperse 

the SWCNTs with bath sonication (UT-106H, Sharp) for 10 min. 
3. Isolate and disperse the SWCNTs using a chip sonication (Digital Sonifier® 250D 

advanced, BRANSON) with the power of 30% Amp. for 3 hours. 
4. Pour the solution into a special plastic centrifuge tube, set on a swinging rotor (P40ST, 

Hitachi Koki), and then centrifuged (34,400 rpm, 2 hours) using an ultracentrifuge 
(Himac CP100WX, Hitachi Koki). 

5. After centrifugation, collect the supernatant liquid as a sample, leaving about 1 cm 
from the bottom of the tube. 

Gel chromatography separation (1st step) 
Mix an equal amount of 4.0 wt% SDS solution into the 1.0%SC/SWCNT solution 

in which CoMoCAT is dispersed to make a 2.0%SDS/0.5%SC/SWCNT solution (Solu-

tion A). Since the separation is sensitive to temperature, cool the solution to 17°C to ob-

tain stable separation results. Next, prepare a sufficient amount of gel in the column tube 

with a volume ratio of solution A: gel = 6:7, and feed the solution into the gel [Figure 

A.1(a)]. After the SWCNT solution is fed, collect the effluent (Solution B) while contin-

uing to feed the 2.0%SDS/0.5%SC solution until the color of the effluent disappears. 
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Check that the lower edge of the gel is whiter than the upper edge. If the bottom of the 

gel is uniformly black, you should conduct the same procedure above using Solution B, 

and then you can continue the gel separation (2nd step). 

The first step is the separation using the chiral angle selectivity. Figure A.1(b) shows 

the chirality map of SWCNTs. In the condition of 2.0%SDS/0.5%SC, only semiconduct-

ing SWCNTs with a small chiral angle (red range) are adsorbed on the gel, while semi-

conducting with a large chiral angle (blue range) and metallic SWCNTs are not adsorbed 

on the gel [126]. Taking the specific chirality of SWCNTs abundant in CoMoCAT, as an 

example, the small chiralities such as (9,1) and (8,3) are adsorbed on the gel. On the other 

hand, chiralities with large chiral angles such as (6,5) and (7,5) and metallic types are not 

adsorbed on the gel and are contained in the elution. This elution (solution B) is used in 

the second step. 

Gel chromatography separation (2nd step) 
The 2.0%SDS/0.5%SC/SWCNT solution (Solution B) collected in the first step is 

mixed with 0.5%SC solution of three times the volume of Solution B to make 

0.5%SDS/0.5%SC/SWCNT solution (Solution C) [Figure A.2(a)]. For the second step, 

prepare the gel in a column tube with a volume ratio of Solution A: gel = 5:2, and feed 

Figure A.1. First step of the separations. (a) Schematic diagram of the gel chromatography. (b) 
Relationship between chirality map and elution chirality. Semiconducting SWCNTs 
with small chiral angles (red range) are adsorbed on the gel. The others are not ad-
sorbed and pass the gel. 
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the solution into the gel [Figure A.2(b)]. At this time, the volume of solution C is quite 

large, so to shorten the time, the flow rate can be increased by applying pressure with 

nitrogen from the top of the column tube. After all Solution C is added, 0.5%SDS/0.5%SC 

solution is continuously added until the color of the eluent disappears (about three times 

the volume of the gel). The semiconducting types adsorb on the gel, and the metal types 

pass through the gel under the condition of 0.5%SDS/0.5%SC. 

Next, stepwise elution with DOC is performed. 0.5%SDS/0.5%SC/xDOC solution 

is used, and the x value is prepared in 0.005% increments from 0.020% to 0.060%. First, 

put 0.5%SDS/0.5%SC/0.020%DOC solution into the gel and collect the elution. In the 

same way, solutions with larger DOC concentrations are poured in turn, and the elution 

Figure A.2. Adsorption process before the second step of separations. (a) Dilution of solution B.
(b) Adsorption process on gel. 

Figure A.3. Second step of separations. The DOC concentration was increased in a stepwise man-
ner with fixed concentrations of 0.5% SC and 0.5% SDS. 
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is collected [Figure A.3]. 

The second step is a separation using diameter selectivity. As the DOC concentration 

in the SDS/SC/DOC solution is increased, the chirality with the smallest diameter is se-

quentially desorbed from the gel. Figure A.4(a) shows the optical absorption spectrum of 

the solution collected by DOC step elution. The DOC concentration increases from the 

top to the bottom. This result shows that (6,4) is desorbed first, followed by (6,5), (7,5), 

and (7,6) in that order. Figure A.4(b) shows the chirality map. It can be seen that the 

desorbed SWCNTs change from small diameter chirality to large diameter chirality. 

0.035%DOC was collected as the high purity (6,5) sample, and 0.050%DOC was col-

lected as the (7,5) sample. 

  

Figure A.4. Separation result of the second step. (a) Absorption spectrum. The top spectrum is
Solution B. The DOC concentration is from 0.020% to 0.060% in 0.005% incre-
ments. (b) Relationship between chirality map and elution chirality. Reprinted with 
permission from Y. Ichinose et al., J. Phys. Chem. C 121, 13391 (2017). Copyright 
2017 American Chemical Society. 
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A.2 Separation procedures for single-chirality (9,4) and (10,3) 
SWCNTs 

In order to separate (9,4) and (10,3), HiPco is used as a raw material, and after dis-

persing HiPco, a one-step gel separation is performed here. The selectivity used for the 

separation is basically the same as that of CoMoCAT, so the explanation is omitted. 

Dispersion of HiPco samples 
1. Prepare an aqueous solution of 1.0 wt% sodium cholate (SC). 
2. Add HiPco at a rate of 1.0 w/v% and disperse the SWCNTs with bath sonication (UT-

106H, Sharp) for 10 minutes. 
3. Use a high-speed rotating blade homogenizer (T18BS1, IKA®) for 1 hour to break 

up the residual solid sample that could not be fully dispersed. 
4. Isolate and disperse the SWCNTs using a chip sonication (Digital Sonifier® 250D 

advanced, BRANSON) with the power of 30% Amp. for 3 hours. 
5. Pour the solution into a special plastic centrifuge tube, set on a swinging rotor (P40ST, 

Hitachi Koki), and then centrifuged (34,400 rpm, 2 hours) using an ultracentrifuge 
(Himac CP100WX, Hitachi Koki). 

6. After centrifugation, collect the supernatant liquid as a sample, leaving about 1 cm 
from the bottom of the tube. 

Gel chromatography separation 
Mix an equal amount of 2.0%SDS solution with the 1.0%SC/SWCNT solution in 

Figure A.5. Adsorption process to separate HiPco SWCNTs. 
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which HiPco is dispersed to make 1.0%SDS/0.5%SC/SWCNT solution (Solution D). Pre-

pare the gel in the column tube with the volume ratio of solution A: gel = 1:1, and pour 

the solution into the gel. After all Solution D is fed, continue to feed 1.0%SDS/0.5%SC 

solution until the color of the eluent disappears (about three times the volume of the gel). 

In this process, the semiconducting-metal type selectivity and the chiral angle selectivity 

are utilized. The semiconducting types with large chiral angles and metal types pass 

through the gel under the condition of 1.0%SDS/0.5%SC [Figure A.5]. 

 Next, we perform stepwise elution of the HiPco-adsorbed gel. The poured solution 

is 1.0%SDS/0.5%SC/xDOC with x values of 0.10%, 0.13%, 0.14%, 0.15%, 0.16%, 

0.17% and 0.18%. First, we put 1.0%SDS/0.5%SC/0.10%DOC solution into the gel and 

collect the eluent. In the same way, the solutions with a large DOC concentration are 

added in turn, and the eluent are collected (Figure A.6(a)). The absorption spectra of the 

collected eluent are shown in Figure A.6(b). In this process, diameter selectivity is used. 

0.16% DOC was collected as the high purity (9,4) sample, and 0.18% DOC was collected 

as the (10,3) sample.  

Figure A.6. Separation process for HiPco SWCNTs. (a) Step-wise elution process. The DOC con-
centration is 0.10%, and from 0.013% to 0.18% in 0.01% increments. (b) Elution of 
absorption spectra. The top spectrum is Solution D. The second top to the bottom
correspond to the DOC concentration of 0.10% to 0.18%. Reprinted with permission 
from Y. Ichinose et al., J. Phys. Chem. C 121, 13391 (2017). Copyright 2017 Ameri-
can Chemical Society. 
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Appendix B  

Fabrication Method of Thermoelectric Property 

Measurement Device Using EDLT Structure 

After the high purity separation of SWCNTs, the SWCNTs are dispersed in the sur-

factant solution. From this stage, the process to prepare SWCNTs thin film and to com-

plete the EDLT thermoelectric measurement device will be described in detail. 

B.1 Preparation of SWCNT films  

Removal of surfactants 
In the dispersion of SWCNTs after separation, surfactants are at-

tached to the surface of SWCNTs. Therefore, it is necessary to remove 

the surfactant before the fabrication of SWCNTs thin film. In this study, 

we used water and organic solvent for the washing process. The instru-

ments used were a set of funnels for vacuum filtration and a diaphragm 

pump [see Figure B.7].  

(a) Add an equal or greater amount of methanol to the SWCNT disper-
sion and stir well. The hydrophobic groups of the surfactant are 
reversed, and the surfactant leaves the SWCNTs, resulting in the 
SWCNTs becoming bundles. 

(b) Filter the solution with vacuum filtration using a membrane filter 
made of PTFE with a pore size of 0.2 µm (Omnipore, Merck Millipore Ltd.). The 
bundled SWCNTs are deposited on the filter, and the surfactant-containing aqueous 
solution and methanol pass through the filter. 

(c) Pour an appropriate amount of hot water heated from pure water through the filter 
where SWCNTs are deposited. The purpose is to desorb as much surfactant as possi-
ble from the SWCNTs by the hot water at high temperatures. 

(d) Put the filter with SWCNTs in a bottle of methanol and disperse them by bath soni-
cation; after the SWCNTs have left the filter, remove the membrane filter from the 

Figure B.7. 

A set of funnels. 
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methanol as necessary. 
(e) Repeat (b) to (d) about three times, adjusting the number of times according to the 

volume and concentration of the solution. 
(f) Filter the solution with vacuum filtration using the membrane filter with a pore size 

of 0.2 µm. And then, without pouring hot water, place the filter in a bottle of toluene, 
and disperse the SWCNTs by bath sonication. 

(g) Repeat (f) twice. 
(h) After filtration with vacuum filtration through the membrane filter with a pore size 

of 0.2 µm, methanol is passed through the filter. Finally, put the filter into a bottle 
filled with methanol and disperse SWCNTs by bath sonication to finish the washing 
process. 

Redispersion of SWCNTs 
After the surfactant is removed, the SWCNTs form bundles and aggregate like algae 

in the solution. Since it is difficult to fabricate a uniform thin film by filtration in this 

condition, the SWCNTs are re-dispersed with Triton (Triton X-100, Wako Industries, 

Ltd.), a surfactant that can be easily removed by thermal decomposition even after the 

fabrication of thin film. 

(i) After step (h), perform steps (b) and (c) again. 
(j) Put the filter with deposited SWCNTs into a bottle with 1% Triton aqueous solution 

and disperse SWCNTs by bath sonication; after the SWCNTs have left the filter, re-
move the membrane filter from the solution as necessary. Since Triton has a weaker 
dispersing effect than the surfactant used in the separation, the bath sonication should 
be performed for at least 30 minutes. 

Vacuum filtration 
A polycarbonate membrane filter (Whatman Nuclepore Track- Etched membrane 25 

mm 0.2 µm) is used for thin film preparation. Set the filter in the funnel with the shiny 

side up and apply ambient pressure. Put the required amount of SWCNT solution into the 

funnel from the top, remove the bubbles on the surface of the solution using a Pasteur, 

etc., and then filter under vacuum. After the film is formed, put the film under a vacuum 

for about one hour to dry out excess water. 
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B.2 Fabrication of thermoelectric property measurement device 

The thermoelectric properties of SWCNT thin film samples are investigated by the 

ionic liquid-based electric double layer carrier implantation method with precise control 

of the chemical potential. 

(a) Parylene substrate 
Parylene (Parylene HT, Nihon Parylene Godo Kaisha, Ltd.) is deposited on a polyi-
mide substrate at a thickness of 10 µm as a thermal insulator (hereafter referred to as 
"Parylene substrate"), and the substrate is cut into 1.5 cm x 1.5 cm pieces and cleaned 
in an acetone reflux apparatus. 

(b) Gold deposition 
Gold electrodes are deposited with a thickness of 100 nm using a vacuum evaporator. 

 
(c) Transfer of the film 

The SWCNT thin film was cut into 2 mm x 2 mm pieces and bridged between the 
source and drain electrodes so that the SWCNT deposited surface was in contact with 
the substrate. 2-propanol (IPA) was dripped in small amounts and adhered to the sub-
strate, followed by chloroform reflux and acetone reflux to dissolve and rinse the 
polycarbonate filter. 

(d) Vacuum annealing 
Vacuum annealing at 200°C for 2 hours is performed to volatilize and remove resid-
ual organic solvents and surfactants (Transition) from the thin film. 

(e) Attachment of the heater 
Attach a heater (strain gauge, KFR-02N-120-C1-16 N10C2, Kyowa Dengyo Co., 
Ltd.) near one side of the thin film. To avoid uneven temperature rises by the heater, 
place a copper foil of the same size as the heater between the heater and the substrate, 
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and attach it with silver paste (DOTITE D-500, Fujikura Kasei Co., Ltd.). 

 
(f) Attaching lead wires 

Attach lead wires with silver paste to the source, drain, reference, and gate electrodes. 
In order to harden the silver paste, leave the device under low-vacuum condition for 
1~2 hours or overnight in the atmosphere. To avoid the reaction between the ionic 
liquid and the silver paste, a sealant (non-corrosive quick-drying adhesive sealant, 
TSE 397-C, Momentive Performance Materials Japan, LLC) is applied to the silver 
paste. 

(g) Installation of the pool 
Make a pool to prevent the ionic liquid from flowing. The pool can be made by piling 
up sealant, but if it is not high enough, it can be made higher by piling up a second 
pool on top of the first one. 

 
(h) Attachment of thermocouples 

Attach the thermocouples to the electrodes on both ends of the thin film using silver 
paste. When the silver paste hardens, it is applied over the sealant. Leave the film in 
the air for at least one night until the sealant hardens completely, and then proceed to 
the next ionic liquid coating. 
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(i) Coating with ionic liquid 
After the silver paste/sealant has completely stiffened, the device is left under vac-
uum for at least 30 minutes to volatize the water adhering to the surface of the thin 
film and substrate. The device is then moved into a glove box, carefully avoiding 
exposure to air, and an ionic liquid (Trimethyl propyl ammonium bis(trifluoro-
methanesulfonyl)imide, TMPA-TFSI, Kanto Kagaku Co., Ltd.) is dropped into the 
pool. The ionic liquid is spread over the entire pool by tilting it appropriately. Vacu-
uming before coating the ionic liquid is important. If the ionic liquid is applied with-
out this process, the water adhering to the thin film will volatilize in the measurement 
vacuum prober, causing the ionic liquid to boil. This may cause the thin film to break. 
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Appendix C  

Theoretical Calculation Methods 

C.1 Calculations in Chapter 4 

Linear response theory combined with the thermal Green’s function method within 
the constant-relaxation-time approximation. 

Here we explain the theoretical procedure we used to obtain the relationships be-

tween the Seebeck coefficient 𝑆 and the electrical conductivity 𝜎 in semiconducting 

SWCNTs, which are indicated by dashed curves in Figure 4.6. Within Kubo’s linear re-

sponse theory, 𝑆 as a function of 𝜎 can be expressed as 

𝑆 = 1
𝑇

𝐿12
𝜎

 

Here, 𝜎 and 𝐿12 are given, respectively, by 

𝜎 = ∫ 𝑑𝐸 (− 𝜕𝑓(𝐸 − 𝜇)
𝜕𝐸

)𝛼(𝐸)
∞

−∞
 

and 

𝐿12 = − 1
𝑒
∫ 𝑑𝐸 (− 𝜕𝑓(𝐸 − 𝜇)

𝜕𝐸
) (𝐸 − 𝜇)𝛼(𝐸),

∞

−∞
 

where 𝑒 (> 0) is the elementary charge, 𝜇 is the chemical potential, 𝑓(𝐸 − 𝜇) is the 

Fermi-Dirac distribution function, and 𝛼(𝐸) is the spectral conductivity. 

The electronic states of the lowest conduction- and highest valence-band edges of a 

semiconducting SWCNT can be regarded as one-dimensional (1D) Dirac electrons [119]. 

For 1D Dirac electrons, 𝛼(𝐸) can be expressed as 

𝛼(𝐸) = ℏ𝑒2𝜐2

2𝜋𝑉
∑Tr

𝑘
[𝜎𝑥𝐺𝐴(𝑘, 𝐸)𝜎𝑥𝐺𝑅(𝑘, 𝐸) − Re{𝜎𝑥𝐺𝑅(𝑘, 𝐸)𝜎𝑥𝐺𝑅(𝑘, 𝐸)}] 

using the retarded/advanced Green’s functions 𝐺𝑅 𝐴⁄ (𝑘, 𝐸), where 𝑣 is the velocity of 

a Dirac electron, 𝑉  is the volume of a system, and 𝜎𝑥 is the 𝑥 component of Pauli 

matrix. Within the constant-relaxation-time approximation, the retarded/advanced 

Green’s functions for a 1D Dirac electron are given by 
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𝐺𝑅 𝐴⁄ (𝑘, 𝐸) = {(𝐸 ± 𝑖 ℏ
2𝜏

) 𝐼 − (ℏ𝑣𝑘𝜎𝑥 + ∆𝜎𝑧)}
−1

 

where 𝜏  is the relaxation time of a Dirac electron, 𝐼  is the 2×2 identity matrix, and 𝜎𝑧 

is the 𝑧 component of Pauli matrix. Once 𝐺𝑅 𝐴⁄ (𝑘, 𝐸) is calculated, we can easily cal-

culate 𝛼(𝐸) and eventually can obtain both 𝑆 and 𝜎. 

As mentioned in the main text, the appearance of in-gap state due to the presence of 

metallic SWCNTs in a semiconducting SWCNT film can be demonstrated by the relaxa-

tion time 𝜏  [119]. In fact, the in-gap DOS increases with decreasing 𝜏 . Thus, the exper-

imental data of 𝑆  and 𝜎  for semiconducting SWCNTs including various amount of 

metallic SWCNTs can be theoretically fitted by choosing adequate 𝜏 . 

Tight-binding method for the calculation on thermoelectric properties of single (6,5) 
and (10,10) SWCNTs. 

For theoretical comparison (Figure 4.8 and Figure 4.9) between the power factor of 

single (6,5) and (10,10) SWCNTs, we performed the following calculation. Within the 

framework of the Landauer formula, the conductance 𝐺(𝜇)  and Seebeck coefficient 
𝑆(𝜇) with the chemical potential 𝜇 are expressed as 

𝐺(𝜇) = 2𝑞2

ℎ
∫𝑑𝐸 𝑇 (𝐸)(− 𝜕𝑓(𝐸, 𝜇)

𝜕𝐸
) 

and 

𝑆(𝜇) = 1
𝑞𝑇

∫𝑑𝐸 𝑇 (𝐸) (− 𝜕𝑓(𝐸, 𝜇)
𝜕𝐸 ) (𝐸 − 𝜇)

∫𝑑𝐸 𝑇 (𝐸) (− 𝜕𝑓(𝐸, 𝜇)
𝜕𝐸 )

, 

where 𝑞 is the charge of carriers, ℎ is the Planck constant, 𝑓(𝐸, 𝜇) is the Fermi–Dirac 

distribution function and 𝑇 (𝐸) is the transmission function. As can be seen here, we can 

obtain 𝐺(𝜇) and 𝑆(𝜇), once 𝑇 (𝐸) is calculated. 

We used the tight-binding method to calculate the thermoelectric properties of iso-

lated (6,5) and (10,10) SWCNTs with 1×1×9 Monkhorst-Pack K-grid. The Slater-Koster 

parameters used in this method were obtained by the density-functional tight-binding 

method [172] utilizing the “hotbit” code [173]. Under these parameters we performed the 

calculation of DOS for bulk SWCNTs. In addition, 𝑇 (𝐸) of SWCNTs was calculated 
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by combing the nonequilibrium Green’s function method with the tight-binding method. 

SWCNTs were divided into three regions; device region, a left and a right electrode. The 

length of device region is 5 unit-cells for (6,5) SWCNT and 10 unit-cells for (10,10) 

SWCNT. The above-mentioned calculation was implemented in the ATK-SE package 

(Ver. 2019.3) [174]. 

C.2 Calculations in Chapter 5 

Based on the Kubo-Lüttinger formula [175,176], 𝐿11 and 𝐿12 of a single-electron 

system can be expressed as the Sommerfeld-Bethe relations [119-123]: 

𝐿11 = ∫ 𝑑𝐸 (−𝜕𝑓(𝐸 − 𝜇)
𝜕𝐸

) 𝛼(𝐸)
∞

−∞
, 

𝐿12 = − 1
𝑒
∫ 𝑑𝐸 (− 𝜕𝑓(𝐸 − 𝜇)

𝜕𝐸
) (𝐸 − 𝜇)𝛼(𝐸),

∞

−∞
 

where 𝑒 is the elementary charge, 𝑓(𝐸 − 𝜇) is the Fermi-Dirac distribution function, 

and 𝛼(𝐸)  is the spectral conductivity. Using 𝐿11  and 𝐿12 , 𝑆  and 𝑃   are expressed 

as 

𝑆 = 1
𝑇

𝐿12
𝐿11

, 

𝑃 = 𝐿11𝑆2 = 1
𝑇 2

𝐿12
2

𝐿11
. 

An effective Hamiltonian of SWCNTs is known to be expressed as a 1D free Dirac 

Hamiltonian, which is given by 

ℋ0(𝑘) = ( ∆ ℏ𝜐𝑘
ℏ𝜐𝑘 −∆

) , 

where ∆ is half of the band gap, 𝑣 is the velocity of a Dirac electron in the high-energy 

region of |𝐸| F ∆, 𝑘 is the wave number of a Dirac electron, and ℏ = ℎ 2𝜋⁄  is the 

Dirac constant [119]. In the self-consistent Born approximation for short-range random 

potential, 𝛼(𝐸) and 𝜌(𝐸) can be analytically calculated by 

𝛼(𝐸) = 1
𝐴

𝑒2

ℎ
1

Im(𝜅1𝜅2)
Re{2𝜅1𝜅2 + 𝜅1

∗𝜅2 + 𝜅1𝜅2
∗

√𝜅1𝜅2
} 

with Im√𝜅1𝜅2 > 0, and 
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𝜌(𝐸) = 𝑎
2𝜋ℏ𝜐

Re{𝜅1+𝜅2

√𝜅1𝜅2
} , 

where 𝐴 is the cross-sectional area of the system, 𝑎 is the unit-cell length, 

𝜅1 ≡
𝐸 − ∆ − ∑ (𝐸)𝑅

11
ℏ𝜐

, 

𝜅2 ≡
𝐸 + ∆ − ∑ (𝐸)𝑅

22
ℏ𝜐

. 

∑ (𝐸)𝑅
11  and ∑ (𝐸)𝑅

22  are the diagonal elements of the retarded self-energy matrix. This 

calculation procedure was conducted for the four chirality SWCNTs; (6,5) SWCNTs, 

(9,4) SWCNTs, (10,3) SWCNTs, and (11,10) SWCNTs, with the relaxation time of 100 

fs. Figure C.8 shows the results of the density of states as a function of energy, 𝐿11, 𝐿12, 

𝑆, and 𝑃  as a function of the chemical potential. The results are used to discussion in 

Chapter 5. 
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Figure C.8. Calculation results of the thermoelectric properties for (6,5), (9,4), (10,3) and (11,10)
using the Kubo-Lüttinger theory. (11,10) is the representative chirality of Semi,
which has a diameter of ~1.4 nm. (a) Density of states DOS as a function of energy.
(b) electrical conductivity (𝐿11 = 𝜎), (c) Seebeck coefficient (𝑆), (d) power factor 
(𝑃 ), and (e) thermoelectrical conductivity (𝐿12) as a function of chemical potential
(𝜇). Reprinted figure with permission from Y. Ichinose et al., Phys. Rev. Mater. 5,
025404 (2021). Copyright 2021 by the American Physical Society. 
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Appendix D  

Supporting information 

Additional evaluation of purity of (6,5) SWCNTs 
 In Chapter 3, the purity of high-purity (6,5) SWCNTs was evaluated to be over 

99%. In this section, we will perform additional analysis to confirm that at least 99% is 

guaranteed. The data in Figure 3.8 was re-fitted using the same procedure as for the purity 

evaluation by fitting in Chapter 3. In Figure D.9, the dark blue color is the result of the 

fitting to (6,5) conducted in Chapter 3. We prepared a fitting function for (6,5) that is 

clearly smaller than the measured data, and it is shown in light blue. The area of (6,5) 

relative to (9,1), which can be regarded as an impurity, is shown in Table D.1. The (6,5) 

purity was still greater than 99%, although it decreased steadily. Therefore, we conclude 

that the purity of (6,5) obtained in Chapter 3 of this study is at least 99%. 

Figure D.9. Additional evaluation of (6,5) SWCNTs. The black line is the measured absorb-
ance spectrum. The underestimated fitting function for (6,5) is plotted as a light
blue line. 

0.4

0.3

0.2

0.1

0.0

Ab
so

rb
an

ce

11001000900800
Wavelength (nm)

Sub Band

(6,5)

Underestimated
(6,5)

 data

(9,1)
×10



 

108 
 

 

Shoulder structure of the Seebeck coefficient of high-purity (6,5) SWCNTs 
Figure 5.4(b) in Chapter 5 shows the gate voltage dependence of 𝑆 of semicon-

ducting SWCNTs. Here, there is a small peak (shoulder structure) around 𝑉G = −2 V 

in the data of (6,5). The origin of the shoulder structure is still unknown, but its behavior 

is different from the theoretically expected 𝑆 as a function of chemical potential in pure 

(6,5) SWCNTs. We analyzed whether 𝐿12 forms a peak structure even in the absence of 

this shoulder structure. We processed the experimental data of 𝑆 in the p-type region 

into a straight line for the gate voltage dependence [see Figure D.10(a)]. Even when there 

is no shoulder structure in 𝑆, 𝐿12 decreases in the high-doped region and has a peak 

structure [see Figure D.10(b)]. Therefore, the presence or absence of the shoulder struc-

ture of 𝑆 does not change the discussion and conclusions in Chapter 5 of this study. 
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Figure D.10. Analysis of the shoulder structure of the Seebeck coefficient. (a) Seebeck coeffi-
cient with data processing; the range from −0.4 V to −3.2 V in the p-type region 
was processed into a straight line. (b) 𝐿12 calculated by the Seebeck coefficient
obtained in (a). 

Table D.1. Comparison of peak area. 
Chirality (6,5) (9,1) Total 

Area 13.00 0.13 13.13 
Ratio (%) 99.01 0.99 100 
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Relationship between chirality of SWCNTs and power factor 
In Chapter 5, we measured the thermoelectric properties of several semiconducting 

SWCNTs. However, the purity of each sample was not uniformed experimentally. There-

fore, we compared 𝑃  obtained by calculation for future research to get a perspective of 

which chirality shows the largest thermoelectric performance. Figure D.11 shows 𝑃  of 

each chirality calculated by linear response theory in Chapter 5. The details of the calcu-

lation method can be found in Appendix C.2. According to the results, all the chirality 

showed the value of 𝑃  ~ 80 mWm−1K−2, and no significant difference was observed. 

Therefore, for semiconducting SWCNTs, the chirality in the diameter range of 0.7 nm to 

1.4 nm is ideally expected to have a similar thermoelectric performance. 
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Figure D.11. Power factor calculated by the linear response theory for four semiconduct-
ing SWCNTs, namely, (6,5), (9,4), (10,3), and (11,10). 
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