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1 Introduction

Quantum confinements of electrons in low dimensional structures induce unique
physical phenomena, which cannot be observed in conventional bulk materials, such as
ballistic transport!, Coulomb blockade? and size-dependent excitonic phenomenas.
Especially, in one-dimensional materials, physical properties are significantly changed
depending on a position of Fermi level due to presence of Van-Hove singularities in
density of states. Since 1960s Two-dimensional (quantum wells)45 and
Zero-dimensional system (quantum dots)é have been extensively studied thank to
progresses of fabrication techniques such as molecular beam epitaxy. Regarding
one-dimensional materials, conducting polymer, one-dimensionally stacked organic
molecules, in-organic chain systems have provided us a field to investigate physical
properties of one-dimensional systems, and such materials have been intensively
studied since 1970s79. However, such polymers are often structurally and chemically
deformed because of their easiness structural deformation, in-homogeneity and
reactivity of edge parts such as termination chemical groups, and that induces
uncertainties of boundary conditions to the transverse direction of one-dimensional

axis.

On the other hand, in 1991, Iijima has discovered multi-walled carbon nanotubes.0
Two years later, he found single-walled nanotubes(SWCNTs).11 At the same time,
Tenne et al. have reported synthesis of multi-walled tungsten disulfide nanotubes
(WS2 NTs).22 SWCNTs and WSz NTs are cylindrical materials rolling up
two-dimensional graphene and tungsten disulfide sheets. Those nanotubes have high
aspect ratio, exhibit excellent mechanical strength!3-15 and possess a chemical stability
due to the closed shell structure without any dangling bond. A remarkable point is that
cylindrical structure completely define quantum confinement conditions to the
direction normal to the axes 1617, which cannot be possible in cases of other open edge
structure materials, and such quantized conditions induce discrete energy states of
electrons, thus nanotube systems provide unique electronic structures with motion of
the electrons along the axis of nanotubes. In addition, structure of the nanotubes is
assigned by chiral index, which determine how to roll up the two-dimensional sheet
and define the electronic structure of nanotubes.'8 SWCNTs are known to exhibit
metallic and semiconducting properties depending on the chiral index. On the other

hands, WSz NTs always exhibit semiconducting properties regardless of the chiral



index. Those discoveries of nanotubes give us great opportunities to investigate

physical properties of unique one-dimensional systems.

From 1990s to 2000s, many researchers have reported their unique and superior
properties of SWCNTs in a single rope state, which originates from their
one-dimensional nature.'®2!1 On the other hands, practical applications require
macroscopic networks of the nanotubes. Thus, fundamental understanding of physical
properties of such macroscopic networks is important for practical applications.
However, in such networks, there is in-homogeneity in chiralities and alignments of
SWCNTs, which prevents quantitative understanding of physical properties and also
degrades device performance. For example, in produced SWCNT sample, electrical and
thermoelectric properties of SWCNT networks are those averaged among the chirality
distributions including metallic and semiconducting types of SWCNTSs. This mixture
states degrade electrical and thermoelectric performance of SWCNT networks.
Therefore, fabrication of networks of nanotubes in a single chirality state is important
for fundamental understanding of nanotubes as well as practical application. In
addition, carrier transport properties significantly depend on alignment of nanotubes
in networks. It is well-known that electrical properties in the nanotube networks are
dominated by the condition of tube-tube junctions.22-26 For example, in conventional
SWCNT networks, reported values of carrier mobility are significantly lower than that
of a single rope sample, because carriers in the nanotube networks are localized at the
tube-tube junction2427, thus transport mechanisms in such networks are different from
those in single rope states. In order to improve contact properties between the tubes
and to realize electronic devices with superior performances, control of alighment in

nanotube networks is crucial.

In this context, fabrication of single crystalline SWCNTs where single chirality
SWCNTs are densely and periodically well aligned is desired. However, although more
than 20 years has passed since discovery of SWCNTs, fabrication of single crystalline
SWCNTs has not been reported. As a result, several important basic physical
properties of SWCNTs have been still un-veiled yet. For example, determination of
lattice constant of single crystalline SWCNTs by X-ray diffraction has not been
reported. As a result, calculations of band structure using rigorous lattice constant of
SWCNTs has not been done. Superconductivity of SWCNTs in a bulk form has not been
reported, and reported superconductivity is limited to the case of single bundle or

composite.2830 In addition, reported superconducting transition temperatures have



large variation due to distribution of diameter and chirality of SWCNTs in their
samples. Therefore, conditions for superconductivity of SWCNTs are still unclear.
Single crystalline SWCNTs with uniform diameter and chirality is important to
understand superconductivity of SWCNTs. Single crystalline SWCNTs is also required
to fabricate electronic devices with excellent performance. In conventional SWCNT
networks, reported values of carrier mobility are significantly lower than that of single
rope sample due to tube-tube junction2427. In the case of single crystalline SWCNTSs,
carriers can move without scattering at tube-tube junctions. Therefore, development of
technique to fabricate single crystalline SWCNTs is important issue for basic science

and practical applications.

In addition to importance of single crystalline SWCNTSs, tuning a position of Fermi
level is crucial to understand physical properties in one-dimensional materials. In
one-dimensional system, it is well-known that carrier transport properties
significantly depend on a position of Fermi level due to presence of Van-Hove
singularities in density of states. Especially, electrical conductance and thermoelectric
properties are significantly enhanced when Fermi level is near Van-Hove
singularities.3133 Therefore, precise tuning of a position of Fermi level is crucial to

precisely understand electrical and thermoelectric properties of nanotubes.

In this dissertation, in chapter 2, for the first step toward realization of single
crystalline SWCNTSs, I developed a new technique to fabricate aligned assembly where
single chirality SWCNTs are highly and densely aligned. I investigated electronic
properties of the assembly using electrolyte-gating technique. Transfer characteristics
of the assembly showed that carrier mobility of the assembly was higher than that of
random networks. On the other hands, temperature dependence resistance
measurement indicated that although SWCNTs are highly aligned in the assembly,
transport mechanism in the assembly was similar to that in random networks. I
discussed the background of the improvement of carrier mobility and result of

temperature dependence resistance measurement.

In chapter 2, I investigated electronic properties of aligned assembly of SWCNTs by
shifting Fermi level toward valence and conduction band using electrolyte-gating
technique. Fermi level tuning technique is also crucial for understanding
thermoelectric properties of one-dimensional materials. It 1s known that

thermoelectric properties are significantly enhanced when a position of Fermi level



reached to Van-Hove singularities in density of states. SWCNTs are ideal candidate for
one dimensional material and SWCNTs are expected as excellent thermoelectric
material. However, previous reports on thermoelectric properties of SWCNTs were
mainly in a mixed chirality sample where both semiconducting and metallic type of
SWCNTs are contained. In addition, relationships between thermoelectric properties
and a position of Fermi level are not fully understood. Therefore, in chapter 3, 1
investigated relationships between thermoelectric properties of semiconducting,
metallic SWCNTSs and a position of Fermi level using electrolyte-gating technique. I
found that thermoelectric properties depend on the amount of injected carriers. In
addition, I found that thermoelectric power factor is optimized by tuning a position of
Fermi level. However, the line-shape of Seebeck coefficients indicated that there are
residual metallic SWCNTs or semiconducting SWCNTs with different charge neutral
points and the presence of those nanotubes could degrade thermoelectric performance
of SWCNTs. Therefore, I focused on WS2 NTs because they always exhibit
semiconducting properties regardless of their chirality and have wide band gap (~2 eV).
In addition, they can form macroscopic networks due to their relatively strong Van der
Waals force. However, there is no report on electronic properties of WS2 NTs networks
as well as thermoelectric properties. Therefore, I investigated electronic properties and
thermoelectric properties of WSz NT networks using electrolyte-gating technique. I
realized N-type and P-type conducting states in WSz NT networks, which is difficult to
realize using conventional back-gating techniques. I measured thermoelectric
properties of WS2 N'Ts in the conductive states. I found that thermoelectric properties
of WS2 NTs depend on the amount of injected carriers. I succeeded to interpret the
behavior of thermoelectric properties of SWCNTs and WS2 NTs using simple
theoretical models. Finally, I compared thermoelectric properties of SWCNTs and WS2
NTs with other bulk materials.

Details of history and background of my study regarding fabrication of single
crystalline SWCNTSs and thermoelectric properties of nanotubes are written in Sec 1.1

and Sec 1.2, respectively.

1.1 Fabrication of single crystalline SWCNTSs

SWCNTs are discovered in 1993.11 SWCNTs have attracted a great interest due to
unique physical properties. Electronic structure of SWCNTSs depends on their chirality,

which determines how a graphene layer is rolled up into a cylinder.16¢ For example,



SWCNTs exhibit semiconducting and metallic properties depending on their
chirality.16 Especially, in the early 2000s, ballistic transport have been observed for
individual metallic and semiconducting SWCNTs!921) which exhibited near room
temperature quantum conductance and high current-carrying capability.

In addition to such intrinsic electrical properties, SWCNTSs have relatively strong Van
der Waals interaction, so that they tend to form bundle and networks3435, This
characteristic is advantageous for practical applications because of good scalability of
the networks. However, the mixture state of chiralities in conventional SWCNT
networks is a bottle-neck for device performance as well as basic understanding of
physical properties. For example, conventional field effect transistor using networks of
as-grown SWCNTSs, which means the samples without further purification, as a
channel could not exhibit good performance due to presence of metallic SWCNTs.36.37
SWCNTs sample with narrow distribution of diameter was also required for structural
analysis by X-ray diffraction.38 These issues motivated many researchers for
fabrication of single chirality SWCNTs.

In early 2000s, structure-selective growth of SWCNTSs using specific catalyst has
been reported.3® Recently, chemical vapor deposition growth of SWCNTSs with a specific
chirality in an abundance over 92 percent have been reported.4? On the other hands, in
middle 2000s, high purity chirality separation in liquid phase has been reported. For
example, density gradient centrifugations442 and gel chromatography techniques43.44
have been reported for semiconducting-metallic SWCNTSs sorting and single-chirality
SWCNTs extraction. The techniques enable us to prepare a film of SWCNTSs with high
purity of semiconducting or metallic SWCNTs. From the late 2000s to early in the
2010s, electrical properties of a film of separated SWCNTs have been reported.
However, electronic properties of a film are quite different from the case of single rope
state. For example, thin film transistor using separated SWCNTs have been
reported4.4547 and the device performance was superior to conventional polycrystalline
S1,47 but carrier mobility of the film was much lower than single rope state. The
degradation of carrier mobility comes from scattering of carriers at CNT-CNT junctions.
For example, Yanagi et al. has reported that transport mechanism of carriers in
SWCNT networks can be interpreted as Variable range hopping and weak localization
for semiconducting and metallic SWCNTs film, respectively, which indicate scattering

centers at the tube-tube junctions.48

To overcome this issue, single crystalline SWCNTs where single chirality SWCNTs



are densely and periodically well aligned is desired in this research community. One of
strong method to fabricate single crystalline SWCNTs is vapor phase epitaxy. Many
researcher have reported a fabrication of aligned array of SWCNTSs by chemical vapor
deposition utilizing specific substrate.36:37.49 However, synthesized array contain
various chiralities of SWCNTs. Therefore, it is difficult to fabricate single crystalline

SWCNTs with single chirality SWCNTSs using chemical vapor deposition.

Another approach is crystallization. For example, fullerene can be dissolved in
organic solvent and we can prepare their single crystals. On the other hands, SWCNTSs
can be dissolved in solution using surfactants. Adsorption of surfactants on the surface
of SWCNTs depends on their chirality and we can extract high purity single chirality
SWCNTs by gel chromatography utilizing this dependency. Single chirality SWCNTSs is
crucial to fabricate single crystalline SWCNTs. However, in a situation where
surfactants are surrounding SWCNTSs, crystallization in liquid phase is difficult. Some
groups have reported fabrication of aligned array of SWCNTs including our studies.
However, degree of alignment in reported data was not sufficient. Therefore,
development of a new technique to fabricate an aligned array of single chirality
SWCNTs is crucial for fabrication of crystalline SWCNTs.

Single crystalline SWCNTs 1is also important for understanding of
superconductivity of SWCNTSs. In middle 2000s, superconductivity of carbon materials
have attracted much attentions due to discovery of superconductivity in B-doped
diamond?, Ca-intercalated graphite®! and Cs doped fullerene52 with high transition
temperature. In the case of SWCNTSs, in the early 2000s, superconducting transition in
resistance of single SWCNT bundle has been reported.28.29.53 Lortza et al has reported
superconductivity of CNT-zeolite composite.30 However, experimental reports are
limited to the case of single bundle or composite where the sample has diameter and
chirality distribution. Theoretical work has showed that strength of electron-phonon
coupling depends on diameter of SWCNTs5456, thus transition temperature may also
depends on diameter. In addition, it has been reported that misalignment of lattices
between neighboring SWCNTs leads difficulty of conserving momentum for an electron
hopping from one nanotube to the other.57 Therefore, alignment between neighboring
SWCNTs and narrow chirality distribution, especially, single chiral state is expected to
be crucial for realization of superconductivity in macroscopic scale. In addition,
according to BCS theory transition temperature increases as density of states at Fermi

level increases. It is known that carrier doping is also crucial for realizing high-7:



superconductivity in any materials. For example, Ca-intercalated graphite5!, Cs doped
fullerene52 and B-doped diamond?® have been reported. In the case of SWCNTSs tuning
the Fermi level to Van-Hove singularities can lead to high transition temperature due
to the presence of an extremely large density of states.5558:60 Therefore, tuning of
Fermi level of SWCNTs would be also crucial for realization of superconductivity.
Superconductivity in SWCNTs is still under discussion. Realization of alignment of
SWCNTs with a single chirality state and Fermi level tuning of the aligned system will

give a new insight to discussions of superconductivity in SWCNTs.

In chapter2, our purpose is, as a first step for fabrication of single crystalline
SWCNTSs, development of technique to fabricate aligned array of single chirality
SWCNTs and investigate its electronic properties. First, we developed a technique to
produce assembly where individual SWCNTs are highly aligned to specific direction.
The alignment of SWCNTSs in the assembly was optically characterized. Electrical
transport properties of the assembly and random network sample were compared.
Finally, we measured temperature dependence resistance of the assembly under

carrier injected state.

1.2 Thermoelectric  properties of nanotube

networks

Thermoelectric devices attract a lot of attentions because they can convert waste
heat to electrical power. The conversion efficiency of a thermoelectric generator or
cooler is directly related to the dimensionless materials figure of merit ZT.
3 S?oT
B K

T (1.1

Where T is the temperature, S is the Seebeck coefficient or themopower, o is the
electrical conductivity, and x is the thermal conductivity (which includes both the
electronic and lattice contribution). The ZT values have been used to characterize the
thermoelectric performance of materials. Over the following 3 decades, 1960-1990, only
incremental gains were achieved for increasing ZT, and finally the (Bi1-xSbx)2(Se1-yTey)s
alloy family was the one of the best commercial materials, with ZT =1 .
Thermoelectric industry has been limited to niche applications such as power

generator in space mission, generator on human body, compact cooler, where cost and
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energy efficiency are not as important as energy availability.

A difficulty for enhancement of the efficiency is presence of trade off of the
parameters in ZT. In order to enhance ZT, a large S value, a large o, and a small « are
needed. However, these materials parameters are in a trade-off each other. For
example, increase of the S for simple materials also leads to simultaneous decrease of o.
Also increase in o leads to increase of ¥ because of the Wiedemann-Franz law. In
1990s, to overcome this limitation, a new direction of researches appeared on the basis

of two ideas in thermoelectric materials.

The one is to introduce effective phonon-scattering centers to bulk materials, which
1s the so-called phonon-galass/electron-crystal materials such as the partially filled
skutterudites based on alloys of CoSbs. In recent years, ZT in this approach is reaching
1.7 at 800 K.61 The other is to use low-dimensional materials systems. The strategy of
this approach is to utilize quantum confinement effects to enhance of S and control S
and o independently, and to utilize surface scatterings to scatter phonons more
effectively than electrons. For example, in the early 2000s, quantum-dot super-lattice
composed of PbSe and PbTe layers achieved both increase the power factor and to
decrease the thermal conductivity at the same time, and exhibited ZT ~1.6 and 3.5 at
300 K and 570 K, respectively.62 This system is suitable for thin film thermoelectric

cooling devices and may be utilized in future.

In 1993, Hicks and Dresselhaus have proposed that one-dimensional conductor can
exhibit large ZT value due to quantum confinement effect and surface scattering
effect.63 Their calculation showed that quantum wire with diameter of 1 nm exhibits
ZT ~6 at optimal chemical potential.63 In 2008, it has been experimentally reported
that Si nanowire with diameter of approximately 10-20 nm exhibit ZT ~1 at 200 K64,
which is two order of magnitude higher than that of their bulk form. Therefore,
one-dimensional systems such as nanowire or nanotube are promising candidates for

high-performance thermoelectric materials.

SWCNTs are well known as one-dimensional conductor. Especially, it has been
expected that Van-Hove singularity peaks in their density of states significantly
enhance their thermoelectric performance. In the case of metallic type solids, Seebeck
coefficient can be approximately expressed as S o g(Eg)/n, where Er is the Fermi level

and n is carrier density given by the integral under the g(E) curve from E =0 to E = E¢.65
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The sharper a function of energy g(E) is, the higher the ratio g(Er)/n, provided that Er
falls near a maximum in g(E). It leads to a strong enhancement in Seebeck coefficient
as well as ZT. Therefore, SWCNTSs has attracted many attention for high performance
thermoelectric materials in recent years.31,32.66:68 In 2000s, thermoelectric properties of
SWCNTs have been reported mainly for mat samples.6972 The mat samples have
chirality distribution, thus the thermoelectric properties are those averaged over
various chiralities of SWCNTs in the sample, such as semiconducting and metallic
SWCNTs.

Thermoelectric properties of SWCNTs is expected to depends on their chirality.31.32
In addition, Seebeck coefficients of SWCNTs are sensitive to a position of Fermi level
near Van-Hove singularity peaks.31.32 However, relationships between thermoelectric
properties, their chirality, and a position of Fermi level of the SWCNTSs have not been

well understood.

In 2014, I investigated thermoelectric properties of high purity semiconducting
SWCNT networks as a function of carrier concentration using electrolyte gating
technique.”74 In the electrolyte gating technique electric double layer forms on the
surface of materials, which behave as capacitor with thickness of approximately 1
nm.75,76 The capacitor can accumulate carriers with concentration of 1014 cm-2 and one
can continuously control the carrier concentration by changing applied voltage.?5.76 In
addition, the electric double layer can form on the whole surface of all nanotubes, thus
one can control Fermi level of all nanotubes consisting of macroscopic nanotube
networks. Using this technique I revealed the relationship between thermoelectric
properties of SWCNT networks and a position of Fermi level.’374 1 found that
thermoelectric properties significantly depends on Fermi level. I also found that power
factor becomes maximum when Fermi level is tuned. However, behavior of Seebeck
coefficients is not consistent with theoretical calculation. The results indicated that
although we prepared high purity semiconducting SWCNTs, there is possibility of
degradation of thermoelectric performance due to presence of residual metallic
SWCNTs or semiconducting SWCNTs with different charge neutral positions.

Therefore, I focused on WS2 NTs as another nanotube.

WSz NTs are cylindrical nanotubes with a rolled structure consisting of
two-dimensional WSz sheet.12 WSz NTs always exhibit semiconducting characteristics

regardless of how their sheet is rolled. In addition, it has been showed by calculation

12



that thermoelectric properties of WSz NTs is enhanced due to presence of Van-Hove
sigularity.66 WSz NTs has no dangling bond, which is advantageous for Fermi level
tuning by electric field as in the case of SWCNTs. However there are no previous
reports on thermoelectric properties, much less electronic properties of WSz NT
networks. The lacking comes from difficulty in electrical measurements due to
insulating nature of WSz NT networks in non-doped state. In the WSz NT networks,
making conducting pass between electrodes using conventional back gating field effect
transistor configuration was difficult. However, in 2016, I found that conductive state
in WSz NT networks can be realized using electrolyte-gating technique.”” Electrolyte
gating field effect transistor using WSz NT networks as a channel exhibited good field
effect mobility, which is comparable to that of conventional polycrystalline silicon
device.”” In addition, I found that thermoelectric measurement of WS2 NT networks
can be performed in the conductive state using electrolyte-gating technique.”® Power
factor of the WS2 NT networks in the conductive state was comparable to single
crystalline WSs.78 The results indicate that electrolyte-gating technique can make WS2

NT networks good candidate for electronics and thermoelectronic applications.

The purpose in chapter 3 is to reveal relationships between thermoelectric
properties of nanotube networks and a position of Fermi level. First, we introduce
thermoelectric measurement of semiconducting SWCNTs using electrolyte-gating
technique. I found that thermoelectric properties of SWCNTs depend on the amount of
injected careers, and that power factor became maximum when Fermi level was tuned.
However, the behavior of Seebeck coefficients was not consistent with theoretical
calculations, which indicated presence of residual metallic SWCNTSs or semiconducting
SWCNTs with different charge neutral positions. Those unexpected SWCNTs may
degrade thermoelectric performance of SWCNTs. Second, as another one-dimensional
material, I investigated thermoelectric properties of WSz NTs. I discussed the
effectiveness of electrolyte-gating technique for thermoelectric measurement of WSz
NT networks by comparing with conventional back-gating technique. Finally, I
discussed differences between thermoelectric properties of SWCNTs and WSz NTs, and

their potentials as thermoelectric devices by comparing other bulk materials.
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2 Fabrication of aligned assembly of
SWCNTs in single-chiral state and
1ts electronic propertes

2.1 Introduction

Formation of a well-ordered structure is an important requirement for anisotropic
nano-materials, such as liquid crystals” and gold nano-rods8?, to ensure their optimal
performance in devices. SWCNTSs are one-dimensional materials with diameters of
approximately 1 nm. They have intrinsically high mobility1920 and mechanical
flexibility®183, and they have been utilized in various electronic applications, such as
flexible electronicsd488, electrochromic devices®?, and thermoelectric devices.73.74.90
Additionally, arrays in which SWCNT's are highly aligned are used in electronics. Such
arrays are produced on substrates by chemical vapor deposition processes.36.37.49
However, the individual SWCNTs within the arrays have different diameters and
electrical structures. Such variability prevents the direct use of the as-grown samples
without additional purification processes.?1.92 For example, in transistor applications,
it is crucial to remove metallic SWCNTs. Therefore, in such synthesis approaches, it is
very difficult to prepare an aligned array of SWCNTs with a single-chiral state.

Recently, various purification techniques for SWCNTs have enabled us to prepare
high-purity metallic, semiconducting SWCNTs or SWCNTs with single chiral
states.41-44.93In these purification processes, the SWCNTs were mono dispersed with
surfactants4-44 and DNA995 and the SWCNTs with different electronic structures are
differentiated during centrifugation and chromatography processes. Many devices
fabricated using such purified SWCNTs have been reported; however, purified
SWCNTs are often used in their random networks, in which the SWCNTs are
randomly oriented and distributed during network formation from the mono-dispersed
states.8487.96 In such situations, the tube-tube contact functions as a scattering center,
and induces the localization of conducting carriers.27.48 Therefore, development of
techniques to produce assemblies in which the purified SWCNTSs are highly aligned
has been an important goal for the realization of high-performance transistors as well
as basic science. Several studies have reported aligned arrays of purified SWCNTSs
utilizing external field7-100,spin-coating!0l, liquid-air interfaces02.103, gurface

modifications of the substratel04105 hydrophobic film106, the coffee ring phenomenon45.
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We have reported self-assembled string-like assembly produced via temperature
control of SWCNTSs solution.107 However, in our technique, relatively high temperature

process may suppress degree of alignment of the string-like assembly.

Purpose in this chapter is to fabricate aligned array of SWCNTs and investigate its
electronic properties. First, we developed technique for preparing one-dimensional
assemblies of SWCNTs in which the SWCNTs are highly and densely aligned. The
assemblies were produced using surfactant crystals as templates upon which the
SWCNTs were self-assembled. To characterize the alignment of SWCNTs in the
assembly we performed polarized Raman measurement and scanning electron
microscopy measurement. We also discussed mechanisms of the self assembled process
in this technique. Second, to compare the electrical properties of the assembly and
random networks, we performed transfer characteristics measurements and
capacitance measurements. Field effect mobility of the SWCNTs assembly are
evaluated and compared with that of random SWCNT networks. Effective carrier
density and effective carrier mobility are key parameter to understand electronic
properties of material, thus we tried to measure a carrier density of SWCNT networks
under carrier injected state by Hall effect measurement. Third, we performed
4-turminal resistance measurement of the metallic, semiconducting, and (6,5) enriched
SWCNT thin film to understand how carrier injection using electrolyte-gating
technique affects transport mechanism of SWCNT networks. We found that all of the
SWCNTs networks exhibit variable range hopping conduction. Especially, increase of
resistance at low temperature in metallic SWCNTs film was the most suppressed in
the all type of the SWCNT film. Finally, we performed resistance measurements of
metallic SWCNTs assembly. Temperature dependence of the resistance of the assembly
was analyzed using variable range hopping model. Parameters of VRH model in the

assembly were compared with that of random SWCNT networks.

2.2 Crystal template method
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Fig. 2.1 Schematic of the crystal template method.
(Copyright 2014 AIP Publishing LLC)

Fig. 2.1 shows a schematic of the procedures used in our technique. First, we prepared
high-purity semiconducting, metallic SWCNTs with diameter of 1.4 nm and (6,5)
SWCNTs by density gradient filtration methods442 and gel chromatography43.44,
respectively. Details of density gradient filtration methods and gel chromatography are
written in section 5.2.1 and 5.2.2, respectively. Optical absorption spectrum and
Raman spectrum of chirality-sorted SWCNTs are written in sec 5.2.4. The suspended
surfactants were exchanged with 1 % (w/w) sodium deoxycholate (DOC, Wako Co.).
Then, we prepared the needle-like crystals of DOC by re-crystallization (Details are
written in section 5.6.1). The needle-like crystals of DOC, which were 100 um to 1 mm
in length and 1 pm to 2 um in width, were placed on a substrate (SiO2 (100 nm)/Si), and
the liquid of the purified SWCNTSs solution was dispensed onto the crystal at 15 - 20 °C.
Subsequently, the SWCNTs self-assembled upon the surface of the crystals during the
evaporation of the solvents as shown in Fig. 2.1. After the evaporation step, the
surfactant crystal was removed by soaking it in an acetone solution for 1 — 3 days,
leaving only the needle-like assembly in which the SWCNTs were highly and densely
aligned on the substrates (see Fig. 2.1). Additional details of procedure and
confirmation of removal the surfactants are shown in section 5.6.2. and 5.6.3.,

respectively.
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Fig. 2.2 (a) The normalized G-band intensities as a function of the angle 6 between the
axis of crystal template and the polarization vector of the incident laser light are
shown. The red line represents the assembly made from (6,5) SWCNTs via the crystal
template method; The black line is a buckypaper film composed of SWCNTs. (b)
Distribution of the lya /lmin value in the whole area of the assembly. (¢) Scanning
electron microscopy image of the assembly of aligned (6,5) SWCNTs. (d) Distribution of
the SWCNT bundle orientations obtained from Fig. 2.2 (c). (Copyright 2014 AIP
Publishing LLC)

First, we discuss the characteristics of the needle-like assembly of (6,50 SWCNTs,
which was purified using a gel chromatography method from CoMoCAT samples
(Aldrich Co.). The alignment ratio of the assembly of SWCNTs obtained through the

above procedure was determined by polarized Raman microscopy as shown in Fig. 2.2.
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Raman spectra were measured with an excitation wavelength of 561.3 nm, and the
laser spot had a diameter of ~1 um, which is smaller than the width of the assembly.
Fig. 2.2 (a) shows the normalized G-band intensity of the assembly of (6,5) SWCNTs as
a function of angle 0 between the polarization direction of the incident laser light and
the main axis of the assembly (Raman spectrum of the assembly are shown in sec
5.6.4). As a reference, the polarization dependence in random networks (such as
buckypaper of SWCNTs) is also shown. The intensity of the G-band in the assembly
reached the maximum intensity (a0 When the polarization of the incident radiation
was parallel to the axis (0=0°) and reached the minimum intensity (I, when the
polarization was normal to the axis. This behavior was fully reproducible in the same
location. The lpa /lnin Was approximately 14 and corresponding nematic order
parameterl®® was 0.81, which are higher than those of previously reported aligned
arrays of SWCNTs103,109 including our previous work.107 This result clearly indicates

that the SWCNTSs were highly aligned along the axis of the assembly.

We also investigated the distribution of alignment of SWCNTs within the assembly.
Fig. 2.2 (b) shows a micrograph of the assembly with a length of approximately 400 um
and the lna /Imin measured at intervals of approximately 30 um on the assembly. The
distribution of the lpay /lnin value ranged from 12 to 16, indicating that the SWCNTs
were uniformly aligned. We estimated the angle distribution o of the SWCNTSs in the
assembly from the following equation:

J'EH (73, cos’0+ ]jﬁnsinze)exp{— (e)z}dé)
- 20

max  __

L J?H (75 sin®0+ Iju.ncosze)exp{— (O)Z}dﬁ
i) 20

(2.1)

Here, 75 and 7 are the maximum and minimum values in a single rope of

SWCNTs. When we use the reported ideal 72 /72~ value from 20 and 10 in a single
rope or bundle of SWCNTs49110, the standard deviation, o, which corresponds to the
angle-distribution of SWCNTs from the axis of the assembly, was estimated to be from
complete alignment to 7 ° - 10 °. The results indicate that approximately 70 % of the

SWCNTs were aligned parallel to the axis of the assembly within 7 ° - 10 °.

To further investigate the structural information of the SWCNTs within the
assembly, we performed scanning electron microscopy (SEM) measurements. Fig. 2.2
(c) is an SEM image of an assembly of (6,5) SWCNTSs, indicating that the SWCNTs
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were highly and densely aligned. From the SEM image, we estimated the angle
distribution of SWCNT bundles as shown in Fig. 2.2 (d). Here, the angles between the
directions of each bundle and the axis of the assembly, which were estimated from
depicting several straight lines along the observed bundles, were evaluated and
counted. The o value was evaluated to be approximately 7 ° as shown in the figure,

which is in agreement with the results of polarized Raman microscopy.

A crystal template method is applicable for other SWCNTs samples. For examples
(Fig. 2.3), we succeeded to prepare aligned assemblies of semiconducting and metallic
SWCNTs with average diameters of 1.4 nm, which were purified through typical
density-gradient centrifugation processes from SWCNTSs samples produced by the Arc
discharge method (Arc SO, Meijo nano CO.). Polarized Raman microscopy
measurements and SEM images are shown in Fig. 2.3. The |y /lnin values of both
assemblies were approximately 13 (mean value of lya/Imin Was 10, see section 5.6.5), the
SEM images clearly show that densely aligned SWCNT bundles were formed in both
samples. These results indicate that our crystal template method can be applicable to
various types of SWCNTs.
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Fig. 2.3 Polarized Raman microscopy measurements and scanning electron microscopy
images of the assembly are shown. (a) and (¢) are semiconducting SWCNTs
(s-SWCNTSs); (b) and (d) are metallic SWCNTs (m-SWCNTs) with diameters of 1.4 nm.
(Copyright 2014 AIP Publishing LLC)

Finally we briefly discuss probable mechanisms for the self-assembled processes in
this technique. As shown in the result of Scanning Auger Mapping (Fig. 5.24 in section
5.6.3), Carbon signals were very week on the region other than the assembly, which
suggests that the surface of the crystal of surfactant was more preferable for SWCNT
adsorption than the surface of the substrate (SiO2 (100 nm)/Si). Thus we assume the
following scenario of the self-assembled processes: During the vaporization processes
of the solution in which SWCNTs were mono-dispersed, SWCNTs were dominantly
assembled on the surface of crystals and aligned according to the needle like shape of

the crystals.
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2.3 Transfer characteristics of SWCNTSs assembly

Fig. 2.4 (a) Schematic illustration of experimental setup for field effect transistor and
electrical transport measurement. (b) Photograph of the device of assembly. (c)
Photograph of thin film of SWCNTs.

To investigate electrical properties of the assembly, we measured transfer
characteristics of the assembly of semiconducting and metallic SWCNTs with average
diameters of 1.4 nm. A schematic of the device structure is shown in Fig. 2.4 (a); Au
(100 nm) / Ti (5 nm) electrodes were attached to the assembly. The distance between I+
-I-and V+ - V- are 400 pm and 80 um, respectively. The V+ and V- terminals correspond

to drain and source electrode. An ionic liquid (N,N,N-trimethyl-N-propylammonium

21



bis (trifluoromethanesulfonyl) imide (TMPA-TFSI, Kanto-Kagaku Co.) was used for
carrier injections through electric double layers. Details of this technique and
operating principle of the device are written in sec 5.4.1 and 5.4.2, respectively. This
measurement was performed under the vacuum, 103 Pa, at room temperature. Fig. 2.4
(b) shows a photograph of the Au pattern we used and channel of the assembly is
shown in bottom. For comparison we prepared thin film of SWCNTs as shown in Fig.
2.4 (c) where SWCNTs are randomly distributed (details of preparation of the film are

written in sec 5.2.3).

Fig. 2.5 shows the transfer characteristics of the assembly and thin film of SWCNTs
as a function of channel voltage. In the case of semiconducting SWCNTSs assembly the
on/off ratio was 1.30 X 105 at source-drain voltage, Vb = 0.3 V as shown in Fig. 2.5 (a),
which reflects characteristics of semiconductor (electric structure of SWCNTs is
demonstrated in section 5.1). The on state conductivity of the assembly was 2.31 x 103
Sm. Cao et al. reported production of film in which SWCNTSs are highly aligned (the
alignment ratio Iy /lmin  of approximately 10 with density of approximately 1000
tubes / pm) using Langmuir-Schaefer method.19? The on state conductivity of their
assemblies was evaluated to be 8.14 x 103 Sm' from the reported structural
information.109 Thus, the on-state conductivity of our assembly is comparable to the

best reported assemblies of aligned array of semiconducting SWCNTSs.

For comparison of device performance we measured transfer characteristics of thin
film of semiconducting SWCNTs where SWCNTs are randomly distributed. The on/ off
ratio was 1.09 x 103 at Vb = 0.2 V as shown in Fig. 2.5 (b). Capacitance of
semiconducting SWCNTs was measured using impedance analyzer (details of
capacitance measurement are written in section 5.7) and maximum field effect
mobility was evaluated to be 11.2 cm*V-S (hole region) for the assembly and 6.2 cm?/V-
S (hole region) for thin film, respectively. The value of field effect mobility of the
assembly was approximately 2 times larger than that of thin film of SWCNTSs. We also
measured transfer characteristics of assembly and thin film of metallic SWCNTs. The
on off ratio was 8.25 and 1.86 for the assembly and thin film. Evaluated field effect
mobility was 54.5 cm?/V-S (electron region) for the assembly and 2.8 cm*V-S (electron
region) for thin film, respectively. The value of mobility in the assembly was
approximately 20 times larger than that of random networks. Those results show that

the field effect performance was improved in the SWCNTSs assembly.
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Although we observed improvement of device performance in our semiconducting
and metallic assembly, the value of improved mobility was lower than that of single
bundle of semiconducting SWCNTs (200 cm?V-S) where sorted SWCNTs in solution
process were used as sample. The reason of the lower value of our assembly may come
from presence of tube-tube junctions along tube axis because averaged length of single
SWCNTs in our assembly is approximately 1 um but channel length is approximately
100 pm.
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Fig. 2.5 Transfer characteristics of assembly and random network SWCNTs. (a) and (b)
show the results of semiconducting SWCNTSs for assembly and thin film SWCNTSs,
respectively. The results of metallic SWCNTSs are also shown in (c) and (d). The applied

voltage was swept from positive to negative direction in the all experiment.
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2.4 Hall effect measurement

(a) Ionic/liquid

Vy &

Refer
ence

VAV |
[ |

Potentio
meater

Nanovolt E
meater |
Fig. 2.6 (a) Schematic illustration of experimental setup for field effect transistor and

Hall effect measurement. (b) Photograph of the device. Scale bar is Imm.

Although we evaluated carrier density and field effect mobility from the results of
transfer characteristics and capacitance measurement, direct measurement of such
parameter is important. Therefore we performed Hall effect measurement to
investigate effective carrier density and mobility in SWCNT networks. Fig. 2.6 shows
device configuration of Hall effect measurement. Au (100 nm) electrodes were attached
to the polyethylene terephthalate substrate as shown in Fig. 2.6 (b). Hall voltage was
measured using the Vi, V- and Va. We used potentiometer to correct the effect of
mismatch between the position of V+, V-, and Vu along the current direction. The Hall
effect measurement was performed at 200 K in order to freeze ions in the ionic liquid.
Magnetic field was swept from 9 T to -9 T. The film thickness was 1.0 um and 0.8 um

for semiconducting and metallic SWCNT networks, respectively.

Fig. 2.7 (a) and (e) show conductivity as a function of reference voltage for
semiconducting and metallic SWCNT networks, respectively. Ambipolar behavior was
clearly observed in both types of SWCNTSs. The on off ratio was 7.2 X 102 and 4.27 for
semiconducting and metallic SWCNT networks, respectively. The results indicate that

majority carrier was changed by electrolyte gating technique. Fig. 2.7 (b) — (e) and (f) —
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(h) show Hall voltage as a function of times under carrier injection by electrolyte
gating technique. Magnetic field is plotted on right axis. In the case of nondoped state
where conductivity was minimum in Fig. 2.7 (a) and (e), the Hall voltage did not
depend on the magnetic field in both semiconducting and metallic SWCNT networks as
shown in Fig. 2.7 (b) and (f). However, in the case of doped state, the Hall voltage
clearly depends on the magnetic field as shown in Fig. 2.7 (c), (d) and (g), (h). In the
N-doped state, the Hall voltage behaved as expected in equation (5.41) (See section
5.5.2) and carrier concentration was evaluated to be 2.1 X 1022 cm™ and 1.4 x 1022 cm’3
for semiconducting and metallic SWCNT networks, respectively. However, in the
P-doped state, the Hall voltage disagreed with that expected in equation (5.41) (See
section 5.5.2) in both semiconducting and metallic SWCNT networks. Therefore, we
could not evaluate the carrier concentration from this data. In the case of N-doped
state the carrier concentration evaluated from Hall effect measurement was two order
of magnitude larger than that by capacitance measurement (See Fig. 5.30. in section
5.7.3). Therefore the behavior of the Hall effect in the nanotube networks is still under

discussion.
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Fig. 2.7 (a) and (b) show conductivity of semiconducting and metallic SWCNT networks,
respectively. Red and Blue line indicate N-doped and P-doped region, respectively. (b)
and (f) show time dependence of Hall voltage in nondoped state. (c) and (g) show that of
N-doped state. (d) and (h) shows that of P-doped state. Red and blue lines show Hall
voltage and magnetic field, respectively. The applied voltage and current are also

shown in the Figures.

2.5 Electrical transport measurement

To understand effect of carrier injection on transport mechanism of SWCNTSs

26



networks we performed 4-terminal resistance measurement of the metallic,
semiconducting, and (6,5) enriched SWCNT thin film. Fig. 2.8 (a), (b) and (c) shows
transfer characteristics of semiconducting, metallic and (6,5) enriched SWCNTSs
networks using electrolyte gating technique. The drain current was plotted as a
function of reference voltage. Ambipolar behavior was clearly observed in the all type
of SWCNT networks. In Fig. 2.8 (d), (e) and (f) we show normalized resistance of
SWCNT networks as a function of temperature under carrier injection. In both doped
and nondoped state the normalized resistance increased as the temperature decreased
in the all type of SWCNTSs. This behavior is consistent with previous reports where

resistivity of SWCNT networks was controlled by chemical doing.27
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Fig. 2.8 Transport characteristic of (a) semiconducting, (b) metallic and (6,5) enriched
SWCNT networks using electrolyte gating technique. Temperature dependence of
resistance of the SWCNTs networks are shown in (d), (e) and (f). The resistance was
measured down to 2 K and normalized at 260 K. Red and blue lines represent N-doped
and P-doped state, respectively. Grey represents nondoped state where electrolyte

gating was not performed.

Table 2.1 Relationship between type of SWCNTSs, injected carrier, and normalized

resistance at low temperature

Doped carrier Semi Metallic (6,5)
Non-doped
on-dope M:mme w:4_6 M:NGZ.O
R(260K) R(260K) R(260K)
N-doped
ope R(3K) _74 R(3K) —40 R(3K)_:2685,7
R(260K) R(260K) R(260K)
P-doped
ope REK) _,c REK) _,, RBK) _g9
R(260K) R(260K) R(260K)

In Table 2.1 we summarized the relationship between type of SWCNTS, injected
carrier, and normalized resistance at low temperature. The increase of resistance of
metallic SWCNTs at low temperature was the lowest in the three types of SWCNTs.
The increase of resistance of SWCNT networks come from localization of carriers due
to tube-tube junctions. Therefore the results can be interpreted that localization of
carriers in metallic SWCNT networks is the most suppressed in the three types of
SWCNTs. On the other hands, metallic conduction has been observed in single bundle
of SWCNTs.111 Metallic SWCNTs is the most favorable to realize such metallic
conduction in the three type of SWCNTs. Therefore, we expected the metallic
conduction in aligned assembly of metallic SWCNTs. We prepared the assembly of
metallic SWCNTs for temperature dependence resistance measurement to understand

transport mechanism in the assembly.
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Fig. 2.9 (a) Transfer characteristics of assembly of metallic SWCNTs. Red and blue

lines represent N and P-doped state respectively. (b) Normalized resistance as a
function of temperature. Grey line represents nondoped state, red and blue lines
represent N-doped and P-doped state, respectively. Resistance was normalized at 260
K.

Fig. 2.9 (a) shows transfer characteristics of the assembly of metallic SWCNTs. Fig.
2.9 (b) shows normalized resistance as a function of temperature. The resistance
increased as temperature decreased. The transport mechanism of the assembly and
random networks of metallic SWCNTSs are analyzed using a variable range hopping

model based on the following equation!12.113:
1
T \d#
R(T) =R, exp (?Oj (2.2)

T _ ﬂd
0= d
ksD(r)a

Ty 1s a characteristic temperature used in the VRH model, a is a localization radius of

for d=2 or 3. (2.3)

states, fy1s a constant and D(u) is a density of states at Fermi level. Here, d has a value
of either 2 or 3 in Mott-VRH, or 1 in ES-VRH. Details of VRH model are written in sec
5.5.1. Temperature dependence of resistance of the assembly and thin film are
compared as shown in Fig. 2.10 (a) and (d), respectively. Fig. 2.10 (b) and (e) show
logarithmic derivative method where W = -d(InR /InT) is plotted as a function of InT to

linearize R = Ry exp(To/ T)* , evaluating the number of x directly from the slope. For
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example, in the case of the assembly the slope was -0.22 for N-doped state, which is
classified in d =3 in Mott-VRH. In this manner we classified the hopping dimension of
the assembly and thin film of metallic SWCNTs. In Fig. 2.10 (c) and (f) we plotted InR
against TV with deduced d. The InR lineally behaved against TY**% in both the
assembly and thin film, which indicates that our data were well fitted by VRH model.
We evaluated the T, from the slope as shown in Fig. 2.10 (c¢) and (f). The hopping
dimension and T, are summarized in Table 2.2 (we also analyzed the case of
semiconducting and (6,5) enriched SWCNT networks in section 5.8). Although T, of
assembly is different from random networks, behavior of resistance can be fitted by
VRH model with d = 3 regardless of alignment and carrier doping. This result indicates
that alignment conditions of SWCNTs in this study have little effects on transport

mechanisms in the assembly.
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Fig. 2.10 Analysis of transport mechanism of the assembly and thin film using VRH

model. (a) and (d) show temperature dependence of resistance for the assembly and
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thin film, respectively. (b) and (e) show In W versus In 7. Grey line shows nondoped
state, red line and blue line show N-doped and P-doped state, respectively. (c) and (f)

shows InR versus TV Black lines show their linear fitting.

Table 2.2 Relationship between doped carrier, hopping dimension, and T,.

Doped carrier Assembly Random
Non-doped d=3T,=850 d=3T,=707
N-doped d=3T,=199.8 d=3T,=77.8
P-doped d=3T,=156 d=3T,=9.1

In this study, we found that field effect mobility was improved in aligned assembly
compared with random networks in section 2.3 but transport mechanism was almost
no changed. Here, we briefly discuss the background of this result. In the case of
aligned assembly of SWCNTSs, the number of tube-tube junctions between electrodes
may be reduced compared with random networks. Therefore, carrier mobility can
increase in aligned assembly. However, although SWCNTs are well aligned, careers
must pass tube-tube junctions and they thermally hop from tube to tube at junction
point. Therefore, transport mechanism was unchanged even if SWCNTs are highly

aligned in the assembly of this study.

2.6 Summary

In summary, we developed a new method to prepare an assembly of aligned SWCNTSs
using a crystal template method. Polarized micro-Raman measurements showed that
the SWCNTs were highly aligned parallel to the crystal axis. SEM images clearly
showed that approximately 70 % of the SWCNTSs were aligned parallel to the crystal
axis within 7 °© and in good agreement with the polarized micro-Raman measurement.
The crystal template method was applicable for various SWCNTs samples, such as
highly purified metallic, semiconducting and (6,5) SWCNTSs. Field effect mobility of
semiconducting SWCNTSs assembly was 2 times larger than that of thin film and that
of the metallic SWCNTs assembly was 20 times larger than that of thin film. Those
results 1illustrate the high density and good alignment of SWCNTs in both
semiconducting and metallic SWCNTs. Temperature dependence of resistance of
metallic SWCNTs assembly was compared with that of random networks. Analysis
using VRH model showed that alignment of SWCNTs has little effect on transport

mechanism.
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2.7 Outlook

In this study, we found that tube-tube junctions between electrodes are dominant in
transport mechanism in aligned assembly and the behavior of resistance of the
assembly was well fitted by variable range hopping. Fischer et al. has reported
metallic conduction in single bundle of SWCNTs.!!1 To realize such metallic conduction,
it is necessary to remove tube-tube junctions between electrodes, or to control the
junctions. Fabrication of aligned assembly using long SWCNTSs or using electrodes
with short length can realize such situation. Therefore, investigation of electronic
properties of assembly in such situation will be important for realization of metallic

conduction as well as superior device performance.
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3 Thermoelectric property of
nanotube networks

3.1 Introduction

Thermo-power of one-dimensional materials significantly depends on a position of
Fermi level due to presence of Van-Hove singularities in density of states. Since
discovery of CNTs in 199119, cylindrical materials such as SWCNTs and WSz NTs have
attracted a lot of attentions due to their unique physical properties. In general, their
one-dimensional structure is advantageous in thermoelectric applications, as reported
by Hicks and Dresselhause.63 For example, a figure of merit, ZT, can be significantly
enhanced as the diameter of a one-dimensional system decreases.63 In addition,
materials with cylindrical structure have been expected to have superior Z7 value due

to reduction of thermal conductivity.67.68

SWCNTs are one-dimensional rolled graphitic materials!l, and because of their
low-dimensionality, their thermoelectric properties have attracted a lot of interest and
have been investigated.69.72.114,115 Recently, a very large Seebeck coefficient has been
observed in the semiconducting types of SWCNT networks!!5, and tuning of their
thermoelectric properties, especially p-type and n-type control, is currently of great
interest. As previously mentioned, Seebeck coefficients of SWCNTs significantly
depends on Fermi level, thus determination of the Seebeck coefficients as a function of

the Fermi level is very important for correct tuning of thermoelectric properties.

On the other hands, WSz NTs are cylindrical nanotubes with a rolled structure
consisting of two-dimensional WS2 sheets.2 Quantized conditions along the
circumferential direction of the nanotubes, owing to their chiral structure and
Van-Hove singularities that reflect their one-dimensional nature, result in an
electronic structure that is distinct from that of two dimensional sheets and exhibits
unique physical properties; thus, the physical properties of WSz NTs have attracted
substantial attention.l7.66.116 Ag a result, since the discovery of WSz NTs in 1992,12
various physical properties, such as electrical, 117,118 optical,!’® and mechanical
properties,120.121 have been reported for the nanotubes in their single rope form.

However, relatively strong van der Waals forces between WSz NTs make them bundle
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together and, as a result, WSz NTs tend to form macroscopic networks.122.123 Such
networks provide strong advantages in the fabrication of devices with good scalability.
Previously, investigations of the electrical properties of WS2 NTs have been limited to
the single roped state because of the insulating properties of WSz NT networks.117-119
However, in 2016, Sugahara et al. succeeded in introducing carrier injections into thin
films, specifically, the random networks of WSz NTs, and demonstrated their
ambipolar field effect transistor characteristics by using the electrolyte gating
method.”” This technique has paved the way for investigating the electrical properties

of the macroscopic networks of WSz NTs.

This type of electrolyte gating method has recently been revealed to be applicable to
the control of various physical properties in nanotube networks. For example,
controlling the shift in Fermi level using electrolyte-gating technique has resulted in
modifications of the electrical and optical properties of SWCNTs, such as
conductancess124.125  optical absorption?, and electro-luminescense!26. Therefore, in
this chapter, we investigated the thermoelectric properties of SWCNTs and WSz NT

networks using electrolyte gating approaches.

In chapter 3, our purpose is to reveal relationship between thermoelectric
properties of nanotube networks and a position of Fermi level. First, we introduce
thermoelectric measurement of SWCNTs using electrolyte-gating technique. We
discuss problems of thermoelectric properties of SWCNTs. Second, as another
one-dimensional material, we investigated thermoelectric properties of WSz NTs. We
discussed the effectiveness of electrolyte-gating technique for thermoelectric
measurement of WSz NT networks by comparing the results with those obtained in a
conventional back-gating technique. Finally, we discussed differences between
thermoelectric properties of SWCNTs and WS2 NTs, and potential of thermoelectric
performance of those nanotubes by comparing other bulk and one-dimensional

materials.

3.2 Thermoelectric properties of SWCNTs
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Fig. 3.1 (a) Schematic illustration of the experimental setup for controlling the Seebeck
coefficient of SWCNTs through an electric double layer using an ionic liquid. (b)
Photograph of the device.

First, we introduce thermoelectric measurement of SWCNTSs using electrolyte-gating
technique. Fig. 3.1 (a) presents a schematic illustration of the experimental setup for
controlling the Seebeck effect through EDLT and photograph of the device was shown
in Fig. 3.1 (b). A thin film of high-purity semiconducting and metallic SWCNTs with a
diameter of 1.4 nm, which were prepared using typical density gradient
techniques,127129 was used as the channel between the gold source and drain electrodes.
A parylene layer (thickness of approximately 10 um, parylene HT, Parylene Japan) was
formed on the surface of the polyimide substrate for thermal isolation because of its
extremely low thermal conductivity, and the device was formed upon the parylene layer.
N,N,N-trimethyl-N-propylammonium  bis  (trifluoromethane  sulfonyl) imide
(TMPA-TFSI, Kanto Kagaku Co.) was used as the ionic liquid. Thermocouples were
directly attached to the SWCNT film using silver paste, and these thermocouples were
covered with insulating pastes (GC-P100, Sumitomo 3M Co.) to avoid electro-chemical
reactions. One end of the film was heated with a small heater attached to the film, and
the actual voltage applied to the sample was measured as the channel voltage from the

reference electrode. All of the measurements were performed under vacuum.

Fig. 3.2 shows Seebeck coefficients of semiconducting and metallic SWCNT
networks as a function of reference voltages. As shown in the top of the figure, transfer
characteristics exhibited ambipolar behavior in both semiconducting and metallic

SWCNT networks. As shown in the middle of the figure, Seebeck coefficients were
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controlled from N-type to P-type by shifting gate voltage, which consistent with
transfer characteristics. There were peaks in the Seebeck coefficient in semiconducting
and metallic SWCNT networks, and maximum values of the Seebeck coefficient were
approximately 120 and 20 [pV/K] for semiconducting and metallic SWCNTs,
respectively. Power factors are shown in the bottom of the figure. The maximum power
factor of metallic SWCNT networks was 5 times lower than that of semiconducting
SWCNT networks. Therefore, thermoelectric properties are significantly sensitive to
their chirality and the amount of injected carriers.

In the case of semiconducting SWCNTSs, there are peaks in Seebeck coefficients for
both electron and hole injected regions. The width between the electron and hole peaks
was approximately 500 mV, which is known to corresponds to shift of Fermi level (500
meV) when Fermi level is located within band gap. Hayashi et al. have reported that
the peak width of semiconducting SWCNTSs increase from approximately 50 meV to
500 meV when metallic SWCNTs (0.01%) are contained.!30 Therefore, relatively wide
peak width in our semiconducting SWCNTs indicate that the presence of residual
metallic SWCNTs or semiconducting SWCNTs with different charge neutral points.
Those SWCNTs may degrade thermoelectric performance. Therefore we focused on

WSz NTs as semiconducting nanotubes with wide band gap.
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Fig. 3.2 Thermoelectric properties of (a) semiconducting and (b) metallic SWCNT

networks. Conductivity, Seebeck coefficient, and power factor as a function of reference
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voltage are shown in top, middle, and bottom of the figure, respectively. Red and blue
symbol represent electron and hole region, respectively. (Copyright 2014 American

Chemical Society)

3.3 Thermoelectric properties of WSz NT networks

Fig. 3.3 presents a schematic illustration of the experimental set up for controlling the
thermoelectric properties of the WSz NT film through electrolyte gating approaches.
For thermal isolation of the film, a parylene layer (thickness of approximately 10 pm,
parylene HT, Parylene Japan), which formed on the surface of polyimide substrate,
was used. Au electrodes (100 nm thickness) were thermally deposited, as illustrated in
Fig. 3.3. The channel length was 400 um, which was crucial for introducing a clear
temperature gradient. The film thickness was approximately 1.2 pm in all experiments
in this study (details of preparation and optical characterization of the film are written
in sec 5.3.1 and 5.3.2, respectively). Thermo-couples (Alumel and Chromel) were
attached with silver paste to measure the temperature at both the ends of the film. A
heater was attached on the back side of the substrate, as illustrated in Fig. 3.3, to
create a temperature gradient. We used N,N,N-trimethyl-N-propylammonium bis
(trifluoromethane sulfonyl) imide (TMPA-TFSI, Kanto Kagaku Co.) as the ionic liquid.
To avoid electrochemical reactions between the silver paste and the ionic liquid, we
coated the silver paste with epoxy adhesive. The generated thermoelectric voltages
were measured using source and drain electrodes. The actual voltage applied on the
channel was evaluated as the reference voltage, Vg All of the experiments were

performed in vacuum. Preparation of the device is also written in section 5.9.1.
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Fig. 3.3 (a) Schematic illustration of experimental set up for field effect transistor and
Seebeck coefficient measurement using electrolyte gating techniques. (b) Photograph

of the device. Scale bar is Imm. (Copyright 2017 The Japan Society of Applied Physics)
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Fig. 3.4 The Vg dependence of (a) conductivity, (b) Seebeck coefficient and (c) power

factor at room temperature. Inset in (a) shows the Vg dependence of conductivity. The
Vg was swept from the positive to the negative direction in all experiments. Red and
blue colors indicate N-type and P-type, respectively. (© 2017 The Japan Society of
Applied Physics)

Fig. 3.4 (a) shows the transport characteristics of the film. The conductivities of the
film, o, are plotted as a function of the gate voltage, Vgs. The data clearly indicates
ambipolar behavior similar to that previously reported?’” and suggested that the
electron and hole could be injected through the formation of an electric double layer by
electrolyte gating. The on-state conductivities for hole and electron reached 2.2 x 101!
S/m and 3.3 S/m, respectively. The reported value for the on-state conductivity of
individual WSz NTs was 1.0 X 103 S/m,118 a value two orders of magnitude higher than
that presented in our results. Tube-tube junctions may have been the cause of the

decreased conductivity in the WSz NT film compared with the single roped state.
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To discuss electronic characteristics of WSz NTs used here, we plot the conductivity
of the film as a function of reference voltage Vg as shown in the inset of Fig. 3.4 (a). We
evaluated the width of Vzin an off-state (see also Fig. 5.17 in section 5.4.3), and the
width was evaluated to be 2.57+0.07V. We also measured a capacitance of the WSs
NT networks as a function of reference voltage (see Fig. 5.29 in section 5.7.4). There
was dip structure in the capacitance as shown in Fig. 5.29 (c) reflecting the
semiconducting band-gap.131-133 The dip width was evaluated to be approximately 2.5 V,
which was similar to the off-state width estimated from the transfer characteristics.
Braga et al. have reported that in the case of thin flake WSz, the band-gap was
estimated to be 1.4 eV from the off-state width observed in transfer characteristics.134
The value well coincides with the band gap of WSz bulk crystal (1.3 ~ 1.35 eV). The
number of layer in our sample is similar to that reported in the thin flake WS2 (around
50 layers, details are written in sec 5.3.3), thus the band gap of WSz NT networks
should be similar to that of WSz bulk crystal. However, the observed width of off-state
and the capacitance dip was rather large, around 2.5 V. Such increase of the width is
often caused by the presence of trap states within the band gap of
semiconductor.135.136 ) In the case of transitionmetal dichalcogenides, trap states are
generated within the bandgap because of structural defects, such as absence of
chalcogen or metal atoms and dislocations of these atoms.137 The rather large off-state
width indicates the presence of numerous trap states in our WS2 NT networks.
Therefore, the rather large off-state width indicates the presence of a large number of

trap states in our WS2 NT networks.

Fig. 3.4 (b) shows the Seebeck coefficient as a function of the gate voltage. Before
the gate-controlled thermoelectric measurement, we confirmed the linear relation
between the thermoelectric voltage and the temperature gradient (see Fig. 5.34 in
section 5.9.2). Both the positive and negative Seebeck coefficients clearly reflected the
ambipolar behavior of the WS2 NT networks. In the Vg region from -1.6 V to 1.9 V, the
Seebeck coefficient could not be correctly evaluated due to the limitation of our
measurement setups. However, in the Vg region more positive than 1.9 V or more
negatives than -1.6 V, the Seebeck coefficient could be evaluated. The Seebeck
coefficients tended to decrease as the |Vg| increased. This behavior was consistent with
the result in the polycrystals of WSz thin flakes,!38 whose Seebeck coefficients were
controlled by Indium intercalation. We calculated the power factor S°cas shown in Fig.
3.4 (c). In both P-type and N-type regions, the power factor increased as the |Vg|

increased, thus indicating the importance of carrier injections to achieve better
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thermoelectric performance.

We found that the electrolyte gating approach was crucial to reveal the
thermoelectric properties of WSz NT networks. Here we discuss the results using a
back-gating technique in which we used SiO2 (100 nm) as a gate dielectric. Fig. 3.5
presents relationships between the Seebeck coefficient and the conductivities of the
WSz NT networks as a function of Vg in the electrolyte gating technique, and the
conductivities in the back-gating technique. The Seebeck coefficients became
measurable in the region where the conductivity became on-state in both P-type and
N-type regions in the electrolyte gating technique. However, in the case of the
back-gating technique, the conductivity did not become on-state and thermoelectric
properties could not be measured. Levi et al. have reported that the single rope of WSz
NTs became on-state by the back-gating technique;!'®8 however, in our thick film
sample with a thickness of approximately 1 um, the conductivity of WSz NT networks
could not become on-state by this approach. We assume the following backgrounds. In
the case of the back-gating technique, the surface roughness and thickness in the thick
film would prevent uniform carrier injection into the nanotubes consisting the
networks, as a result, the conducting channel could not be formed between the source
and drain electrodes by this approach. However, in the case of the electrolyte gating,
the electric double layer would be formed on the surface of all the nanotubes in the film,
and carriers would be injected to them. As a result, the channel became on-state, and

the thermoelectric properties became measurable.
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Fig. 3.5 (a) Comparison of the back-gating and electrolyte gating methods in the WSs

NT networks. Red and blue circles represent the |Vg| dependence of electron and hole
conductivities, respectively, using the electrolyte gating technique. Black circles
represent the |Vg| dependence of electron conductivity using the back-gating technique.
(b) shows the details of the conductivity and Seebeck coefficients in the low |Vg| region
of (a). Red and blue colors indicate the N-type and P-type, respectively. Red and blue
vertical lines indicate the |Vg| values where the Seebeck coefficients became

measurable. (Copyright 2017 The Japan Society of Applied Physics)

3.4 Comparison of thermoelectric properties of

SWCNT and WS2 NTs networks
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Fig. 3.6 Comparison of power factor of SWCNTs and WSz NTs. Red and blue symbols
represent N and P type doping, respectively.

Here, we discuss differences between thermoelectric properties of SWCNTs and
WSz NTs. In Fig. 3.6 we show power factors of semiconducting SWCNTs and WSz NTs
as a function of their conductivities. In the case of WSz NTs, log(S*: o) linearly
increased against log . On the other hands, log(S*: o) has peak in semiconducting
SWCNTs. To discuss the background of these behaviors, we used following simple
models where conductivity depends on Fermi level as,

o =~ exp(aE;) (3.1)

o~E; (3.2)
Equation (3.1) corresponds to a situation where Fermi level is located within band gap.
In the case of equation (3.2), Fermi level is located in conduction or valence bands. If
conductivity depends only on density of states, which means that relaxation time does
not depend on the location of Fermi level, on the basis of a free electron model, the n of

equation (3.2) can be written as,
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n :l for 1D,
2

0 for 2D, (3.3)

1

— — for 3D
2
Using those equations and Mott formula, we can derive a power factor as
log(S’c) = A+log o (3.4)
log(S%c) =B+ n-2 log o (3.5)
n

Here, A and B are constant values. Equation (3.4) and (3.5) corresponds to the case of
equation (3.1) and (3.2), respectively. In the case of semiconducting SWCNTSs, in a
region marked by a pink dashed line in Fig. 3.6, the behavior of power factor
corresponding to equation (3.4), which can be interpreted that Fermi level is located
within band gap. In a blue dashed line region, the behavior corresponds to equation
(3.5) with n = 1/2, which can be interpreted that Fermi level is located in valence or
conduction band. This interpretation is consistent with the results of transfer
characteristics of semiconducting SWCNTSs. In the case of WSz NTs, a pink dashed line
region corresponds to equation (3.4). However, although transfer characteristics of WSz
NTs showed that in a blue dashed region, Fermi level is inside conduction and valence
band, thus in this region, the power factor will behave like the equation (3,5), but the
behavior corresponds to equation (3.4). This discrepancy suggests that even if Fermi
level is among the band gap and located inside valence and conduction band, higher

conduction and valence bands affects the conductivity of WSz NTs.

3.5 Summary

In summary, we investigated thermoelectric properties of SWCNTs and WSz NT
networks. By using an electrolyte gating approach, we achieved ambipolar transfer
characteristics in the SWCNTs and WSz NT networks channel, and evaluated the
thermoelectric properties, Seebeck coefficients and power factors of the nanotube
networks. The power factor was significantly improved by carrier injections. In
addition, we succeeded to interpret thermoelectric properties of SWCNTs and WSz NTs

by assuming simple models in conductivity.

3.6 Outlook
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Fig. 3.7 The $°c values of the SWCNTs (Red and blue circle), WS2 NTs (Red and blue
square), single crystalline WS2139.140 (Green region), polycrystalline WS: flakes!38.141
(Blue region), polycrystalline BisTes42 (Brown square) and twisted SWCNT
film143(Green triangle) as a function of o. Red and blue symbol represent N-type and

P-type of powerfactor, respectively. The red region represents expected region for single
SWCNTs and WSz NTs.

In Fig. 3.7, we show comparison of power factors of SWCNTs and WS2 NTs with
other materials. The power factors of WSz N'Ts are comparable to polycrystalline WSg,
138,141 but lower than single crystalline WSz sample.139.140 The power factors of
semiconducting SWCNTSs are better than WSz NTs. The power factors of (6,5) SWCNTs
are better than those of semiconducting SWCNTSs but lower than those of conventional

Bi2Tes!42. Recently, it has been reported that twisted SWCNTSs film exhibits excellent
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power factors, which are higher than Bi2Tes.!43 This increase of power factor can be
interpreted as increase of conductivity of sample. In cases of single tube forms of
SWCNTs and WSz NTs, their conductivities have been reported to be approximately
107 S/m for SWCNTs!44 and 105 ~ 107 S/m for WS2 NTs 118 respectively. These
conductivities are located in a region surrounded by pink lines in Fig. 3.7. Origins of
the difference between conductivity of single nanotube and networks are tube-tube
contact resistances and packing densities of nanotubes in the networks. Therefore,
single crystalline nanotube where nanotubes are highly and densely aligned can
increase power factor to a red region in Fig. 3.7. Fabrication and investigation of

thermoelectric properties of single crystalline nanotubes are important future works.

Copyright 2017 The Japan Society of Applied Physics
H. Kawai, M. Sugahara, R. Okada, Y. Maniwa, Y. Yomogida, K. Yanagi,
Applied Physics Express, 10, 015001(2017).
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4 Conclusion and Outlook

In this chapter, I summarize my studies on physical properties of nanotube networks.
Summary of my works and future outlook of fabrication of single crystalline SWCNTs
and thermoelectric properties of nanotube networks are written in Section 4.1 and

Section 4.2, respectively. Finally, I emphasize new findings in my works in Section 4.3.

4.1 Electrical propertied of SWCNTs assembly

Fabrication of aligned SWCNTs array and single crystalline samples with narrow
chirality distribution are an important issue for practical application and basic
research of SWCNTSs. I succeeded to fabricate well aligned SWCNTSs assemblies using
chirality sorted SWCNTs and the degree of alignment of SWCNTSs in the assembly was
comparable to the best reported assemblies of aligned array of semiconducting
SWCNTs. I observed improvement of device performance of our assembly, but further
improvements such as improvement of quality of SWCNTs and using short channel
electrodes would be required for realization of metallic conduction and superior device

performance.

There are still approaches for fabrication of superior device using as-grown
SWCNTs by chemical vapor deposition. Recently, advancement in this approach is
reported. In 2013, Jin et al. has reported highly aligned array of as-grown SWCNTs
where metallic SWCNTs were completely removed using thermocapillary-enabled
purification technique.145 Device fabricated using this technique exhibited high field
effect mobility (>1000 cm?V -S) with high on /off ratio (>10000), which is best
performance in reported data.l45146 Although their array of SWCNTs is composed only
by semiconducting SWCNTSs, there is still chirality distribution in the sample. Array of
SWCNTs with narrow chirality distribution and high density can improve transistor
performance via precise control of current conduction, threshold voltage and hysteresis.
Therefore, fabrication of single crystalline SWCNTs with single-chiral state is still

ultimate goal in this research community.

Production of single crystalline SWCNTs i1s also, we assume, required for
realization of superconductivity in SWCNTSs. In this study, we could not observe a
superconductivity of SWCNTs assembly. But, it is reported that the highest transition
temperature of SWCNTSs is 15 K 29, and it was observed in small diameter SWCNTs. In

addition, the transition temperature may be enhanced by applying pressure (e.g. up to
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30 — 40 K as in alkali metal doped fullerene) and tuning of the Fermi level59.60,
Therefore, we believe that superconductivity will be realized if we prepare single
crystalline SWCNTs where their diameter, pressure and Fermi level are well

controlled.

In 2014, chirality-selective synthesis utilizing specific catalysts was reported.
Those technique produce high purity single chirality SWCNTs (> 92 %)40. Almost the
same time, single-chirality production using specific CNT-cap was reported!4?. In
principle, this bottom-up approach can produce only one kind of chirality SWCNTs.
Remaining challenge is a mass production of the single-chirality SWCNTs for practical
applications. I believe that mass production of single-chirality SWCNTs may someday
be realized, and my study here will play a important role for the realization of single
crystalline SWCNTs.

4.2 Thermoelectric  properties of nanotube

networks

One-dimensional materials such as SWCNTs and WS2 NTs are promising candidates
for superior thermoelectric material, but relationships between thermoelectric
properties, their chirality, and Fermi level have not been well revealed. I revealed that
thermoelectric properties significantly depend on their chirality and Fermi level using
electrolyte-gating technique. I also revealed that maximum Seebeck coefficient of
metallic SWCNTs was 5 times lower than that of semiconducting SWCNTs. Those
results indicate that although we prepared high purity semiconducting SWCNTSs
sample, there are residual metallic SWCNTs or semiconducting SWCNTs with
different charge neutral points. Those SWCNTs may degrade thermoelectric
performance of semiconducting SWCNTs. Therefore, I focused on WSz NTs as another
one-dimensional materials and I investigated its thermoelectric properties. I succeeded
to make the WS2 NT networks conductive states by electrolyte gating methods, and
their Seebeck coefficients were firstly evaluated. Finally, we showed that SWCNTs and
WSz NTs have good potentials for high performance thermoelectric devices, which
exceed conventional Bi2Tes. Improvement of tube-tube contact and density 1is
important, and, ultimately, preparation of single crystals of nanotubes is required to

achieve the highest thermoelectric performance of SWCNT and WS2 NT.
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As another one-dimensional materials, thermoelectric properties of InAs
nanowirel4® and Bi2Tes nanowirel4® have been reported. But those nanowires have
equal or lower thermoelectric properties compared to their bulk materials, which may
be due to the limited ability to control the amount of doping and the carrier
concentrations in those nanowires.149.150 SWCNTs and WSz NTs have no dangling
bonds, thus their carrier concentration can be tuned by application of electric fields as
I showed in this dissertation. In addition, from the point of views for various practical
energy conversion applications, nanowire or nanotubes should be aligned because the
aligned system can make good electrical contacts between neighboring nanotubes and
nanowires and also can improve the packing density. Therefore, preparation of aligned
system is an important issue for future work. In the case of SWCNTSs, there are many
reports on aligned SWCNTSs arrays including our work!46. Recently, He et al. have
reported a wafer scale film of aligned SWCNTs!51, which will also be suitable for

thermoelectric device fabrication of SWCNTs.

Several new materials with improved ZT (e.g. skutterudites and PbTe) have been
developed, but progress for commercializing is slow. One of the problems may be
mis-matching between the thermoelectric materials and external components in
thermoelectric device. Commercially available materials have a thickness from
typically 300 um to several millimeters in order to make good matching of electrical
and thermal power impedances to external components.l52 Reduction of material
thickness has been proved to be difficult, and how to reduce the thickness is a
technically challenging subject. I believe that SWCNTs and WSz NTs can solve this
problem, thus, I think that nanotube networks have a lot of advantages for

commerclalization.

4.3 New findings in my works

In this dissertation, as a first step toward the fabrication of single crystals of SWCNTs,
I developed a technique to fabricate aligned assemblies of SWCNTs and investigated
their electrical properties. In addition, I investigated thermoelectric properties of
SWCNTs and WS2 NTs networks. I found that thermoelectric properties of SWCNT
networks are sensitive to their chirality and a position of Fermi level. Particularly, I
emphasize that I succeeded to realize a conductive state in WSz NT networks and the
conductive state can be induced by electrolyte-gating technique. As a result, I
succeeded to evaluate the thermoelectric properties of WSz NT networks. I showed

potentials of SWCNTs and WSz NT for superior thermoelectric devices. Future work is
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to improve tube-tube junction and densities in the networks and, I think, as a final
goal, to fabricate single crystals of the nanotube. SWCNTs and WSz NTs can be
mono-dispersed into solutions, thus, techniques to make aligned arrays of SWCNTs
such as filtration technique!s! can be also applicable on WSz NTs. I believe that my
works can pave a way for investigation of electronic, thermoelectric properties of
nanotube networks, and showed potentials of the nanotube networks for superior

thermoelectric devices.
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5 Details of theoretical backgrounds

and experiments
5.1 Electronic structure of SWCNTSs

Fig. 5.2 (a) Unit call of graphene. a;, a, and Ry, R,, Rs, are lattice vector and nearest
neighbor vector. (b) Reciprocal lattice vector of graphene. The grey area represents

first Brillouin zone.16

SWCNTs have a cylindrical structure rolling up graphene sheet as shown in Fig. 5.1.
Electronic structure of SWCNT can be derived from that of graphene. In Fig. 5.2 the

unit cell and Brillouin zone of graphene are shown. aj, a; and by, b, are lattice vectors
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and reciprocal lattice vectors of the hexagonal lattice, respectively.

a=£aE a=£a—E (5.1)
! 2 2] TP 2 2 '

2r 2rxw 2r 2«
b,=|—,—|, b, =| —,—— (5.2)
J3a' a J3a' a
Where a=|a|=a,|]=246A is the lattice constant. To dispersion relations of n band of

graphene, we consider linear combination of Bloch wave function of the A and B sites,

¥, (k,r) :_Zciq)i(kJ) (5.3)
@, (k.r) =%Ze”ﬂ 4(r—R) (5.4)

Where @, (k,r)is Bloch wave function, #(r—R)is atomic wave function, N is the
number of unit cell in the crystal. The Schrodinger equation is

Hcrystal lP” = EZg (k)an (5-5)
To get eigenvalue of the W _, we calculate transfer integral matrix and overlap integral

matrix given by

H :%szeik(”') <@y (r—R) | H s |65 (r —R) > (5.6)
S zﬁge“«”’) <4 (=R |4 (r—R) > (5.7
In the case of Hpa |
H,, :%Rzéeikm*’) <Ppr=R) | Hope |40 —R) > (5.8
The integral in (5.7) is largelwhen R =R ‘ so that we take only
H,. =%<¢A(f— R Hopeu | 64(T—R) >=£,, (5.9

€p 1s energy of 2p,-orbital of carbon. In the case of Hpg, we can take a nearest neighbor
R1, Rz, Rs,
1 kR’ '
Hap =— € <¢A(r_R)|HcrystaI|¢B(r_R)>
N R'=Ry,R, R (5.10)
=t(e"® +e"® +e"®) =tf (k)
Where

t=< ¢A(r_R')| Hcrystal |¢B (r-R)> (5.11)

R[ﬁoj R[mgj R(mgj .12

Substituting (5.12) to (5.10), we obtain
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. . k,a
f (k) — elkxa/\/g + ZeflkxaIZ\/g COS(%J (513)

Using a relationship

HAA = HBB
HAB = H;A
Spn =S =1 (5.14)

S = S;A = sf (k)
S =<g,(r—R)[gg(r-R) >

the transfer integral matrix and overlap matrix are

&, HKY) o (1 sf(k)
H:(tf(k)* g, J S_(sf(k)* 1 j (6.15)

p

Solving the secular equation det (H — ES ) = 0, the eigenvalues Eyy(k) are obtain as a

function of w(k),

£, £ tW(K)
E,y(K)=—"———7— (5.16)
1+ sw(k)
k. a k. a
w(k) = \/l+ 4cos \/§;<Xa cos%+4cos2 % (5.17)

Fig. 5.3 The unit cell of unrolled carbon nanotubes. C, and T are chral vector and

translational vector and 6is chral angle.

Here we consider a unite cell of SWCNT as shown in Fig. 5.3. C;, and T are called chiral
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vector and translational vector, respectively,

C, =na, +ma, =(n,m) (5.18)
T =ta, +t,a, E(tl’tz)
2m+n 2n+m (5.19)
="t =—
dR dR

Integer m and n are called chiral index, which determine the structure of SWCNTs.

The reciprocal lattice vector corresponding to C, and Ty, are given by
1
Kl = W(_thl +t1b2)
1 (5.20)
Kz = _(_thl +tlb2)’
N
The length of the vectors is
2 2
K== K| =—, (5.21)
ij= 2.k, =2

The energy is quantized along K; direction due to presence of periodic boundary
condition along circumference direction of SWCNTs. Wave vector is discretized along
K; direction and the interval is |Ky|. Therefore, the dispersion relation of SWCNT is

expressed by

K
E, (k) =E;(k K—Z +uKy),

K|

T T
=0, N-1-Z<k<Z
(u T T)

(5.22)
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Fig. 5.4 Dispersion relation of (10,10) SWCNTs

In Fig. 5.4 dispersion relation of (10,10) SWCNTSs are shown. In the situation where
the K, vector across the K point, the energy dispersion is closed at K point, which called
metallic type of SWCNT. A condition of chiral index in order to form a metallic type of
SWCNT is given by

n—m = 3s (sis integer) (5.23)
A density of states of SWCNT i1s given by

()=, 3> L

+ u=1

——5(E, (k)-E)dE
(5.24)

dk

The density of states of metallic and semiconducting type of SWCNT are shown in Fig.
5.5. There are sharp peaks, which called Van Hove singularity.
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Fig. 5.5 The density of state of SWCNTs.

5.2 Preparation of SWCNT samples

5.2.1 Separation of SWCNTs by density gradient sorting

Semiconducting and metallic SWCNTs with diameters of 1.4 nm were prepared from
standard density-gradient sorting processes from SWCNTs samples produced by Arc
discharge method (Arc SO, Meijo nano Co.). We dissolved pristine sample in 2 % (w/w)
Sodium Deoxy cholate (DOC, Wako Co.) solution. To prepare well suspended SWCNTS,
the solution was homogenized with tip-type homogenizer (Branson Sonifier 250 D, 17
W) for 8 hours and ultracentrifuged for 2~3 hours at 36,000 rpm (P40ST, Hitachi Koki
Co.), then supernatants were collected. Density gradient were created in seal tube
(HITACHI Koki Co., 40 ml) using iodixanol and surfactants as shown in Fig. 5.6 (a).
The seal tube was ultracentrifuged for 9 hours at 50,000 rpm. After centrifugation

there were metallic and semiconducting SWCNTs layers in density gradient solution
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as shown in Fig. 5.6 (b).

(a) Solution | Surfactant | Vol.
SWCNT DOC 2% 6 mL
iodixanol | crce | a0
27.5% SDS 2% 6 mL
iodixanol o
30.0% SDS 2% 7mL
Piolebrs nineutiaint Sl metal
jodixano o
32.59% SDS 2% 7mL
iodixanol .
35.0% SDS 2% 7mL semi
iodixanol .
v 40.0% SDS 2% 7 mL
Before After

Fig. 5.6 (a) A Schematic illustration of density gradient in seal tube. (b) Photograph of
seal tube filled with SWCNTs solution and density gradient solution.

5.2.2 Separation of SWCNTSs by gel chromatography

Fig. 5.7 shows schematic procedure of (6,5) extraction from CoMoCAT (Ardrich Co.) by
gel chromatograph. (a) a gel (Sephacryl S-200 HR, GE Healthcare) were put in to a
column. (b) the gel contain ethanol to avoid drying, thus the ethanol were exchanged
by water. (c) the water was replaced by 2wt% SDS solution. (d) CoMoCAT suspended in
2wt% SDS solution were loaded on the gel and pushed into bottom of the column using
N2 gas. In this procedure, semiconducting SWCNTs are strongly absorbed into the gel.
(e) To remove the metallic SWCNTs, 2.5 wt% SDS solution were applied on the gel and
pushed into the bottom. (f) Finally, (6,5) SWCNTSs were collected by applying 5.0 wt%
SDS on the gel.
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Exchangethe f 1 Put SDS 5%

©) l water by SDS 2% Intothe gel

Put CoMoCAT
(a) 1 Puta gel (d) 1 Into the gel

(6,5) SWCNTs

CoMoCAT
Ethanol |
L)
(b)l Exchange the {e)l Put SDS 2.5%

Ethanol by water Intothe gel

(6,5) SWCNTs

Water | SDS 2.5%

Fig. 5.7 Experimental procedure of gel chromatography.

5.2.3 Preparation of thin film of SWCNTSs

SWCNTs dispersed in solution with surfactant or some regents were purified through
vacuum filtering processes as shown in Fig. 5.8 (a). First, (i) the solution was mixed
with methanol in a vial to make the SWCNTs bundled, then (ii) the solution was
filtered through vacuum filtration using membrane filter (PTFE, pore size = 0.2 pm).
After the SWCNTs were trapped on the membrane filter, we usually add hot water to
remove residual surfactant in the filter. Then (iii) the filter was put into the vial and
dispersed with ethanol using bus-type sonication. We performed the procedure (i) — (iii)
three times. After finish the procedure we did same procedure three times again using
toluene as solvent of SWCNTSs. In this procedure we must not use hot water after
SWCNTs were trapped in the membrane filter because toluene is hydrophobic. After
we finished the procedure using toluene, SWCNTs were mixed methanol again and
filtered using membrane filter (nitrocellulose, pore size = 0.2 um). The filter is shown
in Fig. 5.8 (b).
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(a) .
. SWCNTs were put into
(l) organic solvent

N
- Sonication for 15- 30 mins

(ll) N Vacuum filteration

\ 2
Putting hot water

Fig. 5.8 (a) A procedure of film preparation. (b) SWCNTSs trapped on the membrane
filter.

5.2.4 Optical characterization of SWCNT

Fig. 5.9 (a) shows absorption spectrum of semiconducting and metallic SWCNTs with
average diameter of 1.4 nm dispersed in solution with surfactants. There are peaks
around 1000 nm and 700 nm for semiconducting and metallic SWCNTs, which
corresponds to E,, transition of semiconducting SWCNTs and Ey; transition of metallic
SWCNTs. Fig. 5.9 (b) shows absorption spectrum of (6,5) enriched SWCNTSs. The peak
around 570 nm and 990 nm corresponds E,, and Ey; transition of (6,5) SWCNTs. Fig.
5.10 shows Raman spectrum of (a) ArcSO and (b) (6,5) SWCNTs. Inset shows RBM
spectrum and the peak position was 162.8 cm’! for ArcSO and 313.5 cm! for (6,5)
SWCNTs. In the case of SWCNTs the peak position of RBM is known to inversely

proportional to the diameter d [nm],

@ e :(iﬁ] [em-1] (5.25)

In the case of our sample, the diameter was evaluated to be 1.52 nm for ArcSO and
0.79 nm for (6,5) SWCNTSs. The peak around 1600 cm™! shows G-band of the SWCNTs
and the peak is also seen in the case of graphite. But in the case of CNT this peak split
into two peaks, which are called G. at 1590 cm! and G. mode at 1570 cm™.. The peak
around 1350 cm'! is called D band, which originates from vacancy of carbon atoms. The

peak ratio of G, / D is often used to evaluate the purity of CNT sample.
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Fig. 5.9 (a) Optical absorption spectrum of semiconducting and metallic SWCNTs.
Green line and yellow line represents semiconducting and metallic SWCNTs. (b)
Optical absorption spectrum of (6,5) enriched SWCNTs.
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Fig. 5.10 Raman spectrum of (a) ArcSO and (b) (6,5) enriched SWCNTs. The Excitation

wavelength was 488 nm.

5.3 Preparation of WSz NT sample
5.3.1 Preparation of WSz NT film

To prepare well suspended WSz NTs, powder of WS2 NTs were dispersed in CHP

(1-Cyclohexyl-2-pyrrolidone) using bus-type sonication, then solvent was exchanged to
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toluene and we performed vacuum filtration using a membrane filter (PTFE, pore size
= 10.0 um) to prepare WSz NTs film. The thin film of WS2 NTs on membrane filter is
shown in Fig. 5.11 (a). Freestanding buckypaper is shown in Fig. 5.11 (b).

(a)

(b)

Fig. 5.11 (a) Thin film of WS2 NTs on membrane filter.
(b) Freestanding buckypaper of WS2 NTs.

5.3.2 Optical characterization of WS2 NTs

Fig. 5.12 shows Raman spectra of WSz NTs. There are peaks at 351 cm™ and 420 cm™?,
which comes from vibrational modes of WSz sheet. Fig. 5.13 shows optical absorption
spectra of WSz NTs. There are peaks at 1.9 and 2.3 eV, which corresponds A and B

transitions of WS: sheet, respectively.
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Fig. 5.12 Raman spectra of WSz NTs. The peaks at 351 cm™ and 420 cm' comes from
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Es2g and A1z modes of WSs sheet, respectively.

0.6
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Fig. 5.13 An absorption spectrum of WSz NTs.

5.3.3 Characterization of WSz NTs by TEM

Fig. 5.14 (a) and (b) show a transmission electron microscope (TEM) image of the WSs
NTs we used. The value of doyer/ dinner Was estimated to be 2.45 from Fig. 5.14 (b). Fig.
5.14 (c) shows a histogram of the doyer of WS2 NTs. The mean dyyer was found to be 135
nm and approximately 63 % of samples are distributed within 50 — 150 nm. Using the
value of doyter / dinner and mean doyer, the mean thickness of layers was estimated to be
approximately 40 nm, which corresponds to approximately 40 layers.

©"TH

10 —

Number of samples
()]
|

1T T 1
0 50 100 150 200 250 300 350 400
Diameter [nm]

Fig. 5.14 (a), (b) Transmission electron microscope images of the WS2 NTs. (c)
Histogram of the diameter of WS2 NTs evaluated from 30 samples. (Copyright 2017
The Japan Society of Applied Physics)
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5.4 Electrolyte gating

5.4.1 Principle of electric double layer

As shown in Fig. 5.15, in a case that there are two electrodes in a electrolyte solution,
when a voltage is applied between the two electrodes the ions move along the electric
field to screen the field, and then the ions form a layer on the surface of the electrodes.
The layer is called electric double layer. According to a parallel plate capacitor model,

the capacitance can be written as:
& A

dr (5.26)

Where g, and &r are the vacuum and relative permittivities, respectively. A is the area

C=

of the prates and dis distance between the two plates. For example, capacitance of a
300 nm thickness of SiOz is ~ 10 nF/cm2. In the case of electric double layer, the
capacitance is ~ 10 pF/em2, which is three orders of magnitude greater than
conventional SiO:z. This originates from the thickness of the electric double layer,

which 1s sub-nanometer scale.

OFF ON

Fig. 5.15 A schematic illustration of electric double layer. Red and blue ball represents

anion and cation, respectively. (a) and (b) show on-state and off-state of the power.

5.4.2 Field effect transistor

Here, we illustrate a principle of field effect transistor using electrolyte as gate
material. Fig. 5.16 shows schematic illustration of field effect transistor. Configuration
1s similar to a parallel plate capacitor as discussed previous section. A source and drain
electrodes are attached to both ends of the channel material and a gate voltage is

applied from the gate electrode to the channel. A souce-drain voltage is applied from
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the source to the drain electrode. In the case of N-type semiconductor, when electrons
are injected in the channel material, drain current become on-state above threshold
voltage as illustrated in the bottom of Fig. 5.16 (a). Fig. 5.16 (¢c) shows a schematic
illustration of potential drops in the ionic liquid as a function of distance from the gate
electrode to the channel. There are potential drops at the surface of the gate electrode
and the channel due to presence of electric double layer formations on both surfaces.
Actual voltages applied to the channel were evaluated from the reference voltage Vr.
Recently, control of carrier concentration by electric double layer has attracted a lot of
attentions. For example, low voltage operation of FET76, phase transition in bulk
system153, electric field induced superconductivity!®4155 and control of transition
temperature of superconductivity!®® were realized using electric double layer
techniques. An advantage of this type of technique is controllability and reversibility of
the amount of carriers. Therefore, one can investigate physical properties of materials
as a function of the amount of injected carriers. This technique enables us to obtain
comprehensive understanding of physical properties of materials such as electronic

properties and thermoelectric properties.

N-type P-type
(a) (b) E—C Electrical double layer
Gate A A / \
50 O o S , PO®®® v\
sl P =
'Source Channel Drain ()]
\_{ 2 R
Vp o
Io Io - T >
. Distance
| (l) Vi vy, cl) Gate Channel
Vs Vg

Fig. 5.16 Schematic illustration of field effect transistor using electrolyte as gate
material. (c) shows schematic illustration of relationship between potential drop and

distance.

5.4.3 Determination of threshold voltages in transfer

characteristics of WS2 NTs

Fig. 5.17 shows transfer characteristics of WS2 NT networks using electrolyte gating
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technique. The Iy and Vi represent drain current and reference voltage, respectively.
To determine the threshold voltage, we extrapolated the |y - Vg curve to zero as shown
in Fig. 5.17 (a). Taking into account the hysteresis in the transfer curve, we averaged
the value of threshold voltage using value of forward and backward. The width of
threshold voltage between electron and hole region was estimated to be 2.57+0.07V

using 3 devices as shown in Fig. 5.17 (a)-(c).

V=0.1 V] Vsq=0.1[V]

0.0 1.0 -1.0 0.0 1.0 2.0
Vz V] Ve V]

Fig. 5.17 Transfer characteristics of WS2 NT networks.
(Copyright 2017 The Japan Society of Applied Physics)

5.5 Electrical transport

5.5.1 Variable range hopping model

In disordered systems like an amorphous semiconductor, it has been known that
electrical transport mechanisms differ from an ordered system like a single crystal.
Mott noted that at a sufficiently low temperature hopping conduction results from
localized states concentrated near Fermi level.112113 He showed the temperature

dependence of resistivity is
1

T
p(T) = p, exp (?OJA (5.27)

T, = _p 3
ksD(1)a

kpis Boltzmamn constant D(y) is density of states at Fermi level, a is the localization

(5.28)

radius of states near Fermi level, Sis a numerical constant. For three dimensional
system = 21.2. The derivation is follow.
An electrical resistivity between two states of spatial separation R and energy

separation Kis given by
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= p, EXP 2—R+i (5.29)
P =P a kT .

The first term results from a probability of transfer between the two states. Here,
consider the localized states within energy Ey at Fermi level g The concentration of

states within Ej is given by

N(E,) =2D(u)E, (5.30)
The typical separation of the two sites R in the energy band is given by
[NE)]° (5.31)

thus electrical resistivity between the two states in the band is

D= P, EXP 1 B = p, EXp L 4 Fo (5.32)
0 Nl/3(Eo)a kBT 0 [D(ﬂ)Eo]llsa kBT .

(5.32) has sharp minimum at

(kBT)3/4
[D(wya]"

Substituting (5.33) to (5.32) we can obtain (5.27) and (5.28), but we can’t obtain the fin

this argument. To generalize (5.27) for the case of an arbitrary spatial dimensionality d,

E, = (5.33)

we can replace (5.31) by [N(E)["", thus (5.27) becomes

1

T \au
o(T) = p, exp (?Ojd ' (5.34)
Py
T,=—+ ¢
° = . D()a’ (5.35)
B, =138 (5.36)

5.5.2 Hall effect

Consider a current-flow in a conductor and magnetic field perpendicular to the
current. The magnetic field deflects electrons in the negative y direction by Lorentz
force. As they accumulate there, an electric field builds up in the —y direction that
opposes the motion of the electrons. In equilibrium state, the field will balance the
Lorentz force,

ev,H =eE,
E (5.37)

Here, jy1s,
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J, =—nhev, (5.38)
Substituting (5.38) to (5.37), we can get

1 E
-—=—=R (5.39)
ne Hj,
R is called Hall coefficient. Here, we rewrite (5.39) using
V, =wE
Lo (5.40)
Ix =wh - Jx
Where w is width of the sample, h is thickness of the sample, then we can get Hall
voltage,
HI
VA (5.41)
* neh

5.6 Detalils of crystal template method

5.6.1 Preparation of crystal template

To form the template, crystals of DOC were prepared by a re-crystallization method.
A 2 ml solution of 1 % DOC (w/w) was heated in a vial to 100 °C in an incubator
(EOP-300B, ETTAS Co.) for 20 h. Then, needle-like crystals of DOC were formed in the

solution as shown in Fig. 5.18. When the concentration of DOC was greater than 5 %

(w/w) or less than 0.5 % (w/w), needle-like crystals were not observed. 1-2 % (w/w) DOC

was appropriate for production of the crystals.

Fig. 5.18 Schematic illustration of re-crystallization method.
(Copyright 2014 AIP Publishing LLC)

5.6.2 Details of procedure of crystal template method

First, substrate (SiO2 (100 nm)/Si) was washed by acetone reflux process. The

substrate was placed on a styrol case. The liquid of the SWCNTs solution were
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dispensed onto the substrate and the amount of the solution was 1 - 2 ul as shown in
Fig. 5.19 (a). Then, The needle-like crystals of DOC were immediately inserted into the
droplet and as shown in Fig. 5.19 (b). Then, the styrol case was sealed by a tape as
shown in Fig. 5.19 (¢) and put into an incubator at 15 - 20 °C.

(a) (b

- &

SWOCNT solution Needle-like crystal Sealing

Fig. 5.19 A schematic illustration of experimental procedure

1 — 3 hours later, after evaporation of the solution we performed polarized Raman
spectroscopy to find the sample with good alignment. The photograph of the substrate
after evaporation of the solution is shown in Fig. 5.20. We can usually find the sample
with alignment ratio lyay / Inin = 7 — 12. If we find a sample with good alignment ratio
another samples are carefully removed using wet tissue as shown in Fig. 5.21 (a) and
(b). The substrate was soaked in acetone as shown in Fig. 5.21 (c) and the vial was

sealed to avoid an evaporation of the acetone solution.
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I
Needle-like crystal

Fig. 5.20 The photograph of the substrate after evaporation of the solution.

Sealin
(@) Lo (b) (€) R

Fig. 5.21 A schematic illustration of acetone washing.
We usually confirm the removal of the DOC using image of the substrate as shown in

Fig. 5.22. Before the acetone washing the needle-like DOC crystal looks black in Fig.
5.22. After the acetone washing the crystal looks white.
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Fig. 5.22 Photograph of needle like DOC crystal before and after acetone washing.

5.6.3 Confirmation of removal of surfactants using

SEM-EDX and Auger mapping

Fig. 5.23 shows the results of Scanning Electron Microscope Energy Dispersive X-ray
spectroscopy (SEM-EDX). Fig. 5.23 (a) and (b) show the EDX spectra of the aligned
SWCNT assemblies before and after washing procedures using acetone, respectively.
Before washing, we observed the peak of Na at 1040 eV, which indicates the presence
of surfactants. After washing, the signals due to Na could not be detected, less than
noise signals. We also performed Auger Electron Spectroscopy measurement. Fig. 5.24
shows SEM image and Scanning Auger Maps of the aligned SWCNT assembly after
washing. The bright area indicates the presence of the corresponding elements. As
shown in the figure, the signals from Na could not be detected, indicating that the
presence of Na was less than 4 atomic percent. These results indicate that the

surfactants were well removed by this washing procedure.
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Fig. 5.23 SEM-EDX spectra of aligned SWCNT assemblies (a) before and (b) after

washing, respectively. (Copyright 2014 AIP Publishing LLC)
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{
[ - : b s |
) TR v | {
RN e |
T TR e S SN el

Fig. 5.24 (a) SEM image of after washing sample. Scanning Auger Map images of (b)

carbon, (c) Sodium, (d) silicon, and (e) oxygen. The bright area indicates the presence of

corresponding elements. (Copyright 2014 AIP Publishing LLC)

5.6.4 Raman spectra of assembly of aligned SWCNTs.

Raman spectra of G band are shown in Fig. 5.25. Those spectra were excited with

561.34 nm laser.
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Fig. 5.25 G-band of assemblies of (a) semiconducting (s-SWCNTSs), (b) metallic
(m-SWCNTs) SWCNTs with diameter of 1.4 nm, and (c¢) (6,5) SWCNTs. (© 2014 AIP
Publishing LLC)

5.6.5 Distribution of the value of Jmax/ZJnin

To investigate sample dependence of ./ Inin value, we performed polarized micro
Raman measurement for 30 samples, which were made from (6,5) SWCNTs. Fig. 5.26
shows a histogram of the |/ Imin value. The mean value is |ya/Imin = 10 and 70 % of the

samples exceed 10.

Number of samples
w
I
|

L
1234567 8 910111213141516
Imax/lmin

Fig. 5.26 Histogram of the Jmax/Imin value evaluated from 30 samples.
(Copyright 2014 AIP Publishing LLC)

5.7 Capacitance measurement

5.7.1 Principle of capacitance measurement
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(a) ) |

Fig. 5.27 (a) A schematic illustration of electric double layer capacitor. Red and blue

Z!! F —_— CH

ball represents anion and cation, respectively. (b) shows an equivalent circuit model.

Fig. 5.15 (a) and (b) show a schematic illustration of electric double layer capacitor and
equivalent circuit model of the capacitor, respectively. Zr and Z’r denote the Faradiac
impedance at the surface of electrode / electrolyte interface and C and C’denote double
layer capacitance. Ry, denotes the resistance of solution resistance. To measure the
capacitance of electric double layer capacitance we perform A.C. impedance
measurement as follows. Fig. 5.28 shows simple model where a resistance and a

capacitor are connected in parallel. The total impedance is given by

1 1 1

zZ R 1 (5.42)
joC
R . wR’C P
2 @Ry a(erey 2T 643
By transforming equation (5.43) we can get

7"

= m (5.44)

Therefore, we can obtain the capacitance by measuring the real and imaginary part of

impedance. Here, the impedance of the circuit is given by

2:¥ (5.45)
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As shown in Fig. 5.28 (b) the phase of the current shifts against the voltage. Measuring

the phase shift dand |Z| we can get Z’and Z”:
Z'=|Z|cosé
Z"=|Z|sin 6

(a) (b) % —V
A le—> A

¢ LR LD

(5.46)

6

Fig. 5.28 (a) Simple model of electric double layer capacitor. (b) A Phase shift between

the current and voltage of the circuit.

5.7.2 Experimental setup

Capacitance of electric double layer, which is formed on surface of a channel was
measured using a potentiostat (ALS Model 611 ES, BAS Co.). Device set up was the
same as the electrolyte gating set up in Fig. 2.4. We analyzed the capacitance using a
model in which capacitor of electric double layer and resistor are connected in parallel.
For example, Fig. 5.29 (a) shows phase shift as a function of reference voltage Vi at
1Hz, and the phase shift was close to -90 in all Vg range, which indicate electric double
layer well behave as capacitor in the model as described above. Fig. 5.29 (b) shows the

specific capacitance of semiconducting SWCN'Ts as a function of the reference voltage.
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Fig. 5.29 (a) Phase shift as a function of reference voltage. (b) Capacitance of

semiconducting SWCNTs as a function of reference voltage.
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5.7.3 Capacitance measurement SWCNTs networks

We performed capacitance measurements to evaluate carrier concentrations of
SWCNT networks under carrier injection by electrolyte gating technique. Fig. 5.30
(a) ,(c) and (e) show capacitance and carrier concentrations of semiconducting, metallic
and (6,5) enriched SWCNT networks, respectively. The total capacitance of the film Ciy
can be written as Cy = Cy + C4 . Here, Cy is the structural capacitance, and Cq is
quantum capacitance of the SWCNTs. C, represents the density of states, g(Eg), of the
SWCNTs,

C, =e’g(Eg) (5.47)
Therefore, when the Fermi level was located between the band gap of the first
van-Hove singularities, the total capacitance was dominated by the quantum
capacitance term, reflecting the smallness of the DOS of the SWCNTSs. As show in Fig.
5.30 (a),(c) and (e) there was clear dip structure in the capacitance in all the types of
SWCNTs, which reflect their band gap. We calculated carrier concentration of the
SWCNTs networks using following equation,

\%
n= jC(\/)dv (5.48)
0

In the case of semiconducting SWCNT networks, the carrier concentration was around
1.2 X 1020cm®and 0.9 X 1020 cm™ for N-doped and P-doped state, respectively. In
metallic SWCNT networks, that was 0.9 X 1020 cm™ (N-doped) and 0.7 X 1020 cm™
(P-doped). In the case of (6,5) enriched SWCNTs, that was 0.6 X 1020 cm™ (N-doped)
and 0.7 X 1020 cm3 (P-doped). The values are consistent with previous reports on
carrier doping using electrolyte gating technique.®” We also calculated a field effect

mobility of electron and hole in the SWCNT networks using following equation:
1 V
I, =C(Vg —VT—EVD)XTDXW X 1 (5.49)
Where V1 and Vp are threshold voltage and vias voltage in the transfer characteristics,
respectively. L and W are length and width of the channel, respectively. uis field effect

mobility of carrier. By differentiate Ip with Vg we can get

L di,
/’l =
CW, dv,
In Fig. 5.30 (b) and (d) field effect mobility is plotted as a function of the reference

(5.50)

voltage In the case of semiconducting SWCNT networks the maximum field effect

mobility was 4.5 cm?/V-S for electron and 6.2 cm?/V-S for hole, which is consistent with

7



a conventional FET of SWCNT networks.8 In the metallic SWCNT networks the
maximum field effect mobility was 2.7 cm?/V-S for electron and 1.9 cm*V-S for hole. In
the case of (6,5) enriched SWCNTSs, that was 30 cm?/V-S for electron and 34 cm?/V-S for
hole. The values are consistent with previously reported data on field effect transistor
of (6,5) enriched SWCNTs*6,
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Fig. 5.30 Capacitance and carrier concentration of semiconducting and metallic
SWCNT networks are shown in (a) and (c), respectively. Field effect mobility of

semiconducting and metallic SWCNT networks are shown in (b) and (d), respectively.
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5.7.4 Capacitance measurement of WSz NT networks

Capacitance and carrier concentration of WSz NT networks are shown in Fig. 5.31 (a).
There was a dip structure in the capacitance. The carrier concentration was around
6x10" cm3 for electron and 5x10" for hole. Field effect mobility is also shown in Fig.

5.31 (b). The maximum field effect mobility was 0.37 cm?*V-S for electron and 3.46

cm?/V-S for hole region.
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Fig. 5.31 (a) Capacitance and carrier concentration of WSz NT networks. (b) Field
effect mobility of WSz NT networks.

5.8 Analysis of transport mechanisms in SWCNT

networks
Fig. 2.10 shows analysis results of semiconducting, metallic and (6,5) enriched SWCNT
networks. Fig. 2.10 (a), (¢) and (e) show logarithmic derivative methods for
semiconducting, metallic and (6,5) enriched SWCNT networks, respectively. In Fig.
2.10 (b), (d) and () we plotted InR against TY™*? with deduced d. We evaluated the T
from the slope as shown in Fig. 2.10 (b), (d) and (f) for semiconducting, metallic and

(6,5) SWCNT networks.
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Fig. 5.32 Analysis results of transport mechanisms of SWCNT networks using VRH
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model. (a) , (¢) and (e) show InW versus InT for semiconducting, metallic and (6,5)
enriched SWCNT networks, respectively. Grey line shows nondoped state. red line and
blue line show N-doped and P-doped state, respectively. (b), (d) and (f) shows InR versus
7Y for semiconducting, metallic, (6,5) SWCNT networks, respectively. Black lines

show their loner fitting.
We summarized relationship between type of SWCNTSs, d, and Ty in Table 5.1.

Table 5.1 relationship between type of SWCNTSs, d, and T,

Doped carrier Semiconducting Metallic (6,5)
Non-doped d=3T,=850 d=3T,=70.7 d=1T, =2401
N-doped d=3T,=199.8 d=3T,=778 d=2T,=3869
P-doped d=3T,=156 d=3T,=9.1 Could not fitted

by VRH model

5.9 Thermoelectric measurement

5.9.1 Attachment of thermo-couples

As shown in Fig. 5.33 an attachment of thermo-couples is performed by following
procedure. (a) The parylene substrate is placed on another substrate and the rubber is
also placed on the substrate. (b) Epoxy adhesive is attached on the film where a
thermo-couple will be attached in order to protect the film from damage by
thermo-couple. (c) After the epoxy adhesive become hard the thermo-couple is attached
on the epoxy adhesive. (d) A silver paste is painted on the contact point of
thermo-couple and the epoxy adhesive. (e) After the silver paste becomes hard the

silver paste is coated by epoxy adhesive. (f) We wait until the epoxy become hard.
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Fig. 5.33 A procedure of attachment of epoxy adhesive.

5.9.2 Confirmation of linearity of AV against AT

Fig. 5.34 shows thermoelectric voltage AV as a function of temprature gradient AT. AT

was controlled by changing power of laser irradiation, and 4V linearly behaved against

AT in all Vg region where we could measure the Seebeck coefficient by electrolyate

gating technique.
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Fig. 5.34 Relationships between thermoelectric voltage AV and temperature gradient
AT with reference voltage (Vi) applications. The square symbols represent the
measured data, and the solid lines exhibit linear fitting results.(Copyright 2017 The
Japan Society of Applied Physics)
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