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Abstract 

Graphene nanoribbons (GNRs) are quasi one dimensional structures which have 
unique transport properties, and have a potential to open a bandgap at small 
ribbon widths. They have been extensively studied in recent years due to their 
high potential for future electronic and spintronic device applications. The edge 
structures - including the edge roughness and chirality - dramatically affect the 
transport, electronic, and magnetic properties of GNRs, and are of the critical 
importance. We have developed an efficient way of modifying the edges 
structures, to produce atomically smooth zigzag and armchair edges by using in-
situ TEM with a controlled bias. This work provides us with many opportunities 
for both fundamental studies and for future applications. I also report the use of 
either furnace heating or Joule heating to pacify the exposed graphene edges by 
loop formation in the graphitic nanoribbons. The edge energy minimization 
process involves the formation of loops between adjacent graphene layers. An 
estimation of the temperature during in-situ Joule heating is also reported based 
on the melting and evaporation of Pt nanoparticles. In this thesis work, I have 
also investigated the morphological and electronic properties of GNRs grown by 
chemical vapor deposition. Our results suggest that the GNRs have a surprisingly 
high crystallinity and a clean surface. Both folded and open edges are observed 
in GNRs. Atomic resolution scanning tunneling microscopy (STM) images were 
obtained on the folded layer and the bottom layer of the GNR, which enables 
clear identification of the chirality for both layers. We have also studied the 
electronic properties of the GNRs using low temperature scanning tunneling 
spectroscopy (STS). Our findings suggest that edges states exist at GNR edges 
which are dependent on the chiral angles of the GNRs.  
 
 
Thesis Supervisor: Mildred S. Dresselhaus 
Title: Institute Professor of Electrical Engineering and Physics 
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Chapter 1  

Introduction 
 

Nanostructured materials and related research have expanded significantly in the 

past two decades. The low dimensional effects give rise to dramatic changes in 

the materials properties, which could for example be utilized to enhance the 

figure of merit of an existing thermoelectric material, to explore new 

applications of a material, and to study its fundamental physical properties, 

among others. Thermoelectric nanomaterials (nano-composites, nanobelts, 

nanowires, etc.) and carbon based nanostructures (single- or multi-wall carbon 

nanotubes, graphene films, graphene nanoribbons, etc.) are two materials that 

have recently attracted a lot of attention due to their potential for both 

fundamental studies and applications [1-11]. 

 While the synthesis of nanomaterials is developing rapidly, the 

development of new characterization tools and techniques capable of studying 

nanostructured materials are also becoming important. Most commonly used 

characterization techniques include transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), atomic force microscopy (AFM), scanning 

tunneling microscopy (STM), Raman spectroscopy, X-ray diffraction, etc. The 

small scale of nanomaterials requires sophisticated manipulation and probing 

techniques, and therefore integrated systems which combine two or more 

different characterization techniques have emerged.  

 In this thesis work, an integrated TEM-STM system is used to study 

thermoelectric nanomaterials and carbon based nanostructures. With this TEM-

STM system, nanoparticles, nanoribbons, nanowires, and films can be 

manipulated individually, and contacted with electrodes, allowing a voltage to be 

applied, while its structure being observed in-situ with the TEM. A lot of new 
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properties of the nanomaterials can thus be probed with this combined 

characterization technique. 

 The main contributions of this work include the following: (1) A novel 

method for forming atomically smooth edges in graphitic nanoribbons was 

developed using in-situ Joule heating. The resultant edges mostly show either 

zigzag or armchair configurations. (2) Folded edge formation was also studied 

experimentally using both furnace heating and Joule heating. A theoretical model 

was introduced for understanding the edge folding mechanism. (3) STM and STS 

characterization of CVD grown graphene nanoribbons and edges states was 

studied for the first time. (4) Bismuth nanowire reduction and bismuth 

nanoparticles formation was studied for the first time using the in-situ TEM. 

This thesis is presented in 9 chapters. Following this introduction chapter, 

Chapter 2 reviews the current status of the graphene nanoribbon and edge study. 

Chapter 3 presents the characterization of CVD grown graphene and BN thin 

films using HRTEM and elemental analysis tools. Chapter 4 introduces the in-

situ Joule heating method for graphene edge modification. Chapter 5 discusses 

folded edge formation using furnace heating and Joule heating. Chapter 6 

presents Pt nanoparticle melting experiments for temperature estimation during 

in-situ Joule heating. Chapter 7 presents the results on STM and STS studies of 

CVD grown graphene nanoribbons. Chapter 8 introduces our in-situ TEM study 

of bismuth nanowires and nanoparticles. And in Chapter 9, a conclusion of the 

thesis work is presented together with an outlook to the future. 
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Chapter 2  

Graphene nanoribbons and edges 
 

In this chapter, the current status of graphene nanoribbons and graphene edge 

study is presented, which provides the general background for the following 

chapters from Chapter 3 through Chapter 7.    

 

2.1 Graphene nanoribbons and edge properties 

 

The study of graphene, and in particular of graphene edges, is a research topic 

that has expanded rapidly over the past few years. The motivation for the 

popularity of this field largely stems from the unique electronic, chemical, and 

magnetic properties of graphene edges. The graphene community has become 

increasingly aware of the importance of clean, atomically sharp edges, in light of 

experimental difficulties in designing electronic logic devices due to the 

presence of disorder in the edges of narrow graphene ribbons [12]. In this 

chapter I will review the present status of graphene edges, their fabrication, 

characterization, and properties. Specifically, I will present an overview of the 

different methods commonly employed in the production of graphene 

nanoribbons and graphene edges. I will also discuss the characterization of 

graphene edges using transmission electron microscopy (TEM) and Raman 

spectroscopy, and discuss about edge defects which are found in graphene. 

Finally I will conclude with a summary. 

 Graphene, a single layer of carbon atoms forming a two-dimensional (2D) 

honeycomb lattice, can, in principle, be considered as an elementary building 

block for all sp2-hybridized carbon allotropes. Although graphene was in fact 

produced experimentally decades ago [13], it wasn’t until the recent 

developments in 2004 by the Manchester group that the field of graphene 
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research took off rapidly [4,7,10,14], These developments in the “science of 

graphene” prompted an unprecedented surge of activity and demonstration of 

new physical phenomena. These developments also triggered a renewed emphasis 

on the interdisciplinary nature of nanoscience and created new opportunities in 

materials science, physics, chemistry, and electrical engineering. Graphene is a 

unique monolayer two dimensional crystal, which exhibits a room temperature 

quantum Hall effect [15]. It is the strongest material by weight, so far reported 

[16]. It is a semimetal with its conduction band and valence band being 

degenerate at the K point in the Brillouin zone (a situation that occurs only for 

the special unit-cell geometry and orientation relative to graphene’s high-

symmetry axis). Graphene shows a symmetrical linear dispersion relation for 

electrons and holes, and it has an extremely high room temperature carrier 

mobility that is about 2 orders of magnitude greater than that of silicon [10].  

 One of the most widely discussed applications of graphene in electronics 

is its potential use in field effect transistors (FETs). The promise held by 

graphene for electronics applications is due to the fact that it is one atomic layer 

thick and should therefore yield particularly good performance for high 

frequency applications. In order to make FET (field effect transistor) devices for 

digital logic applications, a sizable band-gap is required [17]. In this context, 

graphene nanoribbons with narrow widths (below 20 nm) can generate such a 

bandgap that is dependent on the ribbon width and crystallographic orientation of 

the edges [18]. Unfortunately, the as-produced narrow ribbons usually suffer 

from disordered edges that make the bandgap poorly defined [19]. which in turn 

results in a dramatically degraded carrier mobility. This constitutes the main 

reason why obtaining atomically sharp edges in narrow graphene nanoribbons of 

controlled width has been one of the most important challenges for the 

applications of graphene in electronic devices [20].       

 There are two types of achiral edges in graphene nanoribbons - zigzag and 

armchair edges, defined by the orientation of the hexagons relative to the ribbon 

length (see Figure 2.1). These achiral edges have been observed to dominate over 

chiral edges after joule heating [21]. Theoretical calculations [22] show that  
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Figure 2.1 Zigzag and armchair edges in monolayer graphene nanoribbons. The 
edge structure and the number of atomic rows of carbon atoms normal to the 
ribbon axis determine the electronic structure and ribbon properties. (Image 
courtesy of M. Hofmann, MIT) 
 

zigzag edges are metastable and a planar reconstruction into pentagon-heptagon 

configurations spontaneously takes place at room temperature. In practice, 

hydrogenated or oxygenated edge passivation during heat treatment [23,24] is 

commonly used to stabilize the edges in air. The detailed chemistry and carrier 

transport associated with these functionalized edges seem very exciting and 

further work is necessary along these directions. 

 

2.2 Fabrication of graphene nanoribbons and edges 

 

Edged graphene (nanoribbons) can be fabricated in various ways. Quantum 

mechanical manifestations are most pronounced in narrow, high-quality edged 

graphene ribbons which have a unique crystallographic orientation. Such 

graphene nanoribbons (GNRs) are therefore expected to be the most important in 

graphene electronic device applications. As a result, there has been significant 

progress in the large-scale production of GNRs in recent years with approaches 

such as the mechanical exfoliation of graphite, chemical vapor deposition, and 

lithographic, chemical and sonochemical methods.  
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 It is noteworthy that different types of defects are generally present in 

high or low concentrations on the edges of graphene or graphene nanoribbons 

[25]. From an electronic materials point of view, the presence of hydroxyl groups 

on the edges could affect the nanoribbon carrier transport, and they should be 

removed in order to enhance the conductivity of the ribbons. In this context, 

Tour’s group demonstrated that hydrazine is very efficient in removing oxygen 

from the graphene nanoribbons, thus improving their electrical conductivity [26]. 

However, a great majority of the published work in the graphene field does not 

emphasize (or study in detail) the importance of edge defects (or edge 

functionalities), and most of these papers assume that some of the produced 

graphene nanoribbons are defect-free or very close to that. Therefore, further 

research involving the detailed chemistry and physics of sharp- and defective-

graphene edges should be carried out, with the goal of understanding and 

eventually reaching control of edge defects. 

 

2.2.1 Chemical vapor deposition (CVD)  

 

Although lithographically produced graphene nanoribbons have been commonly 

used in research laboratories, chemically derived graphene nanoribbons have also 

been demonstrated [27]. Such narrow GNRs however may not be as appealing for 

bulk industrial level applications due to their multi-step processing and relatively 

low yields. Therefore, chemical vapor deposition (CVD) offers an alternative 

approach for preparing large quantities of graphene nanoribbons in a relative 

short amount of time [28]. The first report of CVD graphite nanoribbon samples 

is attributed to Murayama and Maeda in 1990 [29]. Through the decomposition 

of a reactant gas containing CO/H2/Fe(CO)5 at 400-700 ºC, they were able to 

produce graphite filaments 10 µm long, with a rectangular cross-section 100-700 

nm wide and 10-200 nm thick with catalytic Fe3C particles attached to one of the 

ends (Figs. 2.2a-c). Using high-resolution TEM they demonstrated that the 

graphene sheets had a uniform orientation perpendicular to the filament axis and 

that the graphene edges formed loops at the edges upon thermal annealing at  
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Figure 2.2 CVD grown graphitic nanoribbons. (a) SEM micrographs by 
Murayama and Maeda of the ribbon-like filaments of graphite prepared at 700 ºC, 
using a bright catalytic particle which is located on the tip of the filament; (b) 
the ‘tail’ of a ribbon-like filament prepared at 700 ºC; (c) the cross-section of a 
ribbon-like filament prepared at 550 ºC ((a), (b) and (c) are extracted from Ref. 
[29]); (d) SEM image of a mixture of carbon nanoribbons and Fe filled MWNTs 
reported by Mahanandia, et al.; [30] (e) Magnified SEM image of carbon 
nanoribbons ((d) and (e) are extracted from Ref. [30]). (f) A low magnification 
TEM image of many suspended graphitic nanoribbons reported by Campos-
Delgado, et al.; [28] (g) SEM image showing the wavy structure of graphitic 
nanoribbons ((f) and (g) are extracted from Ref. [28]). 
 

2800 ºC [29]. In 2008, two different routes were reported for obtaining graphitic 

nanoribbons. One of them involved the decomposition of ferrocene and 

tetrahydrofuran at a temperature of 950 ºC, and the material thus produced 

contained a mixture of iron filled multiwall carbon nanotubes (MWNTs) and 

carbon nanoribbons (Figs. 2.2d and 2.2e). Although the length and width of the 

nanoribbons are not discussed in the report, by observation of the published SEM 

images, the material appears to be ~200 nm in width and tens of microns in 

length. The graphitic structure of the carbon nanoribbons was confirmed through 

X-ray diffraction and TEM measurements, showing that the (002) lattice planes 

are perpendicular to the axis of growth [30]. The second report involved the 

thermal decomposition at 950 ºC of ferrocene/ethanol/thiophene solutions, 

resulting in the synthesis of a material of ~40 graphene layers in thickness 
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(stacked parallel to the axis of growth), 20-300 nm in width, and tens of microns 

in length (Figs. 2.2f and 2.2g) [28]. These ribbons start oxidizing at 700 °C [28], 

similar to highly oriented pyrolytic graphite (HOPG). This method of CVD 

synthesis produces large quantities of graphitic nanoribbons, and the as-

synthesized nanoribbons have many open edges that are suitable for the study of 

the structural and electronic properties of graphene edges.  

 

2.2.2 Unzipping of carbon nanotubes 

 

Unzipping carbon nanotubes along their longitudinal direction constitutes an 

alternative method for graphene nanoribbon synthesis. This concept has been 

adopted by several groups using different reactants and methods. Kosynkin et al. 

[26] report that MWCNTs can be unzipped by using a chemical treatment with 

sulphuric acid (H2SO4) and potassium permanganate (KMnO4; an oxidizing agent) 

as schematized in Figure 2.3a. Multi-layer graphene nanoribbons and graphene 

sheets can be produced in this way. The resulting ribbons are up to 4 μms long, 

100-500 nms wide, and 1-30 graphene layers thick. The as-synthesized ribbon 

edges have many oxygen-containing chemical groups that quench the electrical 

conductivity of the ribbons, so that reduction or annealing in hydrogen have to 

be carried out to remove these groups from the edges. More recently, 

Higginbotham et al. [31] reported that the nanotube unzipping process can be 

optimized by an efficient chemical oxidation process at a somewhat elevated 

temperatures (60 °C) in the presence of a second acid (C2HF3O2 or H3PO4) in 

addition to the H2SO4/KMnO4 mixture. The presence of the second acid (e.g., 

H3PO4) inhibits the creation of vacancies in the GNRs due to the protection of 

the diol groups [31]. Interestingly, the degree of oxidation can be adjusted by 

controlling the amount of the oxidizing agent (KMnO4) in the reaction. This 

process results in much longer  (>5 mm) and narrower ribbons  (<100 nm), with 

sharper edges (i.e., more atomically perfect) [31], when compared to previous 

reports in the literature (see Fig. 2.4). Jiao et al. reported a plasma etching 

method for unzipping CNTs to form graphene nanoribbons [32] (Fig. 2.3b). In  
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Figure 2.3 Schematic representation of the method used for unzipping carbon 
nanotubes to form graphene nanoribbons: (a) chemical route, involving acid 
reactions that start to break carbon-carbon bonds (e.g., H2SO4 and KMnO4 as 
oxidizing agents); (b) intercalation-exfoliation of MWNTs, involving treatments 
in liquid NH3 and Li, and subsequent exfoliation using HCl and heat treatments; 

(c) catalytic approach, in which metal nanoparticles “cut” the nanotube 
longitudinally like a pair of scissors, (d) physico-chemical method, by 
embedding the tubes in a polymer matrix followed by Ar plasma treatment; and 
(e) the electrical method, by passing an electric current through a nanotube. The 
resulting structures are either (f) GNRs or (g) graphene sheets. (Images are 
adapted from Ref. [33]). 
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Figure 2.4 Graphene nanoribbons produced by unzipping carbon nanotubes with 
an efficient chemical oxidation process. (a,b) Transmission electron microscopy 
(TEM) images of graphene nanoribbons obtained by unzipping CVD-grown 
multiwalled carbon nanotubes, using an optimized method involving two acids 
(TFA or H3PO4) in the presence of KMnO4 and H2SO4 at 65 °C; (c) TEM image 
of a graphene nanoribbon showing various bends produced using the method by 
Higginbotham et al.; [31] (d) atomic force microscopy (AFM) image of a 
graphene nanoribbon segment produced by an optimized oxidation method using 
a second acid (H3PO4) at 65 °C, in addition to KMnO4 and H2SO4.  (e) An 
electron diffraction pattern of a few-layer graphitic nanoribbon obtained using 
the same conditions as those shown in panel (d). Note the bright spots in (e) 
correspond to the hexagonal lattice. (Images adapted from Ref. [33]) 
 

this case, the resulting nanoribbons are 10-20 nms wide, and typically 1-3 

graphene layers thick, and show semiconducting properties. Another unzipping 

method consists of intercalating nanotubes using alkali-metal atoms (e.g. Li, K, 

Na) and washing out the intercalants. This procedure causes the tube to open 

along its length. This approach was first reported using Li intercalation in 

conjunction with ammonia (NH3) [34] (Fig. 2.3b). A previous study has shown 

that transition metals can cut through graphene sheets under hydrogen flow 
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conditions [35,36]. This method can also be used for cutting MWCNTs into 

GNRs (Fig. 2.3c) through a method of selective etching. A method for the facile 

synthesis of high-quality graphene nanoribbons has been reported more recently 

[37]. This method involves two steps in each of the gas phase and liquid phase 

steps. In the mild gas-phase oxidation step, oxygen reacts with pre-existing 

defects on the nanotube sidewalls to form etch pits. In the subsequent solution-

phase sonication step, sonochemistry and hot gas bubbles enlarge the pits and 

unzip the tubes. The GNRs thus obtained show smooth edges in the HRTEM 

image and also show a low (ID/IG) ratio in the Raman D and G band spectra 

indicating a low defect density. These GNRs show the highest electrical 

conductance and mobility reported thus far for 10-20 nm wide graphene 

nanoribbons [37]. An alternative method for unzipping carbon nanotubes has 

been developed by Zettl and co-workers and it consists of passing a high current 

through a carbon nanotube inside an electron microscope [38]. 

 Unzipping of nanotubes to yield GNRs appears to be a very promising 

technique in terms of mass production. This is mainly because several companies 

around the world, are now able to produce massive quantities of carbon 

nanotubes per year using the CVD process. However, the atomic control of the 

edge morphologies of the GNRs still needs to be enhanced and scaled up, in 

order to take advantage of the special properties of graphene nanoribbons. 

 

2.2.3 Other methods 

 

In addition to the approaches summarized above, STM lithography has been used 

to cut graphene nanoribbons from graphene sheets [39]. Graphene ribbons with a 

typical width ranging from 2.5 nm to 15 nm, and a length of ~120 nm were 

produced in this way, with a measured bandgap of about 0.5 eV for a 2.5 nm-

wide armchair GNR using room temperature STS measurements [39]. The 

advantage of using STM lithography is that it is possible to pattern bent 

junctions with nanometer-precision, as well as to produce a predetermined width 

and crystallographic orientation of the nanoribbons; such features are hard to 
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achieve presently using other cutting techniques. This advantage stems from the 

possibility of achieving excellent atomic resolution using STM on flat graphitic 

surfaces. However, STM lithography suffers from low throughput and equipment 

accessibility, two issues that make it unlikely for this technique to be used in 

large-scale applications. Another chemical method for atomically precise 

bottom-up fabrication of GNRs has recently been developed by Cai et al. [40], 

which involves a precursor monomer on a gold substrate that forms GNRs 

through dehalogenation and cyclodehydrogenation steps. This method produces 

GNRs with well controlled widths and various shapes. However, challenges 

remain in fabricating these GNRs on a technology relevant substrate, or in 

transferring the GNRs onto an arbitrary substrate. 

 

2.3 Characterization of graphene nanoribbons and edges 

 

Graphene edges are investigated using a variety of characterization techniques. 

Advanced transmission electron microscopes (TEM) are commonly used in 

evaluating graphene edge structures, and Raman spectroscopy is advantageous 

for distinguishing zigzag from armchair edges and for studying the chirality-

dependent edge disorder and the quantum confinement of the electrons in 1D 

band structures. The use of scanning tunneling microscopy (STM) and 

spectroscopy (STS) for studying the electronic states at graphene edges is also a 

promising research field, and STS/STM can be used to study the magnetic 

properties of graphene edges, which is reviewed in detail in Ref. [41].  

 

2.3.1 Transmission electron microscopy (TEM) 

 

High resolution transmission electron microscopy (HRTEM) is a highly sensitive 

tool for studying graphene edges. Graphene edges in each layer typically exhibit 

a dark line in the TEM image, which enables counting the number of layers in as-

synthesized graphene samples [42,43]. The edge roughness can also be directly 

estimated using HRTEM imaging.  
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Figure 2.5 (Left) Molecular model showing the transformation of 4 adjacent 
hexagons into a 5-7-7-5 defect or a Stone-Thrower-Wales defect, and (right) an 
HRTEM image showing two 5-7-7-5 defects located on the edges (red circles) of 
a hole in a graphene surface. (Images are taken from movies from supplementary 
material of Ref. 40).   
 

 
Figure 2.6 HRTEM images showing a zigzag edge near a hole region of a 
graphene layer (left) transformed into a 5-7 defect edge (right). (Images are 
adapted from movies in the supplementary material of Ref. 40). 
 
 Significant progress has been reported in the TEM characterization of 

graphene edges [21,44-51]. Zettl and co-workers [50] have been able to directly 

observe 5-7 and Stone-Thrower-Wales (STW) [52,53] bulk defects as well as 5-7 

edge defects on isolated graphene surfaces using aberration-corrected 

transmission electron microscopy (see Fig. 2.5 and Fig. 2.6). 

In order to resolve the atomic structures at graphene edges, advanced 

TEM techniques are required. Using an aberration-corrected TEM instrument 

combined with a monochromator (TEAM 0.5), which has sub-Angstrom 

resolution, the stability of mechanically exfoliated graphene edges under electron 

beam irradiation has been studied in real time. Under these conditions, edge atom 

reconstruction is observed (see Fig. 2.5). The abundance of zigzag edges lends 

evidence for a more stable zigzag configuration under these conditions [50]. In 
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Ref. [48] open and closed (folded) edges in exfoliated HOPG materials have 

been studied under conditions when such edges are stable. After furnace 

annealing at ~2000ºC, open edges are found to become less stable so that most of 

the open edges join with edges in the neighboring layer to form well-stacked 

loops. Finally, note that Ref. [49] reports on the in situ observation of graphene 

sublimation and multi-layer edge reconstructions at elevated temperatures. 

 

2.3.2 Raman spectroscopy  

 

Compared to the TEM characterization of graphene edges, Raman spectroscopy 

provides a complementary, yet quite different characterization tool that is also 

suitable for distinguishing between zigzag and armchair edges in graphene 

nanoribbons and studying edge disorder. It has been found that the Raman peak 

of nanographite ribbons (on a HOPG substrate) exhibits an intensity dependence 

on the light polarization direction relative to the nanographite ribbon axis [54], 

as shown in Fig. 2.7a. The Raman spectrum here is composed of two peaks 

centered at 1568 cm-1 (G1 peak) and 1579 cm-1 (G2 peak). The G2 peak frequency, 

which remains unchanged when varying the polarization angle (θ) of the incident 

beam with respect to the ribbon axis direction, comes from the HOPG substrate. 

In contrast, the G1 feature in Fig. 8a comes from the nanographite ribbon, and its 

intensity varies with the polarization of the incident light. The intensity 

decreases with increasing θ and can be fitted to a cos2 θ curve (Fig. 2.7b). This 

curve originates from the relationship between the probability of light absorption 

W( k
r

) and the wave vector of the electron k written as  
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where P
r

 is the polarization vector of the incident light. Since van Hove 

singularities occur in the T
r

 direction (θ = 0) due to the 1D quantum confinement 

structure in the density of states, a large Raman signal is obtained when the light  
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Figure 2.7 Raman spectrum of GNR edges [54,55]. (a) Raman spectra obtained 
for light incident with different polarization angles (θ) with respect to the ribbon 
axis direction in nanographite ribbon sheets. The inset shows a schematic figure 
of the sample (vertical gray line) denoting the direction between the ribbon axis 
and the light polarization vector. (b) Intensity of the G1 Raman peak versus θ. 
The dotted line is a cos2 θ theoretical fit to the experimental points. (Images (a) 
and (b) are adapted from Ref. [54]). (c) Raman spectra obtained in three different 
regions of an HOPG sample (see (d)). The inset in (c) shows an optical image of 
an edge region of a sample and the regions where spectra 1, 2 and 3 were taken 
(open circles). (d-e) AFM images of the step on the HOPG substrate where the 
Raman spectra shown in (c) were taken. (f) The STM measurements and (g) The 
FFT (fast Fourier transform) filtered image verifying the zigzag edge 
configuration in the marked region 2 in (c, d). (Images (c)-(g) are adapted from 
Ref. [55]). 
 
is in resonance with the excitonic optical transition energies Eii between Van 

Hove singularities. The Raman G-band intensities are, therefore, different for 

interior regions of a nanographite and at the edges. The G-band intensity of a 

GNR is also dependent on the GNR width and crystalline direction. Thus it is 

only the electronic k
r

 vector along the TK
r

 direction that is involved in the 

optical absorption process. When θ = 0, then we have k
r

// TK
r

, and G1 reaches its 

maximum value; however, when θ reaches 90º, the G1 peak should vanish and a 
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cos2 θ dependence of the intensity is obtained, as shown in Fig. 2.7b. This 

polarization dependent behavior allows the Raman technique to distinguish 

between armchair and zigzag edges. 

 For example, Figs. 2.7d-g show the influence of the edge structure on the 

Raman spectra of edges in HOPG [55]. The edge configurations shown here are 

determined by STM measurements. It is found that the disorder-induced D band 

in the Raman spectra also provides a powerful way to distinguish armchair from 

zigzag edges. Here we see that the D band intensity is about 3 times less intense 

for a zigzag edge (spectrum 2) compared to that for an armchair edge (spectrum 

1), when normalized to their G band intensities. The residual intensity of the D 

band from the zigzag edge is attributed to disorder in this edge structure and also 

to D band itself which is related to a symmetry breaking. This shows that the 

observation of the D-band could be useful for characterizing the defect structure 

in nanographite-based devices. Recent calculations of the Raman spectra of 

graphene ribbons including the effect of the matrix elements of the Raman tensor 

[56] represent a first step in a quantitative approach to using the Raman G-band 

scattering intensities to distinguish between armchair and zigzag edges. 

 

2.3.3 Defective edges 

 

The most common defects one finds in graphene nanoribbons are: vacancies, 

heptagon-pentagon pairs (STW transformations), loops and interstitials. While 

heptagon-pentagon pairs and loops preserve the connectivity of the nanoribbon, 

the interstitials and vacancies do not. Therefore, scientists must now work on 

defect edge engineering in order to tailor the reactivity and transport properties 

of graphene edges. For example, defect edge engineering could perhaps be used 

to achieve specificity for sensing different types of molecules or to anchor 

specific polymer groups at the edges of GNRs, in order to produce stable and 

well dispersed composites or suspensions. In addition, electronic and thermal 

transport measurements are important to study the effect of specific and  



 31

 
Figure 2.8 Schematics of graphene nanoribbons with a perfect zigzag edge, and 
edges with 5-7 defects and 5-8-5 defects, respectively. (Image courtesy of L. P. 
Wang, MIT) 
 
controlled defects on the edges of graphene. It is clear that the edge chemistry 

and physics of GNRs, a field which is just emerging, could lead to unexpected 

catalytic reactions, novel field effect transistors, efficient electrodes for Li-ion 

batteries, anchoring centers for assembling heavy metals, highly conducting and 

transparent films, drug delivery devices, and other applications. 

 Further studies considering edges having pentagon-heptagon (5-7) or 

pentagon-octagon-pentagon (5-8-5) rows (as schematized in Fig. 2.8) need to be 

carried out in detail from both experimental and theoretical points of view. For 

example, very recently, Batzill and coworkers identified the presence of a 5-8-5 

defect line within a graphene sheet using STM [57]. These defect lines behave as 

quantum wires. This finding indicates that other defect topologies should also be 

considered and studied. In addition, Botello-Méndez, et al. also demonstrated 

that hybrid ribbons interconnecting zigzag and armchair nanoribbons behave as 

spin polarized conductors [58]. Finally, it is also possible to have non-carbon 

atoms within either ribbons or graphene using heteroatomic doping atoms, such 

as B and N [59-64]. These systems need to be studied further along with the 

presence of defects on the edges caused by the introduction of non-hexagonal 

rings [22]. 
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Figure 2.9 Carbon K-edge NEXAFS spectra of the pristine graphene NR, 
NR1000, NR1500, and NR2000. The pristine sample (NR) and HOPG are also 
given for comparison. The count value for HOPG given in the figure is reduced 
to half of the original count to make it comparable with the other traces. The C 
1s to *π  (285.5 eV) and *σ  (291.85 eV) transitions are indicated by dotted 
vertical lines. (Image is adapted from Ref. [65]). 
 

Very recently, Joly, et al. [65] investigated the edge states in graphene 

nanoribbons prepared by the CVD method, using near-edge x-ray absorption fine 

structure (NEXAFS) and electron spin resonance (ESR) spectroscopy. It was 

noted that the C 1s to *π  transitions of nanoribbon samples, correspond to the C 

1s to edge-state transitions of nanographenes. As the CVD ribbons were annealed 

at high temperatures in an Ar atmosphere, the contribution of the edge states 

decreased due to the loop formation. These results confirmed the presence of 

magnetic edge states in the edges of graphene nanoribbons and provided 

significant insight into these magnetic edge states (see Fig. 2.9). 

 

2.4 Summary 

 

Since 2004, the research on graphene edges has attracted increasing attention and 

has undergone rapid progress. The fabrication of graphene edges and graphene 

nanoribbons has made significant advances within the last two years towards the 

large scale production of smooth edges and narrow ribbons. With the stringent 

demands of electronic device applications and the desire to continually promote 

fundamental physics studies, more efforts in improving the synthesis conditions 

as well as the post-growth treatment procedures of graphene edges are 
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foreseeable. In the meanwhile, the characterization of graphene edges has also 

progressed significantly and is now pushing the limit of nanomaterials 

characterization techniques. Integrated characterization techniques, such as 

combined STM with TEM, combined Raman spectroscopy with other electron 

microscopy techniques, are likely to take place, which will facilitate our 

understanding of advanced nanomaterials and their development towards 

applications. In addition, study of the magnetoresistance of graphene 

nanoribbon-based FETs is another emerging research field that is likely to gain 

more momentum towards various applications [66]. 

 Although extensively investigated in the laboratory, the fabrication of 

graphene edges in electronic device applications is still facing many challenges, 

including the creation of both smooth edges and controlled narrow graphene 

ribbons that can open a sizable and well-defined bandgap and there are still many 

open issues and opportunities for further research effort. Given the short history 

of this field, the progress has been impressive and significant developments in 

graphene edge applications are expected to occur in the near future. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 34

Chapter 3 

TEM characterizations of CVD 
grown graphene and BN films 
 

In chapter 2, I have introduced the recent research progress on graphene 

nanoribbons and their edges, focusing on their fabrication and characterization. 

This chapter will present our work on utilizing HRTEM and advanced TEM 

analysis tools to characterize CVD grown graphene and boron nitride (BN) thin 

films, and this work may also assist our understanding of the materials growth 

mechanism. The TEM characterization of graphene and BN nanomaterials 

introduced in this work will form the baseline for the next two chapters, where a 

more complex in-situ TEM technique is utilized for structural characterizations 

as well as for the description of the structural modifications. 

 

3.1 CVD grown graphene 

 

The first experimental production of graphene was realized by a micro-cleavage 

method from HOPG materials [6]. These are high quality materials with truly 

two dimensional single crystalline structures. However, this micro-cleavage 

method involves tedious laboratory work, and can only produce small area 

graphene flakes (on the order of micrometers), and for this reason it is not a 

suitable method for large scale industrial applications. The chemical vapor 

deposition (CVD) method for graphene growth, on the other hand, can produce 

large sheets of graphene, and the graphene size is only limited by the substrate 

size and the furnace conditions. So CVD grown graphene is in this sense ideal 

for industrial applications. The materials quality, such as the crystallinity, 

continuity, and layer number control, then becomes major questions for CVD 

grown graphene. The best suited technique for measuring these properties is 

TEM due to its atomic resolution capabilities and easy sample preparation.  
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Figure 3.1 TEM images of large area, few layered graphene films grown by the 
CVD method. (a) A large area graphene film is transferred onto a lacey carbon 
TEM grid, and the inset shows its selected area diffraction pattern exhibiting a 
single crystal hexagonal structure. (b) A higher magnification TEM image shows 
a one-to-two layer boundary on the graphene film (indicated by the black arrow). 
(c)-(f) The thin films are as thin as 1 to 8 layers, and measurements of the inter-
plane (center of (f)) and in-plane (near the right half of (f)) lattice spacings 
confirmed the highly crystalline structure of the material. Scale bars in (a-b) are 
2 μm. Scale bars in (c-f) are 2 nm. [67] 

 

Large area, few layer graphene films grown on Ni foil substrates using the 

CVD method was first produced by our collaborator Alfonso Reina [67]. These 

materials were characterized within a JEOL 2010F TEM operated at 200 kV (see 

Figures 3.1). After CVD growth on Ni, these graphene films can be transferred to 

arbitrary substrates using a chemical wet etching method [67]. Large area thin 

films down to 1 to 8 graphene layers are observed in these films (see Figures 

3.1c-f). The selected area diffraction pattern (inset of Figure 3.1a), and the 

interlayer and in-plane lattice spacing measurements confirm that the structures 

of the CVD grown films are close to those of HOPG-derived films with high 

crystallinity. 



 36

 
Figure 3.2 A TEM image of large area, single and double layer graphene edges.  
[68] 

 

Furthermore, it has been shown that it is possible to grow graphene films 

with up to 87% of their area composed of no more than two graphene layers (2-

LG) and these films can also be transferred to insulating substrates [68]. This 

was accomplished by controlling both the carbon concentration and the substrate 

cooling rate during the CVD process. Under a suitable carbon concentration 

(0.5% CH4 in our case), the cooling rate can be utilized to decrease the number 

of nucleation sites for multilayer graphene on the film (by a factor of two) and to 

increase significantly the area covered by sections with 1-2-LG. In order to 

confirm this 1-2 layered structure, I conducted TEM measurements of the 

samples grown by Alfonso Reina. A TEM image of a single layer and bilayer 

graphene edge is shown in Figure 3.2. This result suggests the possibility of 

dramatically improving the thickness uniformity of graphene films by further 

controlling the process parameters in our method. Therefore, ambient pressure 

CVD may be a viable route to control the growth of single graphene layers over 

large areas. 

 

3.2 CVD grown BN thin films 

 

BN films have similar structures as graphene films, forming two dimensional 

hexagonal lattices. They have an atomic surface relatively free of dangling bonds 

and charge traps, unlike conventional silicon oxide substrates; they also possess  
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Figure 3.3 TEM images of h-BN thin films grown on Ni films. (A) Low-
magnification TEM image shows a CVD-grown h-BN film on Quantifoil holey 
carbon grids. (B) Electron diffraction pattern of the h-BN thin film taken from 
the suspended region shows a hexagonal dotted pattern indicating a single crystal 
structure in the h-BN. (C-D) TEM images of the h-BN thin film are taken under 
different magnifications. (C) The TEM image shows a broken part of h-BN thin 
film and the edge folding. (D) High resolution TEM image shows the edges of a 
8-9 layer BN film with an interlayer spacing of about 0.35 nm. [70] 
 

high frequency optical phonon modes and a large electrical bandgap (~ 6.4eV), 

making them an ideal substrate for graphene devices [69]. However, the 

synthesis of ultra-thin large area BN films is still at an early stage. BN thin films 

can be obtained from micro-cleaving of bulk single crystal BN. In order to 

produce large area BN thin films, a CVD method similar to graphene growth has 

also been used in our work [70], and the materials grown under different 

conditions are characterized and compared using TEM.  

 The first CVD grown few-layer hexagonal BN (h-BN) films were 

produced by our collaborator Yumeng Shi. These h-BN films are synthesized by 

ambient pressure CVD on polycrystalline Ni films, by exposing polycrystalline 

Ni to borazine (B3N3H6) vapor with N2 gas flow. The as-grown BN films are then 

transferred onto a TEM grid by wet-etching the underlying Ni, and structural 

characterizations are performed in a JEOL 2010F TEM operated at 200 kV.  
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Figure 3.4 TEM images of h-BN thin films grown on Cu foils. (a) TEM image 
shows a broken region of a CVD grown BN thin film on a Quantifoil holey 
carbon grid. (b) Electron diffraction of the BN thin film shows a polycrystalline 
structure. (c) A higher magnification TEM image shows a typical BN thin film 
edge. (d) High resolution TEM images of the BN film edges show that the thin 
films contain 2-5 layers.    
 

Figure 3.3 shows typical TEM images and the diffraction pattern of the CVD 

grown h-BN thin films. The thickness of the BN films is between 5 and 50 nm, 

and the regions with a uniform thickness can be up to 20 μm in lateral size. The 

material also has high crystallinity as indicated by the diffraction pattern in 

Figure 3.3B. A high resolution TEM image measured at the edges of an 8-9 layer 

BN film (Figure 3.3D) confirms the highly crystalline structure. The interlayer 

spacing between adjacent layers is measured to be about 0.35 nm, consistent with 

the theoretical value in crystalline hexagonal BN films. 

In order to obtain fewer layer BN films, an alternative CVD growth 

method is used by our collaborator Ki Kang Kim. This growth method uses 

copper foil substrates instead of Ni films. Borazine (B3N3H6) vapor and H2 gas 

are introduced at a high temperature, followed by annealing at temperatures  
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Figure 3.5 Energy filtered mapping of the composition of a suspended CVD 
grown BN thin film. 
 

 
Figure 3.6 Electron energy loss spectrum of the CVD grown BN thin film. The 
inset is a spectrum adapted from Ref. [59] for comparison. 
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above 10000C with H2 and N2 gas flow. The as-grown BN films are also 

transferred to TEM grids for detailed characterizations. The high resolution TEM 

images (Figures 3.4c-d) indicate that the BN films grown on a copper foil 

substrate are ultra-thin containing only 2-5 layers, much thinner than the 

previous h-BN samples grown on Ni films. The diffraction pattern (Figure 3.4b) 

indicates that these BN thin films are polycrystalline, different from the previous 

sample grown on Ni substrates. Different CVD growth mechanisms between the 

Ni growth and Cu growth can be expected.  

 Electron energy loss spectrum (EELS) in scanning transmission electron 

microcopy (STEM) and energy filtered mapping are used to conduct elemental 

analysis on these BN thin films. The elemental mapping of carbon, boron and 

nitrogen (see Figure 3.5) atoms shows that boron and nitrogen atoms are 

uniformly distributed over the BN film surface. The weak signal for carbon 

atoms may come from the polymer residue left after the wet-etching process. The 

EELS measurement on the BN thin film (see Figure 3.6) shows π* and σ* peaks 

at the B K edge and the N K edge, indicating that B and N atoms are forming sp2 

bonding.  

  

3.3 Summary 

 

In summary, in this chapter we have shown that HRTEM and advanced TEM 

analysis tools (such as EELS and energy filtered mapping) are well suited 

techniques for characterizing CVD grown graphene and BN thin film materials. 

The materials quality including the crystallinity, the thickness, the layer 

uniformity, atomic distribution and bonding types (sp2 or sp3) can be measured 

using TEM and STEM. The results show that large area, few layer graphene 

materials with high crystallinity are grown using ambient pressure CVD and Ni 

film substrates, highly crystalline h-BN thin films with 5-50 nm thickness are 

grown on Ni substrates, and ultra-thin polycrystalline BN films with 2-5 layer 

thickness are grown on Cu substrates. The TEM characterization may assist our 

understanding of the materials CVD growth mechanisms.        
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Chapter 4  

Formation of sharp zigzag and 
armchair edges in graphitic 
nanoribbons by in-situ Joule heating 

 

In this chapter, a novel method is developed for modifying the rough edges in 

graphitic nanoribbons to produce atomically smooth edges by in-situ Joule 

heating. 

 

4.1 Background 

 

Graphene, a single sheet of graphite, has attracted a lot of research interest since 

it first became experimentally accessible in 2004 [4,6,10,18,42,43]. Its two-

dimensional structure and the near massless behavior of its charge carriers 

provide unique transport properties. Graphene nanoribbons, which are quasi 1D 

graphene nanostructures, exhibit a bandgap between the valence and conduction 

band states. The bandgap depends on both the edge type and ribbon width [18], 

which is typically a few nanometers, making graphene nanoribbons a very 

interesting material for potential electronics applications [27]. Theoretical and 

experimental studies show that the edges of graphene nanoribbons strongly 

influence their electronic and magnetic properties [41,71]. Therefore, much 

effort has been devoted to studying the edges in graphitic nanomaterials 

[39,54,55,72-77]. Although atomically smooth edges are essential for many 

applications, it is difficult to produce such edges by conventional physico-

chemical methods. For example, lithographic etching and chemical methods 

usually provide rough edges [19] which contribute to carrier scattering. 

Furthermore, characterizing the edges and identifying the edge structures has 

been a challenge. In this chapter I will introduce a novel method for modifying  
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Figure 4.1 A schematic diagram of the integrated TEM-STM system for 
simultaneous structural and electrical measurements. 
 

the rough edges in graphitic nanoribbons to produce atomically smooth zigzag 

and armchair edges, using an in-situ Joule heating method. The edge 

modification mechanism and graphene interlayer stacking will also be discussed 

here.  

             

4.1.1 In-situ TEM 

 

The experiments were conducted inside a JEOL 2010F TEM equipped with a 

Nanofactory STM holder (see Figure 4.1). The STM tip is further connected to a 

piezoelectric stage, which enables us to move the STM tip in different directions 

and to manipulate nanostructures inside the TEM. The STM tip and sample 

holder also serve as two electrodes where a bias voltage can be applied between 

these two electrodes, and the electrical current can be measured. This TEM-STM 

system enables us to make two point electrical measurements across a graphitic 
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nanoribbon length, while we simultaneously observe the structural behavior 

under the HRTEM [78]. 

 

4.1.2 A novel graphitic nanoribbon material 

 

The graphite nanoribbon samples were produced by a single-step chemical vapor 

deposition (CVD) process [28].  In short, an aerosol was produced from a 

solution containing ethanol, ferrocene, and a very small concentration of 

thiophene. This aerosol was pyrolyzed at 950 ºC for 30 minutes, and after that 

time, the system was allowed to cool down to room temperature.  

As stated in Ref. [28], the presence of S is crucial for synthesizing the 

graphitic nanoribbons. We could not detect S on the flat areas of the ribbons 

using EDX or XPS because the detection limits of these instruments were higher 

than 1 at%. However, it is quite possible that lower concentrations of S are 

present in highly curved areas (e.g. along the ribbon ripples or in regions 

containing heptagons or pentagons, such as 5-7 Stone-Thrower-Wales defects), a 

result which is consistent with previous experimental findings as well as 

theoretical calculations. Regarding the Fe atoms coming from ferrocene, we 

never found them on the ribbon sites. Nevertheless we believe that individual 

atoms of S, Fe and O are somehow bonded to the graphitic sheets (e.g., as 

adatoms or atoms within the hexagonal lattice) so that under Joule heating and 

electron irradiation, these atoms are likely the first to move towards the ribbon 

edges and to detach from the carbon network at low voltages. However at high 

voltages (1.6V), these atoms no longer play such an important role in the 

reconstruction process because of the high temperature that is reached in the 

Joule heating process, in contrast to the catalytically driven edge cutting process 

reported by Ci, et al. [35]. 

 

4.2 Sharp edge formation by in-situ Joule heating 
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Figure 4.2 The crystallization and edge formation in graphitic nanoribbons. (A) 
The I vs. V curve during Joule heating, indicating three regimes: a quasi-linear 
regime from 1 V to 1.25 V, a slowly increasing slope regime from 1.25 V to 1.6 
V, and a rapidly increasing slope regime at 1.6 V. (B) The resistance vs. input 
energy at 1.6 V applied bias. (C) The ribbon sample before Joule heating, 
showing very few zigzag edges (marked with pink lines) and armchair edges 
(marked with green lines). (D) The same ribbon sample after Joule heating (for 
10 minutes at 1.6 V), in which most of the edges seen are either zigzag or 
armchair edges, as indicated in (E). The inset hexagons indicate the zigzag or 
armchair edge orientations associated with the lattice patterns in (C) and (E). (F) 
A high magnification image of the annealed sample showing that well-defined 
zigzag-armchair and zigzag-zigzag edges are formed. The green hexagons in (E) 
help with the identification of the atomic structure at the armchair and zigzag 
edges. (The scale bars in C, D and E are 4 nm, and the scale bar in F is 1 nm). 
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Figure 4.3 HRTEM images of the nanoribbon sample (A) before and (B) after 
Joule annealing for 20 min at 1.6 V. (scale bar = 10 nm) 
 
With the integrated TEM-STM system, we are able to produce atomically smooth 

zigzag or armchair edges from defective rough edges that are observed in as-

prepared graphitic nanoribbons [28]. 

An individual nanoribbon sample is attached to the sample holder at one 

end, and to the STM tip at the other end, and these two ends also serve as the two 

electrodes. As we apply a voltage (up to 1.6 V) over the length (315 nm) of a 66 

nm wide ribbon, the I vs. V curve shows (Fig. 4.2A) the onset of a non-linear 

regime (1.6 V) where the resistance decreases with increasing input energy (Fig. 

4.2B). As current flows, the degree of crystallinity of the ribbon improves 

rapidly (Fig. 4.2C-D), and the sample thickness decreases, until all the graphene 

layers evaporate and the sample breaks from the middle (see Fig. 4.3B). From the 

edge terminations observed in Fig. 4.2E, we conclude that the majority of edges 

are either zigzag or armchair after Joule heating. It is noteworthy that in the 

lower voltage (quasilinear) regime below 1.6 V (see Fig. 4.2A), carbon atoms 

mainly vaporize due to knock-on effects caused by the electron irradiation [79], 

and edges start reconstructing via Joule annealing. However, at higher applied 

voltages (1.6 V), the preferred reconstruction-crystallization effects induced by 

the high temperature caused by Joule heating are seen in going from Fig. 4.2C to 

Fig. 4.2D, indicating that the activation energy of atoms forming zigzag or 

armchair edges is lower than for other edge configurations. Other types of edges 

are seen infrequently since a mixture of zigzag and armchair edges are  
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Figure 4.4 TEM images of the same region of the ribbon sample (A) before and 
(B) after annealing, and their Fast Fourier Transform (FFT) images (on the right 
of each image) show clear development of the crystallinity and edge quality after 
annealing. (Scale bars are 2 nm.)  
 

metastable because of the energy penalty at the edge junctions. Figure 4.2F 

depicts the reconstructed graphitic material shown in Figure 4.2D. The measured 

in-plane lattice spacing for our ribbons is 0.24 ± 0.02 nm, consistent within the 

accuracy of our TEM measurements with literature values in graphite (which is 

3 ac-c where ac-c is the nearest-neighbor carbon-carbon distance [80]). As a 

result of carbon atom vaporization and Joule heating, the defective graphitic 

edges in the as grown nanoribbon sample crystallize (Fig. 4.4), and finally 

become atomically sharp and highly crystalline. The maximum length of the 

smooth edges observed after the process in Fig. 4.2E is about 29 nm. The 

mechanism of reconstruction or crystallization for the nanoribbons and edges is 

attributed primarily to the carbon atom vaporization, the current flow along the 

ribbon and edges, and the high temperature associated with the resistive Joule 

heating.  
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Figure 4.5 Edge motion under Joule heating inside the TEM. (A) A three-layer 
zigzag-armchair-zigzag-armchair edge array. The red arrow indicates the 
position of the zigzag-armchair edge junction at the beginning of the annealing 
process. After some time of Joule heating, the junction moves up (B)-(C), 
keeping the short zigzag edge length almost unchanged. Eventually, the zigzag 
edge joins with the upper zigzag edge, forming a stable zigzag-zigzag-armchair 
edge array (D). The sketches on the left of (A) and on the right of (D) are the 
simulated structures of (A) and (D), respectively. (E) Plot of the speed (in the 
radial direction) and angle (in the counter clockwise direction) of the edge 
motion relative to the current and heat flow directions. (F) A scenario for the 
motion of carbon atoms near edges and edge junctions, as C2 dimers are 
evaporated from edges. As a row of the carbon atoms near the zigzag edge move 
away from the edge (first white colored balls and then red colored balls) upon 
heating, the zigzag-armchair edge junction (indicated by a dark black arrow) 
moves upward by 3ac-c. (The scale bar is 2 nm). 
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Figure 4.6 (A)-(D) Successive TEM images show a zigzag edge of a single 
graphene layer (indicated by the solid arrow) moving into the interior region of 
the graphene along both the current and heat flow direction, while keeping the 
zigzag edge configuration unchanged. (The scale bar in A is 4 nm.) 

The dynamics of the edge reconstruction is shown in Figs. 4.5A-D and 

Fig. 4.6. In Figs. 4.5A-D we see a time resolved sequence of a three-layered 

graphene edge structure placed on top of another few-layered graphene sheet 

with a zigzag- armchair-zigzag-armchair edge configuration forming 150° angles 

(note that the angles between the zigzag and armchair edges can be 30°, 90° or 

150°). As we apply a bias voltage of 1.6 V (high annealing temperatures), the 

armchair edge above the zigzag edge starts to evaporate, resulting in the upward 

movement of the zigzag edge (red arrow) with a speed of 2.3 nm/min. This low 

speed at the investigated high temperatures indicates that the necessary 

activation energy is much larger than the activation energy of defect migration 

observed by Iijima et al. [81] in carbon nanotubes. Eventually, as shown in Fig. 

4.5D, the armchair edge is eliminated, and the lower zigzag edge joins with the 

upper zigzag edge and forms a stable zigzag-zigzag junction. 

In Fig. 4.5E the edge motion direction and speed are plotted for 14 

experiments over the ribbon sample, similar to that shown in Figs. 4.5A-D. From 
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Fig. 4.5E we see that the edge motion mostly follows either zigzag or armchair 

crystallographic orientations, and that the speed of edges moving along the heat 

flow direction Q
r

 (from the middle of the ribbon to the two electrodes which act 

as heat sinks) is higher (e.g., 2 nm/min) than that along the current flow direction 

J
r

 (from the STM probe to the sample holder) when the two are anti-parallel (e.g., 

1 nm/min). Edge motion along other directions is not favored. A scenario for the 

dissociation of carbon atoms from edges and the resulting motion of the edge 

junctions is given in Fig. 4.5F. 

 

4.3 Mechanism for edge modification 

 

The graphitization steps of carbon at high temperatures have been described by 

Goma and Oberlin [82,83]. Here the graphitization process ultimately results in 

the thermal crystallization of wavy and wrinkled layers into long in-plane 

crystalline domains by ~2100 ºC with c-axis stacking order starting to develop 

above 2300 ºC and identified with crystalline graphite. For our ribbon samples, 

we observed the transformation of AA stacking into ABAB stacking, and we 

attribute these transformations mainly to the high temperatures reached (e.g. 

2000 – 2500 °C) in the non-linear voltage regime. In order to verify that a high 

temperature is achieved by resistive Joule heating in the suspended graphitic 

nanoribbons, Pt nanoparticles were deposited on an as-prepared ribbon. Upon 

Joule heating (with an applied bias below 2V), the Pt nanoparticles evaporate 

from the center region of the nanoribbon surface, thus indicating that a high 

temperature is achieved by Joule heating along the freely suspended ribbon (see 

detailed discussion in Chapter 6).  

The reason why thermal energy is dissipated at an edge hetero-junction is 

because it is the location of the largest electrical resistance. Therefore, quasi-

metallic (zigzag edged or one third of armchair edged graphene nanoribbons [84]) 

systems should be preferred. Joule heating involves both current flow and atomic 

vibrations. Carbon nanoribbons do not show any specific phonon associated with  
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Figure 4.7 Electronic and transport properties of graphene nanoribbon 
heterojunctions based on a single 　 -orbital tight-binding model (the Fermi 
energy is located at E = 0 eV). (A)-(C) three models considered here where the 
details of the edges are highlighted in red. In each case, the two electrodes 
consist of two zigzag edge nanoribbons (Nzig = 44 and Nzig = 24, using the 
notation from Ref. [85]). The electronic properties of the individual electrodes 
are represented in (D) and (E) for the large and small ribbons, respectively. The 
conductance versus energy corresponding to systems (A)-(C) is presented in (F). 
For system (C), the amplitude of the scattered wave-function (current-carrying 
state) is shown in (G); it is normalized such that the maximum amplitude is 1. 
The figure in (G) confirms that close to the Fermi level, the current-carrying 
state, in the zigzag taper is localized along the zigzag edges (zero amplitude at 
the inner part of the figure) and that the tapered part of the junction presents a 
high electrical resistance. [21] 

 

a given edge type (there is no special phonon localized on the edges themselves) 

[86]. Point (localized) defects are associated with large amplitude vibrations and 

these are likely to be annealed first. In addition, zigzag edged graphene ribbons 

are the only graphene structures which have electronic states that are localized 
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Quantum MD Results

Bond 
dissociation

Time = 0 Time = 0.37

 

Figure 4.8  Snapshots taken from a quantum molecular dynamics calculation of a 
zigzag-armchair-zigzag junction by Bobby Sumpter showing the dissociation of 
the bond at the zigzag-armchair junction. (The unit of time is picoseconds).[21] 
 
along their edges [71]. Since the electronic dispersion is quite large (Figs. 4.7D-

E), the electronic flow in zigzag-edged nanoribbons occurs mainly along these 

zigzag edges. When a zigzag edge meets a non-zigzag edge, the electronic flow 

is reduced and the system acts as if a large resistance were introduced at the 

junction. Therefore, additional heating will result and this heating will cause 

electron flow away from the edge junction, or if enough energy is dissipated at 

the junction, will result in a modification of the structure. In that case, provided 

that sufficient energy is dissipated in this manner, the atomic structure will 

rearrange locally (Fig. 4.8) until electronic flow is reestablished. Starting from a 

zigzag edge, this can take place if the structure is annealed into a zigzag edge. 

For this reason, zigzag-zigzag junctions are the favored junction formation (see 

Figure 4.2). This zigzag edge formation mechanism is therefore local, since it is 

due to a high local resistance at the edge intersection.  

To verify this hypothesis, we considered the three junctions shown in Figs. 

4.5A, B, and C, which differ in the structure of the tapered edge; in Fig. 4.5A the 

junction is made by an armchair edge, while the junctions in Figs. 4.5B and 4.5C 
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are a mixture of edge geometries. The conductance of the heterojunctions 

between zigzag and armchair edges is considerably reduced, due to the fact that 

transmission is hindered on those non-zigzag edges where no electronic state is 

present. The scattering amplitude of a current-carrying state close to E = 0 eV is 

shown in Fig. 4.5G, highlighting the appearance of a large, localized resistance 

where the zigzag edge is interrupted.  This resistance in turn results in local 

heating and subsequent annealing into an all-zigzag edge system. 

A non-local transformation mechanism can be invoked to account for the 

formation of semi-metallic conducting armchair edges. For larger current flow, 

the structure can also anneal into a conducting armchair edge system, as the 

current is allowed to flow, albeit not along the edges themselves. The effect is 

non-local in nature because, even though the edge structure governs the semi-

metallicity of the whole structure, the current flow in the non-local case mostly 

appears away from the edges.  

 

4.4 Graphene interlayer stacking 

 

Experimentally, it is found that more zigzag edges are initially formed at high 

temperature, which is an indication that local processes are dominant. 

Conversely, armchair edged ribbons, although found in less abundance, are 

considerably longer (Figs. 4.2 and 4.5), lending support to an operative non-local 

mechanism. We should also mention that armchair edges evaporate easily when 

compared to the zigzag edges (see Fig. 4.5). MD calculations (Fig. 4.8) show that 

a C-C unit located at the armchair edge dissociates preferentially; the energy 

required to vaporize a C-C unit from an armchair edge is 6.7 eV while that of a 

zigzag edge is considerably higher (ca. 11 eV). 

The Joule annealing process and its associated current flow, create stable 

“edge arrays” (see Fig. 4.2D, and Figs. 4.5A-D). These “edge arrays” indicate 

that an offset is present between the edges of two adjacent layers. The results of 

a careful measurement of the edge-to-edge distances in these “edge arrays” is 

plotted in Fig. 4.9A, which shows clear peaks at 0.34 nm, 0.38 nm and 0.43 nm  
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Figure 4.9 Edge arrays and their time evolution. (A) The experimental edge-to-
edge distances in the edge arrays show three peaks at 0.34 nm, 0.38 nm, and 0.43 
nm. These peaks correspond to the offset of two adjacent AB stacked zigzag 
edges, AB stacked armchair edges, and AA stacked zigzag edges, respectively, as 
indicated in the inset of (A). (B) Of all the edges obtained from analysis of Fig. 
1D, the percentage of AB stacked zigzag edges increases from 17% to 32%, 
while the percentage of AA stacked zigzag edges decreases from 17% to 13% 
after a 10 minute anneal, indicating that the AB stacked layer configuration is 
more stable than AA stacking. (Error of points is 2%). 
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edge-to-edge distances. These distances correspond to the offset of adjacent 

edges of differently stacked graphene layers (see Fig. 4.9A). Of particular 

interest, the evolution of the edge arrays (see Fig. 4.9B) after 10 minutes of 

irradiation and Joule annealing shows a clear increase for the AB stacked zigzag 

edges and a decrease of the AA stacked zigzag edges. This is attributed to the 

fact that the ABAB stacked configuration is thermodynamically more stable than 

AA stacking [87], and consistent with the Goma-Oberlin mechanism [83].  

 

4.5 Summary 

 

In summary, we demonstrated the efficient shaping of graphitic nanoribbon 

edges into zigzag or armchair edges via Joule heating inside a TEM-STM system. 

This structural transformation is mainly attributed to the vaporization of carbon 

edges that are reconstructed at high temperatures, in which the resistive Joule 

heating and the preferred current flow along specific edges play a vital role. The 

theoretical edge evolution model reveals that the specific edge formation is 

stimulated as a means to provide an easy path for current flow between 

intersecting zigzag and conducting armchair edges. This suggests that the 

efficient formation of all zigzag edge ribbons could be achieved by careful 

limitation of the flowing current. These results open up a possible way of 

generating atomically well-defined edges that may make graphene-based 

electronics possible. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 55

Chapter 5  

Folded edge and open edge 
formation 
 

In this chapter we will introduce the synthesis of the novel graphitic nanoribbon 

material (section 5.1) followed by a discussion of folded edge (loop) formation 

in this novel material by furnace annealing (section 5.2) and by Joule heating 

(section 5.3). Theoretical calculations show that electron beam irradiation plays 

a significant role in determining either folded or open edge formation, which is 

presented in section 5.4. Finally we conclude with a summary discussion for loop 

formation in these nanoribbons (section 5.5). 

It has been reported that when graphitic materials are subjected to high 

temperatures (e.g. >1500 °C), the ends of the graphitic sheets find a more stable 

configuration by forming a loop with an adjacent sheet [29,88-93], thereby 

healing the dangling bonds at the edge sites. These loops exhibit a diameter 

larger than the sheet-to-sheet separation of the graphene layers. Double and 

multiple layered loops have also been observed in these experiments. The loop 

formation phenomenon is surface driven and strongly involves the physics and 

chemistry of reactive edges and sp2 hybridized surfaces and interfaces. This 

chapter focuses on the loop formation (folded edge formation) in graphitic 

nanoribbons based on furnace heating and Joule heating, and reports similarities 

and differences between the loops formed by the two complementary methods. 

The mechanism for open or folded edge formation by in-situ Joule heating is also 

presented in this chapter.  

To the best of our knowledge, the first experimental observation of loop 

formation at the edges of graphitic layers was reported by Murayama et al. [29] 

in 1990 in furnace heat-treated graphite filaments. Since then, experimental 

evidence for loop formation has been provided in various furnace heat-treated 

graphitic materials [88-93], such as graphite polyhedral crystals [90] and cup-
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stacked nanofibers [88]. The transitional evolution of such loops from active end 

planes to stable loop configurations caused by annealing was first reported by 

Endo et al. [89]. Iijima also reported that loops are formed from graphite edges 

after furnace heat treatment at 2000 °C for 3 hours [92,94] . Most recently, 

Campos-Delgado et al. reported defect annealing and loop formation in graphene 

nanoribbons for heat treatment temperatures up to 2800 °C and they also 

reported their transformational mechanism and properties [93].  

Joule heating has also provided an efficient way to achieve high 

temperatures in many carbon materials, and it has been demonstrated that carbon 

nanostructures could be modified substantially by Joule heating, showing 

phenomena, such as the superplasticity of carbon nanotubes [94], wall-by-wall 

breakdown of multiwall carbon nanotubes [95], and the formation of tubular 

structures from amorphous carbon nanowires by Joule heating [78]. In particular, 

graphitic nanoribbons [28] represent an outstanding materials system to study 

edges and loop formation because of the high density of accessible end planes 

that are present in this material. Characteristic changes in the structure of 

graphitic nanoribbons have already been reported [93] when high temperatures 

come into play. In this chapter, we describe two routes to create loops on the 

edges of graphitic nanoribbons: one is through conventional furnace heating, and 

the other through Joule heating. A detailed description of the synthesis process 

of this interesting material is included at the beginning of this chapter, as well as 

a brief discussion of the morphology and structure of this material, obtained by 

electron microscopy.  In this chapter, we also compare the results of loop 

formation for the two cases of Joule heating and furnace heating, showing both 

similarities and complementary behaviors.   

  

5.1 Materials synthesis 

 

The materials are synthesized by our collaborator Jessica Campos-Delgado. The 

experimental set-up used in the synthesis of graphitic nanoribbons [28] is shown  
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Figure 5.1 A schematic diagram of the experimental set-up used in the synthesis 
of graphitic nanoribbons.  The yellow marked area in the tube within Furnace 1 
corresponds to the region where the graphitic nanoribbon material is deposited 
during synthesis. [96] 
 

schematically in Fig. 5.1, where all the necessary equipment is placed inside a 

fume hood. A quartz tube (∼1.1 m long), connecting an ultrasonic sprayer and a 

gas condenser/acetone trap for the exiting gases, is placed inside two tubular 

furnaces (see Fig. 5.1). The length of each furnace is 40 cm and the separation 

between the two furnaces is ∼15 cm. An inert atmosphere is maintained by 

flowing argon gas through the system. A solution containing 280 ml of ethanol, 

2.8235 mg of ferrocene (FeCp2) and 0.266 ml of thiophene (C4H4S) is prepared 

and placed inside the ultrasonic sprayer. During the heating of the furnaces, the 

ultrasonic sprayer is kept in a turned off setting and the flow of Ar is set to 0.2 

l/min. Once both furnaces reach 950 ºC, the ultrasonic sprayer is turned on. The 

aerosol thus produced is carried to the hot zone of the furnaces by raising the 

flow rate to 0.8 l/min. These conditions are maintained for 30 min, after which 

the sprayer is turned off, the flow rate is decreased to 0.2 l/min, and the two 

furnaces are allowed to cool down to room temperature. 

Once the system has cooled down, the quartz tube is taken out and the 

material of interest containing the nanoribbons is scraped from the walls of the 

tube. The nanoribbons are deposited as a powder within furnace 1 in a region 

between 12 and 20 cm relative to the left edge position of the first furnace (see 

Fig. 5.1). 

The black powder containing the nanoribbons has been shown to be 

efficiently dispersible in various alcohols. We have used ethanol and methanol  
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Figure 5.2 SEM and TEM images of as-produced graphitic nanoribbons. a) Low 
magnification SEM image, where a very clean material with no by-products is 
seen. b) A higher magnification SEM image of the same sample as in (a). c) TEM 
image of the surface of the nanoribbon, where the ribbon edge and the structure 
of a ripple are shown in the right-hand side of the image. The inset represents the 
FFT (fast Fourier transform) of the square region showing the six fold symmetry 
of the diffraction pattern. d) A simulated morphology of the ribbon samples 
showing the ripples as consisting of individual graphitic sheets with open edges. 
[96] 

 

followed by sonication to create suspensions of graphitic nanoribbons. These 

suspensions have been used to prepare samples mounted on copper grid sample 

holders for use in scanning electron microscope (SEM) and transmission electron 

microscope (TEM) observations.  

The morphology of the nanoribbons as observed by SEM and TEM is 

depicted in Fig. 5.2. A low magnification image of the as-produced nanoribbons 

is shown in Fig. 5.2(a). The dimensions of the nanoribbons range from 80-500 

nm in width, up to 10-15 nm in thickness and many microns in length. The 

material shows ripples along the main axis, as observed in Fig. 5.2(b). Because 

of these ripples, the ribbons have a discontinuous appearance. It is also 

noteworthy that in our TEM observations, we could not find catalytic Fe 

particles attached to the material or embedded in the entangled nanoribbons. 

TEM characterization of the graphitic nanoribbon material [28] reveals a 

crystalline structure with 001 planes parallel to the ribbon main axis. The FFT in 

the inset of Fig. 5.2(c) shows that the graphitic nanoribbons are crystalline, 

consistent with a honeycomb lattice structure. The nanoribbon structure is 

sketched in Fig. 5.2(d) to help clarify the essence of their structural morphology.  

Elemental analysis by XPS showed that the nanoribbons consist of C and 

some oxygenated groups [28], which we believe are attached to the edges of the  
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Figure 5.3 TEM micrographs of the edges of graphitic nanoribbons: a) pristine 
sample, b) sample heat treated at 1500 ºC and c) sample heat treated at 2800 ºC 
for 30 minutes in a graphite furnace under an inert Ar atmosphere (9). The scale 
bars for the three images correspond to 5 nm. [96] 
 

ribbons, and these chemical groups thereby passivate these edges. Other atoms 

present in the synthesis, such as S or Fe, were not detected in our measurements 

due to their low concentration, which was lower than the detection limits of the 

different techniques used in our studies (EDX, EELS, XPS). Nevertheless, it is 

possible that some low concentrations of hetero-atoms are incorporated into the 

sp2 hybridized lattice, along with O and H.  

 

5.2 Folded edge formation by furnace heating  

 

The as-produced nanoribbon material was annealed at various temperatures 

between 1500 ºC and 2800 ºC using a graphite furnace under an inert Ar 

atmosphere for 30 minutes (9). The structural changes promoted by furnace 

heating of the samples were monitored by TEM, as shown in Fig. 3 by comparing 

the images for the pristine material (Fig. 5.3(a)) and for the samples annealed at 

1500 ºC (Fig. 5.3(b)) and at 2800 ºC (Fig. 5.3(c)) within the graphite furnace. 

For the pristine (as prepared) sample (3), we can observe relatively 

straight lattice fringes and open end planes at the edges of the un-annealed 

nanoribbon. With a heat treatment temperature of 1500 ºC, we can notice some 

changes in the structure, including a straightening of the lattice fringes, 

reflecting a restructuring process, which also includes single loop formation at  
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Figure 5.4 a) Data on graphitic ribbons for the first derivative with respect to 
temperature of the weight loss curves (9) and b) Raman spectra taken at Elaser = 
2.33 eV for the pristine sample and the samples heat treated at 1500 ºC and 2800 
ºC (adapted from Ref. [93]). 
 

the edges. In contrast, for the pristine sample only open-ended planes were 

observed. At the highest heat treatment temperature (2800 ºC), we observe in Fig. 

5.3(c) multiple loops with highly faceted morphologies, along with a highly 

crystallized material away from the edges of the sample.  

Further characterization of the heat treated (HT) graphitic nanoribbons [93] 

is shown in Fig. 5.4. Thermogravimetric analysis (TGA; Fig. 5.4(a)) revealed the 

decomposition temperatures Td in air of the three investigated samples (pristine, 

HT at 1500 ºC and HT at 2800ºC), with values of Td being 702 ºC, 772 ºC and 

780 ºC, respectively. We can conclude that the annealing treatment induces 

structural changes that turn the sample into a less reactive material, since the 

decomposition temperature for the pristine material was increased by ∼70 ºC 

through heat treatment at 1500 ºC. Only an increase of 8 ºC in Td was found by 

further increase of the heat treatment (HT) process to 2800 ºC. These changes in 

the structure were also confirmed by Raman spectroscopy (see Fig. 5.4(b)).  For 

the pristine sample we note a very high intensity of the D-band, even higher than 

for the G-band, indicating that the hexagonal symmetry of the carbon lattice is 
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broken due to the presence of structural defects; as the annealing temperature is 

increased to 1500 ºC, we notice a considerable decrease in the D-band intensity. 

This is in good agreement with both the TEM and the TGA results, indicating a 

transformation into a more crystalline material with annealing at 1500 ºC. The 

similarity of Td for both the HT-1500 ºC and HT-2800 ºC samples suggests that 

little change in chemical reactivity occurs with further heat treatment above 1500 

ºC. The HT-2800 ºC sample, however, showed a residual Raman D-band with a 

low intensity because energetically stable loops formed in the end planes of 

nanoribbons prevent the development of 3D stacking, which we attribute to a 

high degree of graphitization in the material as a whole. However, the loops 

formed by heat treatment and the ripples that were preserved within the ribbons 

after heat treatment, are both types of symmetry-breaking structures that result in 

a residual D-band intensity in H-2800 ºC sample. 

 

5.3 Folded edge formation by Joule heating  

 

Resistive Joule heating experiments on the graphitic nanoribbons were carried 

out using an integrated STM-TEM system as previously described in Chapter 4, 

section 4.1.1. The as-prepared ribbon sample is placed in between the STM tip 

and the sample holder, and a controlled bias voltage is applied across the ribbon.  

Figures 5.5 (a)-(d) depicts TEM images of the nanoribbon edges after 

Joule heating. As we can see from these images, in the interior region of the 

ribbon material, the originally wavy fringes (see Fig. 5.2(c) and Fig. 5.3(a)) are 

developed into close packed straight lines, indicating an increased crystallinity 

of the graphitic nanoribbon material, which is consistent with our observation of 

furnace heated samples at 1500 ºC and 2800 ºC (Figs. 5.3(b) and 5.3(c)) [93]. 

Along the edges of the ribbon material, the open ends (Fig. 5.3(a)) disappear, 

thus forming loops of different shapes (Figs. 5.5(a)-(d)). The loops formed near 

the electrodes (Fig. 5.5(a)) reveal a larger degree of curvature with a minimum of 

2-3 layers contained within the loops, a result which is consistent with the 

furnace-heated samples in the temperature range between 2000 ºC - 2500 ºC. The 
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Figure 5.5 TEM images showing loop formation by Joule heating: a) near the 
electrode, b) and c) further away from the electrodes than in (a), and d) near the 
central region of the suspended graphitic nanoribbon material. (Scale bar is 5 nm) 

 

loops formed further away from the electrodes (Figs. 5.5(b)-(c)) display a 

smaller curvature with more than 10 layers contained on average within a single 

loop. Finally, the loops formed near the central region of the ribbon material (Fig. 

5.5(d)) reveal even larger loops and these even contain some facets 

(graphitization effect). Compared with the furnace heat treatment at 2800 ºC (Fig. 

5.3(c)) where multiple loops (~6 layers) are formed, Joule heating (Figs. 5.5(c)-

(d)) results in loop formation with more layers (>10 layers), which might 

indicate that a higher local temperature is reached. Furthermore, the annealing 
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process for Joule heating takes a shorter time (~15 min) compared to 30 min in 

the furnace heating experiment. 

The effect of loop formation by Joule heating is primarily attributed to the 

high temperature achieved by resistive Joule heating. We attribute the different 

shapes of the loops, that is, smaller loops (double or triple) near the electrodes 

(Fig. 5.5(a)), and larger multiple loops and faceted formations near the central 

region of the ribbon (Fig. 5.5(d)), to the larger temperature difference across the 

ribbon. Here the two electrodes serve as the heat sinks, and good thermal 

conductivity is achieved near the electrodes, so the temperature near the 

electrodes is much lower than that in the central region of the ribbon. This result 

is also consistent with the furnace heating experiments, which showed that 

different shapes of loops are formed at different annealing temperatures (Figs. 

5.3(a)-(c)).    

 

5.4. Mechanism for open and folded edge formation 

 

We have demonstrated that loop formation through the coalescence of 

bare edges on nearby graphene sheets can be successfully achieved by both 

furnace annealing and Joule heating.  We have also noted that high temperatures 

play the main role in this process. As explained by Campos-Delgado et al. [93], 

the loop formation is the result of a restructuring process taking place in the 

nanoribbons when subjected to high temperatures. As the annealing temperature 

is increased to 1500 ºC, the experiments carried out within the furnace reveal 

that the structure becomes much more crystalline; the lattice fringes seen in the 

TEM images corresponding to graphitic planes straighten up as the annealing 

temperature is increased.  Above a temperature of 1500 ºC, the edges of the 

ribbons reconstruct, and single loops start appearing. It is noteworthy that the 

diameter of these loops is larger than the sheet-to-sheet separation, sketched in 

Fig. 9 and observed experimentally in Fig. 5.3(b). 

Annealing temperatures around 2000 ºC result in double loop formation 

(see Fig. 5.6), as reported previously in references [93] and [92].  At higher  
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Figure 5.6 Schematic model of single, double and multiple loops formed in the 
graphitic nanoribbons, where the direction along the length of the nanoribbon is 
considered as the main axis (see also Figs. 5.2b and 5.2d). [96] 
 

temperatures, above 2500 ºC, multiple loops form (see Fig. 5.6) and we also 

observed more faceted graphitic features. 

For the Joule heated nanoribbons, a similar high temperature effect is 

achieved due to resistive Joule heating. However, a higher degree of crystallinity 

is achieved with increased annealing by Joule heating, and loops are created in 

the graphitic nanoribbon material in order to passivate the carbon atoms at the 

edges. However, when compared to the furnace heat treatment results, Joule 

heating could reach higher local temperatures (>2800 ºC) in the material, which 

induces enhanced crystallinity by the formation of larger multi-layered loop 

structures. It is also important to emphasize that the loop formation and the 

lattice restructuring process, could be achieved in a relatively short annealing 

time by Joule heating.   

A similar observation was made by the Iijima group in [92] where an 

HOPG sample is heat treated in a furnace for several hours at 2000 ºC. In this 

case, TEM micrographs of the heat treated sample clearly show loop formation at 

the edges. Another method for loop formation, other than furnace heat treatment, 

is by direct resistive Joule heating across pristine graphitic nanoribbons inside a  
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Figure 5.7 Molecular models showing the final configurations for graphene 
nanoribbons with vacancy (a),(c) and interstitial defects (b),(d). Zigzag ribbons 
create loops with both vacancies (a) and interstitials (c), while the reconstructed 
zigzag (reczag) edges do not show this behavior and rather show increased 
structural order. Interstitials lead to the formation of monoatomic carbon chains 
in both zigzag and reczag edges, due to the low reactivity of a graphene surface. 
(Images are adapted from Ref. [97]). 
 

TEM, as mentioned in section 5.3. It is found that resistive Joule heating without 

prior electron beam irradiation damage induces effective loop formation in a way 

that is very similar to that of furnace heat treated samples. 

The key difference between open edges and loop formation is the 

significant role played by electron beam irradiation when applied before and 

during in-situ Joule heating. Irradiation indeed enables edge modification and 

sharp open edge formation in CVD-grown graphitic nanoribbons. Recent 

theoretical work by Cruz-Silva et al. [97] provided an atomistic analysis to 

highlight the reasons why loops are formed by Joule heating alone, while 
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adjacent layers do not coalesce when Joule heating is applied after high energy 

electron irradiation. This theoretical work based on large-scale quantum 

molecular dynamics calculations indicates that the presence of both vacancies 

and interstitials (so-called “Frenkel pairs”) are essential for keeping graphene 

layers parallel to one another and for preventing adjacent edges from coalescing 

(loop formation). Electron beam irradiation, based on previous reports [45,98,99], 

is likely to provide the driving force for inducing vacancies and interstitials in 

graphitic nanoribbons. On one hand, the introduction of vacancies increases the 

surface reactivity and interlayer interaction far away from the edges. On the 

other hand, the interstitials provide effective feedstock to ensure interlayer cross-

link creation which keeps the layers parallel and prevents loop formation (see 

Fig. 5.7). Quantum transport calculations further confirm that interlayer cross-

linking increases the backscattering of electrons and promotes interlayer 

transport [97]. Therefore the cross-linking sites are key for both Joule heating 

and defect annealing, and such sites are susceptible to being healed during the 

joule heating process.  

 

5.5. Summary 

 

In this chapter we discussed the structural transformations occurring in a 

novel type of high surface area graphitic nanoribbon material grown by a CVD 

method, which is especially well suited for studying edge reconstruction [28] and 

for studying loop formation. In this chapter we investigated loop formation in 

these graphitic nanoribbons, under both furnace heating and Joule heating; these 

provide complementary ways of heating the samples. In both cases, the pristine 

open edges of the nanoribbons are shown to develop into stable closed loops, and 

the shapes and sizes of the loops could be modified and controlled by varying the 

annealing temperature and other annealing conditions. The shapes of the loops 

under Joule heating provide evidence for edge evolution into multi loop 

structures above 2800 ºC. Theoretical calculations show that electron-beam 

irradiation in the TEM prior to Joule heating may induce vacancies and 
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interstitial defects which could prevent loop formation, while direct Joule 

heating would results in loop formation. Comparing furnace heating and Joule 

heating we can conclude that Joule heating could be an efficient way for 

restructuring pre-graphitic structures into highly ordered graphitic material, in 

which stable loops could be formed after an edge reconstruction process of the 

bare edges of the laminated carbon material has taken place. We envisage that 

the chemistry and reactivity of these loops will be different when compared on 

the basis of the precursor materials used in the sample synthesis. Therefore, the 

interaction of different molecules with these loop structures should now be 

studied from both an the experimental and theoretical standpoint, so that these 

looped materials could perhaps be used for sensor applications.  
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Chapter 6 

Temperature measurement using Pt 
nanoparticles 
 

 

In Chapters 4 and 5, we demonstrated dramatic structural changes in graphitic 

nanoribbons using in-situ Joule heating. A question which arises naturally is 

what is the temperature of the nanoribbon during the Joule heating experiment.  

In order to estimate the temperature inside the TEM, we used Pt nanoparticles to 

calibrate the temperatures by monitoring Pt nanoparticle melting during Joule 

heating. We can calculate the melting point of nanoparticles from simple 

thermodynamics consideration. The nanoparticle melting point is usually much 

lower than that for their bulk counterparts [100]. However, it is not well 

understood if the nanoparticles would reach the melting temperature before 

sublimating or before coalescing into clusters. This chapter aims at 

understanding this behavior from both experimental and theoretical points of 

view.     

Pt nanoparticles have been widely used in energy applications. For 

example, they are used as nano-catalysts for lowering the energy barriers for 

water splitting or CO oxidation. Although there have been theoretical studies on 

Pt nanoparticle melting, sublimation and sintering, not much experimental work 

has been reported on Pt nanoparticle melting and sublimation. With the in-situ 

TEM, we are able to probe the structural changes in these Pt nanoparticles at 

elevated temperatures and in real time. Our work shows that for Pt nanoparticles 

with small diameters, sublimation and sintering may occur before the 

nanoparticles reach their melting temperatures. The sublimation or sintering rate 

strongly depends on the particle size, and the temperature. The substrate and 

nanoparticle concentration may also play an important role. 
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Figure 6.1 Diagram of the set up used in the process of anchoring Pt 
nanoparticles to the graphitic nanoribbon material. [96] 
 

 

This chapter will start with an introduction to the synthesis method for 

depositing Pt nanoparticles on graphitic nanoribbon substrates, followed by 

experimental investigations of Pt nanoparticle structural behaviors at high 

temperatures. Theoretical calculations are adopted to understand the observed 

phenomena.  

 

6.1 Materials synthesis 

 

Pt nanoparticles were deposited chemically on the as-prepared graphitic 

nanoribbon surface (as described in Chapter 5, section 5.1). The Pt anchoring 

process consisted of sonicating for 15 minutes a mixture of graphitic 

nanoribbons (10 mg), plus 10 ml of N,N-dimethylformamide (Sigma-Aldrich®, 

99% ),  and (1,5-Cyclooctadiene) dimethylplatinum (II) (Aldrich®, 97%) as a 

platinum source and polyvinylpyrrolidone (Sigma-Aldrich®, average mol wt 

10,000) as a passivating agent. After sonication, the suspension was maintained  
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Figure 6.2 A schematic of the Joule heating experimental setup for Pt 
anchored graphitic nanoribbons.   
 
under an Ar-H2 (5% H2) atmosphere to increase the reduction rate (see Figure 

6.1), and the suspension was subsequently placed in a glycerin bath at 110 ºC for 

40 minutes.  

Next, the suspension was allowed to cool down to room temperature and 

the composite material (graphitic nanoribbons with Pt particles) was recovered 

by filtration. These graphitic nanoribbons exhibited platinum nanoparticles (with 

an average size of ∼6 nm) anchored to their surface. Finally a thermal treatment 

was carried out at 350 ºC under an Ar atmosphere for 15 minutes in order to 

eliminate any residues of organic material that could remain on the surface of the 

composite material. 

 

6.2 Sublimation and sintering of Pt nanoparticles at high temperatures 

 

The modified nanoribbon material was mounted onto the TEM-STM set-up (as 

described in Chapter 4, section 4.1). A bias voltage is applied across the ribbon 

length to induce resistive Joule heating, as sketched in Figure 6.2. The electrodes 

also serve as heat sinks, and heat is flowing from the center region of the ribbon 

towards the electrodes. As we increased the applied voltage, the Pt nanoparticles 

near the central region of the ribbon started to merge with small neighboring Pt 

nanoparticles (some particles finally reached a diameter of 13 nm). Subsequently, 

and starting from the central region, the Pt nanoparticles disappeared, resulting 

in a clean surface (devoid of Pt nanoparticles) near the center of the ribbon 

sample (Fig. 6.3(b)). When a higher voltage is applied, additional Pt  
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Figure 6.3 A sequence of TEM images showing Pt nanoparticles on the ribbon 
surface (a) before Joule heating, (b) after Joule heating for 11 minutes under a 
constant bias of ~2V, and (c) after Joule heating for 15 minutes under a constant 
bias of ~2V. Here we see that the Pt particles melt and merge into bigger clusters 
(b), and start to evaporate from the central region of the ribbon (b), and 
eventually evaporate across almost the entire ribbon sample (c). (The scale bars 
are all 100 nm.) 
 

nanoparticles disappeared and eventually almost the entire ribbon is free of Pt 

nanoparticles (Fig. 6.3(c)). 

 The evolution of the Pt nanoparticle size distribution at increased Joule 

heating times is plotted in Figure 6.4. From the TEM images and the histograms, 

we can see the small nanoparticles disappear immediately upon heating, and the 

big nanoparticles first grow bigger, and eventually they shrink and disappear as 

well, likely due to a temperature increase. The combined effect of small particles 

disappearing and big particles growing results in a right-shifting of the 

histograms, indicating that the average size of the nanoparticles is increased. The 

transition size at which particles would either disappear or grow is at about 6nm. 

The total number of particles also decreases dramatically (by ~ 80%) upon Joule 

heating, as plotted in Figure 6.5.   
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Figure 6.4 The evolution of Pt nanoparticle size distribution at the same 
region of a graphitic nanoribbon surface during in-situ Joule heating. (a) – (f) are 
series of TEM images at t = 0s, 74s, 132s, 154s, 208s, and 222s heating times, 
respectively. And the histogram of the particle size distribution is plotted next to 
each TEM image. The two electrodes are located on the left and right sides of the 
ribbon, which are not shown here. The scale bar for each image is 50 nm. 

 
 

Figure 6.5 The total number of particles as a function of heating time showing 
a dramatic decrease in the number of particles. 
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6.3 The competing processes of melting, sublimation, and sintering 

 

Bulk Pt has a melting point of 2041.4K. The melting point of the Pt nanoparticles 

will be suppressed compared to their bulk counterpart due to size effects [101]. 

The melting temperature of Pt nanoparticles could be approximated using the 

following equation:    

     (6.1) 

where Tm
0 and Eb

0 are the bulk melting point and the bulk cohesive energy. Eb(n) 

is the cohesive energy for a nanoparticle containing n atoms, which can be 

calculated using [102]: 

     (6.2) 

The melting point of Pt nanoparticles versus particle size can thus be calculated, 

as shown in Figure 6.6. The melting point is strongly suppressed at small 

diameters, and reaches only half of the bulk value at a diameter of about 1 nm. 

 

 
Figure 6.6 Pt nanoparticle melting points at different nanoparticle diameters 
calculated for hemispherical (blue dots) and spherical nanoparticles (pink dots).  

 

However, melting is not the only process that nanoparticles can be 

undergoing at high temperatures. It has been calculated that in Au nanoparticles, 

sintering and sublimation also become significant for small nanoparticles. The 

vapor pressure P, sintering rates dn/dt, and rate constants for sintering and  
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Figure 6.7 Calculated Au nanoparticle vapor pressure P, sintering rates dn/dt 
and rate constants (for sintering and evaporation) versus particle size at 669K 
and 891K. 
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evaporation have been calculated for Au nanoparticles with different sizes and at 

different temperatures (Figure 6.7). The vapor pressure (which measures the 

evaporation rate of the nanoparticles) and the sintering rates both increase 

dramatically as the particle size becomes smaller, and as the temperature is 

increased. From the comparison of the rate constants we can also see that the 

sintering process becomes more dominant at high temperatures. Pt nanoparticles 

have similar physical properties to Au nanoparticles, and should result in similar 

behaviors. A more detailed calculation for Pt nanoparticle vapor pressure and 

sintering rate has been undertaken to explain the experiments, and the results are 

expected to be available for publication soon. 

 

6.4 Summary 

In summary, our results indicate that other kinetic phenomena, such as 

sublimation and particularly sintering, will interfere with the measurement of 

nanoparticle melting temperatures. Nanoparticles could sublimate or coalesce 

before they reach their melting temperatures. The sublimation and sintering will 

depend upon the rate of heating, the experimental set up such as the diffusivity, 

surface density, etc. In order to get an accurate temperature measurement using 

Pt nanoparticles as a temperature monitor, other kinetic processes such as 

sublimation and sintering have to be inhibited by methods such as enclosing the 

nanoparticles in a porous structure which limits the nanoparticle diffusion [103]. 

On the other hand, for Pt nanoparticle applications, it is also important to be 

aware of the sublimation and sintering processes which occur at high 

temperatures, since the use of such processes may affect the desirable 

performance of the nanomaterials after processing.  

 In order to further probe the properties of these nanoparticles, high 

resolution TEM images need to be taken and compared at different times during 

heating. HRTEM will provide the information of the nanoparticle crystallinity 

before and after heating, so the melting process could be accurately monitored. 

The effect of the substrate, the nanoparticle concentration, and the heating rate 
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on the sintering and evaporation rate should also be studied by further 

characterizations.     
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Chapter 7 

STM and STS studies of CVD 
grown graphene and graphene 
nanoribbons 
 

7.1 Introduction 

 

In Chapters 4 and 5 we have used in-situ TEM to characterize the structures of 

graphitic nanoribbons and their modified edges. The electronic structures, on the 

other hand, cannot be studied using TEM. Scanning tunneling microscopy (STM) 

and scanning tunneling spectroscopy (STS) are advantageous for studying the 

surface morphology and electronic structures of materials, respectively. In this 

chapter, I will present the work on the studies of CVD grown graphene and 

graphene nanoribbons using these complementary techniques. 

In the recent couple of years, there has been a growing research interest 

on the STM and STS studies of graphene, motivated by the unique physical and 

electronic properties predicted in graphene [10]. Zhang et al. first reported giant 

phonon induced conductance in gate tunable graphene from a HOPG-derived 

sample placed on a SiO2 substrate in 2008 [104]. Later on, Li et al. observed that 

twisted graphene layers give rise to van Hove singularities that can be measured 

in STS [105]. Levy et al. recently discovered that the strain in graphene 

nanobubbles could induce pseudo-magnetic fields greater than 300 Tesla [106].  

The electronic properties of graphene nanoribbon edges have also 

intrigued experimental scientists for a long time [107], since magnetic properties 

and edge states are predicted at the edges. However, it is very challenging to 

study the electronic properties at graphene edges with STM and STS for two 

reasons. First of all, STM and STS measurements are very sensitive to surface 

contaminations, and an ultra clean surface is usually required to obtain accurate 
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measurements. However, graphene edges with dangling bonds are chemically 

reactive, and tend to pick up chemical groups during a graphene wet transfer 

process. Secondly, graphene nanoribbons with smooth edges are not easily 

produced. And edge disorder will strongly interfere with the study of edge states.  

In this work, we directly synthesized graphene nanoribbons on large sheet 

graphene using a CVD method, and studied the morphologic and electronic 

properties on both large sheet graphene and graphene nanoribbons. These 

materials exhibit a highly crystalline structure, comparable to the HOPG-derived 

graphene. They also have ultra clean surfaces and edges, allowing us to study the 

interlayer twisting and the edge states in graphene nanoribbons. 

 

7.2 Synthesis of graphene nanoribbons on a graphene background sample 

 

Graphene materials are synthesized under atmosphere pressure CVD conditions 

using gas mixtures composed of hydrogen, argon and methane. Copper foils (3” 

X 1”) are placed in a one inch quartz tube furnace and are heated to 1000 °C 

under a mixture of hydrogen and argon gas flow (H2:Ar = 50:450 (sccm)). 

Subsequently, methane gas (2 sccm) is introduced in the furnace after the 

temperature stabilizes and the syntheses are performed for 20-30 minutes. The 

samples are finally cooled to room temperature under hydrogen, methane and 

argon gas flow [108]. 

The synthesized materials are then transferred onto SiO2 substrates and 

TEM grids using a wet etching process, and characterized using optical 

microscopy and TEM, respectively. Unlike single layer graphene samples grown 

by conventional low pressure CVD on copper foils (as shown in Figure 7.1a for 

comparison), these materials exhibit a slightly darker color in the optical 

microscope with localized regions of even darker colors, indicating multi-layered 

graphene flakes sitting on a few-layer graphene sheet (Figure 7.1b).  

A TEM study is also performed to determine the material quality and to 

confirm the number of layers using a JEOL 2010F TEM, operating at 200 kV.  
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Figure 7.1 Optical images of CVD grown graphene transferred onto SiO2 
substrates. (a) Single layer graphene grown using a low pressure CVD method. 
(b) Multilayer graphene with flakes grown using an atmosphere pressure CVD 
method. [108] 

 

Figure 7.2 TEM characterizations of CVD grown graphene flakes and ribbons on 
a large sheet few-layer graphene sample. (A, B) High resolution TEM images of 
graphene synthesized using Cu foils. (C) Contaminant nanoparticles (from the Cu 
etchant) decorating graphene edges. (D) Graphene nanostrips and nanoribbons 
(along the arrows). [108]  

Representative high-resolution TEM images of the graphene samples are shown 

in Figure 7.2A-B. These images confirm the presence of multilayer domains in 

these graphene samples. Additionally, the number of layers in these multilayer 

domains varies from 2 to 5 layers. When imaging over large areas, we can clearly 

see nanoparticle residues attached to the edges of graphene domains. These  
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Figure 7.3 A schematic of the STM and STS measurement setup in a ultrahigh 
vacuum chamber. One gold electrode is grounded. 
 

nanoparticles are iron/iron oxide core shell nanoparticles that come from the 

copper etchant. The attachment of the particles to the edges indicates strong 

interactions between the edges and the nanoparticles (Figure 7.2C), and also 

enable us to identify nano-sized features present in these samples, such as 

graphene nanoribbons and nanostrips with widths ranging from 20nm to 100nm 

(Figure 7.2D).  

 

7.3 Twist and strain in few layer graphene 
 

Few layer graphene can have advantages over single layer graphene because it 

has a larger current carrying capacity, and the electronic properties can be tuned 

by varying its inter-layer stacking (twist) and intra-layer strains. Here we use 

STM and STS to probe the morphologic and electronic properties in the CVD 

grown few layer graphene (the synthesis of which is described in section 7.2). 

The as-grown samples are transferred onto 300 nm SiO2 substrates and patterned 

with gold electrodes, before their transfer into an ultrahigh vacuum STM setup 

for STM and STS measurements. A schematic of the experimental setup is shown 

in Figure 7.3. Large area STM scans show a rough surface of the few layer 

graphene on SiO2, with a surface corrugation of about 0.6 - 1 nm. This surface 

corrugation can be attributed to the roughness of the SiO2 substrate. The few 

layer graphene on this rough substrate will adopt the surface morphology of the  
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Figure 7.4 STM images of CVD grown few layer graphene on a SiO2 substrate.  
(a) Atomic-resolution image shows a well-ordered triangular lattice, which 
indicates Bernal-stacked layers. The inset is a larger area scan (50nm×50nm) 
which shows the corrugated surface with the roughness ranging from 0.6 nm to 1 
nm. (b) Atomic-resolution image of a 5nm×5nm area shows “hills” and “valleys” 
features. The inset is a Fourier transform of the image. Tunneling current is 50 
pA, and sample bias voltage is 0.6 V. 

 

substrate, exhibiting unique “hills” and “valleys” features all over the surface, as 

shown in Figure 7.4. This corrugated SiO2 surface naturally induces strains in 

these few layer graphene samples.  

CVD grown graphene usually forms a rotational stacking order (instead of 

the AB Bernal stacking order observed in graphite) between adjacent layers 

[109]. The rotation (or twist) between graphene layers is often observed in a 

STM image as a Moiré pattern. In a bilayer graphene with a twist angle θ, the 

condition for commensurate periodic structures leading to a Moiré pattern is 

easily derived: cos (θi) = (3i2 + 3i + 1/2) / (3i2 + 3i + 1), with i being an integer 

(i=0, θ=600 corresponds to AA stacking; and i→∞, θ=00 corresponds to AB 

stacking). Figure 7.5a shows a high resolution STM image of the few layer 

graphene. Two sets of lattices forming a new periodicity (as marked by the two 

short red lines) can be found. The line profile measurement shows the separation 

between the adjacent atoms of two lattices varies from being well-separated to 

almost overlapped. This suggests the superlattice periodicity i to be about 8, 

giving us a twist angle θ = 3.890. To verify this angle, we did a Fourier transform  
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Figure 7.5 High resolution STM image of the few layer graphene. (a) Atomic 
resolution image shows both triangular lattices for the two twisted layers. Note 
the two short red lines crossing the long black line. (b) Fourier transform of the 
atomic-resolution image in (a) shows two sets of hexagonal dotted patterns with 
a 40 rotation. (c) The line profile is measured along the black solid line in (a). 
The two arrows in (c) corresponds to the positions of the two short red lines in 
(a), respectively. 

of the atomic-resolution image, as shown in Figure 7.5b. The hexagonal 

reciprocal lattice splits into two sets of adjacent hexagonal dots. The angle 

between two reciprocal lattice vectors is measured to be 40, which confirms the 

twisting of about 40 between the stacked layers. 

Compared to a perfect AB stacked bilayer, a graphene bilayer with a 

relatively small twist angle between the layers has a quite different electronic 

structure. Both experimental and theoretical studies have shown that the Fermi 

velocity in a twisted bilayer graphene can be significantly smaller than that in a 

single layer graphene, and Van Hove singularities (VHS) in the electron density 

of states can be induced by the twisting [109,110]. The tunneling differential 

conductance dI/dV is commonly used to probe the local density of states. The 

rotation-induced VHS will result in two peaks in the density of states with an 

energy separation of ΔEVHS (as indicated in Figure 7.6b). The energy separation 

between the VHS points is ΔEVHS = ±υFK×2sin(θ/2), where K = 4π/3a0, and υF is 

the Fermi velocity which is about 106 ms-1 for an unrotated graphene layer. By  
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Figure 7.6 Scanning tunneling spectra of CVD grown few layer graphene. (a) 
Second derivative of the tunneling conductance shows antisymmetric 
peaks/valleys located at ±62meV and ±150meV. (b) The tunneling spectrum 
shows two sharp peaks around the Fermi energy with an energy separation ΔE ∼ 
225 meV. (c) Spatial dependence of the tunneling spectra along a line running 
from the top of the “hill” to the bottom, shown in the inset figure. Tunneling 
current is 50 pA, sample bias is 300mV, and a.c. bias modulation is 6 mVrms with 
a frequency of 746 Hz. Although all spectra show two peaks, the energy 
separation between the peaks and the position of the central dip (Dirac point) 
slightly varies according to the position on the sample (BCDEFG).  

calculating the bilayer graphene with a twist angle of 4° as measured in our 

system, we can get the energy separation ΔEVHS to be above 0.5 V. 

Figure 7.6b shows a typical dI/dV curve obtained at 25 K for the CVD 

grown few layer graphene. Two sharp peaks with a dip at the Fermi energy are 

clearly observed in this spectrum. By comparing this spectrum with the spectra 

shown by Guohong Li et al. [105], we can easily identify these two peaks as the 

rotation-induced VHS. The energy separation between our two peaks is ΔEVHS = 

225 meV, much smaller than the value we calculated from the 4° twisting angle 

(0.5 eV). One of the possibilities for this discrepancy is that the Fermi velocity 

in our system is much lower than that in a single layer graphene. That is 
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consistent with both theoretical prediction and experimental observations. The 

second derivative of the tunneling current d2I/dV2 is shown in Figure 7.6a. The 

antisymmetric peaks at ±63 meV and ±150meV are located on opposite sides of 

the Fermi energy, and these peaks are attributed to phonon-mediated inelastic 

tunneling via K-point phonons, as described in previous work [104]. 

Figure 7.6c shows a set of dI/dV spectra obtained at different positions (as 

marked) along a line from the top of the “hill” to the bottom. All the spectra 

show similar features with two peaks, except that the energy separation of the 

peaks and the position of the dip slightly change with regard to the spatial 

locations.  

The energy separation between two peaks varies from 225 meV to 245 

meV, which indicates the interlayer coupling slightly changes at different 

locations. Since graphene is only one atom thick, it is highly amenable to strains, 

which also provides the possibility of tuning the electronic properties in 

graphene by strain.  If a strain varies smoothly on the scale of interatomic 

distances, it does not break the sublattice symmetry but rather deforms the 

Brillouin zone in such a way that the Dirac cones which are located at K and K’ 

points shift in opposite directions [111]. There have been several reports on 

graphene under uniaxial deformation in recently years. The dips in the spectra, 

reflecting the positions of the Dirac points, all shift slightly towards the positive 

bias positions, which demonstrates the fact that the graphene film is locally 

deformed under a strain. The energy shift of the Dirac points reaches a maximum 

value of about 35 meV in spectrum E. 

 
7.4 Graphene nanoribbons and edge folding 
 

Graphene nanoribbons, which are quasi one dimensional structures of graphene, 

are predicted to exhibit a wide range of behaviors such as a tunable energy gap 

and the presence of unique one-dimensional edge states with unusual magnetic 

properties [18]. The energy gap and the edge states are determined by the edge 

chirality and the width of the ribbon. Most experimental works on graphene 

nanoribbons reported so far are about their electrical conductivities, while not  
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Figure 7.7 STM images and line scan of graphene nanoribbons on few layer 
graphene. (a-b) Large area scans show many ribbons with widths ranging from 
20 nm to about 100 nm. (c-d) Small area scans show the ribbons typically have 
one edge open and the other edge folded. (e) is a zoom-in image of the ribbon 
shown in (d) (marked with a balck box). (f) is the line scan across the ribbon 
width showin in (e), which confirms the open and folded edge structure.  
 

much work has so far been done on studying the electronic structures at the 

edges, due to the experimental challenges as mentioned above in section 7.1. We 

have found in using TEM characterization that graphene nanoribbons on few 

layers of graphene can be directly grown using our atmosphere pressure CVD 

method (see section 7.2). These nanoribbons did not go through lithographic 

cutting, so that clean and relatively smooth edges can be expected which are 

suitable for STM and STS measurements; therefore their local morphologic and 

electronic edge properties can be investigated.  

 The graphene nanoribbons on few layer graphene are transferred onto a 

SiO2 substrate and measured in an ultrahigh vacuum STM chamber (see Figure 

7.7). By taking large area STM scans, many ribbons in different orientations are 

found, as shown in Figures 7.7a and 7.7b. The roughness observed in the images  
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Figure 7.8 Atomic resolution images of a folded graphene nanoribbon. (a) An 
STM image of a folded graphene nanoribbon with one side open and the other 
folded. (b) and (c) are atomic resolution images of the bottom layer (b) and the 
top layer (c) of the same ribbon in (a). The hexagons help to visualize the lattice 
orientations, and thus to identify the chiralities of the ribbons with regard to the 
folding line. The bottom layer has a chirality of (5,2), and the bottom layer has a 
chirality of (3,1), with regard to the folding line near the bottom of the image (c) 
(marked as a dotted line). 
 
does not come from the ribbons or from the few layer graphene, but rather from 

the SiO2 substrate, as we explained in section 7.3. These ribbons have widths 

ranging from 20 nm to about 100 nm, and have lengths up to several microns. By 

taking smaller area scans on the ribbon surfaces, we find that most of the ribbons 

have one side of the edge folded and the other side open. The open edge usually 

shows a sharp contrast in the STM image, while the folded edge can be blurred, 

likely due to the curved folding structure. Figures 7.7c and 7.7d are two typical 

ribbon images exhibiting such a folded and open edge structures. The edge 

folding can be furthered verified by taking a line scan across the ribbon width. 

The height profile shows a one-layer thickness on one edge, and about a two-

layer thickness on the other edge, as indicated in Figures 7.7e and 7.7f. 

 Atomic resolution images in Figs. 7.8(b) and (c) can be obtained on these 

graphene nanoribbons using STM. These results confirm that the rough 

morphology in large area scans (Fig. 7.8(a)) comes from the SiO2 substrate, 

rather than from surface contaminations or corrugations on the ribbon itself.  
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Figure 7.9 A theoretical model of a grain boundary consisting of 5-7 defects 
located at a folded graphene nanoribbon edge. 
 
These CVD grown graphene nanoribbons indeed have an ultra clean surface even 

after the wet transfer process, and have a highly crystalline structure, comparable 

to that in HOPG derived graphene samples. For a folded graphene nanoribbon 

(Figure 7.8a), by comparing the hexagonal orientations with regard to the folding 

line, we can determine the chiralities of both the bottom layer and the top layer 

of the nanoribbon. The chirality for the bottom layer of the nanoribbon in Figure 

7.8a is found to be (5,2), and the top layer to be (3,1). 

 For an unfolded perfect graphene nanoribbon with no defects, the folding 

line draws a chiral angle which determines the chirality of the edges on both 

sides of the folding line. So if we know the chirality for the bottom layer of the 

nanoribbon relative to the folding line, the chirality for the top layer is also 

determined. For example, a (5,2) bottom layer will form a (5,2) top layer ribbon. 

However, in our image, the top layer is measured to be (3,1) instead of (5,2). In 

order to understand this discrepancy, a theoretical model is drawn for a folded 

ribbon with (5,2) and (3,1) chiralities for the bottom and the top layers 

respectively (see Figure 7.9). It is shown that a grain boundary consisting of 5-7 

defects may exist at the fold, which results in a discrepancy in the chiralities 

between the top and bottom layer edges. More interestingly, the side view of the 

stabilized graphene with a grain boundary in the middle shows that it forms an 

angle at the grain boundary, which we think may assist the ribbon folding we 

observed in STM images. It is also noteworthy that the difference in the chiral  
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Figure 7.10 STS measurement of a graphene nanoribbon on few layer graphene. 
(a) is an STM image of a graphene nanoribbon on few layer graphene. (b-d) are 
STS differential conductance measurements (dI/dV) in the middle region of the 
ribbon (b), at the ribbon edge (c), and at the background graphene sheet (d).   
 

angles between (3,1) and (5,2) chiral angles is very small. So besides the 

possibility of a grain boundary existing at the fold, other factors such as sudden 

surface corrugation near the fold may also result in the measured discrepancy of 

the chiralities. 

 
7.5 Edge states in GNR 
 

We also conducted STS measurements of a graphene nanoribbon at a low 

temperature of about 25 K. Figure 7.10 shows the spectra obtained in the middle 

of the ribbon, at the ribbon edge and at the background few layer graphene. The 

interior region of the ribbon surface shows two prominent peaks in the spectrum 

on opposite sides of the Dirac point, which we attribute to the Van Hove 

singularities in twisted graphene layers (see section 7.3). The energy separation 

between this two peaks is measured to be 400 meV, which corresponds to a twist 
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angle of 3.50 between the adjacent layers (the graphene nanoribbon and the 

background layer in this case). The spectrum at the ribbon edge shows two 

asymmetric peaks with an energy separation of about 55 meV. These peaks are 

probably due to the edge states in the graphene nanoribbon. A very similar result 

of the edge states with theoretical calculations is reported recently in carbon 

nanotube unzipped graphene nanoribbons [112]. Comparing with the calculations 

done by Tao et al. [112], our edges are likely also magnetic and have an intrinsic 

local magnetic field. We have also obtained a series of spectra at different 

locations along the ribbon width direction, and found that the intensity of the two 

peaks (edge states) decreases as we move away from the edge. This also provides 

evidence that the two peaks are indeed due to edge states.   

  
 
7.6 Summary 
 

In this chapter we have studied the morphologic and electronic properties in few 

layer graphene and graphene nanoribbons using STM and STS.  

These unique materials grown by atmosphere pressure CVD have a very 

clean surface and highly crystalline structures, comparable to the HOPG derived 

samples, making them well-suited for the STM/STS study.  

The electronic properties of few layer graphene can be tuned by an 

interlayer twist and by intra-layer strains. The twist between adjacent graphene 

layers gives rise to Van Hove singularities in the electron density of states. And 

the strains in the layers shift the Dirac point of the graphene.  

We have also investigated the graphene nanoribbons structures and their 

electronic properties. STM provides us with a sensitive tool for studying the edge 

folding in graphene nanoribbons. And atomic resolution images of a folded 

graphene ribbon indicate that a grain boundary may exist at the folding line. 

Finally, edge states have been measured in our graphene nanoribbons with clean 

surfaces and relatively smooth edges. A direct correlation between the edge 

geometry and the electronic measurement at the edge is still lacking, and 
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theoretical calculations are needed to understand the magnetic and electronic 

properties of different chiral edges in graphene nanoribbons.  
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Chapter 8  

In-situ TEM study of bismuth 
nanowires and nanoparticles 
 

 

8.1   Background 

 

The anisotropic electronic structure of Bi provides some directions along the 

constant energy surfaces for the three electron pockets at the L point of the 

Brillouin zone which have very low effective mass components giving rise to 

high mobility carriers.  At the same time, the constant energy surfaces of bismuth 

have other directions with heavy masses giving rise to a high density of states. 

For both of these reasons, very good thermoelectric properties should be 

obtained for carrier transport along the low mass direction. However, as the size 

of a Bi nanowire or a Bi nanoparticle become smaller, the lowest quantized level 

in the conduction band moves up in energy and the highest quantized level in the 

valence band moves down, so that eventually these levels cross and a semimetal 

to semiconductor transition occurs. This transition occurs for larger diameter 

nanostructures as the temperature is decreased or as Sb is added in the structure 

(up to about 10%). In the semiconducting state, transport by electrons and not by 

holes can be achieved by n-type doping, thereby allowing us to capture the 

benefits of the anisotropic constant energy surfaces of the L point carriers in Bi. 

The heavy atomic mass of Bi also results in a low thermal conductivity which is 

also desirable for good thermoelectric performance. 

Studies at the single nanowire and single particle level are necessary to 

probe the anisotropic aspects of these anisotropic constant energy surfaces. 

Experiments inside a transmission electron microscope allow us to produce clean 

Bi nanostructures free of oxides, and to study both their structural and electronic 

properties at the same time. This is highly advantageous for studying the  
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Figure 8.1 Schematic diagram of the in-situ TEM-STM system used to make 
simultaneous electrical and structural measurements [113]. 
 

semimetal-semiconductor transition and how this transition could enhance the 

thermoelectric properties of this materials system.  

Electrical transport measurements of individual nanowires and 

nanoparticles have always been challenging, especially for very fine Bi 

nanostructures (diameters < 100nm) due to both their tendency of bismuth to 

oxidize easily and to their poor mechanical properties [114]. Here we present a 

direct approach to make single nanowire or nanoparticle measurements within an 

in-situ TEM-STM system (see Chapter 4, section 4.1.1.). As shown in Figure 8.1, 

the suspended nanowires or nanoparticles on the sample holder (which also serve 

as one electrode) can be approached and contacted by the STM probe. The 

movement of the STM tip is controlled by piezoelectric materials, and the STM 

tip can be observed under the TEM. With this setup, we are able to make 

electrical measurements on nanostructures with different sizes and morphologies, 

while imaging the nanostructures simultaneously. 

                          

8.2   Experiment 

 

In this section, the Bi materials growth, in-situ TEM measurements on Bi 

nanowires and Bi nanoparticles will be presented. The structural behavior is 

monitored simultaneously as we change the applied voltage.   

 

8.2.1   Materials preparation 

Bi 

Sample holder 
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One-dimensional Bi nanowires are usually prepared using rigid inorganic or 

polymer templates. Here we prepared Bi nanowires and nanoparticles by a polyol 

process, which provides good shape control of the synthesized nanostructures. 

Nanowires with an average width of ~60nm and nanocubes with an average edge 

length of 60-80nm were synthesized by this basic process [115]. Bi nanoparticles 

with an edge length as small as 3.8nm can also be grown within the HRTEM 

chamber as described below. 

 

8.2.2   Bi nanowires 

 

As stated above, the two biggest challenges for Bi nanowire measurements are 

removing the thick oxide layer surrounding the nanowire without destroying the 

Bi core, and making good low contact resistance electrical contacts between the 

nanowire and the electrode. Within the TEM high vacuum chamber, we 

successfully removed the oxide shell surrounding the Bi nanowire by applying an 

electrical bias. Successive steps in the reaction process are shown in Figure 8.2 

and Figure 8.3. Before applying a bias, a 19.6 nm wide, 50 nm long Bi nanowire 

inside a 7.2nm oxide layer is placed in contact with a gold STM probe and the 

other electrode, respectively. The measured lattice spacing and selected area 

diffraction pattern indicate the crystalline structure of the Bi core region to be 

along a <012> direction. After applying a ~3V bias for Joule heating for ~3min 

duration, the oxide shell disappears gradually, while the Bi core starts to expand. 

No crystalline structure of the nanowire was observed during this process. 

Shortly after this transformation starts, the shell layer surrounding the entire wire 

disappears, and the measured current under constant applied bias is increased, 

indicating the disappearance of oxide layer. Upon fast quenching to room 

temperature (achieved by cutting off the bias current), a single crystalline Bi 

structure along the <012> direction was observed for the nanowire (see Figure 

8.3). The bias voltage should be controlled carefully, because once the reaction 

finishes, the current remains high, and the entire Bi nanowire could melt. 
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Figure 8.2 TEM images of Bi nanowires before Joule heating annealing: The Bi 
nanowire (surrounded by the Bi oxide shell) in contact with the gold electrode 
shown at low resolution (left) and higher resolution (right). Inset is a selected 
area diffraction pattern of the Bi core.  
 

  
Figure 8.3 TEM images of Bi nanowires after Joule heating annealing: The Bi 
oxide shell disappears, and finally the nanowire becomes an almost pure 
crystalline Bi structure oriented along a <012> direction (right). 
 

8.2.3   Bi nanoparticles 

 

Bi nanoparticles are also a good candidate for studying quantum size effects, 

because they provide more quantum confined structures, and because a wide 

distribution of particle sizes and some choices in crystalline orientations can be 

readily achieved. However, conventionally grown Bi nanoparticles are always 

embedded in a surfactant solution, in order to prevent aggregation and oxidation. 

Thus Bi quantum dot electrical measurements become very challenging, and no 

electrical measurements for individual Bi quantum dots have so far been reported 

to our knowledge.  

10nm 5nm

5nm10nm

0.23 nm 
[101] 

0.32 nm 

[012] 
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Figure 8.4 A 10nm×3.8nm Bi nanoparticle oriented along the <101> direction 
(left) and a 10nm×8nm Bi nanoparticle oriented along the <012> direction (right) 
were grown from bulk Bi upon applying a bias voltage between the STM tip and 
the big Bi particle. 
 

With our setup, we were able, starting from big Bi particles, to grow clean 

Bi nanoparticles, with different sizes and crystalline orientations, by applying a 

dc bias using the setup shown in Figure 4. As we increase the bias voltage, the 

current density at the tip/Bi contact is increased. Then, by slowly moving the 

STM tip away from the big particle of Bi, a clean Bi nanoparticle is formed 

(Figure 8.4), with the nanoparticle in good contact with both the STM tip and the 

Bi big particle. Figure 8.4 shows a 10 nm by 3.8 nm Bi nanoparticle along the 

<101> direction (left) and a 10 nm by 8 nm Bi nanoparticle along the <012> 

direction (right) grown within the TEM chamber in another experiment done in 

the same set-up. 

 

8.2.4   Electrical characterizations 

 

Figure 8.5 shows the measured I-V curve for a 20.4 nm (wide) by 7.7 nm (long) 

nanoparticle between two electrodes. From the data in Figure 5, a conductance of 

7.8×10-5 S is obtained which correspond to a conductivity of 2×103 S/m if we 

assume that the particle has a circular cross section. For all the nanoparticles 

measured, the conductivities range from 2×103 to 8×103 S/m, which is about two 

orders of magnitude lower than that of the bulk Bi conductivity of ~ 8×105 S/m.  

5nm

0.37 nm 

[101] 
0.32 nm 

[012] 
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Figure 8.5 Measured I-V characteristics for a 20.4 nm (long) by 7.7 nm (wide) Bi 
nanoparticle. 
 

The drop in conductivity in nano Bi may be due to a reduced carrier 

concentration arising from quantum confinement effects. 

 

8.3   Discussion 

 

Thermodynamics for Bi oxide reduction  

Figure 8.2 and Figure 8.3 show that when a current is passed through the bismuth 

nanowire, a phase transition occurs whereby the oxide layer surrounding the Bi 

core is changed into Bi following Eq.1.  The reaction takes place first close to 

the connection between the wire and tip of the STM.  This is to be expected since 

the contact resistance between the tip and the wire will give rise to a local 

increase of temperature that will eventually favor the following reaction: 

2 3( / ) 2( ) ( )
3 2
2s l g lBi O O Bi⎯⎯→ +←⎯⎯

 (8.1) 

in which, s, l and g denote solid, liquid and gas phases. As seen in Figure 8.3, the 

Bi nanowire initially melts when the temperature reaches 545K.  Even if Bi2O3 is 

stable with liquid Bi and oxygen under normal conditions, a temperature increase 

because of the current and the reduced oxygen pressure in the vacuum chamber 

of the TEM will eventually favor the decomposition of the oxide.  Omitting 

energy barrier considerations, the reaction to the right of Equation (8.1) will be 

spontaneous when the Gibbs free energy for Bi2O3 formation (ΔG) becomes 

positive.  Following [116], the free energy of formation of Bi2O3 is: 
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( / ) 583.4 0.2938 (572 988 )oG kJ mol T K T KΔ = − + ≤ ≤  

( / ) 543.8 0.2538 (988 1098 )oG kJ mol T K T KΔ = − + ≤ ≤ . (8.2) 

Because of the reduced oxygen pressure in the vacuum chamber of the TEM, a 

pressure term correction must be added to the free energy, and the free energy of 

formation then becomes [117] 

2

2 3

3/ 2 2

ln O Bio

Bi O

P a
G G RT

a
⎛ ⎞

Δ = Δ − ⎜ ⎟⎜ ⎟
⎝ ⎠  (8.3) 

where R is the ideal gas constant, T is the temperature, 
2OP  is approximated as 

the pressure in the TEM chamber and the ai’s are defined as the activity 

coefficients of the Bi and of the Bi2O3. We take these ai  values  be unity under 

the assumption that they are a perfect liquid and a perfect solid [118].  Figure 6 

shows the result of these calculations and they demonstrate that for temperatures 

above 1003K, we should expect a decomposition of the Bi2O3 external layer into 

Bi.   

 
Figure 8.6 Free energy of formation of Bi2O3. The free energy of formation of 
Bi2O3 as a function of temperature under an oxygen pressure of 10-5Pa. At 
~1003K, when the free energy of formation becomes positive, it means that the 
decomposition of Bi2O3 will be thermodynamically favored and spontaneous, 
once the energy barriers are removed. 
 

It also becomes evident that the high temperature needed to convert the oxide 

layer will be more than sufficient to locally melt the Bi core.  This melting 

weakens the nanowire and explains why failure to remove the voltage bias from 
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the sample after the complete Bi2O3 to Bi transition has occurred could lead to a 

decomposition of the wire itself. 

 

Bi nanoparticle in-situ growth 

 As we know, Bi is a very low melting point material with a bulk melting 

point of 2710C, and the electro-migration of Bi could happen at a current density 

as low as 300A/cm2. As we increase the applied bias, the temperature at the 

electrical contact increases dramatically as the current increases sharply, due to 

the Joule heating caused by the contact resistance. Thus the Bi atoms become 

mobile. Meanwhile, the current density reaches a high value of 2.5×106A/cm2 so 

that the electro-migration of Bi becomes very strong near the electrical contact. 

For this reason the nanoparticle growth can be attributed to the electro-migration 

of Bi under high current density. 

 By controlling the current density and the speed of the STM tip movement, 

Bi nanoparticles with different sizes and orientations are grown. This gives us 

the feasibility of growing clean Bi nanoparticles with a wide size distribution, 

and studying their electrical properties at the single nanoparticle level, while 

measuring the structure of the same nanoparticle in the TEM.  

 

8.4   Summary 

 

 We have here demonstrated a direct approach to reduce the oxide layer 

surrounding Bi nanowires by high temperature annealing using Joule heating of 

the nanowire in a TEM-STM system. This non-destructive method is good for 

measuring very fine Bi nanowires, and may also be applied to single nanowire 

measurements on a variety of materials in other high vacuum systems. We also 

demonstrate for the first time TEM in-situ growth of Bi nanoparticles by Joule 

heating and electro-migration. The clean various-sized particles are ideal for the 

study of quantum size effects in bismuth. Our first electrical measurements 

showed that the electrical conductivity of Bi nanoparticles is two orders of 

magnitude lower than that of bulk Bi, likely due to quantum size effects that 
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decrease the carrier concentration. Further experiments are needed for 

investigating the size and crystalline orientation dependences of the electrical 

conductivity of bismuth nanoparticles. This work forms a baseline for future 

thermoelectric measurements on Bi nanostructures. 
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Chapter 9 

Conclusions and future work 
 

In conclusion, I have used TEM, in-situ TEM, and STM to study carbon 

nanomaterials (such as graphene, graphitic nanoribbons and graphene 

nanoribbons) and thermoelectric nanomaterials (Bi nanowires and nanoparticles), 

with a special focus on the in-situ TEM technique. Carbon nanomaterials and 

thermoelectric nanomaterials provide us with many opportunities in the 

electronic device applications and renewable energy applications, and they both 

have unique physical and electronic properties that are interesting for 

fundamental scientific study. The in-situ TEM technique enables simultaneous 

structural and electrical measurements, and bridges the gap between the direct 

observation of the structures and the measurement of the properties in the 

nanoscale materials. 

  The chemical vapor deposition method for synthesizing graphene and BN 

thin films is a rapidly growing field in recent years. In this work, TEM and 

advanced TEM analysis tools have been used to study the crystallinity, the layer 

uniformity, thickness, and elemental distribution of CVD grown graphene and 

BN films, and the characterization results may also assist our understanding of 

the materials growth mechanism.  

 One of the biggest challenges so far for graphene electronic device 

applications is opening a well-defined bandgap. Graphene nanoribbons with a 

narrow width and atomically smooth edges can open a sizable bandgap, but 

smooth edges are very hard to produce. In this work, a novel method is 

developed for modifying the rough edges in graphitic nanoribbons to produce 

atomically smooth edges, using an in-situ Joule heating method. The edges thus 

produced show either zigzag or armchair configurations with very few other 

configurations. The interlayer stacking between adjacent graphene layers also 

transforms from AA stacking towards AB stacking during Joule heating, since 
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AA stacking is not a most stable ground state configuration. The edge 

modification is mainly attributed to the high temperature evaporation and 

current-induced local heating at edge hetero-junctions. 

 Folded edges are commonly found in graphene and graphene nanoribbons 

after high temperature annealing. And these edges have quite different properties 

and potential applications from open edges. Folded edge formation by both 

furnace heating and Joule heating has been investigated in this thesis. 

Theoretical study of the open and folded edge formation shows that electron 

beam irradiation may play a critical role in forming an open edge during the 

Joule heating process. 

 Pt nanoparticles are useful nanomaterials for catalytic applications, and 

they are adopted in this work for local temperature measurements during the in-

situ Joule heating process. To my best knowledge, the direct observation of Pt 

nanoparticle melting, sintering and evaporation is reported for the first time. The 

melting, sintering and evaporation are induced by in-situ Joule heating rather 

than by electron beam irradiation. The competition between these processes 

makes the melting temperature of nanoparticles not trivial to obtain, and these 

processes are strongly affected by the particle concentration, particle size, 

temperature, etc.  

After comprehensive TEM and in-situ TEM studies of carbon 

nanostructures, complementary STM and STS techniques are utilized to study the 

morphologic and electronic properties in graphene and graphene nanoribbons. 

Interlayer twist and in-plane strains are measured in CVD grown few layer 

graphene, which both modify the electronic properties in few layer graphene. 

CVD grown graphene nanoribbons with a high quality, comparable to HOPG 

derived samples, are synthesized, and edge folding, atomic arrangement, and 

edge states are probed using STM and STS techniques. 

This in-situ TEM technique can also be applied in studying thermoelectric 

nanomaterials such as Bi nanowires and nanoparticles. Bi nanowires tend to form 

a thick oxide shell under atmosphere conditions, and this oxide shell is 

detrimental for electrical measurements. The oxide shell is found to be readily 
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removed by in-situ Joule heating, resulting in single crystalline Bi nanowires 

free of oxide shells. Moreover, bismuth nanoparticles with a few nanometers 

sizes can be drawn from bulk Bi by local heating. Electrical measurements show 

a reduced conductance for smaller size nanoparticles. 

For future work, there are still many open questions and directions to be 

explored.  

First of all, achieving single crystalline uniform graphene and few layer 

BN films by CVD is still awaits further work, and advanced characterization 

techniques combined with the materials synthesis will facilitate progress. Direct 

growth of graphene nanoribbons using CVD is promising for high quality and 

large scale materials production; however, the growth mechanism is still to be 

understood.  

Secondly, the Joule heating method for producing atomically smooth 

edges in graphene nanoribbons has been demonstrated in a multilayered graphitic 

ribbon inside a TEM. For industrial applications, this method has to be adopted 

to a monolayer or few-layer graphene nanoribbon edge, and applied outside the 

TEM in a vacuum chamber. There are challenges associated with implementing 

this type of edge passivation, and for developing thermally insulating substrate 

(so that heat is not dissipated by the substrate), etc. By making such smooth 

ribbon edges outside the TEM, it will also be possible to measure various 

properties of the edges using other techniques such as Raman spectroscopy or to 

functionalize the edges. 

Thirdly, the structure – property relationships in thermoelectric nano-

composites can also be investigated using in-situ TEM measurements. 

Thermoelectric nanocomposite materials exhibit a superior performance over 

their bulk counterparts, and are promising for renewable energy applications. 

There are still many structural challenges for further enhancing the device 

performance, for example, how to prevent grain growth in the nanostructured 

material, and how to engineer the interfaces so that the figure of merit can be 

further increased.   
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