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unique structure and attractive physical chemical properties. Enormous efforts
and vast investments have been devoted to the research and development of CNTs
in the past two decades. Notable progresses have been made on the preparation,
property, and application exploration of CNTs. However, there are still challenges
remained for the research community, i.e., the structure-controlled synthesis,
growth mechanism, and industrial application of CNTs.

Aiming at these above critical subjects, Dr. Dai-Ming Tang’s doctoral thesis
focuses on revealing the growth process and mechanism of CNTs by using in situ
TEM technique. A novel approach including the preparation of two-end open CNT
nano furnace, selective loading of catalyst nanoparticles inside the CNT hollow
core, Joule heating of the CNT furnace by applying a voltage under TEM, carbon
supply by electron beam irradiation, and the observation and study of the growth
of CNTs from nanoparticles was first developed. By using this technique, it was
found that the growth of CNTs from non-metal SiO, catalyst follows a vapor—solid
surface—solid mechanism, quite different from the traditional vapor-liquid—solid
mechanism for metal catalyst, and that it is possible to grow CNTs from a pure
carbon system, without adding any metal or non-metal catalyst. These results will
be helpful to get a proper understanding of the growth mechanism of CNTs, and
hence facilitate their structure-controlled growth.

Dr. Tang also designed and prepared a CNT-clamped metal atomic chain struc-
ture. By using a metal-filled CNT as starting material, the outer carbon layer and
inner metal nanorod were finely machined under TEM, and finally a CNT-clamped
metal atomic chain was fabricated. The forming process, structure, and quantized
electrical transport property of this hybrid structure were studied and correlated.
This work provides an alternative way for the connection and assembly of metal
atomic chains, and demonstrates that CNTs can be used as electrodes connect-
ing nano/subnano structures in nanodevices due to their excellent electrical and
mechanical properties as well as desired stability.
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Chapter 1
Introduction

Carbon-based advanced materials are important for the modern civilizations, such
as carbon composite materials for airplanes, graphite electrodes for steels manu-
facturing, and graphite as moderator for nuclear power reactors [1, 2]. According
to the electronic structures and hybridization, traditional carbon materials could be
classified as either sp? hybridized graphite or sp> hybridized diamond. In recent
years, zero-dimensional fullerenes [3], one-dimensional carbon nanotubes (CNTs)
[4], and two-dimensional graphenes [5] have become new members of the car-
bon family. They are ideal model materials for low-dimensional sciences, and are
regarded as the key materials for future nanoscience and nanotechnology [2, 6-9].

Since the discovery in 1991 [4], CNTs have attracted great interest in the fields
of physics, chemistry, materials science, and biology because of the unique struc-
ture, excellent mechanical, physical and chemical properties, and potential appli-
cations in electronics, mechanics, and energy [10-12]. In the following sections,
recent progresses in CNT research will be introduced, including the controllable
synthesis, growth mechanism, electronic devices, and in situ transmission electron
microscopy (TEM) investigations. After that, the motivation, and organization of
this thesis will be presented.

1.1 Progresses in Controllable Synthesis of CNTs

A major research direction is the controllable synthesis of CNTs, because of the
close relationship of structure and properties [13], as shown in Fig. 1.1. Early
explorations were mainly focused on the developments of new synthesis methods,
increase of production scale, and improvements of purity. There are three main
methods for the production of single-walled CNTs (SWCNTs): arc-discharge [14,
15], laser ablation [16], and chemical vapor deposition (CVD) [17, 18]. Currently,
CVD is the most popular method because of the low cost, convenient parameter
control, and possibility to scale up. Depending on the catalyst loading methods,
CVD method could be classified into different types, such as floating catalyst [17],
loaded catalyst [19] and surface growth [18], and so on.

D.-M. Tang, In Situ Transmission Electron Microscopy Studies of Carbon Nanotube 1
Nucleation Mechanism and Carbon Nanotube-Clamped Metal Atomic Chains,

Recognizing Outstanding Ph.D. Research, DOI: 10.1007/978-3-642-37259-9_1,
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2 1 Introduction

Fig. 1.1 Structure (a-b) and
electronic properties (c) of
SWCNTs. Depending on the
chirality, SWCNT's could be
metallic or semiconductor.
Reprinted with permission
from Ref. [13]. Copyright
1992, American Institute of
Physics

(b)

u

200 nm
e

Fig. 1.2 a SEM images of SWCNT forests by super growth, from Ref. [24]. Reprint with per-
mission from AAAS. b High density SWCNT horizontal array. Reprinted with the permission
from Ref. [28]. Copyright 2008, American Chemical Society

In recent years, the controllable synthesis of CNTs by CVD method has made
great progresses. For example, the growth position could be controlled by the
position of the catalysts, and the growth direction could be controlled by apply-
ing electrical field, gas flow, or lattice matching techniques [20-22]. As a result of
the alignment control, CNT arrays in both horizontal and vertical directions have
been produced. In addition, the length of the CNTs could be tuned by controlling
the catalyst lifetime and activities [21, 23]. Figure 1.2 presents two representa-
tive works. In 2004, Hata group from National Institute of Advanced Industrial
Science and Technology (AIST) reported the super growth of high purity SWCNT
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arrays by using a water-assisted CVD technique [24]. Currently, mass production
of SWCNTs forests with this technique has been realized, and the applications of
SWCNTs in microelectromechanical systems (MEMS), energy storage, etc., are
under development [25-27]. Another example is the high density horizontal arrays
developed by Liu group from Duke University in 2008. A density as high as 20/pm
of aligned SWCNTs was achieved by a lattice control technique [28].

The applications in electronic devices require CNTs with uniform electronic
properties which are controlled by the chirality. Therefore, a lot of efforts were
made to control the chirality and conductance [29-36]. For example, Resasco
et al. reported the synthesis of SWCNTSs with enriched chiralities by using a Co—
Mo catalyst (Fig. 1.3) [29]. Li et al. and Chiang et al. realized certain selectivity of

Fig. 1.3 Photoluminescence emission intensities for the Co-Mo SWCNTs with a narrow (n, m)
distribution. Reprinted with the permission from Ref. [29]. Copyright 2003, American Chemical
Society
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chiralities by optimizing the catalyst composition, size, and growth temperatures
in Fe—Ru and Fe-Ni systems, respectively [33, 37]. In addition, metallic enriched
SWCNTs were produced by Harutyunyan et al. [35], by tuning the atmosphere
during the pretreatments of the catalysts and thus influencing the shape of the cata-
lyst particle and possibly their interaction with carbon.

To summarize, the key to the discovery of SWCNTSs is the use of suitable
catalyst. The control of macro arrangements of CNT assemblies is based on the
manipulation of the size, density, and position of catalysts. In addition, the con-
ductivity and chirality distribution could be tuned by optimizing the composition
and pretreatment of the catalysts. Therefore, the key to realize the controllable
synthesis of CNTs is the understanding of the growth mechanism, especially the
role of the catalyst. In this thesis, the state of the catalysts during CNTs growth
is investigated by using in situ TEM techniques, so as to reveal the CNTs growth
mechanism (Chap. 3).

1.2 Progresses in Understanding CNTs Growth
Mechanisms

One of the well-accepted growth mechanisms for one-dimensional materials is
the vapor-liquid—solid (VLS) mechanism [38]. It was first proposed by Wagner
and Ellis in 1964 to explain the growth of silicon whiskers (Fig. 1.4). The VLS
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Fig. 1.4 a VLS growth mechanism of silicon whiskers. Reprinted with the permission from Ref.
[38]. Copyright 1964, American Chemical Society. b Growth model of carbon filaments follow-
ing the VLS mechanism. Reprinted with permission from Ref. [40]. Copyright 1984, American
Institute of Physics
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mechanism includes several steps. First, vaporized silicon precursors (V) are dis-
solved into catalyst particles (Au) to form a eutectic phase with a lower melting
point and therefore the particle becomes liquid (L). The concentration of silicon
increases until over saturation is reached. After that, solid silicon phase precipi-
tates from the liquid catalyst particle (S). As the precipitation continues, a silicon
nanowire is nucleated and grown. Baker and Tibbetts adopted the VLS mecha-
nism to explain the growth of carbon fibers [39, 40]. The proposed growth process
included the decomposition of carbon precursors, adsorption on the catalyst sur-
face, dissolution into the catalyst particle, diffusion through the particle, and pre-
cipitation after oversaturation.

After the discovery of CNTs, various techniques were used to investigate the
growth mechanism, such as the high-resolution transmission electron microscopy
(HRTEM) and molecular dynamics (MD) simulations. Dai et al. proposed a yarmulke
growth model based on the HRTEM observations of the relationship of SWCNTs and
catalyst particles at different growth stages (Fig. 1.5) [41]. It was suggested that a car-
bon cap was precipitated from the catalyst particle and lifted up for the nucleation of
a SWCNT. And then the SWCNT grows following the VLS mechanism.

Fig. 1.5 Relationship

of catalyst particles and
SWCNTs by HRTEM,
representing the yarmulke
growth mechanism. Reprinted
with the permission from
Ref. [41]. Copyright 2001,
American Chemical Society
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A new method was developed in our group in 1998 for the mass production of
SWCNTs by using a floating catalyst CVD technique [17]. It was found that sulfur
was an efficient growth promoter, which enhances the growth efficiency and influ-
ences the diameter distribution. HTREM characterizations revealed, interestingly,
no direct dependence between the size of the catalyst particles and the diameter of
the grown nanotubes. The catalyst particle was usually larger than the nanotube.
Therefore, a growth mechanism was proposed to explain the growth of SWCNTSs
by the floating catalyst CVD method (Fig. 1.6). Because of the adsorption of sul-
fur at preferred positions, the catalyst particle becomes locally liquid. The liquid
zones have higher activities for the nucleation and growth of CNTs. Therefore, the
diameter of the CNT is determined by the size of the liquid zone rather than by the
whole particle [42-44].

The growth process of CNTs is complicated and influenced by many factors
such as the catalyst size and composition, temperature, chemistry of the carbon
source, and the crystalline structures of the substrates. What’s more, the effects
of these factors are correlated rather than independent, making the growth mech-
anism even more difficult to be understood. In addition, the structure of both the
catalyst and CNTs could be changed during and after the growth. Therefore, it is
not enough to study only by parameter optimization combined with post characteri-
zations to reveal the CNTs growth mechanism. Therefore theoretical calculations
and simulations were carried out to simulate the growth processes, including the
growth positions (root or tip growth model), kinetics, nucleation process and diffu-
sion route (bulk or surface diffusion), carbon—metal interactions, and so on [45-48].
For example, Ding et al. studied the interactions of many different kinds of metals

Fig. 1.6 Schematic of

the growth mechanism of

SWCNTs by floating catalyst

CVD method. Reprinted

with the permission from _ &/v
Ref. [44]. Copyright 2006, Sle. '}“

American Chemical Society
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with carbon shells (Fig. 1.7). It was found that only when the interaction is strong
enough, the carbon cap could be lifted up for the nucleation of a nanotube [48].

Traditionally, the catalysts for CNTs growth were mainly Fe-group met-
als and alloys. However, recently many new metal catalysts were discov-
ered, including Au, Ru, Cu, Mn, Pt, Pd, Mo, Cr, Sn, Au, Mg, Al, Pb, and so
on [49-54]. Most of these metals could not form carbide; therefore the growth
mechanism of CNTs from the new metal catalysts should be different from tra-
ditional VLS mechanism. A modified VLS mechanism involving a size-depend-
ent dissolution of carbon in nano-sized metals was proposed by Homma et al.
(Fig. 1.8) [52].

Besides the new metal catalysts, surprisingly, metal-free catalysts were dis-
covered for the CNTs growth, including semiconductors such as Si, Ge, and SiC,
oxides such as SiOx and ZrO,, nano-carbon materials such as diamond, Cgo, and
open SWCNTs [55-61]. In addition, catalyst-free growth of CNTs on substrates
was reported [62]. Because these metal-free catalysts usually have high melting
points, a vapor—solid surface-solid (VSSS) growth mechanism was proposed by
Homma et al. (Fig. 1.9). According to the proposed mechanism, carbon atoms are
provided by surface diffusion on the catalyst surface rather than bulk diffusion
through the particle. Up to now, there are no clear answers to many important and
fundamental questions, such as the composition of the active catalysts, the diffu-
sion route of carbon atoms, and so on.

To summarize, although the growth mechanism of CNTs growth has been
investigated intensively, there are still many unsolved problems, especially after
the discovery of new metal and metal-free catalysts. Therefore, in this thesis, a
direct in situ TEM technique is used to investigate the growth mechanism, focus-
ing on the state of catalyst during CNTs growth.

Fig. 1.7 Effects of carbon—metal interaction on the nucleation process of SWCNTs by molecu-
lar dynamics (MD) simulations. Reprinted with the permission from Ref. [48]. Copyright 2007,
American Chemical Society
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Fig. 1.8 Size-dependent carbon solubility in metal particles and nucleation models of carbon
nanofibers and nanotubes from gold nanoparticles. Reprinted with the permission from Ref. [52].
Copyright 2008, American Chemical Society

Fig. 1.9 VSSS growth
mechanism proposed by
Homma et al. Reprinted
from Ref. [63], with kind
permission from Springer
Science Business Media

1.3 Progresses in CNTs-Based Nano-Electronic Devices

One of the main potential applications of CNTs is the nano-electronic devices
because of the excellent electronic properties. Depending on the -chirality,
SWCNTs may behave as metals or semiconductors, with distinct applications.
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1.3.1 CNTs as One-Dimensional Metallic Wires

Because of the nanosized diameter and large aspect ratio, the electron transport in
CNTs becomes ballistic, which could be described by Landau equations, with free
diffusion path approaching the micron scale [64, 65]. In addition, CNTs are bonded
by carbon—carbon covalent bonds which is the strongest in nature, so CNTs are
highly resistant to electromigration with the maximum current up to 10'0 A/cm?,
1000 times higher than that of copper wires. Therefore, CNTs could be used as high
current cables with low power consumption [66]. Mann et al. measured the elec-
tronic transport of a single SWCNT by using Pd electrodes for Ohmic contacts
(Fig. 1.10) [67]. Room temperature quantized conductance was reported based
on the tests results, with the free diffusion path up to 500 nm at room temperature
and 4 pm at low temperature [68]. Postma et al. manipulated a single SWCNT by
atomic force microscopy (AFM) to form a kink. Coulomb blockade through the
kink was measured, showing potential applications in single electron transistors
[69]. Superconducting properties were reported by Tang et al. in the small diameter
SWCNTs fabricated from zeolite templates, with the critical temperature up to 15 K
[70]. Tsukagoshi et al. reported the coherent spin transport through the interface

Fig. 1.10 Atomic force microscopy (AFM) image (a), and electrical conductivity measurements
on a SWNT contacted by Pd (b-d), demonstrating ballistic transport. Reprinted with the permis-
sion from Ref. [67]. Copyright 2003 American Chemical Society
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between ferromagnetic metals such as cobalt and CNTs, with the magnetoresistance
effects up to 9 %, showing promising applications in nano-spintronics [71].

1.3.2 CNTs as Semiconductors

Compared with traditional semiconductors, CNTs have the advantage of symmet-
ric band structure for electrons and holes, and similar mobilities for both charge
carriers, therefore they are expected to have superior performance for nanoscale
complementary metal-oxide—semiconductor (CMOS) devices [72]. In addition,
CNTs have direct band gaps therefore making the combination of microelectronics
and optoelectronics possible in the same material [73].

Martel et al. and Tans el al. first reported the CNT field effect transistors (FETs)
in 1998 by using noble metals such as Au and Pt as electrodes [74, 75]. The CNTs
had p-type characteristics and the on-off ratio was as high as 10°. Soh et al. used
transitional metals as the electrodes and effectively reduced the contact resist-
ance from MQ to k2 range [76]. And Wind et al. improved the gate techniques
and lowered the gate voltages from 12 V to about 0.5 V [77]. Martel et al. and
Bockrath et al. reported the n-type CNT FET fabricated by vacuum annealing,
alkali metal doping, and suitable selection of electrode materials [72, 78]. Based
on these techniques, Derycke et al. built logic circuits [79]. In addition, because
of the small diameter and large aspect ratio, CNTs have excellent optical transmit-
tance and flexibility, which make them potential candidates for fabricating trans-
parent and flexible devices (Fig. 1.11) [80].

As already mentioned, semiconducting CNTs have important potential applica-
tions. However, currently the synthesis of CNTs with uniform structure and conduc-
tivity still remains a big challenge. The applications of CNTs as conducting wires do
not have so strict requirements and the synthesis of few-walled CNTs is becoming
mature. Therefore, in this thesis, a new CNT-based nano-electronic device is designed
by using CNTs as nanoscale clamps for the extremely small atomic chains (Chap. 4).

1.4 Progresses of In Situ TEM Studies of CNT's

It is learned from the history of science that the length scale of our study reflects the
depth of our understanding of the world. For example, the invention of telescope
extended our view deep into the space and back to the beginning of the universe. On
the other direction, the microscopes enable us to look into the fascinating small world.
TEM provided structural information of the materials with atomic resolution, and
became one of the most powerful tools to study the structure-properties relationship
of materials. In recent years, in situ TEM techniques were developed by introducing
various attachments, such as gas, liquid, force, electricity, heat, magnetism, light, and
so on. Therefore, we can not only see the structure but also study the dynamic evo-
lution of structures induced by these stimulations, namely materials science labs in
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Fig. 1.11 Schematic
geometry (a), optical
transmission spectra (b)
and optical image (inset) of
organic transparent thin film
transistors (TTFTs) based
on SWCNTs on a plastic
substrate. Reprinted with
permission from Ref. [80].
Copyright 2006, American
Institute of Physics

TEM. In this section, progresses of in situ TEM studies of CNTs will be introduced,
including the growth mechanism, properties measurement, structural manipulation,
and devices fabrication.

1.4.1 Studying CNTs Growth Mechanism by Using In Situ
TEM

Traditionally, the growth mechanism was investigated by post-growth structural
analysis, which lacked observation of the intermediate states during the CNTs
growth. In situ TEM technique can correlate the growth conditions with product
structures directly, and provide insight into the transitional states. Therefore, in
situ TEM has been a powerful tool for growth mechanism studies, including envi-
ronmental TEM and electron beam injection methods [81-87].

The environmental TEM method uses a modified TEM or a special sample holder
to introduce gas into the TEM chamber and use resistance heating coils to provide a
high temperature to mimic an environment for the growth of CNTs. During the nucle-
ation and growth of CNTs, the state of the catalyst, the growth position, and carbon
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Fig. 1.12 In situ TEM observation of a SWCNT nucleation from a Fe catalyst (a), indicating
the active catalyst is Fe3C (b). Reprinted with the permission from Ref. [87]. Copyright 2008
American Chemical Society

atom diffusion route could be observed. Helveg et al. found that the catalyst for multi-
walled CNTs (MWCNTs) are single crystalline Ni with fluctuating shapes, and car-
bon shells nucleate from the edges of the particle [81]. Yoshida et al. revealed that the
catalysts for SWCNTs are single crystalline Fe3C with clear crystalline lattices, and
CNTs are formed by surface precipitation and cap lifting-up (Fig. 1.12) [87].

The electron beam injection method makes use of the interactions of electron
beam and carbon atoms to inject the atoms into the inner spaces of a heated nano-
tube, which acts as a nano furnace. The injected atoms react with metal catalysts
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Fig. 1.13 In situ TEM investigation of the growth and shrinkage of a CNT by injecting car-
bon atoms at high temperature. Reprinted with the permission from Ref. [86]. Copyright 2008
American Chemical Society

filled in the nano furnace and forms carbon caps. Therefore, the state of the cata-
lyst and the nucleation process of the nanotubes could be observed in situ [85]. For
example, Jin et al. injected carbon atoms into a closed carbon cap and found that
the nanotubes could be grown or shortened without the assistance of a catalyst and
keeping the cap closed (Fig. 1.13) [86].

In situ TEM holds the possibility of direct correlation of the growth conditions
and the atomic structures, and provides valuable guidelines for the controllable
synthesis of CNTs. Up to now, most of the researches are concentrated on growth
of CNTs catalyzed the Fe group metals, while many new catalysts were discov-
ered, bringing new questions for the growth mechanism. Therefore, in this thesis
we adopt in situ TEM technique to study the nucleation and growth mechanisms
of CNTs from metal-free catalysts, and try to propose a general growth mecha-
nism based on the comparative studies.

1.4.2 Properties Measurement by Using In Situ TEM

By applying stimuli such as electrical field or stress inside TEM, correspond-
ing properties of CNTs could be measured and correlated with the structure.
For example, Frank et al. reported quantized conductance by immersing CNTs
into Hg [88]. Poncharal et al. measured the elastic properties of CNTs by apply-
ing an AC electrical field between a CNT and a counter electrode. The nanotube
resonates when the applied frequency is close to its natural frequency (Fig. 1.14)
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Fig. 1.14 Resonance of a e |
CNT to the AC potential: m':_'jull u
(left) Initial nanotube, ™
(middle-right) resonant

vibration with potentials

of 530 kHz and 1.03 MHz,

respectively, from Ref. [89].

Reprint with permission from

AAAS

[89]. Based on this technique, Jensen et al. designed an atomic mass sensor with
atomic resolution [90].

1.4.3 Studying Structural Evolution of CNTs by Using In Situ
TEM

In addition to the properties measurement, the applied stimuli could induce struc-
tural evolutions and may be used for structural manipulations. For example,
Banhart et al. reported the bending, cutting, connection of CNTs, combining elec-
tron beam irradiation, and in situ heating techniques (Fig. 1.15) [91, 92]. Hetero-
junctions between CNTs and metals were fabricated to measure the electrical and
mechanical properties [93]. Suenaga and Iijima et al. investigated the formation
and migration of point defects in CNTs using a focused electron beam [94]. By
using the technique, Jin et al. fabricated carbon atomic chains and investigated the
connection of small diameter CNTs [95, 96]. By passing a high current to induce a
high temperature by Joule heating, Zettl et al. reported a layer by layer peeling of
a MWCNT and Huang et al. reported the superplasticity of CNTs [97, 98].
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Fig. 1.15 Engineering of a CNT with a focused electron beam at high temperature. Reprinted
with the permission from Ref. [92]. Copyright 2004 American Chemical Society

1.4.4 Fabrication of CNTs-Based Nanodevices by Using In Situ
TEM

Based on the structural manipulation techniques, it is possible to fabricate CNT
nanodevices. Combined with properties measurements, it is appealing to estab-
lish the fabrication-structure-properties relationships at atomic scale. For example,
Cumings et al. removed the outer layers of a MWCNT, and fabricated a nanoscale
piston by drawing and inserting the inner remaining nanotube, and measured the
friction forces between the graphitic sheets [99]. Begtrup et al. made use of the
electromigration effect to move the metal nanoparticles filled in the CNT and
measured the change of resistance and proposed a new memory device (Fig. 1.16)
[100]. The mass transport of nanoparticles outside nanotube was studied, and a
mass conveyor was invented [101]. Bando group in National Institute for Materials
Science (NIMS) invented the smallest thermometer by observing the volume
changes of filled materials inside CNTs [102].

To summarize, the nano-lab inside TEM provides valuable opportunities to
directly correlate the fabrication process, materials structures, and device proper-
ties at atomic resolution. By using the in situ TEM techniques, great progresses
have been made in the CNT science from the understanding of growth mecha-
nism, structural evolution and manipulation, to the devices fabrication and proper-
ties measurement. However, the nano-lab inside TEM is limited by the size of the
pole piece and high vacuum; therefore it is necessary to combine in situ TEM with
other methods such as ex situ experiments and theoretical simulations to achieve a
comprehensive understanding.
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Fig. 1.16 TEM images and the bias-driven movement of a nanoshuttle memory device made
of a metal-filled CNT in TEM. Reprinted with the permission from Ref. [100]. Copyright 2009
American Chemical Society

1.5 Motivations of the Thesis

During the past two decades, great advances have been made in CNT researches,
however, there remain a lot of challenges as summarized as follows.

(a) The control of production scale, purity, and macroscale arrangement has
reached a high level, however, selective synthesis of CNTs with certain con-
ductivity and chirality is not effective.

(b) Researches on the traditional catalysts have been extensively conducted
to understand their growth mechanisms. However, little is known about the
growth mechanism of CNTs grown from newly discovered catalysts.

(c) Many prototype devices have been proposed and some of them are even com-
mercially available. However, limited by the controllable synthesis, there is a
lack of devices featured by the unique structure and properties of CNTs.
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The research work in this thesis is motivated by above challenges. In situ
TEM techniques are used to study the CNTs growth mechanisms by comparing
the states of different catalysts. Based on the understandings, we suggest a new
route for the controllable synthesis of CNTs. In addition, a CNT-clamped MAC is
designed and fabricated to make use of the nanometer size and low electron scat-
tering of CNTs.
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Chapter 2
In Situ TEM Method and Materials

In 1959, Nobel laureate Richard Feynman gave a speech entitled “There’s Plenty of
Room at the Bottom”. In his speech, he talked about the manipulation and control
of materials on a small length scale, such as the fabrication of molecular machines.
In 1982, Binnig et al. invented scanning tunneling microscope (STM) [1]. In 1990,
Eigler et al. demonstrated the ability of arranging atoms and put 35 Xe atoms on
the surface of Ni crystal patterned as “IBM” [2]. However, STM is based on the
tunneling current and requires a conductive surface. Binning et al. invented atomic
force microscopy (AFM) [3], which is based on the interacting forces between the
scanning probe and sample surface. Recently, the resolution and manipulation preci-
sion of AFMs has reached atomic level [4]. What scanning probe microscopy (SPM)
has in common is that the observations and manipulations are limited to the surface,
lacking insights into the structural mechanisms. In addition, scanning is involved for
both imaging and manipulation, which limits the efficiency. As already been intro-
duced in Chap. 1, TEM is a powerful tool for the materials structural characteriza-
tions with atomic resolution. In recent years, it is possible to combine SPM with
TEM to conduct high-resolution structural characterizations in three dimensions and
precise manipulations of nanomaterials simultaneously [5].

In this thesis, in situ TEM-SPM techniques are used for the investigation of
CNTs growth mechanism and fabrication of CNTs-based devices. In the follow-
ing sections, the method will be introduced, including a short introduction of TEM
with an emphasis on the interactions between electrons and materials, principles
and functions of the TEM-SPM platform, first principles calculations, and design
and fabrication of materials for the in situ experiments.

2.1 Interactions Between Electrons and Materials

TEM is a microscopic technique by using an electron beam transmitted through thin
samples. According to the Abbe theory, TEM has the potential of extremely high
subatomic resolution because of the short wavelength. The signals generated from
the interactions between electrons and materials could be collected to get structural
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information, such as the morphology, crystalline phase structure, chemical bond-
ing, composition, and so on. Since the invention of TEM by Knoll and Ruska in
1931, great progresses have been made in achieving higher resolution by increas-
ing the accelerating voltage, improving the electromagnetic lens, and adopting the
charge-coupled device (CCD) cameras for imagining. In addition, the 4D techniques
developed by Zewail et al. enable the extremely fast processes in the range of femto-
seconds [6]. In this thesis, the imaging function of TEM is used to record the struc-
tural evolutions; electron energy loss spectroscopy (EELS) and energy-dispersive
X-ray spectroscopy (EDS) are applied to analyze the composition; and the interac-
tion between electrons and materials are utilized for high precision machining.

2.1.1 Elastic Interactions

The interactions between electrons and materials include elastic and inelastic scat-
tering. For the elastically scattered electrons, only the directions are changed, while
for inelastically scattered electrons, both the direction and energy are changed.
Elastically scattered electrons are involved in the formation of images, diffraction
patterns, while inelastically scattered electrons contribute to the EELS and EDS.

The optical path diagrams for the different modes in TEM could be changed for dif-
ferent purposes. The electron beam emitted by the electron gun is transformed to be par-
allel by condenser lenses and reaches the surface of the sample. Most of the electrons
transmit directly as the direct beam. The elastically scattered electrons form diffraction
patterns on the focal plane, and form images on the image plane. By changing the cur-
rent in the intermediate lens, a diffraction pattern or image is selected for further mag-
nification and projected by the projection lens onto the CCD camera or negative films.

There are three types of imaging mechanisms and corresponding contrasts. The first
type is the mass-thickness contrast, which is based on the differences of absorption of
electrons in materials. The second type is diffraction contrast, which is based on the dif-
ferences of diffraction of electron beams from different crystalline structures and differ-
ent orientations. The third type is phase contrast for HRTEM images, which is based on
the interferences of the direct beam and diffracted beams. The atomic structures such
as the lattice constants and defects could be directly resolved in the HRTEM images. In
this thesis, all the three contrasts are involved. For example, the mass-thickness contrast
is used for the observation of morphologies and alignment of the probes. The diffraction
contrast is used for the determination of phase structures of the filled metals. And the
HRTEM images are used for the observation of atomic processes.

2.1.2 Inelastic Interactions

Besides elastic interactions, the high-energy electron beams also have strong inelas-
tic interactions with the materials, including the secondary electrons, X-rays, and
irradiation effects, and so on. The secondary electrons and X-rays are involved in
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the following one process. Because of inelastic scattering, part of the energy is
transferred to the inner orbital electrons in the materials, resulting in the releasing of
secondary electrons. Electrons in the higher energy orbital jump to the lower orbital
and emit X-rays in the meantime. The excitation and emission are both related to the
featured energy levels of elements and chemical bonding, therefore, the composition
of the materials could be obtained by collecting the X-rays or measuring the energy
loss of the transmitted electrons.

The above-mentioned elastic and inelastic interactions do not induce structural
changes, while electron beam irradiation effects can alter the structure by transfer-
ring kinetic energy to the atoms [7-9]. Irradiation effects include four types: The first
type is decomposition, which mainly happens in polymers. The long chain structure
is destroyed by the ionization effect. The second type is heating effect, because of
the interaction of incident electrons and phonons in the materials. The heating effect
is strongly associated with the chemical bonding of the samples. For metals with
high thermal conductivity, the heating effect is around several kelvins and negligi-
ble in normal cases. For ceramics and polymers with poor thermal conductivity, the
temperature rise could be as much as 1000 K. In this thesis, because of the good
thermal conductance of CNTs and filled metals, the heating effects are negligible.
The third irradiation effect is knock-on effect, by which the atoms in the crystal lat-
tices are knocked-off the equilibrium positions. This effect could be described by the
following formula, E; = [«/ 100 + AE4/5 — 10] /20, where E; is the energy of the
incident beam, E; is the transferred energy, and A is a constant associated with the
element. For each element, there is threshold energy that the atom could be knocked-
off. Generally, lighter elements have lower threshold energy. For example, carbon
and iron atoms could be knocked out by an incident beam of 80 kV and 400 kV,
respectively. In this thesis, the accelerating voltage is 200 kV or 300 kV, which can
destroy the carbon shells and is not high enough to knock off the metal atoms, there-
fore realizing element-selective etching for the fabrication of CNT-clamped MACs.
Also the technique is used for the injection of carbon atoms into the nano furnaces.
Another electron irradiation effect is the surface sputtering. Because of the unsatu-
rated chemical bonding on the surface, the threshold energy for displacing atoms is
lower than that of bulk. Take Fe as an example, the energy barrier for bulk lattice
and surface atoms are 16 eV and 4-8 eV, respectively. The energy transferred to Fe
atoms from 200 kV and 300 kV electron beams are 9.4 eV and 15.3 eV, respectively,
which is enough to knock off the surface atoms. In this thesis, the surface sputtering
effects are involved in the thinning of exposed metal nanowires.

2.2 TEM-SPM In Situ Platform

In this thesis, a commercial TEM-SPM in situ platform from Nanofactory is used,
including TEM-STM type for electrical measurements and TEM-AFM type for
mechanical measurements. In the following parts, the configuration and functions
of the platform will be introduced.
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There are four main parts included in the TEM-SPM platform: a sample holder
with a 3D piezo-motor, an electrical and mechanical testing system, and the con-
trol software. The signals of movements and bias are controlled by the software
and sent through the control box and amplifier, and then to the probes inside the
TEM. The measured currents and forces signals are collected inside the TEM,
amplified and then sent back to the user interface on the computer. In the mean-
time, structural and compositional information is recorded the same as the normal
TEM. Realtime structural evolutions are recorded by a CCD camera.

The difference in holder between this platform and normal TEM is the structure
of the head. Instead of a hole for placing thin foils, a piezo tube connected ceramic
ball and a hole are placed in the TEM-STM holder for the probe and the samples.
For the TEM-AFM holder, a TEM cantilever is placed at the opposite side of the
piezo tube. Therefore, by moving the probe against the cantilever, corresponding
deflection and forces could be recorded. There is no difference in the overall outer
shape and dimensions; therefore, the in situ holders are compatible with normal
TEM. And tilting, selected area electron diffraction pattern (SAED), EDS, and
EELS could be operated as normal.

A critical part of the TEM-SPM platform is the probe, because the size of the
probe determines the length scale of the investigation system, and the contact
between the probe and the sample determines contact resistance and reliability. The
probes in this thesis are produced using a traditional electrochemical etching method
[10]. The optimized parameters are as follows: DC bias 5 V, 1:1 hydrochloric acid
(HCI), immersion length in electrolyte: 4 mm, counter electrode: gold wire, and
etching time: 5 min. During the etching, the following reactions take place [11]:

Au+4Cl" — AuCl, +3e™, Ep = 1.002'V;
Au+2C17 — AuClz_ +e,Ey=1.154V;
AuCl; +2CI7 — AuCly +2e™, Ep =0.926 V.

The etching speed at the liquid—air interface is fastest because the immersed
part is coated with a viscous layer from the reactions. The wire will be discon-
nected by the weight of the immersed part when it is etched thin enough. Then the
etched tips are cleaned by flushing water to stop further etching. The tips produced
under optimized conditions could be as sharp as 50 nm in radius, as demonstrated
by the SEM image (Fig. 2.1).

There are two modes for the movement control of the scanning probe. One is the
coarse mode driven by vibration and inertial movements, with the movement range as
large as 1 mm, so as to align the probe with the sample roughly. The other is the fine
mode based on the piezoelectric principle, with very high precision up to 0.2 A in the
up/down and left/right directions and 0.025 A in the backward/forward direction.

When the probe and sample are aligned precisely, various functions could be
realized by applying corresponding stimuli. For example, the basic functions of
electrical and mechanical measurements could be carried out by applying bias
and moving against the AFM cantilever, respectively. In addition, the combination
of Joule heating-induced high temperature, electromigration, electric field, and
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Fig. 2.1 SEM image of the
tip of a Au probe

electron beam irradiation could realize more complicated functions. In the follow-
ing parts, some examples will be presented to introduce the mains functions of the
TEM-SPM platform.

First, it is possible to measure the intrinsic electrical properties of nano-
structures and associate them with the HRTEM images. The applied bias range
is = 10 V (£ 140 V for field emission option), and the measurement noise is
around 1 nA, depending on the circumstances. Jin et al. investigated the field emis-
sion of single CNTs by applying a high voltage between the probe and the CNT
with a narrow gap [12]. It was found that along with the field emission, structural
evolutions took place for the cap of the CNT, which was attributed as the degrada-
tion of the emitted currents. By passing a current, high temperature up to 2000 K
could be obtained by Joule heating effect, and Huang et al. used this technique
to study the deformation of CNTs at high temperature [13]. Superplasticity up to
280 % elongation was observed for SWCNTs.

Another basic function of the TEM-SPM platform is mechanical measure-
ments. The noise of the measured force is at the nanoNewton level. Therefore, the
force—displacement relationship of extremely small nanostructures could be tested.
Golberg group in NIMS did systematic researches on the mechanical properties of
1D materials. For examples, it was found that under small bending angles, boron
nitride (BN) nanotubes could be bent repeatedly and elastically, with the elastic
modulus of 0.5-0.6 TPa, while permanent deformation occurred when the bending
angle was larger than 115°, following the kink mechanism with buckling between
the nanotube walls [14].

Besides the basic functions, various manipulations could be realized by the
combination of electron beam irradiation, current, force, and so on. Svensson
et al. used single CNTs as nanoscale pipettes to transfer nanoparticles by revers-
ing the current direction and correspondingly the interaction forces [15]. Cumings
et al. peeled off the outer layers of a MWCNT with Joule heating-induced high
temperature and the inner parts of the CNT could be retracted and inserted like a
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nanoscale piston [16]. Sun et al. combined the electron beam irradiation and Joule
heating to shrink a nanotube and applied a high pressure on the filled metals to
observe the structural evolutions [17].

2.3 First Principles Calculations

The advantages of in situ TEM are the real-time observations of the structural
evolutions and correlations with the properties measurements. However, critical
questions such as the driving force could not be answered by using in situ TEM
alone. In addition, the recorded TEM images are two-dimensional projection of
the three-dimensional structure. Therefore, it is difficult to capture the structural
evolutions comprehensively. Another shortcoming of in situ TEM is the limited
temporal resolution. To acquire a TEM image, it takes at least 0.05 s, which is not
short enough to record the fast processes. Therefore, in this thesis, theoretical cal-
culations are used to complement the in situ TEM study. Proper structural models
are built according to the TEM observations. And by comparing the total energy,
stability of possible structures and evolution paths, the possible structural mecha-
nisms could be revealed. In addition, the electric properties could be predicted and
compared with the experimental results.

In this thesis, first principles calculations based on density functional theory
(DFT) are used, and generalized gradient approximation (GGA) is adopted to
describe the electronic exchange—correlation interactions [18]. All the calcula-
tions are conducted with the full-potential projector augmented-wave (PAW)
method [19] in Vienna ab initio simulation package (VASP) [20]. Take the forma-
tion process of metal atomic chains as an example (110) (111) and (001) oriented
nanowires were constructed for BCC structured Fe, FCC structured Pt and HCP
structured Co, respectively. Tensile elongation with a step of 0.4 A was applied on
the atoms at the end surfaces. After each step, full structural relaxation was carried
out. The total energy was calculated after the formation of single atomic chains.
After that the charge density distributions were calculated to predict the nature of
the chemical bonding and spin-resolved density states were computed to predict
the electronic properties.

2.4 Design and Fabrication of Samples for In Situ TEM

The samples for in situ TEM are not only the objects of investigations but also
important functional components. There are certain restrictions on samples in
TEM, such as thickness and stability under high vacuum. Therefore, it is neces-
sary to design both the structure and fabrication methods. In this thesis, most of
the experiments are based on filled CNTs as summarized in Table 2.1, which were
produced by CVD or AAO template methods.
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Table 2.1 Summary of the samples in this work

Sample Fabrication Structural features ~ Functions Subject
method
Fe,Os-filled CNT AAO Metal catalyst filled Growth furnace, CNTs growth
template in CNT metallic catalyst mechanism
SiOx-filled CNT  AAO Metal free catalyst ~ Growth furnace, non-
template in CNT metallic catalyst
Fe-filled CNT FCCVD Fe-filled CNT CNT sheath dur- CNT-clamped
Fe—Ni-filled CNT FCCVD Fe alloy-filled CNT ing fabrication; MAC
Pt-filled CNT AAO Non-traditional metal ~ Mechanical clamp
template for CNT growth during tension;
Electrical leads
during IV test

2.4.1 CVD Method

Fe-filled CNTs were produced by using acetylene (CoH») as the carbon source,
ferrocene (Fe(CsHs),) as the catalyst precursor at 860 °C. The CNTs are highly
aligned with high purity, as revealed by the SEM image (Fig. 2.2a). TEM image
(Fig. 2.2b) demonstrates that the CNTs are uniform in diameter and with high
percentage of Fe filling. The filled Fe nanowires are about 200-300 nm in length.
HRTEM image (Fig. 2.2¢) shows the high crystallinity with clear lattices corre-
sponding to body-cubic centered (BCC) structured Fe.

Chlorine was found to be able to etch carbon during the growth of CNTs
by Lv et al. [21], and therefore high percentage metal-filled CNTs could be
obtained. With this technique, Fe alloys-filled CNTs were grown by using a mix-
ture of ferrocene, nickelocene, and cobaltocene as the catalyst precursor. The
optimized growth conditions are: the solution of the precursors in trichlorotolu-
ene with the concentration of 10 % is injected into the growth furnace with a
speed of 0.15 pl/min.The growth temperature is 860 °C. The flow rates for Ar
and H» are 1500 and 300 ml/min, respectively.

Fig. 2.2 Structure of the Fe-filled CNTs by FCCVD method using acetylene as carbon source.
a SEM image. b—c Low-magnification and high-resolution TEM images
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Fig. 2.3 Structure of the Fe-Ni alloy-filled CNTs by FCCVD method using chloride-included
carbon source: a TEM image, b EDS spectrum, ¢ High resolution TEM image, d FFT pattern of
(o) [22]

Figure 2.3 shows the characterization results of the Fe-Ni alloy-filled CNTs.
Compared with previous results of Fe-filled CNTs, the filling ratio and length are
both increased. Fe, Ni, C, and Cu signals are detected by EDS, where Cu comes
from the TEM grid. Because of the etching of chlorine, the walls of the CNTs
are much thinner (Fig. 2.3c). Both the HRTEM image and FFT pattern (Fig. 2.3d)
confirm the single crystalline nature of the filled alloy.

2.4.2 AAO Template Method

By using CVD method in the previous section, the filling of CNTs is limited to
the catalyst metals, typically Fe-group metals and alloys. While various met-
als could be filled into CNTs by using the AAO template method, which will be



2.4 Design and Fabrication of Samples for In Situ TEM 31

Table 2.2 Experimental parameters of SiOy, Fe2Os, and Pt-filled CNTs by using AAO template

method

Material Catalog Step one Step two Step three

SiOx Non-metal oxide Production of CNTs deposition  SiOy deposition

Fe 03 Metal oxide AAO template  CNTs deposition Fe(NO3)3
decomposition

Pt Noble metal Pt nanowire CNT deposition

deposition

introduced in this section [23]. Pt, Fe;O3, and SiO-filled CNTs were produced by
the method, as summarized in Table 2.2.

The first step was the fabrication of AAO template, with the following

procedure:

1.

2.
3.

4.

Initial electrochemical oxidation of Al foils (99.99 %) at 20 V DC in 10 %wt
H3SO04, at 10 °C for 2 h.

Remove the initial oxidation layer in H3POy4 at 60 °C to get an ordered pattern.
Secondary electrochemical oxidation with the same parameters for 4 h to get
AAO template with one end open.

Open the other end by further anodic oxidation in a mixed electrolyte of HCIO4
and acetone (2:1) at 25 V for 1-3 min.

The second step for the preparation of filled CNTs by using AAO template

method was the deposition of CNTs in the pores of the templates, with the follow-
ing procedure:

1.

2.

Put the AAO template in the middle of a vertical CVD furnace; increase the
temperature to 650 °C with a speed of 10 °C/min under N, flow (100 sccm).
Deposition of carbon at 650 °C by using CoH> as the carbon source (10 sccm)
and Ar as the carrier gas (100 sccm).

. Annealing at 750 °C in N for 3 h to enhance the crystalline order of the depos-

ited carbon layers.

. Remove the AAO template in NaOH solution (5 M) to get free standing CNTs.

The third step was to use a CVD method for the filling of SiOx in CNTs with

the following procedure:

1.

2.

Put the AAO template in the middle of a vertical CVD furnace; increase the
temperature to 500 °C with a speed of 10 °C/min under N, flow (100 sccm).
Deposition of SiOx at 500 °C, by using SiHy as the silicon source (10 sccm)
and Ar as the carrier gas (40 sccm). During the deposition, trace amount of O;
is introduced into the furnace to get SiOx.

Figure 2.4 shows the TEM image of the SiOy-filled CNTs. The CNTs fabri-

cated from AAO templates are highly uniform in diameter and are filled with SiOx
particles. The CNTs are poor crystalline as revealed by the curved and non-contin-
uous lattices. The SiOy particles are 5—10 nm in diameter. HRTEM image reveals
that the particles are amorphous and free of carbon coating.
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Fig. 2.4 Structural characterizations of the SiOx-filled CNTs by using AAO template method: a
TEM image, b—d High-resolution TEM images. Reprinted with the permission from Ref. [24].
Copyright 2011, American Chemical Society

The filling of Fe;O3 into CNTs was realized by a decomposition method, with
the following procedure:

1. Immerse AAO template in the ethanol solution of Fe(NO3)3 at 80 °C for 30 min
to get the precursor of Fe;O3 and then washed by deionized water.
2. Decomposition of the Fe(NO3)3 in AAO template at 350 °C in N for 6 h.

Similar to the SiOy-filled CNTs, the CNTs are uniform in diameter and the
filling rate is very high. But the filled Fe;O3 nanoparticles are single crystalline,
which is different from SiOy. The diameters of the CNT and Fe,Os3 particles are
50-60 nm and 5-10 nm, respectively.

Pt was filled into CNTs following another route by electrochemical deposition,
with the following procedure:
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Fig. 2.5 Structure of the Pt-filled CNTs by AAO template method: a TEM image, b High-
resolution TEM image, ¢ EDS spectrum [22]

1. A layer of silver is deposited on one side of the AAO template as the electrode
for further electrochemical deposition.

2. Electrochemical deposition of Pt using a three electrode system at —0.5 V for
1 h in the electrolyte of a mixture of H,PtClg (1.0 g/L) and H3BO3 (25 g/L).

Figure 2.5 shows the structure of Pt-filled CNTs. The CNTs are uniform in
diameter and length. About 40 % of the CNTs are filled continuously. HRTEM
image shows that the CNTs have very thin walls with only 3-5 layers. The filled
Pt nanoparticles are single crystalline with lattices corresponding to Pt (111) as
clearly identified. The composition was checked by EDS, and strong signals from
Pt, C from Pt-filled CNTs, and Cu from TEM grids were detected.

2.5 Summary

Nano-lab inside TEM is an important research topic at the frontiers of nanoscience
and nanotechnology, because of its atomic resolution, rich functions for measure-
ment, and manipulations. In this chapter, the principle and method of in situ TEM-
SPM technique is introduced, including the interactions between electrons and
materials, functions of TEM-SPM in situ holders, first principles calculations, and
fabrication of designated samples. The in situ platform combines the normal struc-
tural characterizations of TEM, materials processing functions by electron irradia-
tion, various stimuli by the in situ holders, and theoretical calculations to provide
in-depth understanding of the structural mechanism. The design and fabrication of
suitable samples with specified structures and functions is the basis of realizing the
functions. It is important to choose the right route for preparing samples according
to the purpose of research, and then to select the right tools including experimental
and also theoretical models to get a comprehensive understanding.

In Chap. 3, catalysts-filled CNTs are designed for the investigation of the CNTs
growth mechanism. AAO template and CVD method are chosen for the filling of
different kinds of catalyst. With Joule heating-induced high temperature and elec-
tron beam irradiation-induced carbon atoms injection, the growth of CNTs could
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be observed in situ. To realize the in situ investigations of the all-carbon growth of
CNTs, carbon micro coils are designed, and high current-induced electromigration
and Joule heating-induced high temperature are used to provide driving force.

In Chap. 4, metal-filled CNTs are designed for the fabrication of CNT-clamped
MAGC:s, and produced by using floating CVD and AAO template methods, depend-
ing on the chemical properties of the metals. Then element-selective electron beam
irradiation is used for the peeling off of the carbon shells and surface sputtering
is used to etch the metal nanowires. After that, tension is applied to elongate the
nanowire and produce MACs. HRTEM and first principles calculations are con-
ducted to study the formation process and the electrical properties of the fabricated
CNT-clamped MAC:s are tested by using the TEM-STM in situ holder.
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Chapter 3

Studying Nucleation Mechanism of Carbon
Nanotubes by Using In Situ TEM

The electrical and optical properties of CNTs are strongly correlated with the struc-
tures. Therefore, one of the most important topics for CNTs research is the structure-
controllable synthesis. The key is the understanding of the nucleation and growth
mechanism. In this chapter, the nucleation mechanism is investigated by using the
in situ TEM method. First, the research background and progresses of CNTs growth
mechanisms will be introduced. After that, the experimental procedures will be
described. Then, the results of studying nucleation of CNTs on metal-free SiOy cata-
lyst using in situ TEM will be presented. Based on the observations and discussions,
a general growth mechanism and a new method for structure-controllable synthesis
are proposed. Then the growth of CNTs from all-carbon seeds, and heteroepitaxial
growth from BN platelets will be demonstrated, followed by a summary.

3.1 Research Background

The progresses of CNTs growth have proved that the key to control the structure
of CNTs is the catalyst. Therefore, the key to understand the growth mechanism is
the role of catalyst. In this section, the growth mechanism will be presented for Fe
group metals, new metallic catalysts, and metal-free catalysts.

3.1.1 CNTs Growth Mechanism on Traditional Fe Group
Metals

Traditionally, the catalysts for CNTs growth are Fe group metals and alloys.
Hydrocarbon gases can be catalytically decomposed by these metals and they can
form stable or meta-stable carbide phases. The growth processes of CNTs by using
Fe group metals as catalysts have been investigated intensively [1-7]. One of the
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widely accepted growth mechanisms is the VLS mechanism: carbon precursors
are absorbed and catalytically decomposed on the surface of catalyst. Then carbon
atoms are dissolved into the particle and form a liquid carbide phase. As the con-
centration of carbon increases to oversaturation, CNTs are precipitated.

Fe group catalysts have many advantages. The growth rate is very high because
of the catalytic decomposition abilities and the fast diffusion in the liquid or quasi-
liquid particles. High-efficiency production has been reported with the growth rate as
high as 10 pm/s [8, 9]. However, due to the low melting points, the catalysts are lig-
uid with fluctuating structures at the growth temperatures. Therefore, it is difficult to
precisely control the structure of the catalyst particle and the grown CNTs [10-12].

3.1.2 CNTs Growth Mechanism on Newly Developed Metal
Catalysts

As introduced before, the key to control CNTs structure is the catalysts. Therefore,
non-Fe group metals used for the growth of CNTs have been investigated so as
to understand the growth mechanism comprehensively, and possibly alternative
approaches could be found to control CNTs structures. Many catalysts have been
reported, such as Pd [13], Pt [13], Au [13-15], Ag [13], Cu [16], Re [17], Mn
[18], Pb [19], Al [20], Mo [20], Cr [20], Mg [20], and so on. Most of the newly
developed catalysts do not have the ability to catalytically decompose of hydrocar-
bon gases, and most of them cannot form carbides. Therefore, there must be new
growth mechanisms for the CNTs from the new metallic catalysts. Homma et al.
proposed a modified VLS growth mechanism involving a size-dependent solubility
[15, 21]. In this growth model, the solubility of carbon in nanosized metal parti-
cles increases dramatically. Therefore, CNTs could be grown by the dissolution
and precipitation approach. Different from the traditional VLS mechanism, a car-
bide phase is not involved in this modified mechanism.

3.1.3 CNTs Growth Mechanism on Recently Discovered
Metal-Free Catalysts

Besides metal catalysts, it was found that metal-free catalysts could also grow
CNTs and have many merits. For example, the absence of metallic contamina-
tions makes it possible to study the intrinsic electrical and magnetic properties of
CNTs. In semiconductor industry, possible short circuit caused by metals could
be avoided. And metal-free CNTs can avoid the poisonous effects of metals in
biology applications. In addition, metal-free catalyst is also helpful to enrich the
understanding of the growth mechanisms.

In 2007, Homma group in Tokyo University of Sciences reported the growth
of CNTs from semiconductors such as Ge, Si, and SiC by using molecular beam
epitaxy (MBE) techniques [22]. In 2009, our group [23] and Huang group [24]



3.1 Research Background 39

from Wenzhou University reported the high-efficiency growth of CNTs from sili-
con oxide. After that, CNTs grown with metal-free catalysts attracted widespread
interest [25]. Up to now, many new catalysts have been discovered, such as ZrO»
[26], TiO; [24], Al,03 [24], ZnO [27], nanodiamond [28, 29], Cgo [29], and so on.
In addition, Yao et al. reported the clone of CNTs by using an open CNT as the
growth seed [30].

Distinct features were found for the CNTs grown from metal-free catalysts.
For example, Liu et al. reported that the growth rate from SiOx nanoparticles is
300 times lower than that of traditional Fe group metals. Therefore, CNTs as short
as 150 nm could be obtained [31]. Homma et al. reported that the cap shapes of
CNTs from nanodiamonds are polygonal rather than hemisphere [28]. These new
phenomena strongly indicate that it is necessary to develop new growth mecha-
nisms for the metal-free catalysts systems.

Currently, there are controversial results about the growth mechanisms for
metal-free catalysts. Some critical questions such as the active species during
the growth are still disputed. Liu et al. and Huang et al. used XPS to character-
ize the composition after CNTs growth and reported silicon oxide as the active
catalysts [23, 24]. Steiner et al. investigated the growth processes of CNTs from
ZrO, by using in situ XPS and confirmed that the catalysts keep oxide state during
the growth [26]. However, Bachmatiuk et al. found that silicon oxides became SiC
after the CNT growth and suggested that SiC was the active phase [32]. Homma
et al. reported that the catalysts are solid during the CNTs growth because of their
high melting points [21], while Huang et al. proposed that the particles are liquid
because of a size-dependent melting point reduction [24].

From above results, we can see that as a new prosperous direction, there are
still many unsolved problems for the CNTs growth with metal-free catalysts, such
as the active phase, carbon atoms diffusion route, and so on. Therefore, in this
chapter, the nucleation of CNTs with metal-free SiOx as catalyst is investigated.
The active composition, physical state of the catalyst particles, and possible car-
bon diffusion routes are compared with traditional Fe group catalysts so as to get a
general understanding of the nucleation mechanism.

3.2 Experimental Design of MWCNT Nano-Furnaces
for In Situ Observations

Currently, CVD has become the main method for controllable synthesis of CNTs.
In CVD, the high temperature is provided by a resistance furnace; carbon source
is provided by the decomposition of hydrocarbon gases; and catalysts are usually
loaded on substrates. In this thesis, a new method is designed to mimic the CVD
growth conditions and study the nucleation processes by using in situ TEM. A
MWCNT fabricated by AAO template method acts as the carbon tubular furnace;
high temperature is provided by Joule heating with a current passing the CNT; cat-
alysts are loaded in the carbon tubular furnace; and defective carbon tubular walls
are irradiated by electron beam to provide carbon source (Fig. 3.1).
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Fig. 3.1 In situ HRTEM
observations on the surface
diffusion (a) and lift-up (b)
of carbon shells on SiOx
particles

The space in the pole piece of the TEM is limited to around 1 mm. Penetration
depth of the electron beam is in the range of 1 pm. In addition, to acquire a
HRTEM image, the thickness of the sample is restricted to less than ~100 nm.
Therefore, a nanoscale growth furnace is needed. In this thesis, a MWCNT is used
as the furnace. Its nanoscale diameter and light element are advantageous to the
HRTEM observations. The carbon tubulars are produced by AAO template method
as described in Chap. 2.

High temperature is necessary for the growth of CNTs to provide driving force
for the carbon atoms diffusion, rearrangements, and also keep the catalyst active.
In this thesis, we choose carbon tubulars fabricated by AAO template method with
poor crystalline order and high electrical resistance. A current is passed through
the CNT and high temperature is provided by the resulting Joule heating effect.

In CVD method, carbon sources are provided by hydrocarbon gases. And gas
could be introduced into environmental TEMs to mimic the growth conditions [10,
12, 33-36]. However, gas is forbidden in common TEMs to keep the high vacuum
(107° Pa). In this thesis, we mainly pay attention to the state of the catalyst and
the interaction of the catalyst with carbon shells, rather than the decomposition
process of the carbon precursors. And two methods are designed to provide carbon
sources from solid phase precursors.

1. Put the catalyst in direct contact with the carbon tubular furnace. For catalyst
such as Fe with strong interactions with carbon, the disordered carbon struc-
tures could act as the carbon sources. Carbon atoms surrounding the catalyst
could be dissolved into the catalyst and precipitated as CNTs.

2. For catalysts having weak interactions with carbon, such as silicon oxide, elec-
tron beam irradiation is used to inject carbon atoms by inelastic scattering and
provide carbon sources. By using this method, free carbon atoms or clusters
could be generated and then absorbed on the surface of the catalyst and possi-
bly rearranged into graphitic networks and nanotubes.

Catalyst particles with suitable size are critical for the nucleation and growth of
CNTs. For example, it is believed that catalyst smaller than 5 nm are able to grow
SWCNTs. In this thesis, size-tunable catalysts are filled into carbon tubular furnaces
fabricated by AAO template method as described in Chap. 2. Fe and SiOy nanoparti-
cles are produced by thermal decomposition and CVD method, respectively.
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3.3 Investigations of CNTs Nucleation Mechanism on SiOy
Catalysts Using In Situ TEM

SiOy is a material previously being considered as inert and usually used as the
substrate for CNTs growth. In 2009, it was surprisingly discovered that silicon
oxide (Si0Oy), as a metal-free material, could grow CNTs with high efficiency [23—
25]. In this section, the nucleation behaviors of CNTs on SiOy particles are investi-
gated by using in situ TEM.

3.3.1 Surface Diffusion of Carbon and Lift-Up of Carbon
Shells

First, amorphous SiOx nanoparticles were uniformly filled into amorphous carbon
tubular furnaces, as described in Chap. 2. When a current (10 wA) passed through
the carbon tubular furnace and electron beam was irradiated on to the samples, the
particles were found to be coated with carbon shells. The migration started from
the MWCNT furnace wall as indicated by the HRTEM image (Fig. 3.1a). In the
meantime, no obvious change was observed for the SiOx nanoparticle, suggesting
that the migration was only limited to the surface. The self-assembly of carbon
atoms on surface suggests some interactions between carbon atoms and the SiOy
nanoparticles. As the carbon shells on the particle were accumulated, lift-up of a
carbon cap was observed as marked by the arrows in Fig. 3.1b, which was con-
sidered as the key step for the nucleation of CNTs. The lift-up suggests that the
interaction between the carbon shells and the SiOx nanoparticles is not too strong
so they can be separated. Therefore, our in situ observations confirm that carbon
migration on surface, assembly of graphitic networks, and nucleation of CNTs on
amorphous SiOx nanoparticles are possible.

3.3.2 Nucleation of SWCNTs on Small SiOx Nanoparticles

It was found that the structural evolutions of carbon shells on SiOx nanopar-
ticles are strongly dependent on the size of the nanoparticle. Small CNTs, even
SWCNTs could be nucleated from small SiOx nanoparticles. One example is pre-
sented in Fig. 3.2. Initially, an amorphous SiOx nanoparticle of 4 nm in diameter
was located close to the CNT furnace inner wall, which was also amorphous as
revealed by the random and homogeneous contrast (a). Under high temperature
and electron beam irradiation, the carbon shells became ordered indicating the
self-assembly process. In the meantime, a single-walled carbon cap was observed
on the protruded position of the nanoparticle (b), as dotted by the white spots.
Another example is shown in Fig. 3.2c, where a SWCNT was grown attached to
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Fig. 3.2 TEM images of the nucleation and growth of CNTs on SiOy particles: a Original SiOx
particle. b Formation of carbon cap. ¢ Formation of a carbon nanotube. Reprinted with the per-
mission from Ref. [37]. Copyright 2011, American Chemical Society

a small SiOx nanoparticle. During the nucleation and growth processes, there was
no change in the shape and size of the catalyst particle, suggesting that the catalyst
particle kept solid. Therefore, it is revealed from our in situ observations that the
active catalyst for metal-free catalyzed CNTs growth is solid and amorphous SiOx.

3.3.3 High Temperature Transformation of Large SiOx
Nanoparticles

For large SiOx nanoparticles (>20 nm), although carbon shells could be observed on
the surfaces, no CNT could be nucleated. Under high temperature, reactions between
SiOx and carbon were observed. Initially, SiOx nanoparticles were attached to the
inner wall of a CNT furnace as shown in Fig. 3.3a-b. Under a current of 200 pA,
SiOy nanoparticles were found to be reduced to Si as revealed by the HRTEM image
(Fig. 3.3c—d). When the current was further increased to 400 A, Si nanoparticles
were melted and finally reacted with surrounding carbon to SiC (Fig. 3.3e, f). During
the heating and reaction processes, although the current and corresponding temper-
ature were higher than previous experiments in Fig. 3.1,3.2, no carbon shells were
found on the surfaces of Si or SiC nanoparticles, indicating that Si and SiC were not
active materials for the assembly of carbon shells, that is, graphitization. These results
further confirm that the active species for the metal-free CNTs growth from silicon
oxide is at oxide state, rather than reduced or carbide states. Tsukimoto et al. investi-
gated the reactions of SiO; by using in situ heating TEM stages [38], and found that
SiO, was reduced to Si at the temperature of 1100-1200 °C. Wang et al. studied the
solid state reactions between Si and C by using the same technique, and observed the
formation of SiC at the temperature of 1400-1500 °C [39]. Usually, the CVD growth
temperatures for CNTs are around or lower than 900 °C [23, 24], where SiO; is the
stable phase. Therefore, our results are in consistence with these previous reports.

In addition, first principles calculations were conducted to investigate the inter-
actions of CHy clusters with Si and Si—O surfaces. It was found that all the CHy
clusters are chemically absorbed on the Si—O surface, while they can only absorb on
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Fig. 3.3 In situ TEM
observation on the structural
evolution of the filled SiOx
particles under a high
current. a—b Original SiOx
particles filled in a CNT. ¢-d
Formation of Si nanocrystals.
e—f Formation of SiC
nanocrystals. Reprinted

with the permission from
Ref. [37]. Copyright 2011,
American Chemical Society

the Si surface by physical adsorption with much lower adsorption energy. Especially,
CHy is only weakly and physically absorbed on the Si surface, which is considered
as the first important step for CVD. In addition, the comparison of growth behav-
iors of CNTs under identical conditions by Si and SiOx nanoparticles confirms that
while SiOy have high efficiency, Si could not catalyze the CNTs growth. Therefore,
both the theoretical calculations and CVD growth are consistent with the in situ
TEM observations about the nature of the catalysts. Ding et al. studied the influence
of interactions between carbon atoms and different metals by MD simulations, and
found that carbon caps could only form on metals with strong enough interactions
[40]. If the interaction is too weak, the carbon networks tend to form carbon ashes.
The interactions between carbon and the catalysts are sensitive to the composition.
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Our results demonstrate that for metal-free catalyst systems, the composition and
interactions with carbon atoms are as important as those of the metal catalysts.

From above results, we could come to the following conclusions for the SiOy
catalyzed CNTs growth. First, the active catalyst is SiOy, rather than SiC or Si.
Second, the catalytic abilities are strongly dependent on the size of the catalyst.
CNTs can only nucleate and grow on small nanoparticle, while SiOyx nanoparti-
cles can assist the graphitization process regardless of the sizes. Third, during the
CNTs nucleation and growth processes, the SiOx nanoparticles are at solid state
and carbon atoms diffuse on the surfaces of the catalyst nanoparticles.

3.4 General Requirements for the Catalysts Used for CNTs
Growth

What are suitable catalysts for the growth of CNTs? In traditional VLS mecha-
nism, the catalysts were described as a metal that can catalyze the decomposition of
hydrocarbon gases and form liquid carbide phase. And the diameters of the CNTs
are determined by the size of the catalyst particles. However, after the discoveries of
new metal and metal-free catalysts, these questions should be reconsidered.

For the newly developed metal catalysts, Homma et al. proposed that the dis-
solution of carbon in metals increases at nanoscale [21], and the growth follows
the VLS mechanism. Liu et al. suggested that the catalyst is only a template for
the decomposition of hydrocarbon gases, assembly of the carbon networks, and
nucleation of CNTs [20], which is based on the fact that many different kinds of
metals could catalyze the growth of CNTs. For both mechanisms, we can see that
the size of the catalysts is a key parameter, while the formation of carbide phase is
not a required property.

For the metal-free catalysts, Liu et al. and Huang et al. observed nanoparticles
around 2 nm on the substrates that are suitable for CNTs growth [23, 24]. Homma
et al. characterized the semiconductor nanoparticles such as Ge and Si, and found
that CNTs are attached to nanoparticles with similar sizes [22]. In addition, it was
reported that CNTs grown on nano-diamonds are polygonal rather than hemi-
sphere [28]. Therefore, the size of the catalysts or protrusion is also important for
the metal-free catalysts systems.

In this thesis, it is found that the behaviors of carbon atoms are distinct on SiOy
nanoparticle with different sizes. For SiOx nanoparticles larger than 20 nm, carbon
networks self-assemble and encapsulate the whole particle. For the small SiOx nano-
particles (~3 nm), the carbon caps are lifted up from the protruded area and grow
into CNTs. Therefore, the diameter of the CNT is determined by the size of the pro-
trusion, well consistent with previous assumptions and ex situ observations [28].

From above discussions, we can draw a conclusion that suitable size is com-
monly required for the catalysts used for CNTs growth. Another factor is the
interaction between the catalyst and carbon. As previously mentioned, Ding et al.
reported that strong interactions are essential for the nucleation of CNTs [40]. In
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Table 3.1 Comparison of Fe and SiOx catalysts used for CNTs growth

Fe SiOx
Catalytic decomposition Yes No
Active catalyst FesC SiOx
Catalyst state Liquid or quasi-liquid Solid
Diffusion route Bulk or surface layer Surface
Growth mechanism VLS Solid surface growth

our experiments, it is found that with similar length scales, while carbon shells
and CNTs could be grown on the surface of SiOx nanoparticles, no graphitic struc-
tures could be assembled on the surfaces of Si and SiC nanoparticles. Therefore,
we propose that suitable interaction between catalyst and carbon atoms is another
common requirement for the catalyst of CNTs growths.

In Table 3.1, the characteristics of Fe- and SiOx-based catalysts are compared,
including the composition, nature, and state of active catalyst, ability to catalyze
decomposition of hydrocarbon gases, and carbon atoms diffusion routes. The two
catalysts are different in all the features mentioned above. Therefore, these are not
the general requirements.

To summarize, we propose that the two common requirements for catalysts
used for CNTs growth are suitable interactions with carbon and suitable size.
Based on this understanding, we further investigate the growth of CNTs from all-
carbon growth seeds, and heteroepitaxial growth from boron nitride nanofibers in
the following sections.

3.5 CNTs Growth from All-Carbon Growth Seeds

In the last section, we propose two common requirements for catalysts for CNTs
growth, i.e., suitable interactions with carbon and suitable particle size. Actually,
the interaction between carbon atoms in graphitic networks is one of the strongest
bonds in nature. And the CNTs in the first paper published by Dr. Iijima were syn-
thesized by arc discharge method without using any heterocatalyst [41]. Therefore,
in this section we use an all-carbon seed for the growth of CNTs [42], to study the
structural evolutions of a carbon microfiber.

3.5.1 Structural Evolutions of Carbon Microfibers Under
High Currents

A single carbon microfiber is connected between two Au electrodes of the in situ
TEM-STM holder, as shown in Fig. 3.4a. It is kept at low current for about half an
hour to get stable contact. After that, a bias up to 5 V is applied, and the current
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Fig. 3.4 Structural evolution of a carbon microfiber induced by a high-density direct current: a A
carbon microfiber bridged between gold electrodes. b I-V curve recorded for the experimental sys-
tem. c—e TEM images show that the resulting nanostructures after the carbon microfiber is broken.
Reprinted from Ref. [42], Copyright 2009, with permission from Elsevier

increases approximately linearly, as shown in Fig. 3.4b. The current reaches about
175 pA and suddenly drops to zero, when the bias is about 4.1 V. TEM images
show that the carbon microfiber is damaged (Fig. 3.4c—e) along with obvious
shrinkage of the diameter and formation of hollow nanostructures.

The products are transferred to TEM grids and further characterized by high reso-
lution TEM. As shown in Fig. 3.5, hollow graphitic structures with diameters from
4-10 nm are revealed (a, b). Detailed characterizations show that small structures
such as single-walled and double-walled fullerenes (c, d). More importantly, double-
walled CNTs with diameters around 4 nm and length about 10 nm are observed (e,
f). No catalysts could be found at the root or the end of the CNT. And the walls of
the CNT are connected to the graphitic layers of the carbon microfiber.

3.5.2 Formation Mechanism of CNTs from Carbon
Microfibers

Because there are no catalysts found attached to the grown CNT, the formation
mechanism should be different from traditional catalytic growth. Previously, it was
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Fig. 3.5 Images of the
resulting product from

the carbon microcoil: a
Low-magnification image.

b HRTEM image of

hollow graphitic spheres.
c—d HRTEM images of
fullerenes. e—f HRTEM
images of double-walled
carbon nanotubes. Reprinted
from Ref. [42], Copyright 100,nr
2009, with permission from —
Elsevier

reported that after high temperature, the carbon microfibers became ordered and
denser rather than porous [43, 44]. Therefore, the high temperature induced by
Joule heating is not the only driving force. It is noteworthy that the current den-
sity is as high as 10* A/cm?, which might lead to electromigration effects [45-47].
Indeed, obvious mass loss is observed after the breaking of the microfiber at high
current. Consequently, we propose that the formation of hollow graphitic struc-
tures, including graphitic hollow spheres, fullerenes, and CNTs are the synergistic
effects of both high temperature and high-density current. Carbon microfibers are
composed purely of carbon. In addition, no impurities could be detected during
and after the structural transition. Therefore, our in situ TEM observations confirm
that with suitable driving force, CNTs could be self-assembled without the assis-
tance of heterocatalysts, and the growth of all-carbon CNTs is possible.

As early as 1991, Iijima reported the discovery of CNTs produced by arc dis-
charge method [41]. The smallest CNT was double walled with the diameter
around 5.5 nm. Recently, in 2009, Takagi et al. and Rao et al. reported the syn-
thesis of CNTs by using carbon growth seeds such as nanodiamonds and Cep,
respectively [28, 29]. Also in 2009, Yao et al. cloned CNTs by using open-CNTs
as growth seeds [30]. These reports are consistent with our in situ TEM results,
and confirm our assumptions about the required conditions for the catalysts used
for CNTs growth.
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3.6 Heteroepitaxial Growth of CNTs

Hexagonal boron nitride (h-BN) has a similar structure with graphite. In addition,
previous works show that boron and nitrogen atoms have strong interactions with
carbon. These three elements can form compound nanostructures such as zero-dimen-
sional fullerenes, one-dimensional nanotubes, and two-dimensional graphene struc-
tures [48-51]. According to the proposed required conditions for CNTs growth, if
h-BN nanostructures with suitable size could be produced, they have the potential to
be used as growth seeds. What is more, the structure and chemical properties of h-BN
are very stable; therefore, h-BN may be advantageous to the structure control of the
grown CNTs. In this section, BN nanofibers are produced and used as growth seeds
for CNTs. It is found that CNTs grow following an epitaxial growth mechanism.

3.6.1 Preparation of BN Nanofiber Seeds

A floating catalyst CVD method is used for the synthesis of BN nanofibers [52,
53]. The following are the experimental conditions: growth temperature is 1350 °C,
ferrocene is the precursor for catalysts, NH3 is used as nitrogen source, boron and
B»0O3 mixture is used as boron source, mixture of Fe,O3 and FeS is used as growth

Fig. 3.6 Structural characterizations of the boron nitride nanofibers: a, b SEM images ¢, d TEM
and HRTEM images
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promoter, Ar is used as carrier gas, and the growth time is 30—60 min. After the
growth, white products are collected in the middle of the reaction zone.

Structure characterizations are shown in Fig. 3.6. SEM images reveal the high
purity of the products (a, b). The BN nanofibers are as long as millimeter and
well aligned. The diameters of the nanofibers are about 200 nm. On the surfaces,
many sharp protrusions could be seen. TEM images show that the nanofibers
are composed of cup-stacked sections, of which the thickness is around 100 nm
(c, d). HRTEM image reveals that the core part of the nanofibers are composed of
BN (002) planes, stacking perpendicular to the growth direction. At the edges, BN
(002) planes are extended to form nanometer scale tips.

3.6.2 Growth of SWCNTs from BN Nanofiber Seeds

First, the produced BN nanofibers are soaked in concentrated hydrochloric acid
and centrifuged to remove remaining metallic contaminations. After that, the BN
nanofibers are loaded on Si substrates. Then SWCNTs are grown following a typi-
cal approach for metal-free catalyst [23]. The growth temperature is 900 °C, CHy
is used as carbon source, and the growth lasts 10-15 min. The products are charac-
terized by Raman spectroscopy, SEM, and TEM.

SEM images show that abundant nanotubes are grown along and across the BN
nanofibers (Fig. 3.7a—c). Higher magnification SEM image demonstrates that the
nanotubes are rooted on the surface of the BN nanofibers and connected with the edges
of the platelets (Fig. 3.7d). Different from nanotubes grown from metallic catalysts, the
nanotubes grown from BN nanofibers are mostly isolated or in small bundles.

Figure 3.8 shows a Raman spectrum of the product. G mode of BN at
1366 cm~!, G and D mode of CNTs at 1590 cm~! and 1322 cm™! could be
clearly identified. In addition, RBM band of SWCNTs at 181 cm™! and 129 cm™!
are detected. The RBM band could be used to calculate the diameters of the
SWCNTs by using the following formula [55-57]: wrpm = 223.5/d, + 12.5,
where wrpMm is the Raman shift of the RBM peak and d; is the diameter of the
nanotube. The diameters of the SWCNTs are calculated to be mainly at 1.32 nm
and 1.92 nm. It is interesting that the diameters of the nanotubes are about four
and six times of graphite and h-BN (002) interplanar distances. In last section, it is
revealed that the BN nanofibers are composed of platelets with (002) planes per-
pendicular to the fiber axis. It is possible that there is certain dependence of the
nanotube diameters on the edge structures of the BN nanofibers.

The products are transferred onto TEM grids for further characterizations by
using HRTEM, as shown in Fig. 3.9. A small bundle of two nanotubes are grown
along the surface of a BN nanofiber (a), with a diameter of about 2.0 nm. Another
small bundle of two nanotubes is shown in (b), which clearly reveals that the nano-
tubes are rooted on the BN fiber and the walls are connected with the (002) planes
of the protruding edges. The end of a SWCNT is presented in (c), as indicated by the
white circle, where no catalyst particle could be seen. Above observations confirm
that the BN nanofibers are the growth seeds for the nanotubes.
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3.6.3 Growth Mechanism of CNTs from BN Nanofibers

h-BN is highly stable and can resist oxidation when the temperature is up to
900 °C in air [58]. Therefore, the catalysts during the CNTs growth are BN rather
than oxide or carbide, which is confirmed by HRTEM images (Fig. 3.9). In addi-
tion, both Raman spectroscopy and HRTEM images reveal that the diameters of
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Fig. 3.9 TEM images of the SWCNTs synthesized from boron nitride nanofibers

the SWCNTSs are integer multiples of BN (002) interplanar distances. And no other
catalyst particles could be detected at the roots or tips of the CNTs. We propose that
SWCNTs grown from BN nanofibers seeds following a heteroepitaxial mechanism,
and therefore they have fixed orientation and lattice matching relationships. In sem-
iconductor industry, epitaxy is a mature technique and has widespread applications
[59]. By using this technique, it is possible to control the crystalline structure, ori-
entation, and defects concentration because of the orientation and lattice matching
relations. Recently, the development of heteroepitaxial growth makes large-scale
production of graphene possible [60]. The heteroepitaxial growth developed in this
thesis provides a new approach for the precise control of CNTs diameters and may
offer implications to realize the chirality-controlled growth.

3.7 Summary

In this chapter, the growth mechanisms of CNTSs are investigated by using in situ
TEM method. A general requirement for the catalyst is proposed, based on which
CNTs growth from all-carbon seeds and epitaxial growth from BN nanofibers are
explored. The following are the main conclusions:

1. The catalysts used for metal-free SiOy catalyzed CNTs growth are at amor-
phous, solid, and oxide state during the growth. And carbon atoms are provided
by surface diffusion. By comparing with metallic Fe-based catalysts, a common
condition required for the catalysts used for CNTs growth is proposed, that is,
suitable particle size and suitable interactions with carbon. The ability to cata-
Iytically decompose hydrocarbon gases and the formation of liquid carbide
phase are not indispensable.

2. The growth of CNTs from all-carbon seeds are investigated by passing a high-
density current through carbon microfibers and the structural evolutions are
observed in realtime. The carbon microfibers are transformed into various hollow
structures such as graphitic spheres, fullerenes, and CNTs. The in situ observa-
tions confirm that it is possible to grow CNTs without using heterocatalysts.

3. BN nanofibers are synthesized and used as growth seeds for CNTs. Due to the
structural similarity and strong interactions between boron, nitrogen, and carbon
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atoms. CNTs are grown following a heteroepitaxial mechanism. As a result, the
diameters of the SWCNTSs are multiples of the interplanar distances of BN (002)
planes, providing a new approach for the structure controllable synthesis of CNTs.
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Chapter 4

Fabrication and Property Investigation of
Carbon Nanotube-Clamped Metal Atomic
Chains

Metal atomic chains (MACs) are extremely small one-dimensional structures [1].
They have unique physical properties due to the special structures, such as quantized
conductance, quantum magnetoresistivity, and so on [2-5]. Therefore, MACs based
devices have been proposed, such as the quantum electronic switches and integrated
circuits of quantum electronic logic units [6]. However, due to the ultra-small dimen-
sions of MACs, the manipulation, connection, and fabrication are extremely chal-
lenging. As we know, CNTs are one-dimensional structures with excellent electrical
properties [7]. Recently, the fabrication of CNTs based nanodevices is becoming
mature, and applications such as ballistic quantum wires, field-effect transistors and
integrated circuits have been reported [8—10]. In addition, it was found that CNTs
could form strong covalent bonds with metals, and the interface between them
has small scattering for electron and spin transport [11, 12]. In this thesis, a new
hybrid structure is designed, i.e. CNT-clamped MACS, in which CNTs are used as
nanoscale conducting wires for the connection of MACs.

4.1 Research Background

4.1.1 Fabrication Methods for MACs

There are three methods for the fabrication of MACs, i.e., STM, in situ TEM
and mechanically controllable break junction (MCBJ) [13—15]. Essentially, these
methods are based on detachment of metal contacts, either by mechanical force
or electron beam irradiation. At the moment of breaking, a nanoscale even atomic
bridge-like structure could be formed. The common point of the three methods is
that bulk metals are used as the electrodes. Therefore, the device is of macro-scale
size, which restricts their applications in nanoscale devices. Ohnishi et al. com-
bined the in situ TEM and STM methods by introducing STM probes into TEM
[3], therefore obtained high-resolution in situ observations during the fabrication
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of MACs and correlated the observations with the electrical properties. Quantized
conductance of Au atomic chains has been demonstrated by this in situ method.
However, the assembly of MACs at nanometer scale is still an unsolved problem.

4.1.2 Structures and Properties of MACs

Because of the atomic size, high surface-volume ratio and quantum effects, the
MACs have unique structures and physical properties. For example, it was found
that the interatomic distances of Au MACs are larger than those of bulk Au.
Interestingly, peculiar tubular structures could be formed for the Au MACs. Even
more magically, the atom numbers of the Au MACs form an arithmetic sequence,
with 7 more atoms for each consecutive shell [16]. Because of the high ratio of
surface atoms, the surface tension plays an important role in the phase transitions
of the MACs. When the thickness is smaller than 8 atomic layers, the Au MAC is
reconstructed and transformed from (001) to (111) orientation, of which the sur-
face energy is lowest [14, 17].

Because of the extremely small size, the MACs are intrinsically defect-free.
Therefore, the strengths of the MACs are up to 5-13 GPa, approaching the theo-
retical limits and much higher than those of their bulk counterparts [18, 19]. The
mechanical properties were investigated with AFM combined with MD simu-
lations by Rubio-Bollinger et al. [19]. Series of plastic deformations due to the
reconstructions were recorded and the fracture force was measured to be ~1.5 nN,
with the fracture strength 10 times higher than that of bulk Au. The electrical
properties of the Au atomic chains were monitored along with the formation pro-
cesses. Along with the reduction of the atomic layers, the electrical conductivity
is decreased in a stepwise manner. And the steps are located at multiples of con-
ductance quantum (Go = 2e%h ~13 k1), which means that the conductivity of
the MACs is quantized [3]. The quantized conductance can be described by the
Landau equation [20], G = GoXT;, where T; is the tunneling probability corre-
sponding to a conductance channel. In addition, due to lack of electron degener-
acy, the electrons at Fermi levels of ferromagnetic metals are spin-polarized, and
quantized magnetoresistance properties have been demonstrated [21].

4.1.3 Nanodevices Based on MACs

Because of the unique physical properties, nanodevices based on MACs have been
proposed, such as quantized atomic switches, by using a gate to control the ON
and OFF states [6]. In addition, multi-level atomic switches with superior sta-
bilities have been developed to realize logic operations of multiple states. What’s
more, spin-filters making use of the half metallic ferromagnetic MACs could be
used in nano-spintronic devices [5].
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4.2 Design and Fabrication of CNT-Clamped MACs

Despite the abundant researches on the MACs, from mechanical, electronic and
magnetic properties to potential applications in nanodevices, there lacks an effi-
cient method for the connection and assembly of these extremely small structures.
Taking advantages of the superior electrical properties of CNTs and the mature
devices fabrication techniques, a CNT-clamped MAC hybrid structure is designed
in this thesis to solve the problem. Metal filled CNTs are used as the starting mate-
rials. Electron beam irradiation is combined with the in situ manipulations of
TEM-STM holder for the fabrication. And the fabrication is carried out inside the
TEM with high level vacuum (~107° Pa) to protect the active metal surfaces. The
formation mechanism is investigated by using HRTEM and first principles calcula-
tions. And the electrical properties are measured in real time to be correlated with
the atomic structures.

The fabrication of CNT-clamped MACs includes the production of metal filled
CNTs, selective removal of carbon shells, thinning of the exposed metal nanow-
ires, and finally tensile elongation. The experimental procedure is demonstrated in
Fig. 4.1.

4.2.1 Formation Processes of Fe Atomic Chains

As demonstrated in Fig. 4.2, initially a single-crystalline Fe nanowire of about
100 nm in length was filled in the CNT, with the outer and inner diameters of ~25

Fig. 4.1 Schematic of the Electron beam
fabrication process of CNT- ul“
clamped MACs: a Production

of metal filled CNTs as the (a)

starting material, b peeling

off carbon shells by electron Electron beam
beam irradiation induced ul“

knock-on effect, ¢ thinning of (b)

metal nanowire by electron

beam irradiation Zssociated @ E
surface sputtering effect, Electron beam

d elongation and formation of

MAC:s by tensile strain (c) J, J, l
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Fig. 4.2 The formation of a (a)
CNT-clamped Fe nanowire. :
a The original Fe filled

CNT, b the CNT-clamped Fe
nanowire after strong electron
beam irradiation, ¢ the (b)
reconstructed carbon onions
from the peeled carbon
shells, and d HRTEM image
of the exposed Fe nanowire
surface [22]

(c)

and ~10 nm, respectively. When the electron beam (100-300 A/cm?) was focused
on the filling position, and scanned back and forth, carbon shells were removed
due to the knock-on effects of the electron irradiation. HRTEM images of the
exposed Fe nanowire revealed that it remained single-crystalline, and carbon shells
were removed and transformed into carbon onions at the boundaries of the elec-
tron beam, confirming the elemental selectivity of electron irradiation. After that,
electron beam was focused on the surface of the Fe nanowire. Due to a surface
sputtering effect, the exposed Fe nanowire was thinned with a much slower speed.

The structural transformation during the thinning process of a Fe nanowire
under electron beam was investigated in detail, as shown in Fig. 4.3. After strong
electron beam irradiation, carbon shells have been removed and the Fe crystal has
been thinned as revealed by the brighter contrast in the central area (Fig. 4.3a). A
hexagonal shaped hole appeared in the center, and was surrounded by a thin area.
HRTEM image shows that the surface of the hole was composed of (110) planes
as revealed by the lattices with interplanar distance of ~0.2 nm. The surface is dis-
tinct from face-centered cubic (FCC) metals, which are mainly composed of (111)
planes [14, 17].

When the thickness of the Fe crystal was reduced to a certain threshold value,
reorientation was observed as shown in Fig. 4.4. Initially, the Fe crystal was sin-
gle crystalline with [111] zone axis as indicated by the hexagonal stacking order
in surrounding areas. The central part was transformed into a square-shaped lat-
tices, corresponding to the [100] zone axis (Fig. 4.4a). The reconstruction could be
explained by the surface tension induced reorientation as simply explained by the
two dimensional model (Fig. 4.4b). The orientation of the initial and transformed
areas could be described as [1-10] (111)//[1-10] (001)s [11-2] (111)//[110] (001)-

When the diameter of the Fe nanowire was reduced to ~6 nm, the density of
the electron beam was decreased to normal level for HRTEM observations (10-30
A/cmz), so as to slow down the etching rate and record the structural evolutions.
Because of the thermal gradient and corresponding thermal stress, the small Fe
nanowire was continuously stretched and shrunk until finally the formation of an
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Fig. 4.3 HRTEM
characterizations of the
thinning process of a Fe
single crystal by using
strong electron irradiation.
a TEM image of the formed
hexagonal hole in the central
irradiated area. b HRTEM
image of the thin area with
lattices corresponding to Fe
(110) plane

-

- -
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atomic chain, as presented in Fig. 4.5. During the formation process, atomic steps
along (110) planes were observed (c, d), and distortion-recovery was found (e,
f), indicating slip is an important structural mechanism. HRTEM images of the
formed Fe atomic chain with three and one atom in cross-section are shown in
Fig. 4.5g, h, and the schematic of the final structure is demonstrated in Fig. 4.5i,
with the inter-atomic distances marked. It was found that the inter-atomic dis-
tances were ~2.2 A, larger than those of bulk crystals of 2.0 A.

To summarize, the rarely studied BCC structured Fe MACs have the following
structural features:

1. The atomic distances are larger than those of bulk crystals. Distortions and slips
were observed during the formation processes. This feature was also observed
for the FCC metals [18, 19, 23, 24].

2. The surface of the Fe atomic chain is composed of (110) and (001) planes,
whereas the surfaces of FCC MACs are mainly composed of (111) planes [14,
17,25, 26].
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Fig. 4.4 HRTEM image

(a) and schematic (b) of the
reorientation from [111] zone
axis to [001] zone axis of the
single-crystalline Fe during
the thinning process

Fig. 4.5 a-h HRTEM
images showing the
formation process of a Fe
atomic chain. Atomic steps
can be observed at the surface
(marked by arrows in ¢ and
d). Distortion along (110) is
marked with dotted lines in

e. The scale bar is 2 nm. i
Schematic drawing of the Fe
atomic chain shown in h, the
projected inter-atom distances
are marked in A [22]
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3. When the thickness of the metals is thin enough, reconstructions from [111] to
[001] zone axis was observed for Fe atomic chain, whereas opposite transition
was reported for the FCC metals [14, 17, 25].

The distinct deformation behaviors of Fe atomic chains could be attributed to
the different atomic structure and surface properties of BCC metals compared with
FCC metals. For FCC metals, (111) is the most stable plane, while for BCC met-
als (110) is the highest densely packed plane. When the thickness of the metals
decreases to a threshold value, driven by surface tension, crystals will tend to reor-
ient to the most stable structure, because of the larger ratio of surface atoms com-
pared with the bulk crystals [14, 17, 25, 27, 28].

4.2.2 Formation Mechanism of Fe Atomic Chains

In addition to the above HRTEM observations, the formation process of the Fe
atomic chains was investigated by first principles calculations. The structural
evolutions and energy changes were simulated and calculated to complement the
in situ results. As shown in Fig. 4.6, a Fe nanowire oriented along [110] with 5
atomic layers was built as the starting model. Uniaxial elongation was carried out
with a step of 0.4 A. At first, symmetric deformation was observed by pulling out
the center atoms at the second and forth layers towards the midpoint of the nanow-
ire (a-II). Correspondingly, the total energy was increased (b). Under further elon-
gation, an octahedral was formed at the center of the nanowire, along with a local
peak of the total energy. As the elongation continued, the deformation became
asymmetric (a-IV) and the nanowire was distorted along the (110) plane, along
with a decrease of the total energy. Therefore, it was confirmed that distortion
was the plastic deformation mechanism, to release the stress during the elonga-
tion. Finally, the total energy increased along with further elongation and reached
the maximum value when the atomic chain was formed (V-VII). The interatomic

Fig. 4.6 Structural simulations (a) and total energy calculations (b) during the formation pro-
cess of a Fe atomic chain by using density functional theory (DFT) approach [22]
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distances of the atomic chain were measured to be 2.24-2.30 A, which is in good
agreement with the HRTEM results.

4.3 Electronic Structures of CNT-Clamped Fe Atomic
Chains

In addition to the formation mechanisms studied by using HRTEM and theoreti-
cal calculations, the electronic structures of CNT-clamped Fe atomic chains were
investigated by first principles calculations as demonstrated in Fig. 4.7. A locally
stable configuration during the structural evolutions (Fig. 4.6a-11I) was selected to
connect to two (5, 5) single-walled CNTs. The fully optimized structure is shown
in Fig. 4.7a-1. The CNT was found to shrink to match the size of the Fe atomic
chain, indicating the strong interactions between the two components. The aver-
age length of the Fe—C bonds was measured to be 2.06 A, quite close to the value
of bulk Fe3C crystal [29]. Spin-resolved density of states (DOS) was calculated
as presented in Fig. 4.7Aii-IV, along with the local DOS of Fe and CNT, respec-
tively. From the total DOS, the CNT-clamped Fe atomic chain was metallic and
spin-polarized, with spin-up state to be the major state. From the local DOS of
CNT, the CNT is metallic with symmetric distributions for both spin states. In
contrast, Fe atomic chain is half metallic with the electron state only in one spin
state and behaviors like a semiconductor for the spin-down state with a band-gap
of ~0.5 eV. Therefore, after the combination with CNT, Fe atomic chain could
keep the unique physical properties. The charge distribution of the CNT-clamped
Fe atomic chain is demonstrated in Fig. 4.7b. For both cross-sections along [100]
and [010], we can see covalent bonding with directional distribution of the charges
between CNT and Fe, consistent with previous studies [11].

Fig. 4.7 DFT calculations on electronic properties of CNT-clamped Fe atomic chain: a / Fully
relaxed ball-and-stick model of a CNT-clamped Fe atomic chain. /I Spin resolved total DOS for
the CNT-clamped Fe atomic chain. /11, IV Spin resolved local DOS of the Fe atomic chain and
CNT. b Charge density of two slices cut along [100] and [010] [22]
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4.4 In Situ Measurements of the Electrical Properties of
CNT-Clamped Fe Atomic Chains

As mentioned in the introduction of this chapter, one of the unique properties of
MAGC:s is the quantized conductance. In this section, the electrical transport prop-
erties were measured in situ by using a TEM-STM holder. The experiment pro-
cedures included the production of Fe-filled CNTs, dispersion of the sample, and
loading of the single CNTs on to Au electrodes, and manipulation of the STM tip
to contact the filled CNT. And then fabrication of CNT-clamped Fe atomic chain
was carried out similarly to previous methods, except for the final stage where a
STM tip was used to apply tensile stress, and also the current—voltage signals were
recorded.

4.4.1 Annealing and Its Effect on the Electrical Properties of
the Fe-Filled CNTs

To get the true electrical properties, it is necessary to anneal the system by apply-
ing a constant bias and current (<10 wA). The annealing process also helps to
remove the absorbed contamination to avoid possible influences on the measure-
ments. During the annealing process, electrical properties were monitored to check
the contact conditions as shown in Fig. 4.8. Initially, only noise around 2 nA could
be measured (Fig. 4.8a), suggesting an insulating layer at the contact. During the
annealing (Fig. 4.8b), the contact resistance was lowered and the current increased
along with the voltage. A non-linear feature was observed for the second stage,
which could be attributed to the Schottky contact. After the annealing procedure
(Fig. 4.8c, d), linear feature of the I-V curve was obtained, indicating the Ohmic
contact. And the resistance was about 10 k€2, quite close to the resistance corre-
sponding to quantum conductance (~13 k€2). The resistance of the circuit could be
used for the calculations of the conductance of the CNT-clamped MACs. In addi-
tion, the zero point of the voltage was also calibrated to be ~18 mV. Another result
of the annealing procedure is the automatic welding of the CNT with the STM tip
due to the local Joule heating, which would facilitate the application of uniaxial
tension in producing MACs.

4.4.2 Quantized Conductance of CNT-Clamped Fe Atomic
Chains

The electrical measurements were conducted during the fabrication of CNT-
clamped Fe atomic chains by using a TEM-STM in situ holder, as demonstrated in
Fig. 4.9a. After the removal of carbon shells and thinning of the exposed nanowire,
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Fig. 4.8 Current—voltage curves of a CNT-clamped Fe nanowire, before (a), during (b, ¢) and
after (d) the annealing process, revealing the decreasing of electrical resistance, and change from
insulating to Ohmic contact [22]
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Fig. 4.9 In situ electrical transport measurements of a CNT-clamped Fe atomic chain: a
Schematic diagram of the experimental process, b, ¢ Conductance changes as a function of time
for two formation and thinning processes of Fe atomic chains at a constant bias of 12 mV, where
the contact ruptured comparatively abruptly in (b) and gently in (c) [22]
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the STM tip welded with the CNT was retracted with a very slow speed (~0.1 nm/s),
and the conductance was recorded and calculated simultaneously, by using the fol-
lowing formula, G = [(V — Vq)/I — Ro]™!' /Gy, where G is the conductance, T and
V are the measured current and bias, Vo and Rq are the corrected system bias and
resistance, and Gy is the quantum conductance Gy = 2e¢2h ~13kQ 1.

The conductance changes along with the formation of a Fe atomic chain is shown
in Fig. 4.9b, by keeping the applied bias at 12 mV. It is clearly revealed that the con-
ductance was decreased in a stepwise manner. Importantly, the heights of the steps
were on the multiples of 0.5 Gy, such as 2, 2.5, 3.5 and 4.5. When the atomic chain
was fractured, it could be reconnected by approaching the ends. The conductance was
recovered to be 2 Gy. After that, a slower rate elongation was applied to draw the new
atomic chain; steps corresponding to 0.5 and 1.5 Go were identified (Fig. 4.9¢).

Lots of publications have reported the electrical properties of MACs [1-4, 21,
30-32]. Landau equation was applied to explain the electrons transfer through
the small structures with the length shorter than the electrons scattering free
path. G = GoXT;, where Gy = 2e2/h, and T; is the electron transmittance of the
ith channel [20]. The electrical properties of the atomic chains are mainly deter-
mined by the electrons near the Fermi level. For non-magnetic metals such as Au
and alkali metals, the conductance of the MACs are multiples of G [2], whereas
for the magnetic metals, the conductance locates at multiples of 0.5 Gg due to the
spin-polarization [32]. Therefore, our in situ measurements are consistent with the
theories. It is worth mentioning that besides the plateaus at multiples of 0.5 G,
there are some conductance steps located at other positions such as 0.8 Go. The
reason for the inconsistence could be ascribed to the free electrons approximation
of Landau theory, which is more suitable for the simple metals such as alkali met-
als. For metals with complicated electronic structures such as Fe, it is reasonable
to have the electron transmittance equal to fractions of Gy.

4.4.3 Current-Voltage Characteristics of CNT-Clamped Fe
Atomic Chains

The structure and electrical conductance of the MACs are quite stable in the range
of several seconds. Therefore, it is possible to suspend the structural deformation
and study the current—voltage (I-V) characteristics. TEM images and correspond-
ing I-V curve are shown in Fig. 4.10. After the electron irradiation for carbon
removal, the exposed Fe nanowire was thinned. Because of the high precision of
electron beam, the irradiated area was limited to a range of ~60 nm and leaving
other areas unaffected (a). After the electron thinning and elongation by STM, a
dual-conical shape was formed with the smallest part around 0.75 nm in diameter,
corresponding to 3—4 Fe atoms in cross-section. The I-V curve (c) shows a linear
feature, with the corresponding conductance to be ~1.5 Go.
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Fig. 4.10 Electrical conductance measurement of a CNT-clamped Fe MAC: a, b Low and high
magnification TEM images, ¢ Current—voltage curve [22]

Mehrez et al. reported that the nonlinear I-V characteristics are caused by the
adsorption of gases [21, 32, 33]. In our work, the linear I-V feature indicates that
the contacts between at the boundaries of CNT and MAC are Ohmic and there is
little gas absorbed on the surface. The clean surface could be attributed to the high
vacuum inside the TEM, avoiding the use of organic materials like glues, and the
effective annealing processes.

4.5 CNT-Clamped MACs of Other Metals

In previous sections, mainly the CNT-clamped Fe atomic chains were studied. Fe
is a BCC structured and carbide formation metal, and also a catalyst for CNTs
growth. The possibilities of using CNTs for connection of other MACs were inves-
tigated in this section. These metals include Fe—Ni alloy, non-catalyst and non-car-
bon formation metal Pt with FCC structure, and Co with hexagonal close-packed
(HCP) structure.

4.5.1 Fabrication of CNT-Clamped MACs of Fe Alloy and Pt

A key step to obtain the CNT-clamped MACs is the continuous filling of metals
in CNTs. Similar to the Fe filling, Fe alloys could be filled into CNTs by using
floating catalyst CVD method with the mixture of ferrocene, nickelocene, and
cobaltocene as the catalyst precursor. And as shown in Fig. 4.11, Fe-Ni atomic
chains could be fabricated with the same technique. It is interesting to mention
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Fig. 4.11 TEM observations of the formation process of Fe—Ni alloy MAC [22]

that before the fracture of the formed atomic chain, the length increased from 1.5
to 5.7 nm, and the diameter shrank from 4.25 to 0.53 nm, indicating the larger
plasticity of the alloy atomic chains than that of pure Fe atomic chains.

The filling of CNTs by using floating catalyst CVD method is limited to the
catalyst metals for CNTs growth. To prepare CNTs with other metals, a tem-
plate method was adopted [34]. Firstly, CNTs were deposited into the channels of
AAO templates by thermal decomposition of hydrocarbon precursors. After that,
metals were filled into the CNTs by electrochemical deposition method. Similar
to the fabrication processes of CNT-clamped MACs of catalyst metals, electron
beam irradiation was applied to peel off the carbon shells and thin the exposed
metal nanowires. The formation process of a Pt atomic chain is demonstrated in
Fig. 4.12. Initially, the Pt nanowire was highly crystalline with well resolved lat-
tices. After the removal of carbon shells, electron beam was focused on the lower
part of the nanowire (a) and then the upper part (b). Gradually, the exposed Pt
nanowire was thinned layer by layer until the formation of atomic chains with two
or only one atom in the cross-section (d, e).
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Fig. 4.12 TEM observations (a)
of the formation process of Pt
MAC [22]

4.5.2 First Principles Calculations of CNT-Clamped Pt, Co
Atomic Chains

The structure and electronic properties of the hybrid structures between CNTs and
Pt and Co atomic chains were investigated by first principles calculations. Because
Pt is a typical FCC metal and Co is HCP structured, the axes were set to be along
[111] and [002] directions, respectively, as demonstrated in Figs. 4.13 and 4.14.
For both metals, uniaxial tension was applied and it was revealed that before the
fracture of the nanowires, atomic chains with only one atom in width were formed,
consistent with previous reports [1, 5, 35, 36]. CNT-clamped atomic chains of Pt
and Co were built on the basis of the results shown in Fig. 4.13g and Fig. 4.14g.
After the structural optimization, the atomic chains were shrunk, and covalent
bonding was formed at the boundaries as demonstrated by the charge distributions.

I A
“”Hjs:::!ﬂ“lm':’)"[!) "lmil - 424

(h)

Fig. 413 DFT study of a CNT-clamped Pt atomic chain: a—f Simulation on the structure evolu-
tion of the Pt atomic chain, g, h Ball-and-stick model of a CNT-clamped Pt atomic chain before
and after full relaxation, i, j Charge density after structural relaxation of two slices cut along
[100] and [010] [22]
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Fig. 4.14 DFT study of a CNT-clamped Co atomic chain. a—f Simulation on the formation pro-
cess of the Co atomic chain, g, h Ball-and-stick model of a CNT-clamped Co atomic chain before
and after full relaxation, i, j Charge density after structural relaxation of two slices cut along
[100] and [010] [22]

Above results demonstrate that MACs of various metals including the catalysts
for CNTs growth or non-catalysts, carbide formation or non-formation metals,
and three different crystalline structures, could be connected effectively by CNTs.
Therefore, our method is universal for the connection of MACs.

4.6 Summary

CNT-clamped MACs were designed and fabricated by in situ TEM method.
Combined with first principles calculations, the formation mechanism and electri-
cal properties were investigated, and the following conclusions are drawn:

1. CNT-clamped MACs is proposed for the effective connection and assembly
of the extremely small MACs. This new concept may facilitate applications of
MAGC:s in nano electronic and spintronic devices.

2. The formation process is investigated by in situ TEM and first principles cal-
culations. It is revealed that slip and twist along (110) are the important
mechanisms. In addition, it is found that the surface of Fe atomic chains are
composed of (110) planes which is different from the (111) planes of FCC met-
als, due to the different atomic arrangement and surface properties.

3. The electronic structures of CNT-clamped MACs are studied by first princi-
ples calculations. The two components are bonded by strong covalent bonding.
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Pristine properties such as the half-metallicity of Fe atomic chains and metal-
licity of CNTs remain unchanged after the combination. In addition, the electri-
cal properties are measured in situ and found to be quantized.

. The fabrication technique is applied to other metals and alloys, and CNTs-

clamped atomic chains of Fe—Ni alloy and Pt are produced successfully. First
principles calculations demonstrate that these atomic chains of BCC structured
Fe, FCC structured Pt and HCP structured Co could be effectively connected
with CNTs.
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Chapter 5
Conclusions and Perspective

5.1 Conclusions

The growth mechanism, controllable synthesis, and practical applications are the most
important topics for current researches of CNTs. The fundamental understanding of
the growth mechanism is the key to achieving controllable synthesis. And selective
synthesis is the foundation for practical applications in nanoelectronic devices. At the
same time, the potential applications also provide targets for the control of synthesis.
In this thesis, in situ TEM techniques are employed to investigate the growth mecha-
nism and CNT-based device fabrications. The main conclusions are as follows:

1.

The nucleation processes of CNTs from metal-free SiOx catalysts were
observed for the first time. It was revealed that the active species of the catalyst
is silicon oxide in solid and amorphous states, rather than Si or SiC. The growth
of CNTs from SiOx catalyst follows a vapor—solid surface—solid mechanism.

. The states of Fe and SiOx catalysts during CNTs nucleation were investigated and

compared by using in situ TEM. The general requirements for the catalyst were
proposed, including the suitable size of catalyst particles, suitable interactions
between the catalyst and the carbon, and necessary driving force. And the key
points in conventional vapor—liquid—solid growth mechanisms such as the cata-
Iytic ability to decompose the hydrocarbon gases, liquid carbide phase, and disso-
lution-over saturation—precipitation route were found to be not indispensable.

. The structural evolutions of carbon microcoils under high-density current were

investigated by using in situ TEM. It was revealed that in the absence of cat-
alyst, double-walled CNTs could be obtained by the reconstruction of carbon
structures, confirming the possibility of catalyst-free growth of CNTs.

. Based on the understanding of growth mechanism, a heteroepitaxial growth

approach was developed by using boron nitride platelet nanofibers as the
growth seeds for growing CNTs. As a result, single-walled CNTs with the
diameters distributed on multiples of (002) interplanar distances were pro-
duced, providing a new approach for the controllable synthesis.
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5. A CNT-clamped metal atomic chain (MAC) hybrid structure was designed and
fabricated by using in situ TEM method for the connection of extremely small
MACs. The formation mechanism of CNT-clamped Fe atomic chain (AC) was
investigated by means of in sitt HRTEM and first principles calculations. It was
demonstrated that distortion and slip along (110) plane was the deformation
mechanism. The surfaces of Fe AC were composed of (110) and (001) planes,
distinctive from the surfaces of FCC metals, which were composed of (111)
planes.

6. First principles calculations indicated that CNTs can form strong covalent bond-
ing with Fe ACs. And Fe ACs could well retain the unique physical properties
after the combination with CNTs. In addition, in situ electrical measurements
demonstrated that the conductance of the CNT-clamped Fe AC was quantized.

5.2 Perspective for Future Works

1. In addition to the in situ observations of the catalyst states during the CNTs
nucleation in this thesis, it is necessary to further investigate the growth mecha-
nism by using environmental TEM to correlate the CNT diameters and chirality
with the catalyst composition, atmosphere, and other growth parameters.

2. An effective approach for the precise control of CNTs structures was devel-
oped in this thesis by using high-temperature stable boron nitride nanofibers as
growth seeds. However, the growth rate was still not high enough. Therefore,
activation of the boron nitride should be explored to enhance the productivity.
New growth seeds should be designed following the philosophy to control the
structure of single-walled CNTs.

3. Our work has demonstrated the advantage of using CNTs for nanoscale con-
nections of extreme small structures, for the nanometer size, low scattering of
electron and spin transport. However, the present work using in situ TEM is not
practical for real applications. Therefore, it is expected that other techniques
such as lithography will be used for the practical fabrications of nanodevices
such as CNT-clamped MACs.
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