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ABSTRACT

Low dimensional materials have been intensively studied recently. More and
more researchers have been focusing on acquiring new properties by manipulation
materials in nanoscale level. The term ‘“heterostructure” usually refers to the
combination of two or more materials along with interesting properties. Such
structures play an important role in modern nanotechnologies, which requires

advanced material growth techniques.

Compared to traditional heterostructures in which different materials are
epitaxially grown, 2D layered materials that weakly bonded by van der Waals (vdW)
forces have attracted scientists’ attention as they provide a new perspective to
manipulate materials into heterostructures with no lattice matching. However, such
vdW heterostructures are realized mostly in planar-based structure, while 1D vdW
heterostructures have not yet been deeply studied. In this dissertation, we will start
with some of the most investigated 1D and 2D materials, such as metallic graphene,
insulating hexagonal boron nitride (h-BN) and semiconducting molybdenum disulfide
(MoSy), followed by a discussion of vdW heterostructures with their combination. This
will provide the foundation of the true 1D vdW heterostructures we proposed in this

dissertation.

High quality of 1D vdW heterostructures were evaluated and confirmed by
different method, such as absorbance, Raman spectrum, SEM, TEM, EELS, ED
pattern, etc. Binary structure in SWCNT-BNNT and SWCNT-MoS; order were
characterized, and ternary structure in SWCNT-BNNT-MoS, was further
demonstrated. Formation mechanism of 1D vdW heterostructures was deeply
discussed with the open-end-chiral growth, the effect of nucleation sites, and three
kinds of growth models. The high quality of 1D heterostructure structures allows for
further experimental exploration of properties. Some preliminary experiments for new
phenomena were also given in terms of thermal, optical, and electronic characteristics.
We believe there is a great prospect for these new structures as they extended the

concept of vdW heterostructures to 1D materials.
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Chapter 1: Introduction

1.1 Low-dimensional materials

Since mankind begins to be able to manipulate materials at the nanoscale,
nanotechnology is no longer just a social topic and is beginning to affect people’s live.
The advances in nanotechnology have rapidly broadened the scope and application of
nanomaterials in chemistry, physics, biology, and engineering. It has been pointed out
that nanomaterials in varying nanometer size and dimensions results in different
nanostructure with unique properties, which has been a motivation for keeping
researchers trying to figure out how materials behave when sample size get close to

the atomic scale.

“Low-dimensional materials” is a term used to describe a new class of
nanomaterials in reduced dimensionality. Generally, there are three categories
considered when it comes to low dimensional materials: the so-called OD materials
including clusters and colloids; the 1D materials such as nanotubes and nanowires in
chain-like structure; the 2D materials such as layered structure and thin film.
Compared to 3D bulk substances, low-dimensional materials are expected to exhibit

unusual properties due to quantum size effect or interfacial effects.

Depending on the dimensionality and size, low-dimensional materials show
significantly different density of states in electronic behaviors. In general, when a
material is small enough in one or more dimensions, it is possible to cause obvious
change in electronic density of state as shown in Fig. 1.1. Consequently, we can have
2D quantum wells, 1D quantum wires, and OD quantum dots, respectively. In
semiconductors materials, the density of states Z(E) in bulk, QW, QWR and QD

structures can be expressed as:

3
2m*\2

20 = 57 () VP

*

Z(B)zp = ) 0(F = Ey)

n
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1 m*
Z(E)1p = %Zn: ’Z(E——En)G(E —E,)

Z(B)op = ) 26(F — Ey)

Here m™ is the effective mass of the electron in a band, # is reduced Planck’s
constant, E is the energy as the zero of energy is taken at the bottom of the conduction
band, E,, is the nth energy level, o(E — E,) is the Heaviside step function and

6(E — E,) is the Dirac delta function. Bulk semiconductor materials are example of

3D system where density of states is relative to VE. In 2D QW, electrons are confined
in one dimension and therefore possess step-like density of states. Similarly, electrons
in 1D QWR are confined in two dimensions and therefore have density of states

1
proportional to (E — E,,) 2. For a quantum dot as a 0D system, electron motion is
confined in three spatial directions, and the expression for density of states follows a
Dirac delta function o (E — E,,).

Fullerenes

Graphite Graphene
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) ) %) %)
) o) o o
o / o o o
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Bulk Semiconductor Quantum Well Quantum Wire Quantum Dot

Figure 1.1 Schematic of low-dimensional semiconductor structures and the

corresponding electronic density of states. Reprinted from [1, 2].

These strongly confined electrons show a fascinating variety of unusual and
exciting effect, which makes low-dimensional nanomaterials a promising platform to

develop the next-generation cutting-edge-technologies. In the following chapters, the
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representatives in family of low-dimensional nanomaterials focusing on one and two

dimensions will be given.
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1.2 One-dimensional materials

Development of new types of nanomaterials have been attracting researchers’

interests. The booming of low-dimensional materials started in 1985 when the first

low-dimensional carbon allotrope, Ceo fullerene molecule, was discovered [3]. As a

quasi-0D material, synthesis of fullerene opened a new field of carbon chemistry and

physics. Soon after this, in 1991, the 1D CNTs were discovered by lijima et al [4],

which possess unique structure dependent electronic, mechanical, and optical

properties. Since then, the observation of CNTs quickly revolutionized the view of

nanoscience and nanotechnology during the past several decades. Meanwhile, 1D

materials were then widely researched as they exhibited novel electronic and transport

properties with the effect of reduced dimensionality and quantum confinement. This

chapter will give a brief introduction for some of the 1D materials.

1.2.1 SWCNT

/N /

Figure 1.2 Unrolled hexagonal lattice of a SWNCT. The chiral vector C, and

translational vector T are presented for the case of C;, = 4a1 + 2a, SWCNT.

Rectangle OBB’A is regarded as a unit cell in the atomic structure of an SWCNT.

The angle between a: and €}, gives the chiral angle (0<60<309.
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A SWCNT can be considered as a rolled-up sheet of single-layer carbon atoms,
so-called graphene, which has 2D hexagonal lattice structure with sp? carbon network,
as shown in Fig. 1.2. Depending on the rolling-up direction of the graphene layer,

SWCNTs form different chiral structures along with various electrical properties.

Fig. 1.2 also shows how a chiral SWCNT is determined. We choose 2 points, O
as a starting point and A as an ending point, in an unfolding graphene layer. After O
and A connecting to each other, the graphene will change into a tube-like SWCNT as
expected. The chiral structure of SWCNT varies as the relative position between O
and A changes. To begin with, two basic vectors are given below as

a, = (?a,%),az = <?a,—%> (1.1)

They are defined as the basic vectors in such honeycomb 2D surface. Then, we
consider O as the ordinate origin and denote vector 04 as C;,. With fixed basic vector
a, and a,, C, is determined by just two integers n and m (n = m > 0 due to the

hexagonal symmetry), which is described as
C, =na, + ma, = (n,m) (1.2)

In Eqg. (1.2), we learn that the pair of integers n and m denotes the number of
unit vector in C,. In another word, the chiral structure of SWCNT can also be

completely specified by the corresponding indices (n, m).

The distance between each neighbouring carbon atoms in SWCNTSs is known as
a._. =1.444, then the lattice constant of SWCNTSs can be further calculated as
a = |a;| = |lay| = V3a._, =2.49A. Obviously, vector C, can be interpreted as
circumference of SWCNT, so the nanotube diameter can be written in terms of n and

m as

_|Ch|_\/Ch'Ch_a\/n2+m2+nm
B T B T B T

d

(1.3)
The chiral angel 6 defined between C;, and a,, of which value should be 0 <
6 < 30° due to hexagonal symmetry as well, is given by

Crh-a; 2n+m)
|IChllas]l  2vnZ2 + m2 + nm

cosf = (1.4)
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Figure. 1.3 (a) Unit cell and (b) Brillouin zone of 2D graphite represented as the
coloured rhombus and hexagon, respectively. a1 and a2 are unit vectors, and b1
and bz are reciprocal lattice vectors. Three high-symmetric points were denoted
asI', Kand M.

Rectangle OBB’A is regarded as a unit cell in the atomic structure of an SWCNT.

Here, we labelled OB as translational vector T , wWhich is defined as the shortest

distance along the SWCNT axis in repetition. T is written as
T =tiaq + tya, = (tq, t3) (1.5)
and it should follow the relationship C;, - T = 0. Then t; and t; can be described as

_2m+n ; _2n+m
1 — dR L2 = dR

(1.6)

where dj is the greatest common divisor of (2m + n) and (2n + m). The number of

the hexagon then can be given by

€y x T 2(n* + nm +m?)
la; X a,| dgr

(1.7)

As a result, the number of carbon atoms in each unit cell is 2N.

On the other hand, the reciprocal lattice of SWCNT in reciprocal space should
also be considered, which plays a fundamental role in analysing periodic structures.
With given basic vectors a, and a,, the corresponding reciprocal vectors b, and b,
are expressed as

b, = (2_7-[’2_”)’172 = (Z_H,—Z—T[> (1.8)
V3a’ a V3a' a
shown in Fig. 1.3. The coloured area is the first Brillouin zone, in which three high

symmetry points, I', K and M, exits as centre, corner, and centre of the edge. C; and
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T is regarded as a pair of orthogonal unit vectors to describe a unit cell. Similarly, we
define their corresponding reciprocal vector as K. and K, in circumferential and axial

direction, respectively. With the following relationship,
¢, K.,=2n,T-K,=0,C,"K,=0,T-K, =2m (1.9)

K. and K, can be obtained as,
1 1
K. = N (t2by + t41b,) K, = N (mby — nb,) (1.10)

We denote the energy dispersion relation of unfolding graphene as E;—LD (k), which can
be calculated by the tight-binding approximation of the two neighbouring carbon

atoms with their 2p; orbital. The result is

&p T tw(k)
Ef (k) =—————=
20 (k) 1+ sw(k)
V3k,a k,a k,a
w(k) = \/1 + 4cos zx cos ; + 4(:052%

In the case of 1D SWCNT, the rolling action in nanotube creates quantum confinement
in circumferential direction. We apply periodic boundary conditions on the
circumference, then the energy dispersion of SWCNT can be given by

E, (k) E+(kK2+K>( 0,1,..,N —1,and ”<k<”) (1.11)
= E>p (k== Au=0,1,..,N—1,and — — — :
. AN T AR IT] IT]

This expression means that the possible wave vectors can be obtained from the
energy dispersion of graphene, but they are confined within limited lines due to the
periodic boundary conditions. These parallel lines represent the cutting lines, labelled
by the cutting line index i, which values from 0 to N-1. In Eqg. (1.11), wave vectors
uK, are the N quantized states in the K, direction, while |K,| is the length of line

segment along the direction K, as shown in Fig. 1.4.

When any of these cutting lines pass through K point, SWCNT is metallic.
Mathematically, the corresponding indices (n, m) should satisfied mod(n — m, 3) =
0, while, on the other hand, SWCNT is semiconducting if mod(n —m,3) # 0. This
is also one of the most important characteristics that electronical properties of SWCNT
is determined by its chirality. For example, (10, 1) and (8, 3) SWCNTs have almost
the same diameter, but different electronic properties: the former is a metal, but the

Chapter 1:Introduction 7



latter is a semiconductor. Fig. 1.5 is a chiral map that summarize the chirality of
SWCNT with related electronic property. Among all these indices (n, m), SWCNTs
can be classified into zigzag (m = 0 or 8 = 0°), armchair (n = m or 6 = 30°), and

chiral type (68 = 0°), respectively.

Figure 1.4 Brillouin zone of a SWCNT represented by the line segment for the
case of (n, m) = (4,2) SWCNT.

Zigzag

Figure 1.5 Chiral map of SWCNT (n, m) in which red solid points represent
metallic nanotube and black open circles represent semiconductor nanotubes,

respectively. Reproduced from http://www.photon.t.u-tokyo.ac.jp/.

Quantized wave vectors described by Eqg. (1.11) cause an inconsecutive function
of energy in their eDOS, which is one of the characteristic features for 1D materials.
The sharp peaks are called “Van Hove singularities”. The energy separation between

ith valence band and conduction band is labelled as E;; °" ™. S for semiconducting and
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M for metallic. An eDOS of (4, 2) SWCNT shown in Fig. 1.6 is obtained by tight-
binding approximation with parameters y, =2.9 eV, s =0, and a,._, =0.144 nm. The

theoretical bandgap is about E5; =2 eV.

(n,m)=(4,2)

E33
E22
r T T T T T T T T T 1
-3 -2 -1 0 1 2 3
Energy (V)

Figure 1.6 eDOS of (4, 2) SWCNT calculated by tight-binding method with
Yo =2.9¢V, s =0, and a._, =0.144 nm.
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1.2.2 BNNT

BN-based materials in low dimension are one of the most promising inorganic
nano systems studied up to now. As unnatural chemical compounds, they should be
produced synthetically. BN-based materials exit in different crystalline forms that have
similar structure to some of the carbon materials. For example, h-BN has layered
structure and is isostructural to graphite. Moreover, BNNTSs, which will be discussed
hereafter in detail, are analogous to CNTs as 1D materials.

The similarities between carbon and BN-based materials are usually of great
benefit to theoretical investigations of the structure of BNNTSs. Four years after the
discovery of CNTs, BNNTSs are subsequently synthesized in 1995 by Zett’s group at
University of California, Berkeley [5]. Ideal BNNTS are regarded as replacing all the
carbon atoms of CNTSs alternately into boron and nitrogen atoms. They both have
hexagonal structure, and the spacing between tubes is close to each other. On the other
hand, BNNTs can also be considered as rolling up h-BN sheets into nanosized
cylinders. In fact, there is still a debate whether BNNTSs are curled up from a planar
hexagonal network [6]. Based on the theoretical calculation result of zigzag BN tube
with a B/N ratio of 1, boron and nitrogen atoms are not on the same cylindrical surface.
Instead, they form coaxial cylinders with different diameter. Cylinders of boron atoms,
specifically, has smaller diameter compared to ones of nitrogen atoms. However, this
calculation result has not yet been experimentally demonstrated due to limitation of

experiment conditions.

Even though CNTs and BNNTSs owns similarities in structure, they are widely
different in electronic behavior. Unlike CNTs, BNNTSs present partially ionic B-N
bonds. Theoretical studies suggest that they possess a band-gap larger than 5.5 eV, and
thus show insulating or semiconducting behavior in electrical conductance
measurements no matter what diameter or chirality of nanotubes are [7]. This property
shows great prospect and high application value in both nanoelectronics and
optoelectronics, such as blue-light emitters and excitonic lasers.

Some research revealed that BNNTSs have high thermal conductivity as CNTSs,
some of which can reach to 6000 W/mK [8-10]. Chang et al. found that BNNTs of
diameter 30 to 40 nm with more than 99.5% !B can have a thermal isotope effect
resulting in a better thermal conductivity than CNTs [11]. So far, the observations and
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experiments were not able to support such theory as the real thermal conductivity from
experimental result, 350 W/mK, is far below the ideal theoretical calculations.

BNNTSs also exhibit higher thermal stability compared to CNTs. For example,
some BNNTs with perfect nanocrystalline structures still remain stable at elevated
temperature up to 900<C in the air [12], while CNTs start to be oxidized at 400 <C.
Golberg et al. conducted a thermogravimetric analysis on BNNTs and CNTs. The
result reveals a much stronger resistance to oxidation of BNNTs when temperature is
over 600<C [13].

To sum up, BNNTSs not only have excellent thermal conductivity and unique
electronic behavior, but also owns better chemical stability compared to these of CNTSs.
In consequence, BNNTSs can be applied as insulating layer or protective shields for

other nanomaterials.

Laser ablation is one way to prepare few-walled BNNTs. With the help of Ni
and Co powder as metal catalysts, the excimer laser can be used to ablate a BN target
to form BNNTSs of only 1-3 walls with flat or polyhedral caps at the tube end [14, 15].
BNNTSs can be synthesized by using Low-energy electron-cyclotron resonance plasma
and deposited on tungsten substrate [16]. In addition, CO> laser ablation was also used
to prepared BNNTSs in gram quantities without the benefit of metal catalysts [17].
Furthermore, Arenal et al. improved this synthesis by observing the boron particles at
the tube ends and proposing a root-growth model, increasing the yield of single-walled
BNNTSs up to 80% [18]. However, Laude et al. brought up with a controversial result
that no single-walled BNNTSs were attained by similar experiments [19]. It should be
noted that this synthesis was the only route for large-scale production of single-walled
BNNTSs. In despite of the difficulty in preparation of single-walled BNNTSs, more
attention was paid to the multiwalled BNNTs. Wang et al. received a high yield of
multiwalled BNNTSs by using laser ablation on oxidized silicon substrate coated with
Fe films as catalysts [20]. In general, researchers have demonstrated the feasibility of
laser ablation of large-scale BNNTs preparation, whereas the problems of these

complex apparatus were due to the high cost.

Later in 1999, Chen et al. proposed a facile synthesis called ball milling and
annealing method, which can produce BN nanomaterials in large scale [21]. They used
h-BN powder as the starting materials for ball milling and then annealed under No.

More than one product was formed, consisting of both cylindrical and bamboo-like
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BNNTSs. Subsequently, if boron powder was used instead of h-BN powder, the yields
of BNNTs would increase to 85% [22-24]. In a similar way, °BNNTs could be
prepared by substituting with isotopic °B powder as the boron source [25]. As for the
annealing process, an ammonia atmosphere could result in pure cylindrical BNNTs
while other conditions kept unchanged [26]. Also, B-O3z powder can also be used as
the boron source to synthesize bamboo-like BNNTSs in large scale [27]. Overall, this
ball milling method was considered as an effective way to prepare high-yield BNNTs

from solid phase.
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1.2.3 MoS:2 nanotube

Researches on properties of graphene have given scientists lots of hints to study
about TMDCs materials which have the chemical formula MX2. M represents a
transition metal atom and X a chalcogen. MoS: is one of TMDCs that consists of
transition metal Mo and chalcogen S with a ratio of 1:2, By analogy to different forms
of carbon, Tenne et al. suggested that layered TMDCs could form similar structures
like fullerene and nanotube [28-30]. MoS2 nanotube was then indeed synthesized and
characterized by Tenne’ group [31] (Fig. 1.7), of which procedure involves heating

MoOs and HzS as the starting source in the stream of argon.

Compared with CNTs, MoS; nanotubes can be classified as inorganic nanotubes.
Their tube size is usually very large in multi-walled structure as the diameters can
barely be controlled below 20 nm. Some of their properties have already been
experimentally confirmed, such as the unusual magnetic state in lithium-doped MoS,-
xly nanotubes [32], and the storage material for reversible lithium batteries [33]. Till
now, the small quantities of preparation as well as dimensions control become crucial

problems when it comes to physical experiments and further potential applications.

Figure 1.7 (A) Assortment of MoS2 nanotubes and (B) the high-magnification
image. Reprinted from [31], Copyright (1995), with permission from AAAS.
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1.3 Two-dimensional materials

In 2004, the 2D carbon allotrope, graphene, were produced and identified by
Geim and Novoselov et al. and rapidly became a rising star in the field of 2D
nanomaterials [34]. After the discovery of graphene, more and more graphene-like
materials have been found and fabricated. These kinds of 2D materials obtained as
monolayer form were found to hold even more promise with the variety of properties,
such as NbSe, as metals, semiconductors as MoS,, and insulators as h-BN.
Researchers realized that the properties of such 2D materials with reduced dimension

are different from those of their 3D counterparts.

1.3.1 Graphene

In section 1.2.1, we used graphene as a basic structure to discuss about SWCNTSs
fundamental, while this part gives a brief introduction to the graphene itself. Graphene
is not only considered as an allotrope to fullerenes and CNTSs, but also served as an
important building block toward other materials research. It composes with a sheets of
carbon atoms, of which s, px, and py atomic orbitals on each hybridize to form strong
covalent sp? bonds to each other with the bond angles of 120< The remaining p;
orbitals of every three neighbouring carbons atom form = and =" orbitals, called

valence band and conduction band, respectively.

Graphene can be obtained from earth-abundant graphite by exfoliation method.
Such layered graphene exhibits extraordinary electrical, optical, mechanical and
thermal properties due to its long-range n-conjugation [35]. Here are some examples,
Monolayer graphene owns high carrier mobility of about 200,000 cm?V-!s [36] and
high optical transparency toward visible light over 98% [37]. What’s more, it has
excellent mechanical strength with Young’s modulus of 1.1 TPa [38] and thermal
conductivity of about 5000 WmK [39].

Graphene can be easily processed into different forms, such as multi-layer
nanosheets [40], nanoribbons [41], and foam [42]. Therefore, it widely serves as basic
materials for varied application, including energy storage devices [43], electronic skin
[44], field effect transistors [45], and gas sensors [46] etc.

Even though applications have been developed in different areas, the task for a
wider use of graphene is hindered by difficulties in high-quality preparation. So far,
main strategies for preparation of graphene include mechanical exfoliation [47],

14 Chapter 1:Introduction



solution-phase exfoliation[48], bottom-up methods [49], and substrate-based growth
by CVD [50].
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1.3.2 Hexagonal boron nitride

h-BN is known as “white graphene” as it has similar structure to graphene with
alternative B atoms and N atoms connected by sp? covalent bond (Fig 1.8). As
discussed in the previous section, h-BN is one crystalline form of the exited BN-based
materials. It is usually used as a sub-layer material for other 2D materials served as an
insulator. Moreover, h-BN is also known to be thermally and chemically stable, along
with high thermal conductivity and mechanical robustness. Additionally, there is no
absorption in visible parts of the spectrum for h-BN which yet has absorption in

ultraviolet range.

YUY Y Y Sy Sy Tty

N e P P A 5
I 0 S I i e
Ty I I 2 S '

pristine f-BN

Figure 1.8 Surface models for pristine h-BN in monolayer. Blue and grey spheres
represent for boron-atoms and nitrogen-atoms. Reprinted from [51], Copyright
(2016), with permission from ACS.

The lattice structure of 2D h-BN is almost the same as graphene in hexagonal
pattern with only a lattice mismatch of about 1.8%, whereas the electrical conductivity
is totally different from each other. h-BN owns insulating properties while graphene is

semiconducting.

Various processing strategies have been applied to synthesis 2D h-BN, including
mechanical exfoliation, liquid exfoliation, chemical vapor deposition, and epitaxy.
Mechanical exfoliation is one of the feasible ways to obtain crystalline h-BN [52], but
the side and position of the as-prepared h-BN layers is usually not controllable with
small size in low yield. Liquid exfoliation is a more efficient method to produce h-BN

in large scale [53]. Disadvantages such as contamination on film surface, ungovernable
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number of layers and limited flake size, however, make this exfoliation method more
challenging in application. On the other hand, CVD and the vaper phase epitaxy
process are also achievable strategies for growth of 2D-hBN nanosheets [54, 55].
Compared with exfoliation, the number and the scale of layers are relatively
controllable, but CVD process requires high temperature that places greater demands

on the substrate and apparatus.

2D h-BN has ultra-flat surface without dangling bonds, which can be used as a
dielectric substrate for other 2D materials such as graphene and TMDC materials in
electronic and optical device [56, 57]. In addition, 2D h-BN can also be a good
candidate for passivation and protection for other 2D materials, which acts as
protective layers to prevent atoms exposed to the surface from degradation of intrinsic
characteristics [58-60].
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1.3.3 2D Molybdenum disulfide

MoS: as one of the TMDCs belongs to indirect band gap semiconductors in their
bulk forms. Thinned to a monolayer, it is reduced to 2D form and become direct band

gap materials.

As illustrated in Fig. 1.9a, crystal structure of MoS; takes the form of hexagonal
plane in a top-down view. In each layer, a plane of Mo atoms sandwiched in two plane
of S atoms, in which each Mo atom is bonded to six S atoms while each S atom is
bonded to 3 Mo atoms. These triple planes of atoms bond with each other with strong
covalent bonds between Mo and S atoms, resulting in no dangling bonds left for S
atoms. The absence of dangling bonds indicates that MoS: is a layered material with
weak van der Waals forces holding layers together, which means a 2D sheets of MoS>

can be mechanically separated from a bulk material.

Bulk MoS: can be found in the natural world as mineral, named ‘molybdenite’,
that can be dated back to over 2.9 billion years ago [61]. In its bulk form, MoS; appears
shiny grey colour as shown in Fig. 1.9b. It can be used as a lubricant due to the weak
interaction of van der Waals forces between layers that allows sheets to easily slide
over itself. However, the application of MoS, had been confined to lubricant and

industrial catalyst for quite some time.
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Figure 1.9 (a) Structure of a hexagonal TMD monolayer. Reproduced from [62].
(b) Photograph of bulk MoS2 crystal, which is approximately 1 cm long. (c)
Schematics of the structural polytypes: 2H, 3R, and 1T. Reprinted from [63],
Copyright (2012), with permission from Springer Nature.

Fig. 1.9c shows three kinds phases of MoS; in different symmetry: 2H

(hexagonal symmetry with 2 layers per unit-cell), 3R (rhombohedral symmetry with 3
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layers per unit-cell), and 1T (tetragonal symmetry with 1 layer per unit-cell) among

which 2H is the most desired form for MoS: in electronic applications.

The unique physical, optical, and electrical properties of MoS; have attracted
wide range of attention from researchers. Originally, the bandgap of bulk MoS; is 1-
1.3 eV. As the number of layers decreases to one as a 2D materials, its properties
change radically with an increased bandgap of 1.9 eV. At the same time, the indirect
bandgap of bulk MoS. will also change into direct one as a 2D monolayer. This 2D
MoS; has a quantum vyield of about 0.4% [64] and a high carrier mobilities
approximately 350 cm?V-1s [65]. It can also be fabricated into a field-effect transistor
with an ON/OFF ratio of about 108 [66], making it a good candidate for high-efficiency

switching and logic circuits.

Energy

F MK TF MK TF MK T F MK T
Figure 1.10 Band structure of MoS:2 in different forms, in which from left to right
is bulk MoS2, quadrilayer MoS2, bilayer MoS2, and monolayer MoSz. The solid
arrows indicate the lowest energy transitions. Reproduced from [67], Copyright
(2010), with permission from ACS.

Fig. 1.10 is the simplified band structure of MoS> showing the crossover from
indirect to direct bandgap transition. Conduction bands and valence bands at K point
are contributed mostly from the d orbital of Mo atom. In near I" point, a lowest
conduction band is on the left while the highest split valence bands are at I" point,
which are contributed from both the d orbital of Mo atom and p; orbital of S atom.
Since the Mo atoms are sandwiched in the middle of each MoS: layer, their electronic
states are not influenced by the interlayer coupling effect. The outside S atoms,

however, are significantly influenced by the other S atoms from the adjacent layers.
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As the number of layers decreases, the interlayer coupling effect between S atoms
becomes weaken, resulting in a larger indirect bandgap than the direct bandgap at K
point. In another word, 2D MoS: in unit cell thickness becomes a direct bandgap
semiconductor. This thickness-dependent bandgap structure makes ultrathin MoS;

sensitive to incident light with different wavelengths in optoelectronic.
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1.4 Van der Walls heterostructures

Nanotechnology focusing on designing materials in nanoscale is an appealing
idea but not easy to realize. Researchers are making their great efforts to come up with
a general solution for materials integration. Still, we need to seek a mixing strategy
with selected ingredients and, thus, obtain one ultimate materials with better properties

and predetermined functionalities.

One of the major problems to realizing heterostructure at early stage of materials
science is the lattice matching at heterojunction interfaces. However, the lattice-
matching condition becomes relaxed when the epitaxial growth proceeds with vdwW
interactions [68]. The relatively weak vdW forces are sufficient to keep the layered
materials together even with a large lattice mismatch between the grown and the
substrate materials [69].

The constant emergence of varied vdW bonded materials provides new insights
into materials design, thereby opening new avenues for the development of
nanomaterials. Consequently, combinations of distinct materials have been assembled
with different functionalities [70-72].

1.4.1 2D vdW heterostructures

2D materials offer a platform that gives birth to heterostructures with a variety
of properties. Held together by vdW forces, a growing number of 2D heterostructures
with combinations of 2D materials have been demonstrated. By stacking different 2D
materials on top of each other, the synergetic effects between each component become
considerable, such as surface reconstruction, charge redistribution and proximity

effects between neighbouring layers.

Few years after the graphene boom, researchers have started to pay more
attention to some other 2D atomic materials, such as monolayers and few-layer
crystals of h-BN, MoS,, other dichalcogenides and layered oxides. Here are some
examples for their synergetic effects. h-BN substrate is considered as one of the
stacked materials for 2D devices due to its smooth surface of dangling bonds and
charge traps. Therefore, with the help of h-BN, graphene devices owns much higher
mobility by assembling graphene with h-BN [56, 73]. Their excitons have longer
lifetimes as the photoexcited electrons and holes were accumulated in different layers.
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The vdW heterostructure can also be used for photovoltaic application. It has
have been demonstrated with more efficiency based on TMDCs and graphene [71].
TMDCs ling-sensitive materials, while graphene is serving as channel materials and a
transparent electrode with good ohmic contacts. It is also an option to combine
materials with different work functions, which results in indirect excitons, such as
MoS2/WSe; [74]and MoSe2/WSe: [75].

Light-emitting devices with heterostructure are also starting to emerge. Sine
photoemission is a slow process compared to the penetration time between graphene
and semiconductor, dwell time of injected electrons and holes should be under good
control. Given this, h-BN layers can be introduced as a barrier to increase the dwell
time of electron and hole in the TMDC [76]. Furthermore, A WSe; based device can
reach a high quantum efficiency of 20% with increasing temperature and injection

current [77].
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1.4.2 Other kinds of vdW heterostructures

The above 2D vdW heterostructures gave birth to a new era of fundamental
scientific studies and applied device designs. However, it remains a challenge to

synthesize each 2D materials over large areas with high quality.

It should be noticed that vdW interactions are not limited to layered interactions.
Any passivated, dangling-bond-free surface interactions are attributed to vdW forces.
As a result, it is feasible to combine 2D materials with others of different
dimensionality to form vdW heterostructures, so-called mixed vdW heterostructure (as
shown in Fig. 1.11). This class of vdW heterostructures mainly focuses on layered 2D
material as one of the ingredients, which describes as 2D + nD (n =0, 1 and 3) in
formula. Mixed vdW heterostructures have revealed the potential for device

applications [78-80].
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Figure. 1.11 (a) 3D models of the three primary 2D materials: graphene, h-BN,
and TMDCs materials. (b) Heterojunction between a 2D material and 0D
semiconductors such as quantum dots or small organic molecules. ()
Heterojunction between a 2D material and 1D materials such as nanotubes,
nanowires or polymers. (d) Heterojunction between a 2D material and 3D
semiconductors such as bulk Si, amorphous oxides or Il11-V compound
semiconductors. Reprinted from [81], Copyright (2017), with permission from

Springer Nature.

On the other hand, there have been some attempts at combining distinct 1D

materials to form heterostructures as well [82, 83]. Previously in 1997, Suenaga et al.
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reported a hybrid structure using arc-discharge synthesis [84], as shown in Fig. 1.12.
The dominant products were nanoparticles, and a few nanotube-shaped products were
also observed. Recently, Nakanishi et al. report a synthesis of BNNTs inside SWCNTs
[85]. They encapsulated BN precursor in SWCNTS by a gas phase process, which was
then annealed at 1673K for 3 days in vacuo. The main idea is to use a confined space
of SWCNTSs as a template to form BNNTSs inside due to their structural affinity. Arenal
et al. proposed experimental evidence of the formation by in situ electron-irradiation
of SWCNTs confined within BNNTs [86]. However, their results were far from
satisfaction because the as-prepared coaxial structures were poorly crystallized with
lots of amorphous. The ideal 1D heterostructures with highly crystallized structure and
continuous surface were only theoretically investigated by computer simulation [87,
88].
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Figure 1.12 (a) TEM image of a polyhedral nanoparticle with a metallic hafnium
boride core (darkest contrast) encapsulated by graphitic layers, and (c) its
elemental profiles of B, C, and N. (b) TEM image of a composite nanotube with
the C-BN-C sandwich structure, and its (d) elemental profiles measured across a
tube.
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1.5 Motivation and purpose of this dissertation

Researchers have been focusing on nanomaterials over the past several decades.
More and more nanomaterials have been reported since they showed unique properties
when their size is close to atomic scale. In contrast to 3D bulk materials, “Low-
dimensional materials”, including 2D, 1D, and 0D, is a term to describe such new class
of nanomaterials in a lower dimensionality. It has been reported that low-dimensional
materials show unusual properties due to the quantum size effects. For example, their
density of states is significantly different from each other according to the calculation
results, which makes low-dimensional materials a promising platform to develop next-

generation devices.

With the increasing emergence of low-dimensional materials, more and more
scientists try to design and manipulate materials in nanoscale in order to obtain new
properties. In recent years, vdW bonded materials have attracted scientists’ attention
as they provide a new perspective to manipulate materials into heterostructures. 2D
materials, as one of the low-dimensional materials, are considered as an important
integrant for vdW heterostructures. As there is no requirement for symmetry and lattice
matching among each layer, they can easily stack on top of each other, and thus form
a great number of different kinds of 2D heterostructures. These new 2D have been
reported to possess unique properties, such as surface reconstruction, charge
redistribution, and proximity effects. With some special integrant, like graphene, h-
BN, and TMDC materials, 2D heterostructures can be applied to graphene tunnelling
device, photovoltaic applications, light-emitting devices and so on. Therefore, 2D
heterostructures have been showing great prospect and application value in the near

future.

However, vdW heterostructures are realized mostly in planar-based structure,
while other kinds of vdW heterostructures in different dimension have not yet been
deeply studied. For example, a 1D vdW heterostructure should be a coaxial structure
that combines different kinds of single-crystal materials in the radial direction. Only a
few simulations researches for 1D vdW heterostructures were reported [87, 88].

Previously there were some experimental results related to 1D vdW
heterostructures. A hybrid structure C-BN-C using arc-discharge synthesis was

reported by Suenaga et al, but the ingredients as well as their number of walls were
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difficult to control especially under arc-discharge condition. Recently, a few groups
also attempted to fabricate a C and BN coaxial structure [85, 86]. They tried to
encapsulate the BN source or C source inside the nanotube. After some heating process,
BN or C tube-like materials were formed inside. However, the result was not ideal,
and the coaxial structure was poorly crystallized with lots of amorphous. Theoretically,
we believe a true 1D heterostructure must be highly crystallized with continuous

surface.

As we discussed above, little is known about the properties of heterostructures
down to one dimension. Therefore, the first purpose of this dissertation is to explore
the possible existence of true 1D vdW heterostructures. A further purpose of this
research is to explore a stable synthesis strategy for 1D heterostructures with high
quality, because an ideal 1D heterostructures with highly crystallized structure should
be considered as a precondition for further experiments. Also, we will focus on their
new properties and phenomena when heterostructure comes to one dimension, such as
SWCNT-BNNT was predicted as a topological insulator [88].
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1.6 Organization of this dissertation

This thesis begins with a brief introduction to several kinds of low-dimensional
materials especially for 1D and 2D materials. For 1D materials, SWCNT, BNNT, and
MoS: nanotube are reviewed, while for 2D materials, graphene, h-BN, and layered
MoS: are generally introduced. Subsequently, the concept of vdW heterostructures and
is presented with the purpose of manipulation of nanomaterials, by which we carried

out a new research topic about vdW heterostructures in one dimension.

In Chapter 2, some general experimental techniques are introduced, such as CVD
apparatus for synthesis, and Raman spectroscopy, SEM, TEM, and UV-Vis-NIR
spectroscopy for characterization. The specific experimental details will be presented

in the following chapters.

Chapter 3 initially presents the possible existence of binary 1D vdW
heterostructures combined with SWCNT and BNNT with a superior quality compared
to the previous research. The effects of reaction parameters on BN CVD coating
method is discussed. We then give a general characterization of 1D heterostructures
which includes SEM. TEM, Raman spectrum, and absorbance spectrum. Methods of
tunable thickness of BNNT and patterned growth for BN CVD are also presented.

In chapter 4, we further introduce MoS: as a new integrant for the study of MoS.-
based 1D heterostructures. We firstly present a simulation results of bending energy
for outer MoS; in SWCNT-MoS: heterostructure, which gives insights into some basic
issues in a more complicated ternary 1D heterostructures of SWCNT-BNNT-MoSo.
The crystallinity of prepared ternary 1D heterostructures will be discussed and

evaluated as well.

In chapter 5, a further investigation is proceeded by proposing the growth
mechanism and three growth models for the formation of outer BN walls. The effect
of isolation and cleanness for high high-quality synthesis is studied based on TEM

results.

The relationship between inner and outer layers is revealed in Chapter 6. The
discussion will be given on both epitaxial and handedness relationship based on a great

number of TEM results.
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Some preliminary experiments will be carried out in Chapter 7. We discuss the
properties and applicability of 1D heterostructures, based on their thermal, optical, and

electronic properties.

Finally, in the last Chapter 8, we present an outlook on the prospects of 1D vdW
heterostructures, and the future perspectives with a wider range of 1D library.
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Chapter 2: Experimental means

2.1 CVD

Direct growth methods such as CVD are promising techniques for scalable
synthesis of vdW heterostructures. As it is widely used for 2D materials, including h-
BN, graphene, and TMDC materials, a great number of different combination of
heterostructures have been assembled, such as graphene/h-BN [89, 90],
MoS./graphene [91, 92], GaSe/graphene [93], MoS2/h-BN [94, 95], and WSe2/MoSe,/
graphene [96].

In view of above successful application is 2D heterostructures, CVD technique
may also play a key role in the synthesis of 1D heterostructures by selecting proper

precursors and optimizing the reactions parameters.

Reaction area

Upstream side

{/

Figure 2.1 Schematics of the CVD systems, especially for BN CVD process.

Fig. 2.1 is the schematics of our CVD system. The CVD system contains three
parts: upstream side, reaction area, and downstream side. In upstream side, several
mass flow controllers are deployed to control the flow rate of carrier gas (Horiba STEC
SEC-E40). A heating belt is also set in the upstream area in order to heat up precursor
when needed. The main part of the reaction area is a ceramic furnace with a long quartz
tube of 100 cm in length. In the downstream side, a scroll pump is used for high
vacuum requirements. What’s more, two pressure gauges are deployed for real-time

measure of pressure, of which one is for high vacuum (<10 kPa) and one is for low
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vacuum (>10 kPa), respectively. To precisely control the pressure, several kinds of
valves are deployed as demanded. Specifically, the main valve and sub vale is used for
high-pressure control, while the needle valve and butterfly valve high-vacuum

adjustment.
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2.2 Raman spectroscopy

Raman spectroscopy is a powerful and convenient technique used to study
vibrational modes of molecules. When a sample is illuminated with a laser light, most
of the scattering are elastic processes (Rayleigh scattering), which means the scattered
photons have the same energy as the incident photons. In contrast, some inelastic
processes (Raman scattering) happen with a very low probability, of which the
scattered photons have a different energy from those of the incident photons. It means
that there is an exchange of energy during the scattering process, resulting in the higher
or lower energy of laser photons. More specifically, phenomenon of reemitted photons
with lower energy than original photon is called Stokes Raman scattering, while
scattered photons with higher energy than the original photon lead to a phenomenon
called anti-Stokes Raman scattering. The energy of the laser photons being shifted up
or down is denoted as Raman shift (in the unit of cm™).
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Fig. 2.2 Example Raman spectrum taken from SWCNT films (532 nm excitation
laser). The inset is the RBM.

Figure 2.2 is a typical Raman spectrum of SWCNT films. RBM, D band, and G
band region are three of the main features of SWCNT. The dominant peak at around
1590 cm is the G band, in which G represents for graphite. This peak corresponds to
the in-plane vibrational mode of carbon atoms. Moreover, G band peak generally spilt
into G" and G* modes due to the energy difference between axial and transverse in-
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plane vibrational modes. D band around 1350 cm™ is a disorder-related peak, including
defects or inconsistencies in the carbon crystal lattice. Therefore, we could use a G/D
ratio to determine the crystallinity of a SWCNTs sample. RBM shown in the inset of
Fig 2.2 is a series of peaks below 400 cm™. These peaks are caused by the coherent
movement of all the carbon atoms as in radial direction, like a “breathing” nanotube.
Therefore, RBM is short for radial breathing mode. We could get much information
by characterizing RBM, such as tube diameter [97], and the chirality of SWCNT [98].
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2.3 SEM

With the going deep of the nanomaterials, research of low-dimensional
nanomaterials relies more and more on the development of metrological technology,

especially for the present invention in electron microscope.

SEM is a type of electron microscope that is indispensable tool for low-
dimensional materials characterization in micro or even nano scale. Images are
obtained by scanning the sample surface by an electron beam, then the secondary
electrons are deal with by secondary electron detector. As for an optical microscopy,

the resolution can be described as

0.61x A

7T WX sind
in which A is the wavelength of light, n is the RI, and 8 is one-half of the objective’s
opening angle. We can learn from this equation that it is difficult to obtain higher
resolution in the visible-light range. However, electron owns a smaller wavelike nature.

This is why the electron microscopy can produce an image with much higher

resolution than the optical microscopy.

Figure 2.3 Hhigh-resolution SEM image of vertically-aligned SWCNT forest
(left), and SWCNT network (right).

Fig. 2.3 shows two SEM images for SWCNTs in different form. Their
morphologies can be recognized, and even each nanotube can be readily distinguished
from each other. For conductive sample, like SWCNTSs, the voltage for accelerating

electrons is usually applied in 1.0 kV, so the sample will not be damaged while high-
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resolution images can be obtained. A semi-conductive sample, on the other hand, need
a higher voltage for a better resolution of SEM image.
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24 TEM

TEM is another type of electron microscope for nano-scale characterization, with
an even higher magnification exceeding 1,000,000 X. A TEM image is obtained not
by detecting secondary electrons, but by the transmitted electrons that go through the
sample. This requires the sample to be thin enough so that electrons are able to pass
through with high energy (>100 keV). A TEM image of SWCNT-BNNTSs is shown in
Fig. 2.4. Each layer of nanotube can be distinguished from each other at atomic

resolution.

Figure 2.4 Individual nanotube that can be considered as a SWCNT partially
coated by BNNT.

In our lab, we also have developed a TEM positioning technique, which is of
great benefit to most of our experiment (as shown in Fig. 2.5). The main idea is to label
one area before experiment, then observe the same area again. This technique is very
useful when you need to compare the difference before and after some chemical

experiments.
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Before CVD s After CVD

Figure 2.5 A TEM positioning technique for an “in situ” comparison. One area
of the pristine SWCNT (left) is labelled by a red circle in the TEM image. After
certain CVD process, we can check how this area changes as long as the same

area can be located (right).
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2.5 UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy refers to absorption spectroscopy or reflectance
spectroscopy covering some spectral range like ultraviolet, visible, and near infra-red
spectral regions. When light go through a sample, its intensity follows Beer-Lambert
Law:

I = Ioe_aLC
where | is the received light intensity, lo the incident light intensity, « the absorption
coefficient, L the optical path length, and c the concentration of an absorbing species.

Transmittance T is measured by the ratio of received light intensity to incident light

intensity as:

T =—
Iy

then the absorbance A can be given by the following relationship:
A - - 10g10 T

Both transmittance T and absorbance A is deals with the received light in
transmission mode. This optical technique is very useful for characterization and

analysis.
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Figure 2.6 Typical optical absorption spectra of SWCNT film. Absorbance band

of S11, S22, and Plasmon bands are shown.
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Fig 2.6 is an absorbance spectrum of a SWCNT film. if the incident photon
energy satisfies the energy separation between ith valence band and conduction band,
the probability of absorption processes increases dramatically. Si1 and S2; peak
represents for E11 and E2> of semiconducting SWCNTS, respectively. Their position
can determine not only diameter but also metallic or semiconducting properties of the
SWCNT.
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Chapter 3: CVD synthesis of SWCNT-
BNNT heterostructures

In this chapter, we will focus on how we synthesize 1D SWCNT-BNNT
heterostructures with high quality by CVD method, which is initially developed by our

research group. Results of their structure characterization will be reported as well.

3.1 CVD apparatus

Mo TEM mesh

-

Si TEM widow grid

Furnace
Quartz tube

Heating belt

Figure 3.1 (a) Photograph of the BN CVD system. (b) Schematics of two types of
TEM micro-grid: Mo-based TEM mesh grid and Si-based TEM window grid. (c)
Schematic illustration of BN CVD system.

The main idea for our CVD method is to use SWCNT as the skeleton and choose
a BN precursor to coat on SWCNT surface. The SWCNT sample was provided by The
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NanoMaterials Group, Aalto University [99]. In order to precisely characterized the
coating quality in nanoscale, most of our experiments were conducted on TEM grids,
which is convenient for further TEM characterization. Fig. 3.1b shows schematics of
two types of TEM micro-grid. A SWCNT film was transferred onto the TEM grid for

further experiments.

CVD is one of the main fabrication methods for 2D vdW heterostructures, so we
believe CVD should also be a practical option to form 1D vdW heterostructures. Fig.
3.1a is our furnace we used for the CVD process. After experimental trials and
characterizations, a facile CVD method was given with high repeatability. Fig. 3.1c is
the schematic illustration we used for BN coating process. Ammonia borane complex
was used as BN source. 30 mg of BN source were put in a quartz boat and placed
upstream from the left. Our SWNTs sample was placed in the middle of the furnace.
Ar mixed gas with 3% H> was introduced as carrier gas at a flow rate of 300 sccm. The
pressure was tuned at a low valued around 300 Pa. During the ramp-up period, CVD
furnace was heated to 1075 <C, and then the upstream part was heated at about 70<C
by a heating belt. During the CVD growth, these temperatures were kept constant, and
BN source vaper was transferred downstream by carrier gas. CVD duration varied
from 1 to 3 hours depending on thickness requirement of BNNT.
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3.2 Reaction parameters
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Figure 3.2 Evolution of absorbance spectra of sample after BN CVD at different

reaction pressure from 0.3 to 40 kPa.

Firstly, the effect of pressure in BN CVD was investigated. Pressure is one of the
crucial parameters for BN CVD. It can be tuned by sub valve at high vacuum, butterfly
valve in low vacuum. Fig. 3.2 is the absorption spectra for different samples at different
pressure values. In these spectra, a band gap of approximately 200 nm can be observed
for BNNTSs. These additional peaks are assigned to BNNTSs with their transitions [100],

and more products of BNNTS result in a stronger intensity of the peak.

Fig. 3.2is the evolution of absorbance of SWCNT-BNNT samples with different
pressure. The peak intensity of BNNTs decreased when pressure went up. When
pressure went up to 40k Pa, the peak intensity of BNNTs almost disappeared. We
speculate that the decomposition of ammonia borane complex was suppressed at

higher concentration of H, based on the following chemical equation:
HaN-BHz — BN + H>

One more thing we found is that the plasmon peak of SWCNT showed similar
tendency. The peak density dramatically dropped down when the pressure is over 1.0k
Pa. This is because carbon structure was etched by H. with high concentration.
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Figure 3.3 (a) Photograph of the BN CVD system after long-term use of BN
coating process. (b) Schematic illustration of experimental method with different
position of quartz plate. (c) Evolution of absorbance spectra of sample after BN

CVD at different position in quartz tube.

The position of sample in furnace is also an important parameter for BN CVD.
Figure 3.3a is the furnace we used for synthesis. The BN source comes from the left
as the upstream side. 5 samples of SWCNT film were prepared for the experiment.
The first sample was placed 7 cm from the left, then the other 4 samples were placed
every 4 cm from each other to the right (Fig. 3.3b). Absorbance will be checked for
each sample after 1-hour BN CVD process. Fig. 3.3c is the evolution of absorbance of
each sample with different position. The spectrum in black line represents the leftmost
sample. The peak intensity around 200 nm was too strong that the peak was deformed
at its maximum value. The intensities of spectra of other samples were gradually

decreased along the rightward position.

As shown in Figure 3.3a, it should be noticed that the upstream part of quartz
tube gradually turned dark as more and more BN CVD were performed. At the same
time, the closer the sample is to dark deposition is, the stronger intensity its spectra get.
Therefore, we assume these dark depositions belongs to by-product of BN
decomposition, and they began to deposit at high-temperature region. In position 2 to
5, the quartz tube became cleaner and cleaner, and the peak intensity of corresponding

sample also relaxed to a normal level. We also checked TEM for their growth quality.
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Fig. 3.4a and b show two TEM images for SWCNT-BNNT samples in position 3 and
4, respectively. A rough tube surface of sample in position 3 was confirmed, but the
sample in position 4 showed a much higher crystallinity with continuous tube surface.
Consequently, the optimal position for BN CVD is not in the middle, but a little closer
to the downstream side. This is one of the most important growth parameters for BN

related 1D vdW heterostructure.

Figure 3.4 Two TEM images for samples after BN CVD in position 3 (a) and 4 (b)

of the furnace, respectively
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3.3 Structure characterization

Figure 3.5 (a) Two TEM image of SWCNT sample after BNCVD and its ED
pattern. (b) Annular dark-field (ADF) image and EELS mapping of a SWCNT
partially coated by BNNT, showing that the inner layer is carbon and the outer
layer is BN. C K, K1 edge of C (green); B K, K1 edge of B (cyan); N K, K1 edge of
N (red). (c) 3D model for SWCNT-BNNT coaxial structure.

In this section, we will present more experimental results about the structure
characterization in nano scale. Fig 3.5a is some of the TEM results after 1hr BN CVD.
We can see that the nanotube was nicely formed, and its surface is very clean. Most
importantly, the nanotube was not single-walled anymore, and the number of walls
increased to 2 or 3. It looks like some other nanotubes nicely wrapped around the
pristine SWCNTSs. Furthermore, its ED pattern is highly symmetric due to the high-

quality structure.

Here is the question: how we can tell that the outer wall is BNNT rather than
CNT. As the starting material is purely single-walled before we performed BN CVD,
it is quite reasonable to expect that the outer walls are BN, but we still need conclusive

scientific evidence.

This assumption was further proved by EELS mapping. Here we checked one
nanotube with a distinguishable outer wall (Fig. 3.5b). It turns out that the distribution
of boron element and nitrogen element was the same outside (blue and red colour), but
the C was uniformly distributed inside (green colour). Based on this result, we

proposed a coaxial structure that is composite of SWCNT inside and BNNT outside,
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as illustrated in Fig 3.5¢c with the 3D models. This structure can be considered as 1D

heterostructures with two different ingredients in one dimension.
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Figure 3.6 (a) Two TEM images of SWCNT-BNNT nanotube with small diameter
in different focus, and (b) its fringe intensity depends on perpendicular direction.

(c) Two TEM images of 1D heterostructures with large diameter.

The coating process of BN layers can be applied in the same way on individual
SWCNT with very small diameter. Figure 3.6a shows two TEM images for as-
prepared hetero nanotubes in different focus, of which the innermost SWCNTSs have
very small diameter. Fringe intensities of these TEM images is shown in Figure 3.6b.
Fluctuations in valley depth for particular layer are seen as a function of distance along
the long axis of the hetero-nanotube, which clearly shows that the diameter of SWCNT
is only about 0.8 nm with a 0.35 nm interlayer spacing of SWCNT-BNNT. This
interlayer spacing is almost the same as that of 2D vdW heterostructures. As a result,

we concluded that interaction between each layer belongs to van der Waals forces.

Long-time CVD process is feasible if we need a much thicker BNNTSs. In Figure
3.6¢, the TEM image on the left shows a hetero-nanotube with binary components of
SWCNT-BNNT, in which one SWCNT is coated with six walled BNNT. In the right
TEM image, even a twenty walled BNNT can be achieved, which is then followed by
a single-walled MoS, (MoSz-based heterostructures will be discussed in the next
chapter). This neat and orderly structure also means the fabrication of the perfectly
single-crystalline hetero nanotubes is achievable during long-duration CVD.

Chapter 3:CVD synthesis of SWCNT-BNNT heterostructures 45



EE———

b Atomicstructure * Carbon e Boron ¢ Nitrogen

A SWCNT The same SWCNT@BNNT

Figure 3.7 (a) TEM image and (b) its corresponding atomic structure of SWCNT-
BNNT heterostructure with ladder-shaped surface. (c) ED pattern of bare part
of SWCNT (left), and that of BN coated part (right).

What” more. The outer BNNTSs were in ladder-shaped structure, as shown in Fig
3.7a&b with a TEM image and an atomic structure. The number of walls gradually
changed along one direction. If we checked electron diffraction for the bare part and
coated part, different ED pattern appeared. In Fig. 3,7c (left), we can only find one ED
pattern, which is belongs to the pristine SWCNT. When one more BN layer is coated,
one more pattern appeared (right). This additional ED pattern is highly symmetric in
hexagonal shape, which means the outer BNNT has a crystallinity as high as that of
the inner SWCNT.
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Figure 3.8 Evolution of TEM images of SWCNT sample with different BN CVD

duration. Insets are the corresponding nanotubes at higher magnification.

By tuning BN CVD duration, we can control the thickness of outer walls. Fig
3.8 are more TEM results at different magnification. We conducted BN CVD with
different duration. When BN CVD duration lasts for 1 hour, the number of walls
increased to 2 or 3. Further with 2 hours BN CVD, the number of walls became 4-8.
When BN CVD duration time increased to 3 hours, the number of walls can reach over
10. In lower magnification, we can see that the nanotube film was getting denser and
denser. This is because the outer BNNTS is getting thicker. This experimental result is
considered to be the first-time using CVD method to controllably synthesize few-

walled BNNTSs in good quality.
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Figure 3.9 Four different forms of SWCNTSs sample, which is already coated by
BNNTSs.

This BN coating method is easy to repeat, and it can be applied in SWNTSs with
different forms (as shown in Fig. 3.9). Such as vertically aligned SWCNTSs, suspended
SWCNTs, horizontally aligned SWCNTSs, and SWCNT films.
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Figure 3.10 (a) Top view and front view of a suspended SWCNT film sample. (b)

Evolution of the sample after transfer and BN CVD process.

As | mentioned above, most of our experiments were conducted on TEM grids.
However, it is also feasible to do it in macro scale, because a macro scale sample is

easier to operate and more achievable for optical and thermal experiments.

Fig 3.10a shows how the sample looks like from top view and front view. The
main idea is that we used a ceramic washer as the substrate with its high temperature
resistance, then transferred the SWCNT film onto the surface of ceramic washer. With
a big hole in the middle, a part of the film will be suspended. Thanks to this structure,
both sides of the film can be fully exposed to BN source during CVD so that all the
nanotubes can be uniformly coated by BN layers. Fig 3.10b is optical image. We can
see that the pristine SWCNT film is almost transparent (90% transparency), and the
film becomes shinny with some wrinkles after 3nr BN CVD. The wrinkles may result

from the thermal expansion of ceramic washer.
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Figure 3.11 (a) Evolution of absorption spectra and (b) Raman spectra for
SWCNT-BNNT samples before and after BN CVD process, and (c) its shorter
range from 600 cm to 1800 cm™. (d) Raman spectra of SWCNT-BNNT after Oz

annealing.

With this suspended film in macro scale, we can easily get its absorbance and
Raman spectra. As for the Absorbance, there is a peak around 6eV representing the
existence of BN, and its intensity increased with BN CVD duration. On the other hand,
the S11, S22 (inset of Fig 3.11a) and plasmon peaks were still preserved after BN CVD

process.

In Raman spectra (532-nm laser), the retained RBM and G band region indicates
that the structure of inner SWCNT is not noticeably affected by the BN coating process.
As for normal h-BN crystal, one peak at around 1365 cm™ is visible in all the Raman
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spectra. For SWCNT-BNNT binary structure, a peak at 1339 cm™ can be observed
(Fig 3.11c, red line), which is very close to the D band peak of pure SWCNT at 1336
cm? (black line). According to previous researches [101], BNNT at 1370 cm
corresponds to the A; tangential mode of the nanotubes. However, we could not
observe the peak at 1370 cm™ from Figure 3.11c since its intensity was too weak
compared to the D band peak of SWCNT, which means the BNNT peak was
overlapped by D band of SWCNT.
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Figure 3.12 (a) Photograph of a film sample on quartz plate after BN CVD. (b)
Sheltered areas are coloured blue. (c) Film sample on quartz plate under reflected

light. (d) Absorption spectra of different area on the quartz plate.

To exclude the influence of SWCNT, we could anneal the sample in oxygen to
burn all the SWCNT. Figure 3.11d is the Raman result after air annealing with pure
BNNTSs remained. We can observe the normal Raman signal of 1369 cm™ by 532-nm

laser, but we were not able to check its RBM region without UV-Raman spectroscopy.

Moreover, we can also control the growth area on a macro level. Fig 3.12a is a
quartz plate after BN CVD. The part on the left is bare quartz, and the right part is
SWCNTSs. We can grow BNNT on the specific area we want. The middle area marked
by dashed box is coated with BNNT already.
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The main idea is to use another quartz plate to put another quartz plate on the
sample surface as a shelter (blue square in Fig 3.12b). However, it seems there is no
difference between BN coated area and SWCNT area from Fig 3.12a, but if we see
through reflective light, each area will show different color contrast, as shown in Fig
3.12c. If we check the absorption spectrum for each area, they will show totally
different curves. From Fig 3.12d, we can see that the spectrum of sheltered SWCNT
after BN CVD is almost the same as pristine SWCNT, and the sheltered bare quartz
plate only exhibited a small peak of BN. Only BN coated area exhibits a peak with
high intensity around 6 eV. Therefore, BN coating process has been suppressed in the
patterned area.
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Chapter 4: CVD synthesis of MoS; based
heterostructures

So far, we only talked about one material, BNNT, as the outer wall, but we
believe the SWCNT is also possible to be coated with other kinds of materials. As we
known, TMDC materials is one of the important integrant in 2D heterostructures, and
MoS: as a member of TMDC family is the second most researched 2D material after
graphene. It can be indirect or direct bandgap semiconductor depending on number of
layers. In short, MoS, shows a lot of interesting properties and promising device

applications, so we believe it can also be a good candidate for 1D heterostructures.

4.1 CVD apparatus

&

Heating belt

MoO,
SWCNTs

Figure 4.1 Schematic illustration of MoS2 CVD system.

Compared to BN CVD apparatus, CVD system for MoS2 is much more

complicated. The reaction to synthesize MoS; can be described as:
2Mo0O3 + 7S — 2MoS; + 350>

which means there are two precursors introduced during the CVD process. As shown
in Fig 4.1, sulfur power was put in a quartz boat in the upstream side as the first
precursor. This zone was heated by a rubber heater with setting temperature at 138<C
as the sublimation temperature of sulfur is around 113 <C. In the reaction area, we used
two-zone ceramic furnace. One zone was for sublimation of MoOs, the other zone was

for the synthesis of MoS,, in which the SWCNT film sample was placed. During the
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MoS: synthesis process, sulfur in gas state went through reaction area, and the
remaining sulfur would finally deposit at downstream side. As a result, a cold trap
should be deployed between the reaction area and the scroll pump to avoid physical

damage by cool-down sulfur in solid state.
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4.2 Structure characterization

4.2.1 SWCNT-MoS2
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Figure 4.2 (a) HRTEM image (b) HAADF STEM image of a single-walled MoS:
nanotube grown on a SWCNT. (c) Strain energy of a single-walled MoS:

nanotube as a function of tube diameter.

We conducted the above MoS2 CVD process on SWCNT film, and we did find
some areas with nice coaxial structures similar to SWCNT-BNNT under TEM
measurement. In Fig 4.2a, we see a nanotube with distinctly different outer layer,
which should belong to MoS», in tube-shaped structure, so we can call it MoS>
nanotube. Different from BNNT in TEM image, this MoS2 nanotube has a deeper grey
level, a larger diameter, and a larger interlayer spacing with the inner wall. Therefore,
we can easily distinguish BNNT and MoS; nanotube from each other by a TEM
measurement.

However, the yield of MoS; nanotube is really low compared to BNNT. One of
our collaborative members, Hisama, performed simulations of single-walled MoS;
nanotube with different diameters, as shown in Fig 4.2c. The y axis is the strain energy.
The simulation results indicate that the strain energy of MoS2 NT was much higher
compared to SWCNT and BNNT in small diameter. This is because a monolayer MoS>

contains 3 atomic planes, so it will become unstable when it was rolled into a tubular
structure.
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Fig 4.2b is another example of a TEM image with clear inner SWCNT and outer
MoSz nanotube. The diameter of inner SWCNT even reached to 4.3nm, which is rarely
seen for SWCNT materials. According to the simulation result in Fig 4.2c, a MoS>
nanotube with diameter over 4 nm results in a very low strain energy. Based on this
TEM result, we proposed a coaxial structure that is composite of SWCNT inside and
MoS: nanotube outside in one dimension, as illustrated in Fig 4.3 with the 3D models.

Cohesive energy is also another factor may need to be considered in 1D
heterostructures. According to Hisama et al.’s simulation results of SWCNT-BNNT
[102], the minimum of cohesive energy at 3.5 A is around 0.01 eV/atom, while the
bending energy varies from 0.8 to 0.03 eV/atom. In MoS; case, cohesive energy should
be the same due to the van der Waals interactions. Apparently, the order of magnitude
of bending energy is larger than that of cohesive energy, and the bending energy should
play a leading role in deformation of layered materials. Therefore, it would be better
to leave out cohesive energy in stain energy simulation especially for nanotubes with

small diameter.

Figure 4.3 Atomic 3D model of SWCNT-MoSz nanotube in coaxial structure.
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4.2.2 SWCNT-BNNT-MoS2

Figure 4.4 (a) Atomic 3D model, (b) TEM image, (c) EELS mapping, and (d) ED
patterns of a 5nm SWCNT-BNNT-MoS: ternary nanotube.

Based on the previous two experiment results on BNNT and MoS; nanotube, we
conclusively demonstrated a ternary coaxial structure with an atomic model in Fig.
4.4a. We first grow BNNT on SWCNT to form a binary 1D heterostructures. Then,
with more layers of BN, the diameter of nanotube gets larger. It means that the coating

of outer MoS, nanotube becomes much easier.

TEM image in Fig 4.4b is a 5nm coaxial nanotube, including 1 layer of SWCNTSs,
3 layers of BNNTSs, and 1layer of MoS: nanotube. Fig 4.4c exhibits its EELS mapping.
Carbon, boron, nitrogen, and sulfur signal are distinct from each other. The most inner
C signal represents SWCNT. The most outer sulfur signal represents MoS; nanotube,

and the middle boron, nitrogen signal represents BNNT.

In the ED pattern, each pattern can be distinguished from each other. The yellow
one is from MoS; NT, and the inner green, blue, and red one from SWCNT and BNNT.

It clearly shows that this ternary coaxial structure is continuous and highly crystallized.
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Figure 4.5 (a) Absorption spectra of pristine SWCNT, SWCNT-BNNT, and
SWCNT-BNNT-MoS2 nanotube. (b) Raman spectrum of SWCNT-BNNT-MoS2

nanotube.

We also checked the optical spectrum for this ternary structure. In their
absorbance results (Fig 4.5a), different integrant can be distinguished by their
characteristic peaks. The green curve for SWCNT-BNNT-MoS; nanotube has three
characteristic peaks for MoS; at ~1.9 eV and ~2.1 eV, and a broad peak at ~2.9 eV.
We attribute the first two peaks to optical absorption by band-edge excitons and the
third peak to absorption by excitons associated with the van Hove singularity of MoS>
[103]. As for the Raman spectrum, E,4 and A1y modes of 2D MoS; can be observed

(Fig 4.5b).

b

a Pristine SWCNTSs film SWCNT-BNNT SWCNT-BNNT-Mos, ‘

Figure 4.6 (a) Photographs of suspended SWCNT after BN CVD and MoS2 CVD.
(b) A SWCNT-BNNT-MoS2 nanotube with MoS: flake together in one TEM

image.
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We also took some photographs for these suspended film after CVD process (Fig
4.6a). After BN CVD, the film still keeps transparent but a little reflective. After MoS>
CVD, the film turns a little darker, but still complete and transparent. The dark film in
this optical image seems to show that the yield of MoS; nanotube is very high, but in

fact it is not case.
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Figure 4.7 Two charts for coverage of BNNTs and MoS2 nanotubes with different
CVD duration.

We did a survey on the yield of BNNTs and MoS; nanotubes, respectively (see
Fig 4.7). Only individual nanotubes were calculated. The left chart is the evolution of
BNNT coverage depending on CVD duration. The statistical result reveals that over
50% SWCNTSs were covered with BNNT by 1-hour CVD duration, and the coverage
reached to over 90% when duration time increased to 2 hours. An almost fully BNNT
covered SWCNT can be finally obtained by 3-hours BN CVD process.

The chart on the right is the statistical result for MoS, nanotubes. 1-hour BN
CVD has been conducted before MoS, CVD was performed. The result exhibits that
MoS: nanotube yielded no more than 10% with 20 min CVD duration, of which the
coverage is much lower than that of BNNT. Fig 4.6b shows a TEM result of such
ternary nanotube. We learn that some of MoS: were formed as flakes rather than tube-
structure at the nanotube junctions. This is why the as-prepared suspended nanotube
looks dark but in fact the yield of MoS> nanotube is still very low.
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Chapter 5. Growth mechanism

Details of formation for 1D vdW heterostructures are still not fully understood so
far. In this paper, an investigation into growth mechanism, structure matching will be
presented in detail. In addition, we have also proved that density of nucleation sites plays
a pivotal role in hetero-nanotubes synthesis, followed by two methods of patterned
growth to demonstrate their relevance. This work will help us gain a much better
understanding of 1D vdW heterostructures, which is important for developing a broader

range of application.

5.1 Open—-end growth mode

a open end chiral growth

Fig. 5.1 (a) Atomic model of open-end growth mechanism. Green, blue, and red
spheres represent for carbon, boron, and nitrogen atoms, respectively. (b) Three
examples for tube end of SWCNT-BNNT.

To start with, growth mechanism will be discussed in this chapter first. We
proposed a growth mechanism in terms of open-end growth model, which is assumed
to be the main formation of SWCNT-BNNT heterostructures. Figure 5.1a gives an
atomic growth model of this heterostructures with an inner SWCNT along with an outer
BNNT. The SWCNT is considered as a 1D template, and BNNT is grown afterwards.
As a result, BNNT extends from the open-edge with continuous feeding of BN sources,
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analogous to epitaxial growth of h-BN in 2D space. The BN formation gradually goes
with the yellow arrow in an upward spiral direction that ensures single crystals in good
quality. It should be noted that the whole process of BN formation does not require any
catalysts at all, which is quite different from the previous 1D materials studies in
synthesis. Speaking of 1D materials, its growth rate is in general much faster compared
to 2D materials thanks to the catalysts. This mechanism of open-end chiral growth in
1D heterostructure is, after all, a catalyst-free process, resulting in very slow growth
rates at only few hundreds nm per hour. Figure 5.1b shows some examples for tube end

of SWCNT-BNNT sample. We can see these tube end shows obvious spiral shape.
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5.2 Effect of isolation
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Figure 5.2 (a) Atomic model of a BN coated bundle consisting of two SWCNT, and

(b) its cross-section view. (¢) TEM image for this bundle situation.

To obtain a 1D vdW heterostructure with such high crystalline quality, it is
necessary to figure out the factors that influences nanotube surface. The formation of
1D vdW heterostructure is a post growth process. A nicely formed hetero nanotube with
good crystallinity demands for a continuous surface of inner nanotube. Here, two

situations are given for a binary vdW heterostructure of SWTN and BNNT.

Figure 5.2a shows one situation with a simple atomic model, in which carbon,
boron and nitrogen atoms are marked by green, blue, and red, respectively. It gives a
typical situation that two SWCNTSs cling to each other and form bundles. BN layers, the
same as unbent h-BN, will be grown on the tube surface after we perform BN CVD.
Instead of separating the bundles into two individual SWCNTSs, it is quite interesting
BN layers just go across the groove of the bundles and wrap around the outside surface.
As a result, BN layers become a peanut-shaped structure in cross-section of the atomic
model (Figure 2b). TEM image in Figure 2c shows a bundle consisting of two SWCNTs
wrapped by two layers of BN. The spacing between BN layers is approximately 0.34
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nm on both sides, while two SWCNTSs still stick to each other all along during the whole

BN CVD process, which gives no way for BN layers to get inside.

a Growth with a substrate
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Figure 5.3 (a) Atomic model of a BN coated bundle SWCNT on a plat substrate as
the second situation. (b) Specimen based on the second situation made by a

Focused-ion-beam (FIB) system for TEM characterization.

Figure 5.3a shows another simple atomic model with a SWCNT fixed on a flat
substrate, which is a common situation in CNT-related experiments of growth and
characterization. After BN CVD is conducted, BN layers can only be formed on the
upper part of the SWCNT surface, leaving the bottom part firmly fixed on the substrate
without any BN layers in between. Based on this situation, we prepared a specimen
using a FIB system for TEM characterization (Figure 5.3b). To start with, SWCNTs
were initially grown on a quartz substrate in horizontal direction and then coated with
BN layers by BN CVD process. The sample was then resin-embedded. After that, the
ion milling control programs were used to generate the cross-section profile. Figure 2e
shows a cross-section view of the as-prepared specimen under TEM observation. Resin
and quartz substrate are coloured by blue and orange respectively with a better contrast.
In the resin part, an approximate concentric circle with over 10 layers can be seen from
the TEM image, which consists of one SWCNT and plenty of BN layers wrapped around.
The innermost closed circle should be SWCNTs while the outer layers just partly
disappeared below the boundary in quartz part. This result is similar to the former one
as the BN layers are not able not form a closed circle in tubular structures. As two
situations mentioned above, a better way of getting a nicely formed hetero nanotube
with good crystallinity is to avoid bundles of nanotubes and no usage of flat substrate
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served as support. To put it another way, a SWCNT, as an example, need to be isolated
and suspended for a better hetero-nanotubes synthesis.

Chapter 5:Growth mechanism 65



5.3 Effect of cleanness
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Figure 5.4 (a) SEM image of SWCNT film after E-beam exposure with an obvious
rectangle-shaped area that has the same size as the observing window in SEM. (b)
higher magnification of an exposed area. (c) Atomic model for nucleation sites of
amorphous carbon on a SWCNT. (d) BN as outer layer was grown from a
nucleation site. (e) Thicker layer of outer BN compared to other area, and its (f)

EDS mapping of nitrogen, boron, and carbon.

Now that we proposed an open-end chiral growth mechanism, we have also

developed a nucleation site control method: Electron pattering.

As is well known, E-beam exposure produces amorphous carbon deposited on the
surface of samples [104]. Take CNTs as an example, high current density in electron
microscope will result in contamination of a thin layer of amorphous carbon coating on
CNTs surface during SEM characterization, as shown in Fig 5.4a&b. In our experiment,
most of this amorphous carbon will be etched by hydrogen during at high temperature,
but a few of them will be left on the surface as illustrated in Fig 5.4c. The remaining
amorphous carbon makes an “uncleaned” surface of CNTs, acting as a great deal of
nucleation sites for BNNT growth as shown in Fig 5.4d. Fig 5.4e is one of the nucleation
site coated area with grown BNNT. The outer BNNT has greater thickness compared to

other area in the same sample, which means the growth of outer BNNT benefits from
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amorphous carbon as nucleation sites. EDS mapping in Fig 5.4f also reveals that the
outer layer belongs to BN rather than amorphous carbon itself.
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5.4 Three different growth models

Case 1: one end nucleation
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Case 2: two end nucleation
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Figure 5.4 Atomic 3D model for three cases refers to open-end chiral growth

We also noted that three kinds of growth models occurred in this scenario for the
open-end chiral growth. Case 1 in Figure 5.4 is an atomic model that BNNT grows from
one end nucleation, while in Case 2, BNNT grows from both ends by two ends
nucleation. Case 3 is a model in which center nucleation of BNNT rarely occurred in
the middle. These three models can all be observed by TEM images in each area of a
SWCNT-BNNT samples.

Figure 5.5 (a) TEM image as an example for case 2, in which BNNT growth starts
from both ends. (b)-(d) Three ED patterns for different areas on the same

nanotubes.
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Fig 5.5a shows an isolated nanotube with 260 nm length under TEM observation.
Three dashed rectangle areas were marked with different nanotubes. The areas on both
ends marked as “SWCNT-BNNT” are obviously different from the middle area marked
as “SWCNT?”. This is because the nanotube in “SWCNT-BNNT” is one wall of BNNT
thicker than that in “SWCNT”. Evidently, BNNT growth starts from both ends of this
SWCNT for a short distance, leaving the SWCNT with a bare surface in the center part.
This TEM result is in accordance with Case 2 in the scenario for the open-end chiral
growth. Fig 5.5d-f show three ED patterns successively corresponding to three dashed
rectangle areas in Fig 5.5a from left to right. By comparing three ED patterns with each
other, it clearly reveals that one more ED pattern was appeared on both sides of the

SWCNT, which means the additional patterns belong to grown BNNT as outer layer.

BNNT#1 BNNT#2

T et I AR

£ '_ | g

‘meeting point: junction

Figure 5.6 (a) Fully BNNT wrapped SWCNT refers to case 2 of open-end chiral
growth. (b) ED pattern taken from the “melted” point of a SWCNT-BNNT

heterostructure.

Moreover, another TEM image shown in Fig 5.6a also depicts the same model in
Case 2. The SWNT is fully wrapped by BNNT, but a meeting point as junction is
observed in the center this time. Meanwhile, the wall numbers are decreasing from both
ends to the middle, so it is not difficult to imagine that this “complete” BNNT in outer
layer was grown from two sides then finally met each other. A nano-area ED pattern
was taken at the meeting point (Fig 5.6b). Besides the original one set of hexagonal
patterns in SWCNT, two sets in BNNT can be observed as expected, exemplifying the
property of open-end growth in Case 2. Last but not least, it is important to note that
most of the edges of BNNTSs ended in spirals, and equicrural triangle formed (Fig 5.5a
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& Fig5.6a). This specific spiral angle as well indicates the chiral growth in our model

as mentioned in section 5.1.
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Chapter 6: Structure analysis

Now that we have a general characterization for 1D vdW heterostructures and
some basic understanding for the growth mechanism. We also want to know if there is
any structural relationship between each layer. In this chapter, discussion about epitaxial

and handedness relationship will be given.

6.1 SWCNT-BNNT chiral angle analysis

Figure 6.1 (a) Given ED pattern of SWCNT-BNNT sample, and then (b) marked

with hexagonal geometry for further measurement.

For simple structure, such as SWCNTSs, the structure can be determined uniquely
by ED pattern. To measure chirality from the ED pattern, Figure 6.1 is considered. A
given ED pattern of a multi-walled nanotubes can be denoted as numbers of hexagons
in central symmetry. Each pair of two hexagons is regarded as a combination of two ED
patterns of graphene. Since a SWCNT can be considered as two symmetric graphene
laminated together, it always shows two sets of hexagons in ED pattern. With structural

distortion as a tubular structure, each point will be stretch in horizontal direction.
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tube direction

Figure 6.2 Distances denoted as di, dz, and ds, and chiral angel denoted as a.
Reproduced from [105], Copyright (2004), with permission from John Wiley and

Sons.

Fig 6.2 elaborates the measurement and calculation method for chirality
determination. The distances can be measured precisely from the given patterns.

Relationships between di, dz, ds, B, and a are described as:

dl + dz == d3
1 dz - d 1 Zdz - d3
a=tan (—- =tan~! —_—
SR G a4
orf =tan"'(V3:-—-) = tan‘l(\/_ dz)
4 T d3 d2 T d,

With the as-calculated chiral angle a, the chiral indices (n, m) of nanotubes can be

determined by chiral data index.

As we known in CVD-grown 2D vdW heterostructures, the growth layer is usually
aligned with the base material, but the question that if 1D vdW heterostructures have
such tendency remains mysterious. This aligned relationship is called epitaxial
relationship. Measuring a given ED pattern is one of the effective ways to assign the

chirality of a nanotube.
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Figure 6.3 (a) ED pattern of a SWCNT-BNNT sample. Red: SWCNT. Blue: BNNT.
(b) Statistical plot of chiral angle of inner SWCNT versus the outer BNNT for
SWCNT-BNNT, revealing that as-grown SWCNTs were enriched in the near-
armchair form but that the outer BNNT was evenly distributed [106].

Using the above calculation methods, the chirality of nanotube can be determined
by given ED patterns. We did a survey on a large number of SWCNTs and binary
nanotubes with SWCNT and BNNT. Fig 6.3a is one example for SWCNT-BNNT with
distinct ED patterns. The lattice mismatch of graphene with hexagonal boron nitride is
about 1.8%, so it is not difficult to distinguish their ED patterns from each other. Inner
SWCNT is coloured by red, and Outer BNNT is coloured by blue.

Statistical result is shown in Fig 6.3b. The x axis is the chiral degree for inner
SWCNT, and the y axis represents for chiral angle of outer BNNT. We found that most
of SWCNTs were in near armchair form. However, the outer BNNTs were randomly
distributed. No chiral angle dependence was observed. In 2D vdW heterostructures, the
growth layer is usually aligned to the base materials, while in this 1D vdW, there is no

such tendency.
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6.2 SWCNT-BNNT handedness analysis

iy (14,3)@(17,10) (3.14)@(7,10) (14.310,17 (314)@1.17)
Right-handed? (R@R) (L@R) (R@L) (L@L)
Left-handed?

Figure 6.4 (a) Double-walled SWCNT-BNNT nanotube with known chiral indices
of (26, 5) and (30, 10) but unknown handedness. (b) Atomic f four possible

handedness relationship with given indices.

Now that we know there is no epitaxial relationship between each layer, but the
handedness relationship between inner and outer layers remains a question. Handedness
is also an important property for optical devices, which could function with a circularly
polarized light. However, the handedness determination is much more difficult than
chirality determination, because the ED pattern of hexagonal nanotube is a central

geometry.

Fig 6.4ais a double-walled SWCNT-BNNT nanotube. By calculating ED pattern,
inner SWCNT is assigned as (26, 5), and outer BNNT as (30, 10). However, its
handedness can not be determined by ED pattern itself. In Fig 6.4b, a chirality given
double-walled nanotube could have 4 possible handedness relationship: right-handed
with right-handed, left-handed with right-handed, right-handed with left-handed, and
left-handed with left-handed. All 4 possible combination own the same hexagonal

geometry in ED pattern.
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Figure 6.5 (a) Schematic sketch for the analysis method. When tilting angle ® at a
certain degree, asymmetric lattice fringes appear at either side of tube surface
under incident electron beam. Two sets of zigzag chains are shown in red and green,
corresponding to those on the front and back surfaces, respectively. (b) Two

HREM images of a double-walled nanotube acquired with a tilting angle (D®),
and two corresponding simulated images (2@). The scale bar is | nm. Reproduced

from [107], Copyright (2005), with permission from APS physics.

A recent research focusing on double-walled CNTs proposed an analysis method.
By tilting the sample in different angle, the nanotube will show lattice fringes on either
side under incident electron beam. These fringes information can further determine their

handedness, as shown in Fig 6,5a.

Fig 6.5b is an example for this analysis method at [107]. By tilting the nanotube,
the lattice fringes appear on the upper wall of the outer nanotube. When nanotube at
opposite tilting angle, the lattice fringes appear again on the lower wall of the inner
nanotube. This means inner and outer CNT has the opposite handedness.
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No. Inner SWCNT Outer BNNTSs
1 L R
2 L L
3 V4 L L
4 R R R
5 Z R R
6 L R R
7 R R
8 R R R R R
9 L L L
10 Z Z
11 R R R
12 L L
13 L L L
14 L L R R
15 V4 L L
16 L L
17 L L L
18 L L
19 A R R
20 Z R R A

Table I. A summary of the handedness measurements of the 20 binary
heterostructures in SWCNT-BNNT. (R: right-handed, L: left-handed, Z: near-
zigzag, A: near armchair.) Due to the technical limitation of TEM apparatus, some

of the nanotubes have unidentified layer, and are excluded from this table.
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Figure 6.6 Several examples of TEM images of SWCNT-BNNT acquired with an
inclination angles (top side is higher) in Table I. The layers with fringes are

indicated by blue arrows.

In our experiment, the handedness relationship between inner SWCNT and outer
BNNT have been investigated by TEM. Table | summarized our measurements of the
handedness of 20 binary nanotubes in SWCNT-BNNT. Not all the handedness of
nanotubes can be determined because of the limitation in resolution of TEM apparatus.
Some of the TEM images with clear fringes are shown in Fig.6.6. As shown in Table I,
the right- and left-handed nanotubes are not equally distributed for inner SWCNTSs. The
results prove that some formation of handedness might occur during the SWCNTs
growth.

First interlayer Following interlayers
same different same different
15 7 17 2
68.2% 31.8% 89.5% 10.5%

Table I1. A summary of all interlayers with same or different handedness in Table
I. “First interlayer” represents interlayer between the innermost SWCNT and the
second BNNT. “Following interlayers” represents all interlayers between the
following BNNTSs from the third BNNT to the outermost.

Table Il summarized all the interlayers in different situation. As for the innermost
interlayer, which all belong to CNT-BNNT interlayer, 15 nanotubes with same

handedness and 7 nanotubes with mixed handedness were found. On the other hand, 17
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nanotubes with same handedness only 2 mixed interlayers were found in the following
interlayers, and the ratio of the same handedness increased from 68.2% to 89.5%, which
suggests that there is a relatively high tendency of the same handedness for the outer

interlayers.

We have two assumptions for this result. Firstly, the outer interlayers are all homo-
structure (BNNT-BNNT), no heterostructure anymore, so they are easier to align to each
other. Secondly, in a previous research, the relationship between the interfacial energy
and the bending energy for SWCNT-BNNT have been discussed [102]. As we know,
the outer BN has smaller curvature. In large diameter range, interfacial energy has
almost the same order of magnitude of bending energy due to the weaker bending effect,
and the bending energy is no longer the leading factor in the formation of outer layers.
When bending energy become relatively lower, the interfacial energy should be
considered as well. This may result in a higher tendency of the same handedness for the
outer interlayers that owns larger diameter.
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Chapter 7: Properties of 1D heterostructures

The high quality of 1D heterostructures allow for the experimental exploration of
properties. So far, we have already finished some preliminary experiments on properties
of as-prepared 1D heterostructures. Some of the experiments were done with other
collaborative groups.

7.1 Thermal property
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In situ Raman cell

Figure 7.1 (a) Schematic illustration of an in-situ Raman cell for real-time Raman
characterization. Different kinds of atmosphere can be applied as needed. (b)
Evolution of thermal stability of pristine SWCNT and SWCNT-BNNT
heterostructures with different number of BN layers.

As for the thermal properties, the outer BN layers can be considered as a protective
layer, which can protect the inner SWCNTSs against oxidation. With more BN layers
outside, SWCNT can bear higher temperature in air. We collaborated with J. Guo and
Y. Li from Peking University on this experiment. Fig 7.1a is a schematic illustration of
an in-situ Raman cell. The sample is encapsulated in the small cell, and incident laser
comes from above and get to the sample through quartz glass. Different kinds of
atmosphere can be applied as needed, such as N2, Ar, and air. In this experiment, we

introduced air into the Raman cell to see how sample behaved at different temperature.
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In Fig 7,1, Go and Gi represents for G band intensity before and after high temperature,
respectively. The ratio of Gi and Go gives the relative loss of SWCNTSs due to oxidation.
When temperature raised up to 400<C, Gi/G, ratio didn’t change, which agrees with the
original thermal property of SWCNT, but Gi/Go ratio started to decrease for pristine
SWCNTSs sample when temperature was over 400<C. However, with 1-2 layers BN
coated, the decreasing point Gi/G, ratio increased to over 600<C. Furthermore, the
decreasing point can reach to over 700C when 6-8 layers of BN were coated on
SWCNTSs. In conclusion, the burning temperature of inner SWCNT can reach to 700<C
in air, while the naked SWCNTSs started to burn at only 400 <C.

a Cladding
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Figure 7.3 (a) Schematic illustration of transferring a SWCNT-BNNT film on an
optical fiber. (b) Fiber laser experimental setup that consists of a 10-cm-long fiber
and two 95% 1550-nm-HR coated fiber-ferrule mirrors. SWCNT-BNNT film is

sandwiched between the fiber ferrule and mirror. [108]

Another experiment related heat resistance is collaborated with P. Yuan at
Yamashita’s group. SWCNT is an excellent saturable absorber and plays an crucial role
in mode-locked lasers [109]. However, SWCNT have a rather low optical damage
threshold about 10 mW. In our experiment, BNNT was grown to coat SWCNT by CVD
as a protective layer and then transferred onto a single-mode fiber (as shown in Fig 7.3a).
The experiment setup is shown in Fig 7.3b. The outer BNNT provides a significantly
higher thermal stability and increases the optical damage threshold of SWCNT to 5
times. Also, there is no overall changes in optical transmission characteristics with outer

BN layers.
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Figure 7.2 (a) Schematic illustration of the experimental setup for the thermal
conductance measurement. The heat source and heat sink are deployed with
resultant a temperature drop. When the heat transferred through the sample and
reached a steady-state, the temperature profiles will be recorded by the IR thermal
imager from the top side. (b) Evolution of sheet thermal conductance of
SWCNT-BNNT films and annealed SWCNT films. The blue line with hollow
rhombuses represents the increase ratio of the sheet thermal conductance after
BNNT coating process. Reproduced from [110], Copyright (2020), with permission
from ACS.

Besides, it is also confirmed that there is an enhancement in sheet thermal
conductance with the help of outer BNNTSs. This experimented was collaborated with
our lab member P. Wang. Fig 7.2a is the experimental setup for the thermal conductance
measurement. SWCNT-BNNT sample was fixed between heat source and heat sink.
Heat transport was recorded by the IR thermal imager during the measurement. Fig 7.2b
reveals the sheet thermal conductance values depending on transparency. An
enhancement of thermal conductance is confirmed as the BNNT was acting as additional
thermal transport channels. The degree of enhancement increase with the transparency,
which is plotted in blue curve with right axis. Especially for SWCNT with 92%
transparency, the increase in thermal conductance reached to 93% with the help of 3
hours BN CVD process.

Researches related to thermal properties above provide information for tailoring

materials in 1D heterostructures. The effective heat resistance as well as the enhanced
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thermal conductance makes them a promising building block for thermal and
optoelectronic applications in the future.
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7.2 Optical properties
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Figure 7.4 (a) Schematic illustration of a suspended SWCNT-BNNT nanotube with
excitation and emission process. (b) SEM image of suspended SWCNT-BNNT
nanotube on Si pillars. (c) PL excitation-emission map of suspended SWCNT-
BNNT, in which circle and triangle marks represents the optical transition energy
in ambient atmosphere and vacuum, respectively. (d) Raman spectra of an
individual SWCNT before and after BN coating.

As for the optical properties, Raman and Photoluminescence spectra show that
their structure integrity was preserved. Fig 7.4a&b are schematic illustration and SEM
image of a suspended SWCNT-BNNT on Si pillars, respectively. The suspended
SWCNTs were prepared by alcohol catalytic chemical vapor deposition (ACCVD)
[111]. Fig 7.4&Db are PL excitation-emission map and Raman spectra of suspended
SWCNT-BNNT, respectively. They both showed typical peaks of pristine SWCNTSs,
which means the structural integrity of inner SWCNT was preserved. As for Raman
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spectra, a G band downshift of 5 to 10 cm™ appeared. This small downshift may result
from the thermal strain between SWCNT and BNNT during high-temperature CVD. It

can also be regarded as a fingerprint whether BNNT coating is successful or not.
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7.3 Electronic device
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Figure 7.5 (a) Schematic, (b) AFM image, and (c) characteristic transfer curve (F)
of a back-gated FET built on a SWCNT-BNNT. Ips, drain current; Ves, gate

voltage; Vbs, drain voltage.

As for the electronic properties, the BN coating did not change the intrinsic
electronic transport of the inner SWCNT. In this experiments, suspended SWCNT-
BNNT heterostructures were first synthesized on Si array, and then transferred onto a
Si substrate. Fig 7.5b is an AFM image after transfer. As most of the as-prepared
SWCNTSs were grown on top on Si array, the post-transfer SWCNTSs displayed like
paralleled lines (faint yellow). Only a few nanotubes went across from each other.

Device was made based on these individual nanotubes.

Fig 7.5a is a 3D model for a back-gated FET based on SWCNT-BNNT
heterostructures. Its performance is similar to a SWCNT FET and had an ON/OFF ratio
of 10, which means the high quality of SWCNT is kept (characteristic transfer curve
is shown in Fig 7.5c).
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7.4 In situ TEM measurement

Figure 7.6 Photograph of an in-situ TEM Nano-manipulator sample holder with
two piezo-controlled metallic nanoscale electrical probes.

To further investigate the tunneling effect of 1D heterostructures, we need to use
an in situ TEM measurement, which | think is the most difficult part, because such
experiments demand for manipulation of individual nanotube with nanoscale resolution.
The device, called TEM sample holder, in Fig 7.6 composes of in-situ TEM
measurement. It is used inside a TEM to do manipulation of nanomaterials and imaging
at the same time. With the help of two probes, imaging and resistance measurements in

a TEM can be performed simultaneously.

This kind of holder requires specimens in special shape. As shown in Fig 7.6, the
TEM grid was cut into half so that two probes could directly contact to the cut edge,
where heterostructured nanotubes usually located. The half-cut specimen was fixed on

one side of the holder, and two special probes served as two electrodes on the other side.

Fig 7.7 is our first plan for the measurement. We tried to grow SWCNTSs on the
edge of Mo grid, but Fe catalysts would lose activity on metal surface. As a result, Half-
cut Mo grid was first deposited a layer of SiO> by sputtering process. After that, Fe
catalysts were then deposited and SWCNTSs could be grown at the edge of TEM grid as
shown in Fig 7.7b. Fig 7.7a gives more details about the tunneling measurement. The

TEM grid itself acted as gate electrode, and two probes acted as source and drain.
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However, we could not get reasonable data because there was large resistance between
the metal part and nanotube due to the SiO> layer.

a SiO,layer b |

Drain

Mo grid Source

Figure 7.7 (a) Schematic illustration of in situ electronic characterization for
SWCNT-BNNT sample on Mo-SiO2 based TEM grid. (b) SEM image of SWCNT-
BNNT hetero nanotube at TEM grid edge.
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Mo mesh
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\\ﬁ
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Figure 7.8 (a) Transfer process diagram of SWCNT-BNNT sample on Mo TEM
grid and in situ electronic characterization. (b) SEM image of SWCNT-BNNT film
at TEM grid edge.

Fig 7.8 is our second plan for the tunneling measurement. This time we used a
pure Mo TEM grid to exclude the influence SiO- layer. Because catalysts would be no
longer active on metal for SWCNTSs synthesis, we decided to transfer a SWCNT (or BN
coated) film onto the TEM grid, so that the nanotube sample can directly contact to the
grid as gate electrode. Scotch tape was applied to increase adhesion between film and

grid, as shown in Fig 7.8a. However, nanotubes aggregation could not be avoided at the
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cut edge, so it is very difficult to find and manipulate individual nanotubes with two
electrode probes. Also, thermal expansion of pure Mo metal was introduced during
high-temperature CVD. Consequently, the film would be distorted along with the grid
itself.

Low density b SiO, grid broken into two piece
SWNTs film

SiO, grid

Mo layer d

\x $i0, grid

Gate Source Drain

Figure 7.9 (a) Schematic illustration of Mo-deposited Si TEM grid with SWCNT-
BNNT transferred on it. (b) Cracked TEM gird with nice film edge. (c) In situ
electronic characterization based on cracked TEM grid. (d) SEM image of
SWCNT-BNNT film at TEM grid edge.

Fig 7.9 is our final plan for the measurement. This time we used a pure Si TEM
grid, which contributes only a small thermal expansion. To further increase conductivity,
we deposited a layer of Mo on its surface, and film sample was transferred afterward
(Fig 7.9a). After that, the most critical step is to break as-prepared TEM grid into two
pieces (Fig 7.9b), so a nice film can be exposed to the edge for further probes
manipulation (Fig 7.9c). SEM image of the nice film edge is shown in Fig 7.9d with no
aggregation. This kind of TEM grid solved all the problems in previous two plans, but
the drawback is, we could not precisely control the cracking direction due to square-
shaped window on the Si grid. The success rate needs to be improved.
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Figure 7.10 (a) Schematic illustration of the transport measurement at nano scale.
(b) TEM image (upper) and resistance versus number of BN layers (lower). (c)
Three typical 1-V curves obtained in electronic measurement with different

number of layers.

Based on the previous attempts, we finally got some reliable data for this in-situ
TEM measurement. Fig 7.10a is the schematic illustration, where the current is
measured through different number of layers by two probes as electrodes. One of the
electrodes was fixed at bare SWCNT surface, another probe was moved gradually along
the nanotube in different position with different number of BN layers. Fig 7.10b is the
TEM image and the result plotted by resistance versus number of BN layers. As the
number of BN layers increased, the resistance also increased exponentially. Fig 7.10c
shows three typical I-V curves with 1 to 3 layers of BN. This characteristic has the same
order to the 2D BN crystals [112, 113].
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Chapter 8: Closing remarks

In this dissertation, we developed a true 1D vdW heterostructures by initially
introduced CVD method for a controllable and high-quality synthesis. We then
focused on their structure characterization, growth mechanism, and properties. Most
importantly, it turned out that in practice this 1D atomic-scale Lego works
exceptionally well, better than one could have imagined. How it works and why van

der Waals heterostructures deserve attention is discussed in this dissertation.

In chapter 3, we first proposed a binary 1D vdW heterostructures, which can be
considered as coaxial structure combined with single-crystalline SWCNT and BNNT.
The thickness of BNNT is tunable by CVD duration. Patterned growth is also
achievable. In chapter 4, we confirmed that MoS: can also be grown as the outer wall
on the surface of pure SWCNT, and binary SWCNT-BNNT. Consequently, a ternary
1D vdW heterostructure is demonstrated in the form of SWCNT-BNNT-MoS;, of
which each layer is single-crystalline. The diameter of inner wall nanotube plays a key
role in yield stability of MoSz nanotubes. In chapter 5 and 6, we discussed about the
growth mechanism and analysed the structure relationship of interlayer. TEM results
lent support to an open-end growth mechanism. Two key points were also confirmed
for high quality 1D vdW heterostructures, including isolation effect, and cleanness
effect. Then we further proposed a three growth models for outer BNNTs. As for the
relationship of interlayer, no strict chiral angle dependence was found between inner
and outer walls in 1D heterostructures, while handedness relationship between inner
and outer walls in 1D heterostructures is not the case. There is a relatively higher
tendency of the same handedness for the outer interlayers than the inner interlayers,
probably because interfacial energy also becomes a leading factor when diameter

becomes larger.

Chapter 7 showed the results of several preliminary experiments related to
thermal, optical, electronic properties. We learned that the outer BNNTS served as
protection layer for inner SWCNTSs, resulting an enhanced thermal stability. Optical
and electronic properties of inner SWCNTSs was preserved in 1D heterostructures.
Electron tunnelling effect through outer BN layers was of the same order to 2D BN

crystals.
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The possibility of making multilayer 1D vdW heterostructures has been
demonstrated experimentally. As the variety of 2D crystals is continuously growing,
and it looks like research for 1D heterostructures is only beginning. It would be
instructive to review the existing library of 2D crystals, those individual components
that can be used in the assembly for varied 1D heterostructures in the near future.
Overall, the vast integration possibilities presented by 1D vdW heterostructures
suggest considerable future growth potential for this field in both fundamental studies

and applied technologies.
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Appendices

Transfer method for suspended film

Figure 8 A practical transfer method for suspended film from a washer toa TEM

grid.

In some circumstances, we need to transfer the macro sample on washer back to
TEM grids for micro micro-and nanoscale characterization. It is known that the
SWCNT film easily rolls up, but it is hard to recover to the original state as the
contacting surfaces adhere to each other due to its high surface energy [110]. After
coated with BNNTSs, the SWCNTSs film can retains its flexibility and can easily recover
to the original morphology immediately when released. However, the reduced surface
adhesion makes SWCNT-BNNT difficult to transfer onto another TEM grid. Here, we
proposed a practical transfer method for this situation, of which the main idea is to use
scotch tape to increase the adhesion between SWCNT-BNNT film and TEM grid. In
step one, we put scotch tape on the TEM grid and tear it down so that some polymer
materials with high adhesion will remain on the TEM grid (Fig. 8a-c). Then, we place
the sample on a filter paper, then break the SWCNT-BNNT film by a toothpick or
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some needle-like tools (Fig, 8d-f). Metal tweezer is not recommended because the film
tends to stick to metal tweezer. After that, we tear off a small piece of film and try to
let it stay on another filter paper. It is also necessary to avoid any airflow during this
process, such as wearing a mask to keep away your breath of air. Finally, TEM grid
was put upside down onto the film, and the film will stick on the TEM grid with the
help of remaining polymer materials on grid surface (Fig 8g and h). Fig. i is the scotch

tape and filter paper we used in this transfer method.
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