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Abstract

Structural Characterization, Manipulation, and Properties of Graphene Membranes
by
Kwanpyo Kim
Doctor of Philosophy in Physics
University of California, Berkeley

Professor A. Zettl, Chair

Graphene, an ideal two-dimensional membrane, has interesting electronic, optical,
mechanical, and thermal properties originating from its unique one-atom-thick honeycomb-
lattice structure. Reliable synthesis processes for large-area high-quality graphene have
recently been developed, which opens up the capacity for many interesting applications.
However, various synthesis-related structural inhomogeneities are still present in large-area
graphene and have important implications on graphene’s various properties.

Various transmission electron microscopy (TEM) techniques are employed to study
suspended graphene membranes at micrometer and atomic scales. Atomic-resolution TEM
and electron diffraction analysis are utilized to perform structural investigations of graphene.
Notably, various one-dimensional defective structures including grain boundaries and folds in
graphene are studied.

On the other hand, the structural manipulation of graphene provides another way to tailor
the graphene’s properties. Various structural engineering approaches are pursued including
fold control, artificial stacking, tearing, Joule heating, and nanomanipulation. The
modification of related properties is investigated with electrical measurements, Raman
spectroscopy, electron microscopy, and theoretical calculations.
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Chapter 1
Introduction

In nanoscale materials, the atomic structure has a critical influence on the material’s
physical properties. When the dimension of a material is reduced to the nano-scale realm, the
properties of the material can be significantly modified from those of the bulk counter-part,
due to quantum effects and increased surface-to-volume ratio. Moreover, with a reduced
system size, the response of material properties due to a structural modification becomes more
prominent. Characterization and atomic scale control of the structure of a material are,
therefore, of fundamental importance in this respect.

This ‘nano’ perspective can be well supported by one exemplar material, graphene.
Graphene, a one-atom-thick membrane of sp’-bonded carbon atoms (Figure 1.1), is the
building block of graphite, in which graphene layers are stacked together by Van der Waals
interaction. Various properties of graphene are quite different from those of its bulk
counterpart, graphite. In particular, the exotic electronic properties of this atomic layer have
attracted enormous research efforts in academia and industries since 2004 [1].

Figure 1.1 The schematic drawing of
graphene. The carbon atoms are arranged in
the honeycomb structure.

Theoretical study of graphene began over 50 years ago with tight-binding calculations
[2]. Even though there had been a couple of experimental isolations of graphene membranes,
it was not until 2004 that the isolation of graphene using mechanical exfoliation was achieved.
After this material was transferred to a silicon oxide/silicon substrate and experimental
demonstration of its field effect electronic properties was published, graphene research
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attracted widespread attention and research efforts [1]. In this chapter, I will briefly discuss
the various fundamental properties of graphene.

1.1 Electronic properties of graphene

Graphene has unusual electronic bandstructures and associated electronic properties.
In the graphene honeycomb lattice, each carbon atom is bonded to its three nearest neighbors
by strong sp” or ¢ bonds (Figure 1.1). The low-energy electronic bandstructure of graphene is
determined by the remaining p, orbital (or © bond). One of the most important features is that
graphene has a linear dispersion relation around the Fermi energy level, Er [3, 4]. The
graphene is semi-metallic with zero bandgap. In contrast, a typical semiconductor material
exhibits a parabolic dispersion relation, in which the charge carriers move with some effective
mass under electric and magnetic fields. Due to its linear bandstructure, graphene display a
charge transport behavior of massless Dirac fermions. The massless charge transport behavior
is also manifested as a half-integer quantum Hall effect (QHE) in graphene [3, 4].

The low-energy electronic behavior of graphene can be effectively described by the
Hamiltonian H =v,c - p, where v, is the Fermi velocity (v, ~c/300), & are Pauli spin

matrices acting on the graphene’s sublattice degree of freedom, and p = hk is the momentum
vector measured from the K point with the reduced Plank constant, 7. The sublattice degree
of freedom o 1is also referred to as pseudospin in the literature. In graphene, the
backscattering of charge carriers is suppressed due to the pseudospin; the backscattering
involves reversing both of the momentum and pseudospin of the charge carrier, which is
forbidden for long-wavelength disorder [5]. The suppressed backscattering leads to the high
electronic mobility of graphene. Especially, the ultrahigh electron mobility up to ~ 200,000
cm”V's™! has been demonstrated for suspended graphene samples at room temperature [6],
which is higher than any other known material.

There are many good review papers on the graphene electronics including A. H.
Castro Neto et al. [5].

1.2 Optical properties of graphene

Due to its unusual bandstructure, the graphene also has very interesting optical
properties. Graphene can strongly interact with light, which enables observation of monolayer
graphene under an optical microscope [7]. One of the most interesting features is that the
absorption coefficient across the infrared and visible range is nearly constant as ma=2.3 %,
where a is the fine-structure constant [8].

Since the Fermi level of graphene can be effectively tuned with electrostatic gating,
the optical absorption also can be tuned. The single-layer and AB-stacked bilayer have shown
that the infrared absorption can be tuned with electrostatic gating effects [9]. Combined with
the electrostatic tuning capability, graphene was demonstrated as a high-frequency optical
modulator [10]. A review paper by A. C. Ferrari et al. [11] explains well the optical properties
of graphene and its potential applications in optoelectronics.

1.3 Mechanical properties of graphene

Graphene is the strongest material ever studied, due to its robust lattice of sp’-
bonding. Using nano-indentation experiments with atomic force microscopy (AFM),
researchers have found that single-crystal graphene has an ultrahigh Young’s modulus of
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around 1 TPa and mechanical strength of more than 100 GPa [12]. Graphene is a promising
candidate for strengthening components in composite materials and for other nanomechanical
systems applications [13-16]. On the other hand, graphene is easy to bend in the out-of-plane
direction. In reality, graphene samples exhibit many different distortions, such as ripples [17]
and folds [18]. This aspect is advantageous for applications in flexible transparent electrodes
and devices [19].

1.4 Thermal properties of graphene

Graphene’s thermal properties are also extraordinary. Suspended graphene has
extremely high in-plane thermal conductivity, up to 5000 W/mK at room temperature [20].
This value is around 10 times higher than that of copper. This finding suggests graphene’s
high potential for use in microelectronics and for thermal management.

Heat conduction in carbon materials is usually dominated by phonons [21]. As the
number of graphene layers increases, cross-plane coupling of the low-energy phonons
becomes dominant and significantly changes the phonon scattering processes. As a result,
graphene’s in-plane thermal conductivity decreases and reaches the value of graphite, 2000
W/mK at around four layers [21, 22].

Graphene also has a negative thermal expansion coefficient, measured to be ~
—6x107°/K [23], which is five to ten times larger than that of graphite. The large negative
thermal expansion coefficient is related to out-of-plane phonons and is a direct consequence
of the two-dimensionality of graphene. A review paper by A. A. Balandin [21] explains well
the thermal properties of graphene and its potential applications including thermal
management.



Chapter 2
Synthesis of large-scale monolayer
graphene

Most of the earlier studies have employed mechanically exfoliated graphene from
graphite for fundamental research of graphene [1]. Exfoliated samples have great structural
homogeneity with small defects, which are suitable for the measurement of intrinsic
properties of single-crystal graphene samples. Optical microscopy has been utilized to check
the layer thickness of graphene flakes after the exfoliation process [7]. However, graphene
flakes obtained from the exfoliation process usually have a limited size, less than hundreds of
micrometers (Figure 2.1). As a result, exfoliation of graphite is obviously not a scalable
process, precluding wide applications of graphene. In this regard, large-area high-quality
graphene synthesis has recently become one of the most challenging issues in graphene’s
research community.

Figure 2.1 Optical images of exfoliated few-layer graphene samples. The
micromechanical exfoliation process (Scotch tape method) is utilized for sample fabrication.
The exfoliated sample size is usually less than a hundred of micrometers. Contrast in an
optical micrograph can be used to distinguish a single-layer region.

In this chapter, I explain available large-scale graphene synthesis techniques, such as
chemical vapor deposition (CVD) methods, chemically exfoliated graphene through graphene
oxide (GO), and silicon sublimination from silicon carbide substrate. A related fabrication
process of suspended graphene samples for transmission electron microscopy (TEM)
characterizations and artificially-stacked graphene layers will also be discussed.

2.1. Epitaxial growth of graphene on metal surfaces

2.1.1. Historical background
Chemical vapor deposition (CVD) synthesis of graphene on metal surfaces has
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recently emerged as one of the most popular and promising techniques for large-scale
graphene synthesis. Large-area graphene can be formed on a catalytic metal surface when the
catalytic metal is exposed to high temperatures. One of the related earlier studies goes back to
1968 [24]. When platinum crystal was heated under ultra-high vacuum, the authors observed
from Pt surface a ring-like pattern using low energy electron diffraction (LEED) [24]. This
ring-pattern was later assigned to thin layers of carbon, graphene-like structure [25]. After
these studies, there were numerous observations of epitaxial graphene growth on metal
surfaces [26, 27]. Even though these earlier studies have shown that the graphene-like
structure can be formed at high-temperature, these studies had limited impact. One thing to
note is that these graphene layers were still located on metal substrates and an isolated form of
graphene either on an insulating substrate or as suspended was not obtained through a
graphene transfer process. There are many recent review articles on the historical account of
graphene synthesis, such as D. R. Dreyer et al. [28].

2.1.2. CVD on Ni substrate

Nickel has been one of the popular metal substrate for graphene growth [19, 26, 27,
29, 30]. Recently, Q. Yu et al. demonstrated that thin graphene-like layers can be synthesized
on Ni using methane gas as a carbon source [29]. Utilized synthesis temperatures were around
900 °C. Carbon dissolved in Ni segregates and precipitates on the Ni surface as the Ni
substrate cools down. This was the one of the first studies which demonstrates a graphene
transfer process onto an insulator substrate as well as graphene synthesis on metal substrates.
This study also demonstrated that the graphene can be high-quality even after the transfer
process. Another finding of the study includes that the cooling rate is one of the critical factors
for obtaining high-quality graphene. After this study, there were numerous studies on
graphene synthesis on Ni [19, 30]. Especially, A. Reina ef al. [30] and K. S. Kim et al. [19]
have demonstrated a pattern growth of graphene and its applications for flexible devices.

There are, however, some limitations of CVD growth on Ni. The biggest challenge is
to obtain a uniform thickness of the graphene film. Since Ni has high carbon solubility, the
graphene synthesized on Ni tends to be multi-layered and the thickness is not uniform on a
large scale (tens of micrometers). This is in a strong contrast with graphene synthesized on Cu,
which will be discussed in the following section.

2.1.3. CVD on Cu substrate

Among many metal substrates, the most promising catalyst for graphene synthesis is
copper. X. Li et al. reported the high-quality monolayer graphene synthesis on copper foil in
2009 [31]. They used CHy4 as a carbon source together with H; at low pressures (~ 500 mTorr)
[31]. The study also showed that the graphene synthesized on Cu can be exclusively
monolayer (> 95 % of sample area) [31]. The author successfully demonstrated that
synthesized graphene can be transferred to insulating substrates after copper etching and used
for field effect transistor fabrications. After these findings, the scale-up versions of graphene
synthesis, with roll-to-roll process of 30-in Cu foils, were demonstrated [32, 33]. Later, it was
shown that the low carbon solubility in copper is the key factor for monolayer graphene
growth [34].

Due to its uniform thickness and high-quality, the graphene synthesis on Cu foils has
been utilized by many research groups. Most of graphene samples that I discuss in my
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dissertation were also obtained with a similar method. 25 um thick copper foil (99.8 % Alfa
Aesar, Ward Hill, MA) were used and temperature range from 980 °C to 1040 °C were
investigated for graphene synthesis (Figure 2.2). The high-quality monolayer graphene can be
obtained, consistent with the previous study [31]. The graphene synthesis is quite robust to
different synthesis conditions (temperature and gas concentrations).

After the graphene synthesis, optical microscopy and scanning electron microscopy
(SEM) can be utilized to check graphene. Figure 2.3 shows the optical images and SEM
micrographs of graphene on copper foil with sub-monolayer coverage. With 2 minute
graphene synthesis, ~ 70 % of copper foil was covered with graphene. From these images, we
can also estimate the density of graphene nucleation, which is a critical factor for the control
of graphene grain size.

With a longer growth time, continuous graphene films can be obtained. Usually, 15 ~
20 minute growth was used for graphene synthesis. The copper surface appears to be bright
brown after graphene covering under the optical microscope (Fig. 2.4a-b). SEM images
clearly show that the average grain size of copper is around hundred micrometers with high-
temperature annealing treatment (Figure 2.4c and 2.4d).

While most of CVD graphene synthesis methods utilized methane as a carbon source,
there are also various demonstrations of CVD graphene growth on copper from other carbon
sources. Notably, Z. Sun et al. has reported the high-quality graphene synthesized from poly
methyl-methacrylate (PMMA) coated copper foil without any other carbon sources [35].
Recently, the better control of CVD graphene such as grain size, uniform thickness for bi-
layer and triple-layer growth, and stacking relation is currently under investigation.

t furnace temperature
— 980 ~ 1040 °C ; \
~150 mTorr | ~990 ~ 350 mTorr
' mTorr !
{ CH, |
~ 150 mTorr ! 25 seem |
e L LR e e P L T T >
H, 10 scem : :
heating annealing  isynthesis; cool down
------------------ A— |
30 min 115 ~ 20 min, time

Figure 2.2 Graphene CVD synthesis process. Hydrogen and methane are used for the
graphene growth. 30 minute annealing is utilized before the graphene synthesis to
increase the crystallinity of copper foil.



Figure 2.3 Sub-monolayer growth of CVD graphene on Cu foil. The sub-monolayer graphene
was synthesized by 2 minute CVD growth. (a-b) Optical images of CVD graphene. Bright regions
are covered with graphene. After the growth, the sample was heated at 200 °C in air for 30 minutes
for an easy visualization of graphene-grown regions. (c-d) SEM images of Cu foil partially covered
by graphene.

2.1.4. CVD on other metal substrates

Other metals utilized for graphene synthesis includes Ru [36], Pt [37], and Ir [38].
Even though high quality graphene samples can be obtained on these substrate, the transfer
and isolation procedures are somewhat problematic due to strong interaction between these
metals and graphene or difficulty of etching metal substrates. These substrates are more
expensive compared to copper foil, which hinders their wide usage in graphene synthesis.

2.2 Graphene synthesis on SiC substrates

Single-crystal SiC substrate can be used for epitaxial growth of graphene [39, 40]. At
elevated temperatures, Si starts to evaporate from the surface, leaving carbon atoms behind.
These carbon atoms can be crystallized into high-quality graphene. Graphene obtained on SiC
has different thicknesses depending on the C- or Si-terminated SiC surfaces. Generally, the
graphene films are multi-layered and it is quite difficult to obtain monolayer graphene.



Figure 2.4 CVD graphene on Cu foil. (a-b) Optical images of CVD graphene on Cu foil. (¢c-d) SEM
images of CVD graphene on Cu foil. The different contrast originates from different copper grains.

2.3 Graphene from graphene oxide (GO)

Graphene can also be obtained through graphene oxide (GO). Graphite can be
oxidized in the presence of strong acids and oxidants [41]. GO sheets are hydrophilic and can
be effectively dispersed in liquid and exfoliated by sonication. Even though the oxidation
process aids the exfoliation of graphite in large quantities, the properties of exfoliated GO is
very different from pristine graphene. There were many studies to reduce GO to obtain a
better quality of graphene from GO. However, the reducing process cannot restore GO into
pristine graphene and the quality of reduced GO (rGO) still does not reach that of graphene
synthesized from CVD process [42].

2.4 Transfer of graphene into other substrates and fabrication of suspended graphene
membrane

After the CVD synthesis, the graphene is located on metallic substrates. It is desirable
to obtain graphene either on an insulating substrate or as suspended for the studies of
graphene’s intrinsic properties. In this section, I will briefly discuss the graphene transfer
process and fabrication of suspended graphene samples for transmission electron microscopy
(TEM) investigation.

Most available graphene transfer processes involve wet etching of copper foil [19, 30,
31]. Many different copper etchants can be used, such as iron chloride (FeCl;) and sodium
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persulfate. The Zettl lab usually uses Na,S,0s with the concentration of 0.1 g/mL for copper
etching. (NH4),S,0s is also available as a copper etchant. Iron chloride (FeCl;) was initially
used for copper etchant but this leaves a higher coverage of residues, such as nanoparticles, on
the graphene surface.

A mechanical support for graphene is necessary during the copper etching. PMMA is
a popular support for graphene transfer [19, 30, 31]. Generally, PMMA is spincoated on
graphene and cured at ~ 185 °C for 30 minutes. After copper etching, freestanding PMMA-
coated graphene can be isolated and transferred onto any target substrates. PMMA is removed
in an acetone bath. Figure 2.5 shows optical images of graphene transferred to a silicon
oxide/silicon substrate with this method.

Figure 2.5 Optical images of CVD graphene transferred to SiO,/Si substrate. The large-
area graphene can be transferred to any arbitrary substrate. (a) The graphene appears to be
bright blue under the optical microscope. The edge of the transferred graphene film is shown
as a dashed line at the left side of the image. Graphene was transferred with PMMA method.
(b) Another image of transferred graphene. The edge of the transferred graphene film is
shown at the right-bottom side.

Even though the PMMA-utilized transfer method is quite useful, there are some
limitations. Most notably, polymer residues from PMMA cannot be fully removed from
graphene surface. The polymer residues can have significant implications for graphene’s
various properties including electronic and mechanical properties. Especially, for an atomic
scale study of graphene, obtaining clean graphene surface is essential. A hydrogen annealing
process has been utilized to clean the graphene surface [43].

The fabrication of suspended graphene membrane is required for TEM investigation.
The above PMMA transfer method can be utilized for TEM sample fabrication. The desirable
transfer method would not involve the usage of PMMA to have a clean graphene surface. In
the Zettl lab, a clean direct graphene transfer method was developed [44]. Figure 2.6 shows
the schematic process for graphene transfer. After the CVD synthesis on Cu foil, we etch the
bottom graphene by reactive ion etching with oxygen. We place a commercial Quantifoil
TEM grid on graphene and drop a small droplet of isopropyl alcohol. Quantifoil TEM grids
can be purchased from many vendors such as SPI Supplies (http://www.2spi.com/catalog/).
Different types of Quantifoil TEM grids with 1.2 um, 2 um, and 7 pm holes are available.
The drying process of isopropyl alcohol gives a good adhesion between graphene and a
carbon film in TEM grid. After the adhesion, we gently put the sample in a copper etchant.
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While etching the copper foil, TEM grids float on the etchant surface. Finally, a TEM grid
sample is transferred to a water bath, recovered with a glass slide, and naturally dried.

(@) N .

J Graphene Synthesis
(b)

 ——

,l, Bottom graphene etching

wlr TEM grid placement on G

(d)
TEM
€« =~
”lll I i II”l grid
(e) ,l, Wetting with IPA and drying
(f) \lr Copper etching

Figure 2.6 Preparation of graphene TEM grid. (a) On copper foil, (b) we perform chemical vapor
deposition growth of graphene. (c) We etch the bottom graphene with reactive ion etching. (d) We place a
commercial Quantifoil TEM grid on graphene. (e) Wetting and drying of isopropyl alcohol gives a good
adhesion between graphene and grid. (f) We etch out the underlying copper. (g) Optical image of a holey
carbon TEM grid on copper foil after the adhesion process. (f) Zoomed-in optical image of a TEM grid on
graphene on Cu foil. (g) Optical image of TEM grid sitting on graphene on copper foil. The image is
corresponding to the process step e. (h) Zoom-in optical image around the central region of the TEM grid.

SEM can be utilized to quickly check the coverage of graphene on Quantifoil TEM
grids. Even though there are some limitations for checking the quality of graphene due to its
limited spatial resolution, SEM clearly shows the contrast for suspended graphene membrane.
Figures 2.7a-d show SEM images of Quantifoil TEM grid where CVD graphene is transferred
onto with the transfer process as described above. The torn area in graphene appears as dark
in SEM images. For a Quantifoil TEM grid with circular holes with 1.2 pym diameter, the
direct transfer method can yield a perfect suspended graphene with up to ~ 90 %. For 2 um
holes, the yield can be up to ~ 80 % and the usual graphene yield with square holes of 7 pm
goes down to 20 %.
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Figure 2.7 SEM images of graphene transferred to a Quantifoil holey-carbon TEM grid. (a) Overview
SEM image of a holey carbon TEM grid. (b) Zoomed-in SEM micrograph of a TEM grid. The carbon film
has an array of holes. (c) SEM image. Torn graphene area is shown in dark line. (d) Zoom-in SEM
micrograph showing suspended graphene over an array of holes with 1.2 um diameter. Right side of the
image shows the region with torn graphene.

2.5 Artificial stacking for fabrication of multi-layer graphene and graphene sandwich
structures

Using a monolayer graphene as the building block, we can fabricate n-layer graphene
by sequential stacking. This process allows us to precisely control the thickness and study
thickness-dependent properties of graphene [32, 45]. It also opens up interesting applications
of graphene such as transparent conducting electrodes [32], as the monolayer graphene
usually does not produce high enough conductivity. This sequential stacking process can also
be utilized to obtain randomly rotated double-layer graphene [46]. The rotational-angle-
dependent electronic and related other properties will be discussed later in Chapter 8.

Prior to the transfer of each new graphene layer, the external species of materials can
be deposited between graphene layers, to obtain graphene veil and sandwich structures [45].
External species can tune graphene’s electronic, chemical, and mechanical properties [45].
Another interesting aspect is the capturing of liquid-phase samples between graphene layers
[45, 47]. Figure 2.8 briefly explains the process of graphene liquid cell fabrication. Using the
graphene liquid cell, the first-time atomic resolution monitoring of nanoparticle nucleation
and dynamics has been demonstrated [47].



(a) Liquid on Graphene TEM grid

(b) Placement of another G TEM grid

(C) Encapsulation of liquid between G

Figure 2.8 Schematic of double-layer graphene preparation. (a) We place small droplet of
liquid on graphene TEM grid. (b) We cover liquid with another graphene TEM grid. (c) The
liquid is squashed down and makes sub-micrometer-sized droplets of liquid encapsulated
between graphene layers. (d) Optical image of a two-overlapped graphene sample.
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Chapter 3
Transmission electron microscopy:
Atomic-scale characterizations

3.1 Introduction to transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a valuable tool for micro and atomic
structural characterizations of various materials. Electron microscopes enable us to observe
objects which are not accessible by conventional optical microscopes. The resolution of
optical microscopes is limited by the wavelength of the visible light, ~ 400 nm. Instead of
optical light, a TEM utilizes high-energy electrons for imaging and spectroscopic
measurements. Incident high-energy electrons, usually around 100 keV, interact with a given
specimen and undergo elastic and inelastic scatterings. Since high-energy electrons of 100
keV have very small wavelengths (< 0.1 A), the spatial resolution of TEMs is dramatically
improved compared to optical microscopes. Forward-scattered or transmitted electrons go
through a series of electromagnetic lenses and are captured with imaging acquisition systems,
such as a charge-coupled device (CCD).

Since transmitted electrons are utilized for imaging and spectroscopy, samples are
required to be electron-transparent at certain degrees. For many metal and semiconductor
materials, the thickness of a sample should be less than ~ 100 nm. Nano-scale materials,
including carbon nanotubes and graphene, readily have proper thickness for TEM
investigations.

As the energy of the imaging electrons increases, one expects to obtain better spatial
resolutions due to electron’s smaller wavelengths. At higher imaging voltages, however, the e-
beam-associated damage also increases. This becomes especially problematic, for low-Z
materials, including graphene and carbon nanotubes. Therefore, the low acceleration voltages
(< 100 kV) are desirable since this can minimize knock-on damages to a specimen. A
conventional TEM, without an aberration corrector, has a resolution of ~ 2.5 A operated at
100 kV. Many good textbooks are available for general introduction to TEM [48, 49].

In this chapter, I will describe the basic principles and capabilities of TEM. This
includes high resolution TEM imaging, diffraction acquisition, and bright-field and dark-field
imaging. The recent development of spherical-aberration corrected TEM is an exciting
advancement for TEM and scanning TEM (STEM) [50, 51]. I will also discuss the spherical-
aberration-corrected TEM, especially image-corrected TEM, and its application for graphene
research in this chapter.

Various TEMs have been utilized for my study, which include JEOL 2010 at Zettl
research lab, Libra 200MC and TEAM 0.5 microscopes at National Center for Electron
Microscopy. Regular high-resolution TEM imaging has been performed with JEOL 2010.
Diffraction acquisitions have been performed in JEOL 2010 and Libra 200MC microscopes.
Scanning TEM and nano-beam diffraction acquisition have been performed in Libra 200.
Finally, atomic resolution imaging has been performed in TEAM 0.5 microscope. JEOL 2010
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was mainly operated at 100 kV. Libra 200 and TEAM 0.5 were mostly operated at 200 and 80
kV, respectively.

3.2.1 TEM components and basic principles

Figure 3.1 describes a schematic of basic TEM components and an electron ray
diagram for real-space imaging mode. Throughout this chapter, I will only describe the basic
aspects of TEM since a more detailed discussion is available in many textbooks [48, 49].

A reliable source of electrons is required for TEM. A lanthanum hexaboride (LaBg)
crystal is used for an electron source in JEOL 2010 at Zettl lab while a field emission gun is
used for Libra 200MC and TEAM 0.5 microscopes. Field-emission sources provide a more
monochromatic electron beam, which is suitable for high-resolution imaging and spectroscopy.
In the TEM imaging mode, the broad beam of electrons is illuminated on a specimen as
shown in Fig. 3.1. The electron beam interacts with a specimen and only the forward-scattered
electron beam undergoes the TEM lens system. The red and green lines represent the electron
beam scattered with reciprocal lattice vectors ¢ and —g.

Electron source

Condenser lens .

Condenser aperture .

Sample
Objective lens .

Objective aperture

Selective-area

|
L]
aperture

Intermediate lens

Screen

Figure 3.1 Schematic of TEM components and electron beam ray
diagram for real-space imaging mode. For TEM imaging mode,
broad electron beam is illuminated on a specimen. The electron beam
undergoes scattering from a specimen. The red and green lines
represent the electron beam scattered with reciprocal lattice vector

gand-g.



15

Most of the available lenses in TEMs are electromagnetic. The magnification or
focusing strengths can be controlled by the current through a coil around a soft-iron core. This
current control can alter the strength of the magnetic field inside the lenses. The condenser
lenses, objective lenses, and intermediate lenses are incorporated in TEMs. However,
electromagnetic lenses still suffer from severe spherical and chromatic aberrations. This is the
reason that lens aberrations, not the wavelength of the electrons, determine the resolution of
the TEM. A detailed discussion can be found in the Section 3.3 Phase contrast high-
resolution imaging.

3.2.2 Diffraction mode

In the diffraction mode, the broad electron beam is illuminated onto a specimen.
Figure 3.2 shows the electron beam ray diagram for diffraction acquisition mode. With a
different lens configuration, electron beams with different scattering vectors are focused on
different spots on the screen. Usually, a selective-area aperture is utilized in the diffraction
mode to reduce the intensity of the center direct beam and obtain information with better
spatial resolution. In the image screen, one encounters a diffraction pattern (DP), which is
usually composed of focused beam spots and/or ring patterns. A DP contains the structural
information of a specimen, including specimen lattice structure and the relative orientation of
the lattice to the electron source.

Sample
Objective lens .

Objective aperture m—

Selective-area
aperture
Intermediate lens

Screen

Figure 3.2 The electron beam ray diagram for diffraction
acquisition mode. Electron beams with different scattering
vectors are focused on distinct spots on the screen.
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3.2.3 Bright-field (BF) and dark field (DF) imaging

In bright-field (BF) and dark-field (DF) imaging, an objective aperture is used to
select different regions of the specimen to contribute to the diffraction patterns. A selective
area DP will have a central bright spot which contains the direct electron beams (shown as
blue lines in Fig. 3.2). Other diffraction spots with electrons of different scattering vectors
will also be present (shown as red and green lines in Fig. 3.2). For BF imaging, an objective
aperture is inserted to transmit only the center direct diffraction spot for imaging. With the
objective aperture inserted, one can go back to imaging mode. Only the specimen regions
which contribute to the direct diffraction spot will be selectively brightened up (Fig. 3.3a). For
DF imaging, a similar procedure can be adapted except that an objective aperture will allow
the transmission of electron beam with a certain scattering vector (Fig. 3.3b). The DF imaging
can be used for direct graphene grain and grain boundary mapping (see Chapter 4).

(a) (b)

Objective lens .

Objective aperture ——

Selective-area
aperture
Intermediate lens .

Screen

Figure 3.3 Bright field (BF) and Dark field (DF) imaging set-up. (a) Electron-beam ray diagram
for BF imaging mode. An objective aperture is inserted and the center diffraction spot is only
transmitted for imaging. (b) Electron beam ray diagram for DF imaging mode. An objective aperture
allows the transmission of electron beam with a certain scattering vector.

3.2.4 Scanning transmission electron microscopy (STEM)

In STEM, the specimen is illuminated with a focused electron beam. The electron
beam is scanned over a sample in a raster and the signal is collected in a serial acquisition
mode. Different detector settings can be used for signal acquisition. Bright-field (BF) STEM
collects transmitted electrons with direct electron beam (Figure 3.4). Annular dark-field
(ADF) detector collects electrons which are scattered to high angle. High-angle annular dark-
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field (HAADF) STEM collects electrons with even higher scattering angles. For a thin sample
of constant thickness, a HAADF signal is originated from Rutherford scattering, which is
proportional to about Z'7, where Z is the atomic number of the atom [52]. This is the reason
why the HAADF STEM is usually referred to as Z-contrast imaging. In the suspended
graphene sample, the HAADF signal is proportional to the number of graphene layers (see
Section 3.6.2 HAADF STEM imaging of graphene).

L

Specimen

HAADF ADF BF ADF HAADF

Figure 3.4 Scanning TEM set-up. Electron beam is focused to a
small spot and scanned through a specimen. Diffraction detectors
can be used for analysis.

3.3 Phase contrast high-resolution imaging

There are many available contrast mechanisms for high-resolution TEM imaging.
Among them, phase contrast imaging utilizes the electron wave’s phase shift due to
interactions with specimen and is suitable for imaging the arrangement of the atoms in the
specimen. The incident electron wave undergoes a phase modulation upon transmitting a thin

specimen. The phase modulation, e is determined by the phase shifts, ¢(x,y), which
is proportional to the projected electrostatic crystal potential V,(x,y) with the following
relation,

T t - T t T
¢(x,y>=E£Vc(r)dz=E£Vc(x,y,z)dzzﬁm,y) 3.1)

where 4 is the wavelength of the electron, U is the acceleration voltage of the microscope,
V.(¥) 1is the electrostatic crystal potential, and ¢ is the specimen thickness. For a very thin

specimen, we can assume that a phase shift is small (@(x, y) <<1). With this weak phase

object approximation (see e.g. Williams and Carter [48]), the exit-wave, v . (x,y), from a

thin specimen is given by the incident wave y, (x,y)=1 multiply by the phase modulation,
Ve (X, 0) =7, (6, )e 7 =1-i(x, y) (32)

The wave function in the frequency domain (also at the back focal plane), v, .. (q), is the
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Fourier transform of the exit-wave, v, (x,y).

Voir (@) = FW i (X, ¥)] (3.3)

where ¢ is a two-dimensional vector of the spatial frequency spectrum.

For a microscope, 7(q)=Re[T(x,y)]+iIm[T(x,y)], a two-dimensional complex
transfer function, which is dependent on the imaging conditions and other microscope
parameters, describes the characteristics of TEM imaging. After undergoing the TEM imaging
process, the wavefunction is distorted by the transfer function 7(g) , such that

v(q)=v,..(q)T(q) . This can be rewritten in the real-space as

WX, )=V, (%, y) T (x, y) (3.4)
where the symbol ® denotes the convolution of two functions. With the Eq. (3.2) and Eq.
(3.4), we obtain

w(x,y)=(1-ig(x,y) ®T(x,y)

=1+¢(x, ) ®Im[T'(x, y)] - ig(x, y) ® Re[T (x, y)]
The image intensity at the TEM imaging plane have the following relation.

1(x,) = |y (x, )| =1+24(x, ) ® Im[T(x, )]+ O(¢) (3.6)
From Eq. (3.6), we can understand that the imaginary part of the transfer function 7" will
determine the intensity modulation in a TEM image.
For a direct translation of structural information of specimen to a TEM imaging,
T(q) should be optimized. Generally, optimizing 7(g) means constructing a broad band-

(3.5)

pass, where the phase shift is maintained to have similar values for a certain frequency
domain. For example, 7(q) is dependent on the lens aberration y(g) by the following

relation.
_ 2k
T(@G) eXp(—Tmz(q)j (3.7)

For a conventional electron microscope, the third-order spherical aberration Cj is the
geometrical limiting factor for the image resolution and y(g) is determined by the defocus

value C; and the third-order spherical aberration Cs by

~ 1 1
@)= 2@ =50 XC+ 34" xC, (3.8)
From Eq. (3.7) and (3.8), the imaginary part of the transfer function becomes
Im[7'(§)] oc exp(—%” Z(g)) = sin[—%’”equq + iqu“cg D (3.9)

The equation (3.9) is an oscillating function with respect to ¢ and has many zeros (or
crossovers). Scherzer found a way to optimize the transfer function by balancing the effect of
the third-order spherical aberration by a negative defocus value C; [53]. At this particular
defocus value (Scherzer focus Csu), the transfer function will have the nearly constant value
out to the first crossover.
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Cy., = —J%ﬂq (3.10)

At Scherzer defocus value, we find that the first crossover at

1
Qo =1.51(CA) * (3.11)
The point resolution of a microscope is defined as the reciprocal of g, as
1
D, = y =0.66(C,2)* (3.12)
chh

and reflects the highest spatial resolution for phase contrast imaging, where the direct
structural interpretation is possible.

3.4.1 Spherical aberration corrector

The positive spherical-aberration value of Cj is associated with the lens system with
rotational symmetry along the electron beam axis. In principle, by breaking the rotational
symmetry of the lens, the spherical aberration C; can be minimized and even canceled,
leading to the better spatial resolution of a microscope. Two types of multi-pole lenses are
currently used for the Cs correction. These are based on either hexapoles or the combination
of quadrupole and octupole elements [54].

The spherical aberration correction can be applied to image-correction (TEM imaging
mode) or probe-correction (STEM mode). Aberration corrector lenses are placed behind the
objective lens for image-correction while the corrector lenses are located before the objective
lens for probe-correction [54]. A microscope with both correctors is called a double-corrected
microscope.

For the image-corrector, the hexapole-based system is the currently dominant design.
From the extended hexapole magnetic field, a negative third-order spherical aberration C; can
be introduced [54]. However, the main effect of hexapole-lens is the introduction of three-fold
astigmatism 4,. By utilizing two extended hexapole elements with inverted electron-beam
paths, 4, can be canceled out while the negative C; adds up [54]. The overall negative C;
from the image-corrector can effectively cancel out the positive value of C; from the lens
system. C3 can be further tuned to have an overall negative value.

For an aberration-corrected microscope with the hexapole design, the residual
aberrations are of fifth order. The fifth-order spherical aberration Cs and the six-fold
astigmatism As are the limiting factors for determination of the geometrical resolution [54].
Similar to the Scherzer focus, there are conditions that allow for optimizing the phase contrast
transfer function of a microscope whose Cj is adjustable. One recent optimization method and
parameters are describe by M. Lentzen [55],

2 2
C =—— +=Cclq!
1,Lentzen /16]; N 15 5 qmax
o g (3.13)
C =T o3 4 CS/?’ZQ;ax

3,Lentzen 3/13q4 9

max

where gmax 1S the maximum spatial frequency that contributes to the image formation.
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3.42TEAM 0.5 at NCEM

TEAM 0.5, located at National Center for Electron Microscopy (NCEM) of Lawrence
Berkeley National Laboratory, was used for atomic-resolution imaging for my study. The
information on NCEM and TEAM 0.5 can be found at http://ncem.lblgov/ and
http://ncem.lblgov/team/TEAMpage/TEAMpage.html, respectively. NCEM is a user
facility and one needs to have an accepted research proposal for the access of microscopes at
NCEM, including TEAM 0.5. TEAM 0.5 is equipped with image C; corrector and
monochromator.

3.4.3 Aberration assessment and correction processes

At TEAM 0.5 microscope, the semi-automatic software is used for aberration
assessment and aberration correction (Fig. 3.5 and 3.6). The software utilizes diffractograms
computed from images of an amorphous specimen, usually thin amorphous carbon. The
obtained diffractogram reflects the transfer function of a TEM. Diffractogram tableau,
sometime also called as Zemlin-tableau [56], is acquired as the electron beam is tilted at a
series of different tilting angles.
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Figure 3.5 Front panel of image-aberration corrector software at TEAM 0.5. The semi-automatic
software is available for aberration assessment and aberration correction. With an obtained diffractogram
tableau, a list of aberration is calculated. Microscope lens configuration is adjusted to compensate the
previously obtained aberrations. An acquisition of a new diffractogram and aberration assessment is
followed. This process is repeated until the optimized aberration values are reached.
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Value | Angle | Confidence
A1l 2586nm| 16527 4.463 nm
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Figure 3.6 Diffractogram tableau and extracted aberration values. (a) Diffractogram tableau of the
TEAM 0.5 operated at 80 kV. Maximum 35 mrad tilting was used for tableau acquisition. (b) Extracted
aberration values from the tableau measurement. For example, C; (~ -12.2 um) and Cs (~ 6.3 mm) are the

third-order and fifth-order spherical aberration values.

First-order aberration, two-fold astigmatism, can be determined without the electron
beam tilting. On the other hand, high-order aberration parameters are only discernible when
the electron beam is tilted (Fig. 3.7). Figure 3.7 shows diffractogram tableau characteristics
for the axial aberrations up to third order. One can easily observe the different aberration

effects to the diffractogram tableau.

With an obtained diffractogram tableau, a list of aberration can be calculated (Fig. 3.5
and 3.6). Then the lens configurations of the microscope are adjusted to compensate the
previously-obtained aberrations. The acquisition of a new diffractogram tableau and the
calculation of aberrations are followed. This process is repeated until the optimized aberration
values are reached. For my study with TEAM 0.5, the Cj; is set around — 15 um, which is

closed to the optimized value by Lentzen [55].
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Figure 3.7 Diffractogram tableau characteristics for the axial aberrations up to third order. First-order
aberration (two-fold astigmatism) shows the elliptical distortion even without the electron beam tilting.
From second-order aberrations, the distortion is discernible only with tilting. As the second-order
aberrations, there are second-order axial coma and three-fold astigmatism.
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3.5 Electron diffraction analysis of graphene

In this section, I will briefly discuss the basic TEM characterization of graphene,
focusing on graphene’s diffraction analysis. Figure 3.8 shows the graphene’s lattice structure.
Graphene has a hexagonal lattice structure with primitive translation vectors, 4, and da,
(|&1|=|52|=2.46A). The third translation vector (¢ =a,), which direction is normal to the

graphene membrane, can be added to construct a three-dimensional lattice for multilayer
graphene or graphite. The distance between the first neighboring carbon-carbon atoms is 1.42
A. Therefore, to directly resolve the graphene lattice structure with single-atom resolution, the
spatial resolution of the microscope should be better than 1.42 A.
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Figure 3.8 The atomic structure of graphene lattice.
Graphene has a hexagonal lattice with two sublattice
atoms (shown in yellow and bright blue). Inter-atomic
distance is 1.42 A and lattice parameter is ‘a‘ =246 A.

In single-layer graphene, there are two sublattice atoms, atom A (shown with yellow
circles) and atom B (shown with blue circles). The associated atomic basis for atom A and
atom B can be written as 7 =(0,0,00 and 7 =(1/3,2/3,0) in the graphene lattice
R =(a,,d,,a,) - The reciprocal lattice vectors g, (= 1,2,3) of the graphene lattice satisfy the

relations [57],
q,g,=5, (3.14)
where the ) } is the Kronecker delta function.
The diffracted electron wavefunction with a wavevector Ak can be written as

. Lattice Basis o
W(Ak) Z Zfat (R, +r)e M R
o (3.15)

Lattice Basis

_ Z e—zm'AkR,- Zf;t(r;)e—zm“‘f}
;i

R;
where f,, is the atomic form function which depends on the atomic number Z and the incident
electron energy. The electron wavefunction (Eq. 3.15) is non-zero only if
Ak = g =mg, +ng,+hg,, where m and n are integer. By replacing Ak with g, the

wavefunction becomes
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Basis

Y(Ak) oc Nf, > e ™"

:Nfg(m’n)(l+6727ﬂ(m/3+2n/3)) (3.16)

=N-S(m,n,h)
where N is the number of unit cells in graphene lattice and S is the structural factor of
graphene lattice. The diffraction pattern will represent the reciprocal lattice of the graphene,
which also shows the hexagonal symmetry. The diffraction spot intensity is proportional to the

square of the wavefunction 2 J\P AR Eor the square of structural factor (° o |S(m,n, h)|2).

Therefore, the intensity ratio beétween

associated structural factors.
When the incident electron beam is perpendicular to the graphene membrane (normal
incident), the first-order and second-order diffraction spots are observed at g,,=g,

(|g100| =1/2.13 (1/A)) and g, =8 +8, (|g,=1/2.13 (1/A)). The intensity ratio between

the first-order and second-order diffraction spots has been used to assess the number of
graphene layers in Bernal-stacked samples [17, 58] and can be calculated as following.

2 2
L _ |S(1’1’0)| —
Lo [S(LO,0)f

ifferent diffraction spots can be calculated by the

Joan 2
27
fg(l,()) l+e A

The atomic form factor is the function of a parameter, s =Sin¢ ¢E which can be defined as

SEsinefAd:% (3.18)

where d is the associated spacing of atomic planes for diffraction. The numerical values of the
atomic form factors f, for electrons can be found in the Appendix A.5 of the reference [49].

(3.17)

With these form factor values, we find that 7,,,/1,,, ~1. Indeed, the selective area

diffraction of single-layer graphene confirms this intensity ratio (Fig. 3.9). With the AB-
stacked (Bernal stacking) bilayer graphene, the same procedure of the calculation gives us the
intensity ratio about 4, which was also previously confirmed [17, 58].

Please note that a different indexing (Miller-Bravais indices) can be used for
hexagonal structure such as graphene. Instead of using three indices, Miller-Bravais indices
are represented with four indices and show the symmetry of the hexagonal structure in a better
way.
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Figure 3.9 Diffraction pattern evidence of single-layer graphene. (a) The diffraction shows the
hexagonal spot patterns. (b-c) Line intensity profiles show 1:1 intensity ratio between (0-110) and
(1-210) spots, which indicates that the graphene is single-layer. The diffraction pattern was acquired
using a nano parallel electron beam of 830 nm diameter in STEM mode of Libra MC 200.

3.6.1 Atomic-resolution TEM imaging of CVD graphene

Using TEAM 0.5 microscope, we can obtain atomic-resolution image of CVD
graphene. Figure 3.10 is an atomic resolution TEM image of monolayer region in CVD
graphene. TEAM image was acquired at 80 kV with a monochromator. The imaging
conditions with C; of -15 um and 10 nm focus (C)) values produce a bright atom contrast.
Clear hexagonal structures are observed in the image.
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Figure 3.10 Single-shot atomic resolution TEM image of large-area
monolayer graphene grown by CVD synthesis on copper foil. The image shows
a pristine region of single-grain monolayer graphene. We find that the graphene is
mostly single-layer (> 90 % of sample area) and of high quality as shown in this
image. The TEM image was acquired using an aberration-corrected TEM at 80
keV equipped with a monochromator (TEAM 0.5).

3.6.2 HAADF STEM imaging of graphene

HAADF STEM imaging is a good way to visualize the suspended graphene. STEM
imaging can be utilized to show that CVD graphene of large area can be perfectly transferred
to commercial TEM grids, similar to SEM. Especially, the intensity of HAADF image can be
used for identification of number of layers in graphene (Figure 3.11 and 3.12). Around the
multilayer regions, the intensity increases stepwise and we can assign the number of graphene
layers accordingly. In usually CVD synthesis conditions, non-single-layer region is less than
10 % of the sample area (Figure 3.11).



Figure 3.11 HAADF Scanning TEM (STEM) image of suspended graphene sample. The image
shows the graphene transferred onto a commercial TEM grid (Quantifoil holey carbon). Graphene of
large area (greater than 20 um x 20 um) can be perfectly transferred to commercial TEM grids with our
direct transfer method. We also observe that there are line features (local foldings) and double- or
triple-layer graphene regions in some portions of the sample. The non-single-layer regions comprise
less than 10 % of the sample area. The amorphous carbon grid support has a higher intensity than the
graphene because of higher scattering resulting from a thicker carbon layer. The blue dashed rectangle
is the field of view for the zoomed-in image in Figure 3.11a. Some residual particles appear bright on
the graphene membrane.
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Figure 3.12 Number of layer identification in graphene through STEM intensity analysis. (a)
Zoom-in of graphene STEM image from Figure 3.10. Some regions and line features have
distinguishable contrast from single-layer graphene. (b) Intensity profile along the line 1-2 in Figure a.
The intensity increases stepwise as the number of graphene layers increases. We can assign the number
of graphene layers from one to three. (c) Intensity profile along line 3-4 in Figure a. In the line feature,
the intensity shows what we estimate for triple-layers. (d) Proposed folding structure from figure c. The
folding of monolayer graphene locally produces triple-layer graphene.

3.7 Microscopy and analysis software

There is lots of software available for all the fundamental aspects of microscopy
including atomic resolution imaging and diffraction simulation. Some of my graphene studies
have utilized a microscopy software, MacTempas and CrystalKit, which is a Macintosh-based
image analysis program. The related software information can be found at
http://www.totalresolution.com/index.html.
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Chapter 4
Grain and grain boundary mapping
In polycrystalline CVD graphene

Large-area synthesis of high-quality but polycrystalline graphene has been recently
advanced as a scalable route to applications including electronic devices [19, 30-32, 40]. The
presence of grain boundaries (GBs) may have detrimental effects on some electronic, thermal,
and mechanical properties of graphene, including reduced electronic mobility [19, 30-32],
lower thermal conductivity [59], and reduced ultimate mechanical strength [60], yet on the
other hand GBs might be beneficially exploited via controlled GB engineering [61]. The study
of graphene grains and their boundary is therefore critical for a complete understanding of this
interesting material and for enabling diverse applications.

Since graphene is a two-dimensional one-atom-thick carbon membrane, the GB in
graphene is a one-dimensional entity. This is in contrast to regular three-dimensional
materials for which the GB is a two-dimensional surface. The GB of graphite has been
investigated using scanning tunneling microscopy (STM) for over twenty years [62-65], and
more recently STM and other surface studies of grains and boundaries have been performed
on epitaxially-grown graphene on single crystal substrates [36, 38, 66-69]. Unfortunately,
such surface probe techniques are either extremely time-consuming and not appropriate for
large-area characterization [38, 62-69] or lack suitable spatial resolution in the case of low
energy electron diffraction and microscopy [36, 38]. Moreover, true atomic-resolution
imaging at the GB of graphene unperturbed by the substrate structure has not been achieved,
hindering fundamental understanding of the electronic and mechanical properties of
polycrystalline graphene structures.

TEM, a direct and relatively fast imaging tool ideally suited for suspended
atomically-thin membranes, has been successfully applied to study adsorbates on graphene
using modest-resolution machines [70] and, using aberration-corrected instrumentation, to the
local atomic structure of graphene itself [71-73]. In this chapter, I will show that scanning
electron diffraction in STEM mode (SED-STEM) makes possible fast and direct identification
of GBs. We also demonstrate that dark field (DF) TEM imaging techniques allow facile GB
imaging for high-angle tilt GBs in graphene. GB mapping is systematically carried out on
large-area graphene samples via these complementary techniques. The study of the detailed
atomic structure at a GB in suspended graphene uses aberration-corrected ultra-high
resolution TEM, which shows the theoretically-predicted alternating pentagon-heptagon
structure along high angle GBs.

Grains and GBs are identified using SED-STEM, which involves scanning a nano
parallel electron beam (NPEB) across a suspended graphene membrane in the diffraction
mode of STEM. A related diffraction acquisition method with scanning micron-size beam has
been previously used for domain mapping of polycrystalline films [74]. When the electron
beam laterally traverses a tilt GB, gradual transitions are observed from one hexagonal-set
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diffraction to a relatively-rotated set (Figure 4.1); each set results from an individual grain of
single-layer graphene. Experimentally obtained graphene diffraction patterns at a transition
are shown in Figs. 4.1b-d. Diffraction patterns are acquired with a NPEB of 45 nm diameter
in Libra 200MC at NCEM. The hexagonal diffraction pattern (A spots) in Figure 4.1b
transitions to a relatively-rotated hexagonal pattern (B spots) in Fig. 4.1d. There are
intermediate locations in which both hexagonal patterns appear together in a single diffraction
graph, as shown in Figure 4.1c. This occurs when the electron beam simultaneously probes
both grains at the interface. Across the transition, the intensity profiles of diffraction A spots
show an expected diminishing trend, and those of B spots show an expected intensifying trend,
as the area of the associated grain (or number of carbon atoms in its associated graphene grain
lattice) under the electron beam illumination respectively decreases or increases, as shown in
Fig. 4.1e and 4.1f.

Intensity variations of A spots, B spots, and their sum across the transition are shown
in Fig. 4.1f. Importantly, the intensity sum of A and B spots is nearly constant over the
transition. This is compelling evidence that the transition is due to a tilt GB, and not another
microstructures such as foldings or overlapping of two misoriented graphene sheets.
Compared to single layer graphene, such overlapping microstructures have multi-layer
regions and would therefore increase the effective area of crystalline graphene under electron
illumination, which would lead to an increase of the intensity sum at a transition, contrary to
observations.

The graphene grain’s lateral isolation in the sample plane also enables us to perform
dark field (DF) TEM imaging for facile GB identification in the case of highly-rotated (> ~ 10
degree) tilt GBs. Fig. 4.2a shows a bright field (BF) TEM image of graphene (prepared on a
commercial Quantifoil holey carbon grid) where a diffraction transition occurs. There are no
special features which appear to be GBs in the BF image. Fig. 4.2b shows a diffraction pattern
with two sets of hexagonal patterns at the transition, which are relatively rotated by 25.6
degrees. We selectively obtain the bright contrast enhancement in one grain by transmitting
only a single diffraction spot (marked with dotted circles ¢ or d) with a small objective
aperture. Fig. 4.2c clearly reveals that the left side is brighter than the right side of the DF
image, which is divided by a sharp line feature. The illumination change to the other
transmitted diffraction spot produces a DF image with the inverted contrast in the graphene
area (Fig. 4.2d), while the line feature does not change. There is no overlap between the two
bright regions in the two DF images, Figs. 4.2c and 4.2d. This demonstrates that the line
feature thus identified is a GB, not a local overlapping of two distinct graphene structures. We
note that the GB is generally straight but changes its direction locally along the boundary in
this magnification range.

We have used both SED-STEM and DF-TEM to map out graphene grains and their
boundaries over a scale large enough to encompass multiple grains. In a pre-collected SED-
STEM image, we mark and compile the locations where diffraction patterns make transitions
for tracing a grain map. The DF technique can confirm this mapping process at high-angle
GBs. Fig. 4.3a shows a graphene GB map overlaid on the corresponding STEM image. The
annotated angles inside the grains are the relative angles of the grain's hexagonal diffraction
pattern measured against a reference grain (overlaid in red) at the central region. We
determine a graphene grain size in the range of 3 ~ 10 um using our synthesis conditions. One
should caution that identified grain boundaries in this study are restricted to the cases of tilt
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grain boundaries. Even though non-tilted grain boundaries can exist in graphene [68], SED-
STEM and DF-TEM methods are only applicable for visualizing tilt grain boundaries in
graphene. Aberration-corrected TEMs, which will be discussed later in this article, can be
utilized to image non-tilted grain boundaries.
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Figure 4.1 Grain boundary (GB) identification through diffraction series on a graphene
sheet. (a) Schematic of GB identification through a series of diffraction pattern acquisitions. The
dotted straight line is a tilt GB of graphene dividing the left and right side of the graphene
membrane. A series of diffraction acquisitions across a GB will produce a transition from one set
of hexagonal diffraction patterns to a relatively-rotated set. (b-d) Experimentally obtained
diffraction patterns at a transition. Diffraction patterns are acquired with a nano parallel electron
beam of 45 nm diameter. (b) Diffraction pattern showing a set of hexagonal pattern from single-
layer graphene. (c) Diffraction pattern showing two sets of the hexagonal pattern, which are
relatively rotated by 26.0 degrees. (d) Diffraction pattern with a different hexagonal pattern after
the completion of a transition. (e) The intensity profiles of diffraction A spots across the
transition. The left and right peaks are the intensity profiles for (0-110) and (1-210) spots. (f)
Intensity variations of A spots, B spots, and their sum across the transition.
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Figure 4.2 Imaging of a graphene GB via TEM dark field imaging. (a) TEM bright field
image of graphene on a commercial TEM grid (Quantifoil holey carbon) at a diffraction
transition. The red dashed circle is the field of view for the diffraction pattern acquisition for
Fig. b. The scale bar is 500 nm. (b) Diffraction pattern with two sets of the hexagonal
pattern, showing a 25.6 degree misorientation. Diffraction spots circled by dashed line ¢ and
d are transmitted for dark field imaging, respectively, for the figure ¢ and d. Amorphous
carbon of the TEM grid contributes the halo pattern to the diffraction pattern. (c) Dark field
(DF) TEM image of the same area from (0-110) diffraction spot. The left side is brighter than
the right side of the image, separated by a line (the GB). (d) DF TEM image with (0-110)
spot d from the other set of hexagonal diffraction spots shows the inverted contrast in the
graphene area. For Fig. ¢ and d, the brightness is adjusted separately between inside and
outside of the amorphous carbon holes. The yellow dashed line is a guide to the eye for the
graphene GB.
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Figure 4.3 Graphene GB mapping. (a) GB map with an overlaid background of the
graphene STEM image. The annotated angles inside each grain are the relative
angles of hexagonal diffraction pattern measured against the grain at the center. The
grain mapping was performed mainly using a nano parallel electron beam of size ~
45 nm in STEM mode. The scale bar is 1 um. (b) Distribution of misorientation
angles between adjacent grains. 50 misorientation angles are measured from
rotational angles between two sets of hexagonal diffraction patterns. There are more
populations around 0 and 30 degrees than middle-range angles.

Macroscopic mapping of graphene GBs additionally allows us to systematically
investigate the relative misorientation angles between adjacent grains (Figure 4.3b). A
misorientation angle can be defined to be smaller than 30 degrees in our study due to the
hexagonal symmetry. It is found that significant portions of misorientations are located
around 0 degrees (low-angle tilt GB) and 30 degrees (high-angle). The reported grain size of
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the polycrystalline copper used for our graphene synthesis is approximately 100 pm [31],
which is much bigger than the graphene grain size we have found here. Hence numerous
graphene GB formations occur within a single copper grain. The high percentage of 0 and 30
degree misorientations implies that there are interactions from the copper substrate causing
the preferential lattice alignment of graphene during the graphene synthesis. A related study
correlating preferential growth directions of graphene with the crystalline direction of the
underlying Cu(111) substrate has been recently reported [69]. Further systematic study of
graphene synthesis on single-crystal and polycrystalline copper will help in understanding
graphene growth and subtrate alignment.

Aberration-corrected TEMs have been used to image atomic defects on carbon
nanotubes and graphene including vacancies and topological defects [71-73]. Recently, there
has been a report of GB-like structures in few-layer graphene, but the atomic structure could
not be clearly resolved due to multi-layer interference [75]. Copper-catalyzed CVD graphene
is ideal for atomic resolution GB imaging as it is mainly single-layer and offers large sample
areas with multiple GBs. We have investigated suspended CVD-grown graphene in the
TEAM 0.5 aberration-corrected microscope. We start by scanning a graphene sample while
monitoring its diffraction pattern. When the diffraction pattern shows a transition of the
diffraction angle, we stop moving the sample stage and perform atomic resolution imaging at
the transition region.

Fig. 4.4 confirms that tilt GBs are the origin of the diffraction transitions we have
observed. Fig. 4.4a shows an atomic resolution image of a high-angle tilt GB of single-layer
graphene, which is acquired using image Cs aberration-correction with a monochromated
beam at 80 kV. The left and right parts of the image are two different grains, which are
relatively tilted by 26.6 degrees. The inset shows the Fourier transform of the image and
reveals the two sets of hexagonal patterns from two individual grains. After removing one
hexagonal pattern set and performing inverse Fourier transforms, we easily distinguish the
distinct graphene grains (Figs. 4.4b-c). In Fig. 4.4b, the contrast of the right side of the image
completely disappears, indicating the graphene has no defects inside the grain.

The zoomed-in image of Fig. 4.4d reveals the detailed atomic structure of a high-
angle GB of graphene. Pentagons, hexagons, and heptagons, defined by individual carbon
atom positions, are overlaid with red, black, and blue polygons, respectively. It is clear that
this high-angle GB consists of an array of alternating pentagons and heptagons without other
defect structures such as vacancies, similar to theoretical predictions of graphene high-angle
GBs [60, 76, 77]. The pentagon-heptagon GB is fairly stable under the electron beam, proving
its mechanical integrity. The GB exhibits a mixture of different types of dislocations with
Burgers vectors of (1,0) and (1,1) [60, 76, 77]. The GB also shows local bending at the atomic
scale; the majorities of GB segments are found to deviate from the symmetric bisecting line, a
result not accounted for in simple theoretical models [60, 76, 77]. Of course, details of the GB
structure may be sensitive to graphene synthesis conditions. Figure 4.5 shows additional
atomic resolution TEM images of another high-angle tilt grain boundary of graphene. The
tilted grains at the left and right sides are relatively rotated by 28 degrees.
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Figure 4.4 Atomic resolution images of a high-angle tilt GB of graphene. (a) Atomic resolution
image of graphene GB. The left and right parts of the image are different tilt grains, which are
relatively tilted by 26.6 degrees. The red dashed rectangle is the field of view for Fig. d. The inset
shows the Fourier transform of the image. It shows the two sets of hexagonal patterns from two
grains. The scale bar is 2 nm. (b) Atomic resolution image of the same region after removing one set
of hexagonal patterns from the fast Fourier transform. The contrast of the right side of the image
completely disappears indicating the graphene has no defects inside the right side grain. (c) Atomic
resolution image after removing another set of hexagonal patterns from the fast Fourier transform.
The left side of the image disappears. (d) The zoom-in image of the high-angle tilt GB of graphene.
The pentagon, hexagon, and heptagon are overlaid with red, black, and blue polygons, respectively.
The GB shows an array of alternating pentagon and heptagon structures. The scale bar is 0.5 nm.
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Figure 4.5 Additional atomic resolution TEM images of a high-angle tilt grain boundary of
graphene. The tilted grains at the left and right sides are relatively rotated by 28 degrees. (a) Original
TEM image. (b) TEM image with atomic configurations (overlaid polygons). The pentagon, hexagon,
and heptagon are overlaid with red, black, and blue polygons, respectively.

In conclusion, we present a study of tilt GBs of large-area monolayer polycrystalline
graphene using complementary TEM techniques. Conventional-resolution TEM yields
structural identification of grains and their boundaries in suspended graphene samples if SED-
STEM or DF-TEM modes are employed. The presented methods can readily be used to assess
the quality of polycrystalline graphene samples and aid in engineering GBs to exploit their
peculiar electronic properties [61]. Moreover, we present the atomic resolution imaging of
high-angle tilt GBs in graphene membranes. Our findings will likely benefit future theoretical
and experimental studies on thin membrane grains and GBs, including boundary diffusion,
electronic structure modification, and possible enhanced chemical reactivity at the boundary.
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Chapter 5
Multiply folded graphene: Grafold

Folding a structure changes its form and functionality. From paper origami to the
coiling of proteins, folding can transform relatively simple structures into complex shapes
with new and distinct physical qualities [78-80]. Graphene has a high in-plane Young’s
modulus [12] but is easily warped in the out-of-plane direction, similar to a sheet of paper.
Although folding induces strain energy at the curved folding edge, it can lower the total
energy of the system through plane-plane interactions after folding [81].

The folding may also induce new and distinct properties in graphene. For example,
recent theoretical studies suggest that folded graphene can exhibit interesting electronic
properties under magnetic fields [82, 83], such as interferometric effects due to the interplay
between the gauge fields created by the fold and the external fields. Folds in the top layers of
graphite [84, 85] and edge-folds in suspended graphene [17, 86-89] have been previously
observed. Most of these studies have focused on the single fold structure; however, graphene
folding structures can be more complex and intriguing.

In this chapter, multiply folded structures in graphene are introduced, which we term
grafold. Multiply folded structures, such as monolayer / triple-layer / monolayer graphene
junctions, are observed in suspended and supported graphene samples and verified by various
characterization techniques including transmission electron microscopy (TEM). Using
pseudopotential-density functional theory calculations, we show that double-folding alters the
electronic band structure of graphene. By introducing anisotropic surface curvature during the
graphene synthesis or transfer processes, we also demonstrate ways to control the orientation
and placement of graphene folding formations. In principle, single or periodic grafold hems,
pleats, creases, ripples, and ruffles can be tailored from graphene. Furthermore, we show that
grafolds can serve as a localized intercalation platform via Cep intercalation into an edge fold.
Intercalation or functionalization of the chemically reactive folds will further expand grafold’s
mechanical, chemical, optical, and electronic diversity.

The folding of graphene is not as simple as the folding of a sheet of paper, a
macroscopically isotropic material without preference for folding axes. In graphene folding
one must define the direction and location of folding lines in a way that accounts for the
hexagonal lattice symmetry and registry (or lack thereof) between adjacent layers in the fold.
As shown in Figure 5.1a, the direction of folding lines (dotted blue lines), €, can be defined

relative to the 4, —a, direction (dotted red lines), where G, and &, are conventional

translational unit vectors in the graphene lattice. Unless 0 satisfies the equation, 6/30° =/
where [ is an integer, folding will introduce a relative rotation between the resulting stacked
graphene layers. Depending on the direction or location of folding line formations, certain
directions of folding may be more energetically favorable than others [84, 8§9].
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Figure 5.1 Various multiple folding structures of graphene. (a) Planar figure of graphene before
double-folding. The dotted blue lines are folding lines, whose directions are measured relative to the
direction of the g —a, vector in the graphene lattice. (b) Double-folding of single layer graphene

produces local triple-layer graphene. Upper, middle, and bottom graphene layers are shown in blue, red,
and yellow, respectively. (c) A planar view of graphene before parallel double-folding (pleat folding). The

translational vector between the two folding lines can be indexed as na, + ma, . (d) Top view of a folding

structure with @=11°. Top and bottom graphene layers have the same rotational direction. (e-g) Top

views of folding structures with =0, where foldings occur along the zigzag lattice direction of
graphene. The layer stacking can vary depending on where the folding lines occur. (¢) AAA stacking of the
folding structure with n = m = 4 and 1/2. (f) ABA stacking with » = m = 4 and 1/2. (g) ABC stacking with
n=m =4 and 2/3. (h) Various complex folding structures with quadruple-foldings, including a box-pleat
(left). (i) Periodic double folding superstructure. Folds can be used as a local intercalation platform, and
highly curved edges can be functionalized with foreign materials.

By repeating a simple folding operation in close proximity to the first fold, one can
produce a variety of locally distressed and topologically altered regions, such as a monolayer /
triple-layer / monolayer graphene junction. Fig. 5.1a shows a planar view of graphene before
double folding, where the two blue dotted lines are the symmetry axes of the fold. An
example of one possible structure is shown in Fig. 1b, where the two folding lines have
different directions (6, = 6,). As the two folding lines are not parallel, they will eventually
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converge. Borrowing the language of the textile industry, we term this folding structure a
tapered tuck [90].
When the double folding lines are parallel (6, = 9,), the width of the trilayer region is

uniform along the fold and given by w=a+n’>+nm+m*, where w=na +ma, is the
translational vector between the two folding lines (Fig. 5.1c). (Note that » and m need not be
integers.) We refer to this parallel double folding structure as regular pleat folding, again
referencing the analogous structure in fabrics [90]. In pleat folding, the top (blue) and bottom
(yellow) graphene layers have the same crystalline direction, but the middle graphene layer
(red) is rotated relatively to the top and bottom layers when 6/30° =/ (an integer). Fig. 1d
shows the top-view of a pleat folding structure where 6 =11°. Alternatively, pleat folding
formations along the zigzag or armchair directions of the graphene lattice (6/30° =/) can
produce triple graphene layers in the folding structures with no relative rotation. However,
even without relative rotation, there are several distinct stacking configurations possible,
determined by the precise positions of folding line formations. Figs. le-g show AAA, ABA,
and ABC stacking when 6=0°.

Using a pleat folding as a building block, we can construct many complex folding
structures in graphene. Some possible folding structures with quadruple foldings are shown in
Fig. 5.1h. We can also envision a superlattice of pleat foldings in graphene as illustrated in Fig.
5.1h and 5.1i. This novel superlattice may exhibit unique electronic and optical properties
distinct from planar single or multi-layer graphene with homogeneous layers, as discussed in
more detail below. Moreover, the nature of the non-homogeneous layer number and highly
curved folding edges in grafold can be further manipulated. The localized triple layer regions
can serve as an ideal localized intercalation platform for encapsulating foreign atoms and
molecules. This is a new system which cannot be realized with standard graphite intercalation
approaches [91]. Further, highly curved folding edges should exhibit enhanced chemical
reactivity from the flat graphene regions [92] and can be used for one-dimensional
functionalization of graphene. Local grafold intercalation and edge functionalization are
shown in Fig. 5.1i.

5.1 Basic characterizations of graphene folds

We now turn to the experimental observation of grafold. Fig. 5.2a shows a TEM image
of graphene transferred onto a Quantifoil holey carbon TEM grid. In the middle of the
suspended graphene region there appear long vertical parallel lines. Such ribbon-shaped
features are frequently seen in our CVD-grown samples. We find that the usual widths of
these features range from a few nanometers to several hundred nanometers, with lengths often
extending tens of microns. Folded edge lines in the proposed folding structures in Figure 5.1
will produce line contrasts in TEM images similar to those seen for the "walls" of carbon
nanotubes [93]. A scanning TEM (STEM) image shows that central portions (the triple layer)
of the fold exhibit higher intensities, indicating that it is thicker than the surrounding
monolayer regions (Figure 5.2b). Residual particles preferentially decorate folding structures,
implying that the particles are trapped inside the folding, or preferentially adhere around the
folding edges during sample preparation as expected for the enhanced chemical reactivity of
highly-curved graphene.
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Figure 5.2 TEM and diffraction analysis of double folding structures. (a) TEM image of a ribbon-like
folding structure in suspended graphene. (b) HAADF (High-angle annular dark field) STEM image of a
graphene sheet with a folding structure. Circles denote different locations 1-7 for diffraction acquisition
using a nano-parallel electron beam (NPEB). The NPEP has a diameter of 45 nm. (c-e) Series of
diffraction patterns across the folding structure. (c) Diffraction pattern at location 1. (d) Diffraction pattern
at location 4, at the folding. Inset shows a zoom-in image of the (0-220) A spot, which shows the splitting
of two spots with a very small rotation angle of 0.4°. (e¢) Diffraction pattern at the location 7. (f)
Diffraction spot intensity (A spot, B spot, their sum, and their difference) variations at different locations.

To confirm that the ribbon-like structures of Figures 5.2b are indeed a local triple-layer
fold, we perform diffraction scanning across the folding structures using a nano parallel
electron beam (NPEB). While scanning NPEB across the folding from locations 1 to 7 (Fig.
5.2b), we acquire diffraction patterns and monitor the transition across the fold. In location 1,
which is outside of the fold, we observe one set of hexagonal diffraction spots (A spots) as
shown in Fig. 5.2c. By comparing the (0-110) and (1-210) spot intensity, we confirm that this
region is composed of monolayer graphene [17, 94]. As we move the electron beam onto the
fold structure, we find that another set of hexagonal spots (B spots) appears in the diffraction
pattern, originating from the middle layer of folded graphene (Fig. 5.2d). The intensity of A
spots inside the fold structure is twice that seen in monolayer regions, and a closer look at the
(0-220) A spot reveals two distinct diffraction spots (0.4° rotation mismatch). This indicates
that the diffraction pattern is comprised of three sets of hexagonal spots, and confirms that the
folded region is a triple layer of graphene. We also note that the small angle splitting in the A
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spots is consistent with our observation that the two folding lines appear to be parallel in the
STEM image. Figure 5.2f shows the variation of the diffraction spot intensity across the fold
from locations 1 to 7. We observe that the intensity sum of A and B spots is a factor of three
larger in folded regions than in monolayer regions, again consistent with our picture of a local
triple-layer.

We can also easily identify grafolds with scanning electron microscopy (SEM) and
atomic force microscopy (AFM). To do so, we transfer CVD graphene to a silicon
oxide/silicon substrate. In the SEM image of Fig. 5.3a, we see dark line features across the
graphene sample. The low-magnification STEM image of suspended CVD graphene shows
that grafolds exhibit similar line features (Fig. 5.3b), which suggests that the dark lines in Fig.
5.3a are folds in graphene samples. When we perform the AFM scan on such dark lines, we
observe a very similar ribbon-like feature as previously observed in the TEM study (Fig. 5.3c).
Atomic force microscopy (AFM) images are aquired with an MFP3D scanning probe
microscope (Asylum Research instruments) in non-contact mode. Moreover, the sample
indeed shows the higher height profile (~ 1 nm) inside the line (Fig. 5.3d). All these
observations confirm that SEM can be used to identify folds in graphene. We also encounter
more complex fold structures in graphene. Fig. 5.3e shows a quadruple fold structure in CVD
graphene and the height difference (~ 0.7 nm) of observed steps is consistent with the
thickness of double layer graphene.

5.2 Atomic resolution TEM imaging of folds in graphene
For a double-folded graphene, which has two independent choices of folding axes, the
two fold lines can be non-parallel (6, = 6,). In this case, all three layers can be relatively

rotated from one another. Figure 5.4 shows an atomic resolution TEM image of such a double
fold with non-parallel fold lines. As a result of such non-parallel double folding, the fast
Fourier transform (FFT) of the atomic resolution TEM image shows three distinct sets of
hexagonal patterns (marked by blue, red, and yellow arrows in Fig. 5.4b) from the three
relatively misoriented layers. Between the two fold lines, graphene exhibits a moiré pattern
arising from the rotational stacking in multilayer graphene [86], while we find single layer
graphene outside of the folding lines.

Moreover, we can further process the FFT signal to visualize the individual layers
within the double fold structure in real space. Figures 5.4d-f show reconstructed images of the
double fold, which selectively shows each layer in the double fold structure. To obtain Fig.
5.4d, we remove the hexagonal pattern signals marked by blue and yellow arrows, and
perform an inverse Fourier transform using only the hexagonal pattern marked by red arrows.
After this processing, the single-layer-like graphene lattice signal coming from the middle
layer of the double fold structure is clearly visible in real space (Fig. 5.4d). For Fig. 5.4e and
5.4f, we perform the same procedure and successfully reconstruct the top and bottom
graphene layers (each separately) by selecting out the hexagonal pattern signals marked by
blue (Fig. 5.4¢) and yellow (Fig. 5.4f) arrows.



42

carbon grid

Figure 5.3 SEM, AFM, and STEM images of folds in CVD graphene. (a) SEM images of CVD
graphene transfered to a silicon oxide/silicon substrate. Folds appear dark relative to monolayer graphene.
(b) HAADF STEM image of CVD graphene transfered to a Quantifoil holey carbon TEM grid. The
white background is the region of the amorphous carbon film and the dashed lines are a guide to the eyes
for folds in graphene. (¢) AFM scan of graphene fold in CVD graphene transfered to silicon oxide/silicon
substrate. (d) Top - The height profile of the folding structure along the dotted line in Fig c. Bottom -
Proposed folding structure (double folding) from the AFM data. (e) Top - AFM scan of multiple folding
structure in graphene. The white dotted line is used for the height profile scan. Middle - The height profile
of the folding structure. The height difference (0.7 nm) of observed steps is consistent with the thickness
of double layer graphene. Bottom - Proposed folding structure (quadruple folding) from the AFM data.

Double folds can also occur in which the folds are parallel (6, = 6, ). Borrowing textile

industry terminology, we have previously termed these pleat folding structures [90]. In these
structures, the top and bottom graphene layer will have the same rotation angle. Fig. 5.5a
shows a rotated atomic resolution TEM image of a pleat folding structure around one folding
edge. We have rotated the image to apply the previous angle assignment scheme. As expected,
the folding edge line shows a very straight line feature in the TEM image, where the triple
layer and single layer graphene are located in the left and right side of the folding edge,
respectively. Its FFT exhibits two sets of hexagonal patterns instead of three sets (Fig. 5.5b)
because top and bottom layers are aligned with each other but not with the middle graphene
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layer in the pleat foldings. Such sets of hexagonal patterns are marked with red and blue
circles in Fig. 5.5b.

Figure 5.4 Direct visualization of individual layers in a double fold. (a) Atomic-resolution TEM
image of a double fold structure in graphene with non-parallel folding edge lines. The folding edges
are overlaid with dotted lines. (b) FFT of Fig. 2a showing three different hexagonal sets originating
from double folding. The hexagonal sets marked by blue, red, and yellow arrows originate from the
top, middle, and bottom layers in the triple layer region, respectively. (c) Color-coded image of Fig.
2a. The areas occupied by top, middle, and bottom layers are overlaid with blue, red and yellow,
respectively. (d) Filtered image showing only the middle layer. From Fig. 2b, hexagonal pattern
signals marked by blue and yellow arrows are removed and red signal is solely used for
reconstruction. (e) Filtered image showing the top layer (with blue signal). (f) Filtered imaging
showing the bottom layer (with yellow signal).
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Figure 5.5 Rotated atomic resolution TEM image of a double (pleat) fold with parallel folding.
(a) Atomic resolution TEM image of a pleat folding with & = 26°. The image shows one of the two
pleat fold edges. (b) FFT of Fig. 3a shows two different hexagonal sets of diffraction patterns
originating from pleat folding. The hexagonal set marked by horizontal red circles originates from the
middle layer in the triple layer region. The blue dashed line is drawn as parallel to the folding edges in
the Fig. 3a. Note that the figures are rotated for the proper angle assignment. (c) Filtered image of Fig.
3a using the only the hexagonal pattern from the middle layer signal (marked by red in Fig. 3b). (d)
Filtered image of Fig. 3a using only the hexagonal pattern from the top and bottom layer signal
(marked by blue in Fig. 3b). (¢) Zoom-in image of rectangle in Fig. 3c. (f-i) Zoom-in images of
rectangles in Fig. 3d. Right side images are shown with corresponding local atomic registry.

The previously described reconstruction process for individual layer visualization can
also be used for pleat folds. Fig. 5.5¢ and 5.5d show the filtered images using the hexagonal
patterns marked by red and blue circles, respectively. The FFT signal marked with red circles
contributes to the sandwiched middle layers. To apply the angle assignment scheme, we also
have rotated the TEM image so that the @, —a, vector in the sandwiched middle graphene
layer is aligned vertically as shown in Fig. 5.1a. By this image rotation, we imagine a
structure wherein top and bottom graphene layers are relatively rotated to the reference
middle layer after folding. The FFT of the image can be used to check this process; the
hexagonal pattern (marked by red circles), which originates from the middle layer graphene,
should be aligned horizontally in the FFT as shown in Fig. 5.5b. After the TEM image
rotation, we can directly measure the deviation angle of the fold axis (blue dashed line) from
the referenced vertical direction (red dotted line). This gives us a direct measurement of
6 = 26° for the fold angles. The zoom-in image of lattice structure in the middle layer also
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shows the expected aligned lattice direction (Fig. 5.5¢). The imaging condition employed
produces the bright atom contrast and the graphene lattice structure is overlaid in the right
side of the Fig. 5.5e.

With a pleat fold, the signals from the top and bottom layers are closely overlapped in
the frequency domain and cannot be decoupled from each other via the aforementioned image
filtering process. Instead, interference effects between top and bottom layers will be apparent.
Fig. 5.5d shows the reconstructed image from the top and bottom graphene layers.
Interestingly, in the different regions of the overlapped structure, we observe distinct lattice
contrast patterns (Fig. 5.5f-h) due to different local stacking relations. For example, in Fig.
5.5f, the image contrast is nearly doubled while maintaining the single-layer contrast pattern.
This corresponds to local AA stacking, where the atomic positions in two layers are exactly
overlapped, doubling the image signal. On the other hand, Fig. 5.5g shows a highly distorted
pattern, exhibiting line patterns rather than the hexagonal patterns. This is due to intermediate
stacking where the local atomic registry produces streaked atomic positions. The other region
displays the graphene lattice pattern but the bright-dark contrast is reversed as shown in Fig.
5.5h. With our imaging conditions, the AB stacking of graphene lattice can give us such a
reversed contrast [73]. Therefore, we confirm that there is a smooth transition from AA to AB
stacking between top and bottom layers in different regions of a pleat fold. Fig. 5.6a shows
another atomic resolution TEM image of a pleat folding structure with parallel folding edge
lines (6 =27°).

Figure 5.6 Atomic resolution TEM image of a pleat folding structure. (a) A double folding structure
with parallel folding lines with @ =27°. To the left and right of the folding structure is monolayer
graphene. The folding edges are overlaid with blue dotted lines. (b) Fast Fourier transform (FFT) of
Figure 4a, which shows two sets of hexagonal patterns. The circled set of hexagonal pattern (red) is from
middle layers. The blue dotted line is drawn to be parallel to the folding lines. The hexagonal set marked
by blue arrows is from top and bottom graphene layers, which have the same lattice directions after
folding.
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We have analyzed approximately 50 double fold structures to better understand the
fold formations and investigate the angle dependence in folding. Fig. 5.7 shows that the
number of double fold structures with a significant difference between two fold angles is quite
small; the majority of angle differences is less than 1 degree. This shows that the two fold
angles are not independent during the double folding formation. Instead, the two fold lines
tend to align with each other since a large mismatch in the two fold angle will induce
significant deformation and highly strained singular points as the two folding lines converge.
Parallel double folds need not suffer from the energy cost associated with this singularity. We
note that the observed parallel folding is closely related to the theory of a developable surface,
a surface that can be unrolled onto a flat plane without tearing or stretching [95].
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Figure 5.7 Angle dependence of folding axis in double folds.
Histogram of angle difference between two folding axes in double fold
structures of graphene. The fold angle difference is smaller than 1 degree
for most of the observed double folding structures. Inset shows a

histogram of observed fold angles (0 <|¢| <30°) in the double fold with

respect to the graphene lattice direction. Each fold in double fold
structures is counted.

The inset of Fig. 5.7 shows that the fold formations occur in quite random directions
relative to the graphene crystalline orientation. Previously, it has been observed that folding at
the free edges of graphene predominantly occur in the zigzag (6 =0°) and armchair
(0 =30°) directions with mechanical agitation, due to lattice registry effects [89]. Random
directions of double fold formations imply that the interlayer energy difference in different
stackings is not the dominant factor in our double fold cases. The fact that the folds are within
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the sheet of graphene, not around the free edges, may play an important role since it provides
more constraints on the fold formations. In the case of free edge folding, it is relatively easy to
readjust the angles and locations of fold, especially small folded regions. The polycrystalline
nature of CVD graphene also contributes to the random directions in fold formations. The
observed grain sizes in CVD graphene, around a few micrometers [94], are smaller than the
extended lengths of double folds, usually longer than tens of micrometers. If a double fold is
extended through many graphene grains without a significant change of its folding direction,
the misorientations between each grain can lead to the relative variations in the angles of fold
axis with respect to the graphene crystallographic direction.

Even though the folding axis exhibits a highly random direction with respect to the
graphene lattice direction, we sometimes observe a pleat folding with 6, =6, =30"-n (n is

integer), a higher symmetry fold case. In this case, all triple layers are in rotational alignment.
Fig. 5.8a shows such a case, where the folding line formations occur in the zigzag direction of
the graphene lattice (8 = 0°). The FFT of the image shows only one set of hexagonal patterns,
which is evidence for the presence of non-rotated triple layers. Even though there is no
relative rotation, the triple layers still can have various stacking relations according to the
locations of folding axes. For 8 =0° pleat folds, ABA (Bernal stacking), AAA, ABC, and
other intermediate stackings can be obtained by small shifts in locations of folding axes. The
stacking relations, together with the folding angles, will play important roles in altering the
properties of folded graphene from its planar counterpart.

Zoomed-in images in the different regions of the triple layers display very distinct
intensity patterns as shown in Fig. 5.8b-d. To properly interpret the local stacking relations in
the triple layers, we generate simulation TEM images from the constructed atomic models and
compare those images with the experimental observations. We construct atomic models of the
graphene fold and perform structural relaxations using the SIESTA code [96] with a double-
zeta (DZ) basis set until the forces are smaller than 0.04 eV/Angstrom. Psuedopotentials [97]
and density functional theory with the local density approximation [98, 99] are used. The
grafold structure is simulated in a periodic supercell of length 8.4 nm in the direction
perpendicular to the fold and in the graphene plane, and 2.1 nm perpendicular to the graphene
plane. Around the fold edges, a relaxed double fold exhibits bulged structures, which can be
thought of as a partial nanotube (Fig. 5.9a). Away from the fold edges, the triple layer region
contains a flat region where a proper stacking relation to the other layers can be defined. By
varying the initial conditions of constructed models, we can also obtain relaxed structures
with different stacking relations in the flat region. In the atomic models shown in Fig. 5.8¢
and 5.8g, the ABC and ABA-stacking can be found in the flat triple regions of double fold
structures.
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Figure 5.8 Rotated atomic resolution TEM image of parallel double (pleat) folding with @ =0°.
(a) Atomic resolution TEM image of a pleat folding in the zigzag direction (& = 0°). The boxes are the
field of view for Fig. 5b, 5c, and 5d. The inset is the FFT of the TEM image, which shows one set of
hexagonal spots. (b) Zoomed-in image of the triple-layer region shows the ABC stacking relation. (c)
Zoomed-in image with a stacking relation close to ABA stacking. (d) Zoomed-in image with an
intermediate stacking relation. (e) Relaxed atomic model of a pleat folding in the zigzag direction
0 =0° with ABC stacking at the flat triple layer region. (f) Simulated TEM image from atomic
model in Fig. 5e. (g) Relaxed atomic model of a pleat folding in the zigzag direction with ABA
stacking at the flat triple layer region. (h) Simulated TEM image from atomic model in Fig. 5g.

From these atomic models, we perform image simulations using MacTempas software
with a set of parameters which reflects the experimental conditions. These images are shown
in Fig. 5.8f and 5.8h. Around the folded region, the stacking between triple layers is not well-
defined and about 1 nm width of image is distorted compared to other flat regions. Beyond
these regions, the simulation images exhibit uniform image structures at the flat triple regions.
ABC and ABA stacking produce very distinct intensity patterns; ABC stacking particularly
produces dominant intensity variation at the half length of the conventional graphene unit cell,
1.23 nm.

We find that the local regions in Fig. 5.8b exhibit the ABC stacking, displaying the
expected intensity variation at the half of the graphene unit cell length. On the other hand, the
region in Fig. 5.8c shows an intensity pattern very similar to ABA stacking. Interestingly, the
local region in Fig. 5.8d exhibits the intermediate stacking relation, deviated from ABC and
ABA stacking. This variation of stacking relation means that the triple layers stacked on each
other are not parallel but have different local curvature in the out of plane direction.
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5.3 Electronic bandstructure calculation

The electrical and optical properties of graphene can be dramatically modified by
changing the number and stacking relations of adjacent layers due to inter-layer interactions
[5, 100-108]. AB-stacked (Bernal stacked) bilayer and triple-layer graphene have distinct
properties from monolayer graphene [5, 100-105]. Non-regular stacking such as rotated two-
layer graphene leads to interesting properties such as variable van Hove singularities and
renormalization of charge carrier velocity [106-108]. Interesting questions arise upon laterally
(in-plane) changing the number of graphene layers; in such situations, charge carriers will
experience abrupt band-structure transformations at sites of layer number transitions. Even
though there are a few previous theoretical calculations concerning electronic band structures
of folded graphene, they have mainly focused on the bilayer graphene systems with single
folds [109-111]; complex multiple fold structures with inhomogeneous layer numbers, such as
pleat folds, have remained unexamined.

To better understand how folding affects graphene’s material properties, we model the
pleat folding structure in the supercell approximation [112]. The triple layer region is
connected to the outer monolayer graphene by curved graphene regions formed from partial
nanotubes. This simple model is then relaxed using the SIESTA code with a double-zeta (DZ)
basis set until the forces are smaller than 0.04 eV/Angstrom. The relaxed pleat folding

structure (6 =0°) originally formed from (8,8) and (13,13) armchair nanotubes is shown in
Fig. 5.9a. The length of the unit cell is 8.04 nm in the direction perpendicular to the fold and
in the graphene plane, and 2.5 nm perpendicular to the graphene plane.

The geometry of the fold in the relaxed structure is influenced by the interlayer
interactions and strain due to the curvature of the fold. In Fig. 5.9a, it is apparent that the
relaxed structure has flat regions which transition smoothly to bulges at the edges of the fold.
These bulges are similar to those found in collapsed nanotubes [113]. The relaxed structure
shows a stacking very similar to the ABC stacking pattern and the width of the folding can be
indexed as n = m = 4 and 2/3. (see the Section 5.5 Indexing of a pleat folding structure for
the detailed indexing scheme). However, unlike graphite, the grafold structure has regions of
large curvature which necessitates that the layers are no longer parallel to each other. Thus,
the registry is changed as the graphene layer gets close to the fold, a result seen in previous
studies of the bilayer graphene edge [88].

We calculate the band structure of the grafold system along the direction of the fold as
shown in Fig. 5.9b. For a fold along the zigzag direction, the K point in the graphene
Brillouin zone maps to (1/3)(27/a) in grafold, which we label as “K” in the figure. The band

structure exhibits a semi-metallic character with the pi-states having a small, indirect overlap
of ~8 meV near the “K” point. This unconventional electronic band-structure is one example
of what can be obtained in grafold nanostructures where many effects are simultaneously in
play, such as curvature, interlayer coupling, layer registry, and confinement. Detailed
discussions on the effects of the layer registry can be found in the Section 5.6 Band
structures of shifted bilayer graphene. With narrow grafold structures, we also find that the
occupied states in the vicinity of the Fermi level are localized near the folded region. This can
be seen in Fig. 5.9c where an isosurface of the local density of states, integrated over occupied
states within 0.1 eV of Ef, is shown. This localization may be useful for constructing
electronic devices based on grafold nanostructures.
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Figure 5.9 Theoretical calculation of double folding structures in graphene.
(a) Model of the pleat folding structure of &=0° that has been relaxed. The
fold is periodic into the page, although only a finite width is shown here for
clarity. (b) Electronic band structure of the pleat folding along the direction of
the fold. The system is semi-metallic with a slight indirect overlap between the
occupied and unoccupied states. (¢) Calculated local density of states integrated
for the occupied states from 0.1 eV below E to Er for a narrow double folding
with a triple layer region of length ~ 1 nm. The shown iso-surface is 10% of the
maximum value and shows the occupied states near the Fermi level are localized
to the region near the fold. The modeling and calculations are mainly performed
by Brad D. Malone and Marvin L. Cohen.

5.4 Controlling folds in graphene

The formation of pleat folds occurs spontaneously during chemical vapor deposition
(CVD) graphene synthesis or transfer processes. Local wrinkles (or buckling) in graphene
naturally form to relieve strain during the cool-down from high-temperature CVD growth
temperatures [114, 115], during which the synthesis substrate contracts and the graphene
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slightly expands [23, 114, 115]. These wrinkle structures often collapse to form folded
structures when the copper substrate is etched away and the graphene is transferred to target
substrates. The TEM analysis of the angle dependent folding frequency and the folded area
(fold frequency weighted by folding width) shows that folds have a fairly random distribution
of orientations (Fig. 5.10a and 5.10b).
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Figure 5.10 Controlled folding formations in graphene: comparison of graphene folding formations
from regular and patterned copper substrates. (a) Histogram of angle-dependent fold formation
frequency in graphene grown on unpatterned copper foil. (b) Histogram of angle-dependent folded area in
folds in graphene grown on unpatterned regular copper foil. (¢) Schematic process of directional control of
folding formations in graphene during synthesis. A copper substrate with patterned etched trenches is used
for CVD graphene growth. After transferring the graphene to other substrates, foldings are more
frequently aligned with the patterned direction. (d-e) Graphene synthesized using the patterned copper
substrate and transferred to a Quantifoil holey carbon TEM grids. Aligned folding formations are

observed. ¢ =0° is the pattern direction in the copper substrate. (f-g) Histogram of angle-dependent fold

formation frequency and folded area in graphene grown on etched line trenches of copper foil. The angle
at zero degrees is the direction of the patterns.

Grafold applications necessitate the ability to control the directions and locations of
grafolds. We demonstrate that the directions and placement of folding formations can in fact
be controlled by intentionally inducing, and then reconfiguring, surface curvatures in
graphene during either the synthesis or transfer process. Fig. 6¢ shows a route to controlled
graphene folding in which we control the preferential folding directions by growing the
graphene on a patterned substrate prior to transfer. In this method, a copper substrate with
etched line trenches is used for CVD graphene growth. We synthesize graphene on a copper
substrate with etched line trenches. We spincoat PMMA on copper foil and pattern parallel
lines with electron beam lithography (1 um or 2 pm width, with 10 pm pitch). Then we
partially etch the copper foil with Na,S,0g solution (concentration of 0.1 mg Na,S,0g/1 mL
water) for 1.5 minutes. After etching, we remove the PMMA mask with acetone and grow
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CVD graphene on the patterned copper foil.
Graphene synthesized using this method and transferred to a Quantifoil holey carbon

TEM grid is shown in Fig. 5.10d and 5.10e. Here, ¢ =0° 1is the patterned trench direction in

the copper substrate used for graphene synthesis. The histogram of angle-dependent folding
frequency shows that the predominant folding formations occur along the trench direction
(Fig. 6f and 6g) where a sample area of over 5,000 um® was investigated.

We propose another possible route for controlled placement of grafolds. Figure 5.11a
shows a schematic of this proposal. After a standard CVD synthesis, graphene is transferred
onto a substrate which has patterned metal (for example, Cu) rails or other removable features.
The features are then etched away, allowing the local slack in the graphene to collapse and
resulting in folding of the graphene at the desired regions. SEM images of graphene on a
silicon substrate with a patterned copper rail, before and after the copper etching and graphene
folding, are shown in Figures 5.11b and 5.11c, respectively; the observed features and
apparent absence of graphene tearing suggest that the new slack results in graphene folding at
the desired patterned locations.

(a)

Figure 5.11 Proposal for controlled placement of grafold. (a) Schematic process of controlled
placement of folds in graphene. Graphene is transferred onto a substrate which has patterned metal
features. After underetching of the metal features, the graphene collapses and may fold along these pre-
patterned regions. (b) SEM image of graphene draped over a copper metal pattern on a silicon substrate.
(c) SEM image of the same region after the copper is underetched. The image is suggestive of graphene
folding aligned with the removed copper structure.
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Grafolds can also serve as a localized intercalation platform. To demonstrate this
possibility, we intercalate Cg into the grafolds. Cep has been intercalated into graphite and
various nanotubes in prior studies [116-119]. The introduction of Csp could potentially
induce interesting changes in the system’s properties such as electronic band structure
modifications [117, 118]. For Cg intercalation, graphene-covered TEM grids and ultra-pure
Co crystals are placed in a clean quartz ampoule that is then evacuated to 10 Torr and sealed.
The sample is then placed in a furnace at 600 °C for 7 days. After cooling, the TEM grid is
lightly rinsed in isopropyl alcohol and allowed to dry.

Figure 5.12 Intercalation of Cg into a single fold in graphene. (a) TEM
image of a graphene edge fold with intercalated Cgqp. Along the straight fold
edge, Cgo are closely packed forming a single chain of Cg. (b) Schematic
view of the fold structure with local Cg, intercalation. The TEM image was
taken by Benjamin Aleman.
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In Fig. 5.12a, we show a TEM image of Cg( intercalation into a graphene edge fold.
Even though the Cg are randomly distributed away from the folded edge, we find that the Cg
are closely packed forming a single chain of Cgp molecules along the straight folded edge,
confirming successful intercalation into the grafold. The C60 intercalation into grafold was
mainly conducted by Benjamin Aleman. The available intercalants are essentially unlimited,
opening up the possibility of tailoring grafold structures into a wide new class of materials
with novel physical properties.

5.5 Indexing of a pleat folding structure
For a pleat folding in graphene, a translational vector between the two folding lines
can be assigned as w = na, + ma,. From this vector, the width w and the folding angle 6 can

be determined.
w=avn® +nm+m’ (5.1)

1| (mn—m)
0 = tan ( AE(n ) m)j (5.2)

However, finite local curvatures at the folded edges (Fig. 9a) may lead to ambiguous
assignment of folding lines. Here, we suggest a way to define the folding edge lines to avoid
this problem. Figure 9 show the schematic of this process.

First, we define an axis of interest (blue dashed line) in the flat folded region around
which the area has a certain well-defined stacking relation as shown in Fig. 5.13a. Any axis of
interest chosen inside the flat region can assign unique folding lines (and indexing) for a pleat
structure. There are three points of interest which are intersected by the blue dashed line in the
three stacked graphene layers. Fig. 5.13b shows the top-view of the folding structure shown in
Figure 9a. For the structure shown here, an ABC-stacking relation can be identified in the flat
region. The points of interest are marked by the blue dot. Next, we unfold the pleat folding
structure to obtain the corresponding flat graphene sheet while tracking the three points of
interest as shown in Fig. 5.13c. We can now easily calculate the translational vectors between
these three points. The folding edge lines (blue dashed lines in Fig. 5.13c) can be defined as
the perpendicular bisectors of the lines connecting the three points of interest. In the pleat
folding strcture shown in Fig. 5.13 (also the folding structure in Fig. 5.13a), the indexing is
n=m =4 and 2/3. For the case of foldings in the zigzag or armchair directions of graphene

lattice (#=0° or €=30"), the indexing satisfies n = m or m = 0, respectively.

5.6 Band structures of shifted bilayer graphene

We perform first-principles calculations for two layers of graphene with different
relative shifts along the armchair direction to consider the effects that layer registry has on the
electronic structure of the fold (Fig. 5.14). We use the plane-wave pseudopotential method
[120] and density functional theory with the local density approximation [98, 99], as
implemented in the Quantum-ESPRESSO code [121]. The core-valence interaction is
modeled using norm-conserving pseudopotentials [97]. A plane-wave cutoff of 60 Ry is used
for the valence wavefunctions. The graphene lattice constant is 2.46 A and the separation
between the layers is fixed at 3.35 A. The unit cell length perpendicular to the graphene sheets
is 15 A. The Brillouin zone is sampled with a 32 x32x1 Monkhorst-Pack k-point grid, and
a Gaussian smearing of 0.05 eV is used for the electronic occupations.
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Figure 5.13 Schematic of indexing of a pleat folding structure. (a) Assignment of an axis of interest
in the folding structure. There are three points of interest which are intersected by the blue dashed line
in the three stacked graphene layers. (b) Top-view of the folding structure shown in Figure 9a. An
ABC-stacking relation can be identified in the flat region and the points of interest are marked by the
blue dot. (c) Unfolding the structure to obtain a flat graphene sheet and finding the translational vectors
connecting the three points of interest to index the folding lines (blue dashed lines). In the folding
structure shown in the schematic, the indexing is # = m =4 and 2/3.

As expected, the shift corresponding to AB stacking (Fig. 5.14c) between layers is
most energetically favorable. Other configurations a, b, and d in Fig. 5.14 are higher in energy
by 14, 6, and 1 meV/atom, respectively. The band structures for these configurations are
shown in Fig. 10, Top. In agreement with previous studies [100, 122], the bands near Er for
AB stacking show quadratic dispersion and a small band overlap very close to the K point.
For AA stacking, linear bands cross at Er away from the K point. For a shift intermediate
between AA and AB stacking (Fig. 5.14b), the conduction and valence bands show gaps at k-
vectors away from the K point along the K-M and K-I' directions. For another shift (Fig.
5.14d), we find two bands that cross away from K, above Er, while there is a gap at K and
along the K-I" direction.

These calculations show that a shift in registry (relative translational position) of two



56

graphene layers can create multiple valence band maxima and conduction band minima near,
but shifted away from, the K point. The k-vector positions of these extrema relative to the K
point and the band gaps are similar to what we calculate for the grafold structure. A similar
effect was found in previous calculations for double-wall carbon nanotubes with shifted
rotational orientations [123]. The indirect band overlap seen in the grafold band structure is
not seen for two graphene layers, but could come about by other perturbations such as the
curvature of the fold.

Although registry shifts away from AB stacking (or ABA or ABC for trilayer
graphene) would not be expected for stacked graphene layers, the curved regions in grafold
may allow the registry to change along the structure. Indeed, in our calculated grafold
structure, the registry is not fixed throughout the fold. Therefore, these shifted registry effects
can be present in the grafold band structure.
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Figure 5.14 Calculated band structures of shifted bilayer graphene. (a)-(d), Calculated band structures
along the M—K—I" direction for two layers of graphene (Top) with corresponding atomic structures
(Bottom) having different relative shifts in the armchair direction. (a) and (c) are for AA and AB stacking,
respectively, while (b) and (d) are intermediate stackings. In (a), two pairs of bands cross at Ex away from
the K point and have linear dispersion. In (c), conduction and valence bands touch at Ef at the K point and
have quadratic dispersion. The intermediate case (b) shows a gap, with band extrema away from the K
point. In (d), a band crosses Eg at two points away from the K point. The calculations were conducted by
Kevin T. Chan and Marvin L. Cohen.
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Chapter 6
Ripping graphene: Preferred directions

In many solids, the formation of cracks due to applied stress is a well-known failure
mechanism, and hence one of the most important problems in materials science. In a two-
dimensional sheet-like material such as graphene, applied tensile stress can also lead to
catastrophic failure (ripping) by related crack formation, which we call tearing. The study of
tearing in graphene is not only critical in gaining an understanding of the fundamental two-
dimensional interatomic interactions, but it has ramifications for a host of mechanical
applications (as well as electronic and thermal applications).

Theoretical studies including molecular dynamics simulations have given some
insight into the mechanical properties and breakdown mechanisms of graphene under tension
[124-128]. Previous experimental studies on graphene’s mechanical properties include nano-
indentation using atomic force microscopy [12, 129], and an investigation of graphene tearing
related to the interaction between graphene and substrates [130]. Most experimental studies,
however, have suffered from moderate spatial and time resolution, making it difficult to
observe local tear shapes, or their modes of propagations in real time.

In this chapter, we investigate experimentally and theoretically tears in suspended
monolayer graphene. We examine the crystallographic orientations of torn edges using TEM
imaging and electron diffraction. Torn edges induced by mechanical stress maintain
straightness for substantial distances (fractions of microns or greater) in either armchair or
zigzag direction and occasionally change directions by 30 degrees (or multiples of 30
degrees). We also observe in real time the propagation of tears stimulated by electron beam
irradiation. Theoretical simulations which take into account unpaired electrons at torn edges
show preferred armchair and zigzag directions for graphene ripping, with occasional tear
kinks, in agreement with experimental observations.

The graphene membrane occasionally develops tears, due to unavoidable
mechanically applied stress during the graphene transfer process that involves wet etching and
drying in air. Figure 6.1a shows a TEM image of suspended graphene transferred to a TEM
grid. The outer circle is the amorphous carbon support boundary for the graphene membrane.
A single graphene tear, outlined with a dashed line for clarity, originates from the lower left
edge of the carbon support and then extends toward the central region of the membrane. A
zoomed-in image around the tear shows that the opening is wider near the carbon support and
gets narrower around the tip of the tear, as shown in Fig. 6.1b. This and similar images
consistently show that torn edges in graphene are generally straight with occasional changes
in direction of 30 degrees, which strongly suggests that the directions of the observed tears are
closely related to graphene’s hexagonal lattice symmetry.

To investigate the crystalline directions of torn graphene edges, we perform electron
diffraction near tear regions. We note that the samples are, within the 1.2 um diameter
circular suspended membrane region, typically single-crystal (see below for behavior near
grain boundaries) [94]. The inset of Fig. 6.1a shows the rotation-calibrated diffraction pattern
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of graphene for the associated membrane. From the diffraction pattern, we can assign the
crystalline direction of the graphene lattice as shown in Fig. 6.1b. We find that the torn edges
are aligned with either armchair or zigzag directions. The red and blue dotted lines in Fig.
6.1b represent armchair and zigzag edges in the tear line, respectively. Similar analysis of
tears in different suspended graphene membranes consistently show that tears are straight
along either the armchair or zigzag directions and occasionally change directions in multiples
of 30 degrees.

Figure 6.1 Tears in a suspended graphene membrane. (a) TEM image of suspended
graphene transferred to a Quantifoil holey carbon TEM grid with a tear near the edge of the
carbon support. The inset is the rotation-calibrated diffraction pattern of graphene. The dashed
rectangle is the field of view for Fig. 1b. (b) Zoomed-in TEM image of the tear in graphene.
The tear exhibits straight lines with the direction occasionally changing by 30 degrees. The red
and blue dotted lines represent armchair and zigzag tear edges, respectively. (c) TEM image of
a graphene tear before the propagation. The inset is the rotation-calibrated diffraction pattern of
graphene membrane. (d) Propagated tear in graphene under the electron beam. The freshly torn
line is straight following the armchair direction of the graphene lattice.

Tears are found both spanning the entire membrane or only part of the membrane (as
in Fig. 6.1a-c). We find that partially-spanning tears can sometimes be induced to propagate
further by action of the TEM electron beam. Fig. 6.1c and 6.1d show the same area of
graphene before and after illumination by the electron beam. The tear maintains its
straightness as it grows from its tip. In Fig. 6.1d, the freshly torn edge follows the armchair
direction of graphene lattice. The propagation of tears can occur quite fast (up to ~ 1 pm/sec)
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with even low electron dose (~ 0.01 A/cm?). Previous TEM studies, including atomic
resolution TEM work on graphene, provide possible explanations to the mechanisms of
observed tear propagation under the electron beam [71, 73, 131]. Electron-beam irradiation
effects can be categorized into elastic scattering effect (knock-on damage) and inelastic
scattering that produces electronic excitations [132, 133]. Among these, knock-on damage is
generally believed to be the main irradiation effect in graphene since excitation effects are
rapidly quenched as a result of metallic nature of graphene [132]. For pristine graphene, the
knock-on energy threshold for incident electrons is around 86 keV [134]. We mainly use an
electron energy of 100 keV for TEM imaging in this study; however, tear propagation has
been observed at lower electron accelerating voltages, including 80 kV and even 20 kV.
Moreover, the rate of tear propagation seems to be enhanced at 20 kV, which does not agree
with what we might expect from knock-on irradiation effects [132]. These facts demonstrate
that knock-on damage is not the main mechanism of tear propagation.

High-energy electrons can excite the electronic states in graphene by inelastic
scattering and breaking bonds locally through ionization damage [132, 133]. The effects of
ionization damage will be especially dramatic at highly strained and therefore vulnerable
carbon-carbon bonds. We believe that the observed tear propagation is mainly caused by a
combination of local high strain concentrated at tear tips, and ionization effects; high-energy
electrons transfer energy to strained carbon-carbon bonds and induce tear propagation.
Electron-beam induced heating is another potential contributor to tear propagation (since the
negative coefficient of thermal expansion of graphene [23] would increase the tensile strain
with heating and thus promote tearing), but given our experimental parameters and graphene’s
high thermal conductivity [20], we find that heating is not significant during the imaging
[135]. We also note that perfect graphene membranes without preexisting tears exhibit no
induced tears under even much higher electron dosages.

Figure 6.2 shows the crystalline direction-dependent histograms of torn edges. Here
we define zero degrees as along the zigzag direction of tear lines. For statistical significance,
we investigate more than 50 partially torn graphene membranes. As expected, a
preponderance of the tear lines is aligned with either the armchair or zigzag direction.
Interestingly, armchair direction tear lines are twice as prominent as those in the zigzag
direction.
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Figure 6.2 Histograms of angle dependence in torn edges. Zero
degrees is defined as the zigzag direction of the graphene lattice
(Inset). Most tear lines align to either the armchair or zigzag
direction. Armchair-aligned tear lines are about twice as abundant
as zigzag.

Figures 6.3 and 6.4 show atomic-resolution TEM images of crack edges of graphene.
These edges are in situ fabricated with electron beam and allow us to obtain atomically
smooth edge structures, which is difficult to achieve with graphene samples produced with
chemical processes. Figure 6.3 shows an armchair crack edge segment (longer than 20 nm),
where more than 90 % of edge maintains the perfect armchair structure with occasional
missing edge carbon atoms.

Figure 6.4 shows atomic-resolution TEM image of crack edge in zigzag direction.
However, instead of pure zigzag atomic structure, we observe the extended pentagon-
heptagon (5-7) reconstructed edge structure. This 5-7 reconstructed edge can be obtained with
local carbon bond rotations and is expected to have lower edge energy compared to the pure
zigzag edge structure [136]. Under the electron beam illumination, we also observe transitions
between the 5-7 reconstructed structure and pure zigzag structure [137]. Figures 6.3 and 6.4
also demonstrate that intentionally tearing graphene can be a good way to obtain graphene
nanoribbons with atomically well-define edges.



(c)

Figure 6.3 Atomic-resolution TEM image of graphene crack edge in armchair direction. (a)
Atomic resolution TEM image of armchair crack edge. The inset is the Fourier transform of the
image. The red dashed box is the field of view for figure b and c. (b) The zoom-in image of the
graphene edge. (c) TEM image with atomic overlay. The figure clearly shows a pristine armchair
graphene edge.

Figure 6.4 Atomic-resolution TEM image of graphene crack edge in the zigzag direction. (a)
Atomic resolution TEM image of a crack edge in zigzag direction. The inset is the Fourier
transform of the image. The blue dashed box is the field of view for Figure b and c. (b) Zoom-in
image of the graphene edge. (c) The same Figure with atomic overlay. The figure clearly shows a
pentagon-heptagon reconstructed zigzag graphene edge.
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We now turn to a theoretical analysis of tearing in graphene. We first note that the
prevalence of tear lines in armchair and zigzag directions, and abrupt angle changes between
these directions, are not obvious from simple classical fracture theory [1381. The strength to
crack propagation is measured by the critical stress intensity factor K ~ \/Y_y , where Y is
Young’s modulus and y is surface energy, or edge energy in case of graphene. Since Y is
isotropic for graphene, critical stress will be mainly determined by the edge energy y. Our
observations imply that the angle-dependent energy curve for graphene edge is a concave
function with minima at 0 and 30 degrees, an unusual trend [139].

Consider a graphene sheet under strain applied at an angle y to the armchair direction
of graphene. The inset in Fig. 6.5 shows possible crack paths in this situation: (green) shortest
path normal to the applied strain with an intermediate orientation of the crack; (red and blue)
along pure armchair or zigzag directions at an acute angle to the strain direction; or (yellow) a
piecewise-straight crack composed of long pure zigzag and armchair segments such that on
average it remains normal to the strain. The plot in Fig. 6.5 shows the dependence of energy
of each crack type on the orientation of strain using the analytical expressions for edge
energies [139] and numerical data calculated using the ReaxFF forcefield [140, 141]. At each
given angle y, our model predicts the lowest-lying curve to represent the energetically
preferred crack direction. It can be seen that there exists only a narrow interval of orientations
at which intermediate-direction cracks are favored, and under realistic conditions of
inhomogeneous local strain distribution that also changes as the crack propagates, only
straight armchair or zigzag crack edges should be seen.
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Figure 6.5 Direction-dependent energetics of cracks in graphene. At a given
orientation of local strain with respect to graphene lattice, as described by the angle y, the
lowest-energy curve represents the stable crack direction. The intermediate direction of
edge (green) is favorable only in a narrow window of y, so that armchair and zigzag-
edged tears should be observed predominantly. The calculations were conducted mainly
by Vasilii I. Artyukhov and Boris I. Yakobson.
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To verify the predictions of this energetic argument, we simulate ripping graphene
under tension using the same forcefield. We take rectangular graphene sheets with a tear tip
placed at the right edge (marked with yellow arrows) as shown in Fig. 6.6a-c. The graphene
lattice is oriented with the horizontal along an (a) armchair, (b) zigzag, and (c) intermediate
edge, respectively. Tension is applied vertically and induces the propagation of the tears from
right to left in the simulation. Fig. 6.6d-f shows final results after the tear propagations. The
torn edges maintain straightness in the armchair (red dashed lines) or zigzag (blue dashed
line) directions as shown in Fig. 6.6d-e. As predicted above, for the intermediate direction, the
tear edge follows the horizontal direction in the beginning but changes its direction to follow
the armchair edge direction, thus minimizing crack energy despite increasing its length (Fig.
6.6f). These simulation results agree very well with our experimental observations. We also
note that torn edges, especially in the armchair direction, exhibit atomically clean edge

structures.
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Figure 6.6 Simulations of ripping graphene. (a-c) Rectangular graphene sheet seeded with a tear tip
at the right side (marked with yellow arrows). In the horizontal direction, the edges of graphene show
(a) armchair, (b) zigzag and (c) intermediate edges, respectively. Tension is applied vertically and
induces the propagation of the tears from right to left in the simulation. (d-f) Simulation results after
the tear propagations. (d-e) The torn edges maintain straightness in the armchair (red dashed lines) or
zigzag (blue dashed line) directions. (f) For the intermediate direction, the tear edge initially follows
the horizontal direction (green) but then changes direction and follows the armchair edge direction.
The simulations were performed by Vasilii I. Artyukhov and Boris 1. Yakobson.

Also of interest is the behavior of tears in the vicinity of, or even crossing, structural
anomalies such as folds or grain boundaries (GBs). Although our suspended membranes are
mostly defect-free, on occasion folds [18] or GBs [94, 142] will cross the sample, as our CVD
graphene exhibits tilt grains of size with a few to tens of micrometers [94]. Previous studies
suggest that the presence of a GB may have detrimental effects on the mechanical strength of
the graphene membrane [60, 129, 142]. In our experiments, graphene GBs are readily
identified with observations of adsorbents along the GBs and diffraction analysis [94, 142].
Interestingly, we find that, in cases where GBs do exist within the suspended membrane, the
observed tears do not generally coincide with GBs, and the same crystalline orientation is
seen on the two opposing sides of a tear line. Invariably we observe tear lines following the
usual armchair or zigzag directions in the graphene lattice which may happen to cross a GB
with minimal perturbation, as shown in Fig. 6.7.
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Figure 6.7 Graphene tears crossing grain boundaries (GBs). (a) TEM image of graphene tear
crossing, not following, a grain boundary (GB) in graphene. The GBs are identified by the high
absorbent concentration along the grain boundary together with electron diffraction. Inset of the
diffraction pattern around the GB showing two sets of hexagonal patterns from two adjacent tilt
grains, where the hexagonal pattern marked with red and dashed yellow circles corresponds to the
grain in the left and right sides, respectively. The blue dotted lines represent tear lines in the zigzag
direction. The red and yellow dotted lines represent tear lines in the armchair direction. (b) Another
TEM image of a graphene tear crossing a GB and fold in graphene. The blue dotted line represents a
line in the zigzag direction. The red and yellow dotted lines represent the armchair direction.

The observation that tears cross GBs instead of following them appears to contradict
the common-knowledge notion that GBs represent “weak spots” of materials. The apparent
disagreement originates from the fact that in ductile materials, GBs prevent the migration of
defects which is responsible for plastic flow, thus making the material less ductile and easier
to break. However, at relevant experimental temperatures (and timescales), sp® carbon is
expected to behave as a completely brittle material [143], making this phenomenon irrelevant.
GBs in graphene do contain dislocations that produce strain, but the strain fields of
consecutive 5-7 pairs actually cancel out locally [144]. From the viewpoint of edge energy
analysis, it is important that graphene GBs typically have some random orientation, not
coinciding with either AC or ZZ direction. Hence, if the material were to break along the GB,
this would expose an energetically unfavorable edge.

At this point it is worth recalling that K. also depends on the stiffness of the material,
which becomes direction-dependent in the vicinity of a GB. Specifically, it decreases for
loads normal to the boundary, which can make non-pristine edges stable. Therefore, the
behavior of cracks near grain boundaries can be expected to be bimodal: when the stress is
normal to the GB, as is in the case of, e.g., recent experiments where AFM tips were indented
into the middle of a grain [129, 142], the tear can follow the boundary. However, if the tear
initiated away from the GB and at some random orientation with respect to it (so that the
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strain direction is away from normal to the GB), the stiffness it experiences is more or less
unaffected by the GB, and the tear will pass right through it, simply switching to the most
favorable direction in the new grain—as is indeed observed in the present work.

In conclusion, we have shown that tears in suspended monolayer graphene
predominantly align to the armchair or zigzag directions. Real-time tear propagation has been
observed under an electron beam, which is mainly attributed to a combination of high strain at
the tip of tears and ionization effects from high-energy electrons. Our theoretical analysis
based on the analytical expression for direction-dependent edge energy explains why tears
predominantly form along armchair and zigzag directions, and molecular dynamics
simulations confirm this explanation. Electron-beam assisted ripping graphene may be an
effective and simple way to selectively tailor graphene edges. The edge structures of graphene
have important effects on the electronic properties [145]. Controlling the edge structure of
graphene, therefore, is of very importance for graphene electronic applications. Our
demonstration of tear propagation in graphene via electron beam may be an interesting way to
manipulate graphene membranes and allow for selective edge termination.
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Chapter 7
Thermal stability of graphene and
high-temperature in situ TEM monitoring

Graphene has various interesting thermal properties. For example, suspended
graphene has thermal conductivity of about 5000 W/mK at room temperature [20]. Graphite is
stable at very high temperatures (sublimation at around 4000 K) [146] and graphene, or
suspended graphene, may also be thermally robust. On the other hand, the two-dimensional
nature of graphene may limit its stability. Unfortunately, due to difficulties of preparing
suspended graphene samples and the experimental set-up, there has not been an experiment
on high-temperature thermal stability of suspended graphene.

In this chapter the thermal stability of suspended graphene will be discussed. We
prepare suspended single-layer graphene and perform in situ Joule heating experiments in a
transmission electron microscope (TEM). We estimate that suspended chemical vapor
deposition (CVD)-grown graphene is stable at temperatures up to (or exceeding) 2600 K.

Figures 7.1a and 7.1b show sample preparation and experimental set-ups for in situ
Joule heating experiments on suspended CVD-grown graphene. We transfer the graphene to a
commercial TEM grid (Quantifoil holey carbon film grid) using a clean direct transfer process
[44]. After the transfer, the TEM grid is cut with a razor blade into small pieces and attached
to an aluminium wire with conducting epoxy (Fig. 7.1a). This sample is inserted into the TEM
(JEOL 2010) for in situ experiments. Near the region cut by the razor blade, we locate
suspended graphene on the Quantifoil amorphous carbon film (Fig 7.1b). The amorphous
carbon film gives mechanical support for the suspended graphene. The large area of CVD-
grown graphene makes it relatively easy to locate suspended graphene and perform in situ
experiments. Using a nanomanipulation platform inside the TEM (Nanofactory AB), we make
an electrical contact to the suspended graphene with a mobile tungsten probe and induce Joule
heating (Fig 7.1b).

To confirm that the graphene is single layer, we characterize CVD-grown graphene
by Raman measurement and electron diffraction. Raman measurements are performed using a
Renishow Raman system (Model — inVia) with a 514 nm laser. The laser beam size of about 1
pum is used. Fig. 7.1c shows the representative Raman spectrum from graphene which has
been transferred to silicon oxide/silicon substrate. The absence of a D peak shows that the
CVD-grown graphene is of high quality. The intensity ratio of 2D and G peaks confirms that
the graphene is mostly single layer [31]. The electron diffraction pattern also confirms that
graphene is mostly single layer [44].
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Figure 7.1 Sample and experimental set-up of in situ Joule heating of suspended graphene.
(a) SEM image of a TEM grid (Quantifoil holey carbon film grid), covered with graphene and
then cut with a razor blade. The TEM grid is attached to an aluminium wire for insertion to a
TEM holder. (b) TEM image of the graphene sample and the mobile tungsten probe for the in
situ TEM experiment. Suspended graphene is found inside the holes in the amorphous carbon
film. Graphene is contacted by the mobile tungsten probe, and electrical current flows through

the graphene. (¢) Raman spectrum of CVD-grown graphene transferred to silicon oxide/silicon
substrate.
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We find that the suspended single-layer graphene can be heated up and remain stable
at 2600 K (and possibly higher temperatures) with Joule heating. Figure 7.2a shows the TEM
image of suspended graphene after Au is pre-deposited with an e-beam evaporation process.
TEM images have been taken with acceleration voltage of 100 keV to minimize the electron
beam damage to the sample during the experiments. Using the mobile tungsten probe, we
establish electrical contact to the graphene and induce the Joule heating. As we increase the
Joule heating power, we observed in situ evaporation of gold nanoparticles (Fig. 7.2b-d).
From this result, we confirm that the suspended graphene has reached at least 1275 K, the
evaporation temperature of Au nanoparticles [147].

950 nm ¥ :
Figure 7.2 In situ evaporation of pre-deposited Au particles on suspended graphene. (a)
TEM image of suspended graphene after Au (nominal thickness of 0.6 nm) is deposited with an
e-beam evaporation process. (b-d) Sequential TEM images of in situ evaporation of Au particles
on the suspended graphene. (b) TEM image of the Au-deposited graphene after establishing
electrical contact with the mobile tungsten probe. The tungsten probe is positioned in the left-
lower corner. (¢) TEM image as Au particles start to evaporate with Joule heating. (d) TEM
image of the graphene after Au particles have completely disappeared.
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Figure 7.3a shows Joule heating power versus time for the in situ experiment. When
the Joule heating power is P; = 0.55 mW, all the Au particles pre-deposited on graphene have
completely evaporated. Later, the graphene was found to be stable with higher Joule heating
power, P, = 1.9 mW.

Our procedure for estimating the temperature of suspended graphene with Joule
heating power P, is as follows. The exact position of maximum temperature during a Joule
heating experiment depends on sample geometry and requires knowledge of the thermal and
electrical properties of the material (graphene and amorphous carbon film). However, since
the gold frame of the TEM grid and the tungsten probe are thermally well anchored and act as
heat sinks, the region of maximum temperature in the sample is in the central suspended
region of the carbon film and graphene as shown in Figure 3(b).

We can set an equation from the thermal equilibrium conditions,

P P =ck-AT (7.1)

heating ~ * radiation
where Pheaiing 1S Joule heating power, Pragiaion 1S power escaping through radiation, ¢ is a
sample and experiment dependent constant, x is the average thermal conductivity of sample
between the maximum and minimum temperature region, and A7 is temperature difference
between the maximum temperature, 7a.x, and minimum temperature, 7pi,, in the sample.

We can safely assume that the minimum temperature is room temperature, 7, = 300 K
(at the tungsten probe and gold frame).  Pragiation 1S €stimated by using

P = L eoT(S)*dS < AeoT,* (7.2)

radiation

where ¢ is emissivity (assumed to be 1 in the calculation), ¢ is the Stefan-Boltzmann constant
and S is the surface area of the sample. We can set an upper limit on Prugiation, Which is
AeoTma', where A4 is the surface area of the amorphous carbon film and graphene (from the
hottest region in the sample). 4 is estimated as 200 pm? from a TEM image in our experiment.
The radiation power Pragiation 1S found to be negligible compared to Pheating When Ty 1s lower
than 1500 K.

Putting Thax = 771 = 1275 K and P;= 0.55 mW, the reference point deduced from the
Au particle evaporation, in the eq. (1) and eq. (2), we find cx = 5.6 x 10 mW/K. Using this
ck value and solving eq. (1) and eq. (2) with a new Joule heating power, P,= 1.9 mW, gives a
lower limit for Tix at 2600 K. Since thermal conductivity «x falls due to enhanced phonon-
phonon scattering at high temperatures [147], the assumption of the same cx value tends to
give lower values in the calculation of 7},,x. Therefore, we conclude that the suspended CVD-
grown graphene is stable at temperatures of at least 2600 K.
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Figure 7.3 Joule heating power data and experimental geometry of the in situ experiment.
(a) Joule heating power variation in time during the experiment. (b) Geometry of the in situ
Joule heating experiment. Electrical current is flowing from the tungsten probe to the gold
frame and inducing Joule heating on the suspended graphene and carbon film. Graphene
regions between the gold frame and the tungsten probe reach the highest temperature in the
sample.

After transferring the graphene to a TEM grid, graphene usually suffers from
contamination. The adsorbates on graphene surface contribute to contrast variations from
conventional TEM imaging. Joule heating can be used to clean the surface of the suspended
graphene by removing adsorbates. Figure 7.4 shows TEM images of the suspended CVD
graphene before and after the in situ Joule heating. In Figure 7.4a, the carbon residues, which
are originated from the graphene synthesis and transferring process, are located in 30 ~ 50 %
of area on the graphene surface. As the graphene is heated up by Joule heating, the carbon
residues start to undergo structural reconstructions. Notably, the edge contrast of individual
residues becomes higher (Fig. 7.4b).

These structural transformations can be explained with the crystallization of carbon
residues into graphene flakes. The edge lines of small graphene flakes become clear as the
folded-edge structures, which can produce clearer line, develop at high temperatures. This
structural change of graphene flakes will be further discussed later in this chapter. Moreover,
extended Joule heating can also remove these graphene flakes from the substrate graphene
and produce relatively large area of very clean single-layer graphene. This cleaning process
and resulting graphene membranes can be very useful as a TEM imaging membrane (Figure
7.4c).
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Figure 7.4 Joule heating-induced cleaning of suspended graphene surface. (a) TEM image of
CVD-grown graphene after transferring to the TEM grid. Residue from the transferring process,
together with extra layer of graphene flakes from the graphene synthesis process, cover some areas of
graphene. (b) TEM image of the graphene after Joule heating. Due to the Joule heating, graphene flakes
undergo reconstruction process and edges of graphene flakes begin to stand out. (¢) TEM image of the
suspended graphene after further Joule heating treatment. Most of the graphene flakes disappear
leaving the suspended graphene of very clean surface.

At the elevated temperatures from the Joule heating, crystallized graphene flakes on
the background graphene membranes undergo structural changes and make various
movements. Figure 7.5 shows the sequential TEM images of these structural changes and
movements of graphene flakes. By comparing Figure 7.5a and 7.5b, we notice that some edge
of a graphene flake suddenly becomes sharp. The graphene flake curls up and makes a folded-
in edge structures at high temperature annealing [87, 88, 148]. At high temperatures, the
folded edge structure seems preferable than unfolded edge structure. The sharp edge lines
around the graphene flakes (Figures 7.5 and 7.6), therefore, can be interpreted as folded-in
double-layer edge of graphene flakes.

In Figure 7.5b-f, a graphene flake, circled with dashed line, makes various lateral
movements on the graphene substrate. In Figure 7.5c, we observe that the graphene flake
make a translational movement. Then, the graphene flake starts to make rotational movements.
It rotates multiple times about 10 degree clock-wise and counter-clock-wise (Figure 7.5d-f).
One thing to notice is that the upper part of the graphene flake seems to be anchored to the
neighboring graphene flake.

Interestingly, we observe that extended Joule heating can anneal and weld graphene
flakes together at very high temperatures. Figure 7.6 shows sequential TEM images of the
coalescence process. The graphene flakes, which are also shown in Fig. 7.5, are monitored as
we further increase the Joule heating power. First, the graphene flake at the center makes a
counter-clock-wise rotational movement (Figure 7.6a). Later, some part of the graphene flake
edge undergoes structural reconstruction, which is marked with the arrowhead. This
transformation is possibly because some carbon atoms at the edge evaporate with very high
temperatures (Figure 7.6b). Similar phenomenon also has been observed in recent other works
[87, 148, 149]. Later in time sequence, we observe the overlapping and coalescence of these
two graphene flakes (Figure 7.6¢). Finally, the annealing through Joule heating produces a
seamlessly-fused graphene flake (Figure 7.6d). This is the first-time demonstration that two
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small graphene flakes can be welded together to make a bigger piece. Related welding of two
carbon nanotubes has been previously observed [150].

Figure 7.5 Sequential TEM images of translational and rotational movements of small graphene
flakes. (a) TEM image of graphene flakes with various shapes on the suspended graphene background.
Some graphene flakes show clear edge line (folded edge) and unclear edge (unfolded edge). (b) Clear
edge lines (marked with arrows) suddenly appeared in a graphene flake from graphene’s folded edge.
The graphene flake circled with the dashed line starts to make movements. (c) TEM image after a
graphene flake made a translational movement. (d - f) TEM sequential images of rotational movements
of the graphene flake.

In this chapter we have shown that the suspended single layer CVD-grown graphene
can be stable at very high temperatures (at 2600 K or higher) via in situ Joule heating
experiments. Typical TEM heating stages can operate only up to around 1000 K. Even a
specialized heating holder can only reach approximately 1400 K [151]. Our in situ Joule
heating experimental set-up demonstrates the high-temperature stability of graphene and
opens up opportunities for high temperature reaction monitoring beyond the commercial TEM
heating stage range.



Figure 7.6 Coalescence of graphene flakes. (a) The graphene flake at the
center (also shown in figure 4) make a counter-clock-wise rotational movement
showing it is just attached not fused to the graphene flake at the left side. (b)
With Joule heating, some part of the graphene flake edge (marked with the
arrowhead) undergoes the structural reconstruction. (¢) Two graphene flakes
start to coalesce. (d) Finally, two graphene flakes coalesce together completely.
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Chapter 8

Raman spectroscopy of rotated double-layer
graphene: Rotational-angle dependence of
electronic structures

Recently there has been growing interest in double-layer graphene in which the two
graphene layers are not conventionally stacked but relatively rotated by an arbitrary angle [40,
106-108, 152-160]. Such graphene double layers are expected to display characteristics
distinct from both monolayer graphene as well as the extensively studied AB-stacked bilayer
graphene [5, 102-104]. Previous theoretical investigations suggest that electronic and optical
properties of double layer graphene will strongly depend on this rotational angle [107, 108,
152-154]. Because the entire range of rotational angles is in principle experimentally
accessible via artificial stacking, the properties of rotated double-layer graphene might be
tuned to suit the application at hand, making this material a useful component in future nano-
electronic devices. Limited low-energy electrical transport measurements have suggested that
rotated graphene layers maintain the linear dispersion relation as in single-layer graphene
[155, 160]. Furthermore, angle-resolved photoemission spectroscopy measurement has shown
that rotated layers in multilayer epitaxial graphene exhibit weak interlayer interactions [156].
On the other hand, scanning tunneling microscopy studies in the low rotation angle regime
have demonstrated strong interlayer interactions such as carrier velocity renormalization and
the occurrence of Van Hove singularities away from the Dirac point energy [106, 157].
Despite these suggestive findings and the applications potential, there have unfortunately been
no comprehensive experimental or theoretical studies of the influence of rotation angle on the
electronic properties of double-layer graphene.

In this chapter we present a systematic experimental and theoretical study of rotated
double-layer graphene. We employ Raman spectroscopy, a powerful tool for investigating the
electronic and vibrational properties of carbon-based materials [161-164], together with
theoretical calculations of the electronic-structure-dependent Raman response. We
experimentally sample a range of misorientation angles from 0 to 30 degrees in steps of ~1
degree, and we focus on the intensity, peak position, and peak width of the 2D and G Raman
modes. Previous limited Raman studies on folded graphene [165-169] have made interesting
observations relevant to rotated double-layer graphene, such as 2D peak blue-shifts and G
peak resonance, but the origin of these phenomena could not be clearly identified.

To obtain rotated double-layer graphene we start by synthesizing monolayer
polycrystalline graphene via chemical vapor deposition (CVD), yielding material with a grain
size of several micrometers [31, 94]. By consecutively transferring two such monolayers of
CVD graphene onto a TEM grid [45], we obtain double-layer graphene with domains having
randomly rotated stacking angles. We utilize holey carbon transmission electron microscope
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(TEM) grids with an array of holes 2 pm in diameter. Within each hole we perform a TEM
analysis to identify the misorientation angle of the suspended double-layer.
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Figure 8.1 Suspended rotated double-layer graphene and Raman spectrum. (a) TEM image
of misoriented double layer graphene. The graphene sample is suspended in a hole of 2 um
diameter. (b) Diffraction pattern of the graphene sample shown in (a). The two sets of
hexagonal patterns are relatively rotated by 21 degrees. An electron beam size of ~ 1 pm is used
for diffraction acquisition. (c) Atomic resolution TEM image of double-layer graphene with
rotational angle of 21 degree showing a moiré pattern. Inset shows a fast Fourier transform
(FFT) of the image. (d) Raman spectra of misoriented double-layer and single layer graphene
measured with 633 nm wavelength laser (1.96 eV). The spectra are shifted vertically for clarity.

Fig. 8.1a shows a typical real-space TEM image of double-layer graphene. The sample
areas are largely clean and flat. There are also apparent small scattered dark regions, which
are not present in single-layer graphene. These dark regions are most likely carbon residues
trapped between the two graphene layers and can be used to quickly distinguish double-layer
from single-layer graphene regions in our samples. Other than these small residue pockets, the
rotated double-layer graphene samples generally have clean interfaces between the two layers,

showing clear moiré patterns at the atomic scale (Fig. 8.1c¢).

For this study, we choose only double-layer graphene specimens where each layer
suspended over the hole consists of a single domain. For these samples, two sets of hexagonal
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diffraction spots, one from each layer, are obtained, as exemplified in Fig. 8.1b. From the
diffraction spots we unambiguously determine the rotation angle between the two misoriented
single-crystal layers spanning a hole. We are cautious to avoid samples with tilt grain
boundaries [94] or local fold structure from the transfer process [18], which would give more
than two sets of hexagonal diffraction spots over the sample area. In contrast to previous
Raman studies with folded graphene samples, here we can easily mass-produce rotated
double-layer samples with broad coverage of rotation angles (Fig. 8.2). Following TEM
analysis, we perform Raman spectroscopy measurements on the indexed rotated double-layers

inside the designated holes.
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Figure 8.2 TEM imaging and diffraction of double layer graphene. (a) TEM image of double
layer graphene. (b) Diffraction patter of the graphene sample shown in Fig a. It shows 24 degree
rotation. The arrows indicate the lines for intensity scan for Fig. ¢ and d. The diffraction is acquired
with about 1 um e-beam size. (c) Line intensity of line 1. (d) Line intensity of line 2. (e) Histogram
of rotation angles in the studied double-layer graphene samples.

Figure 8.1d shows selected Raman spectra of a misoriented double-layer graphene
(having rotation angles of 3, 7, 10, 14, 20, and 27 degrees) and of single-layer graphene. The
single-layer graphene shows the typical signature of a 2D/G peak integral intensity ratio
around 6, and 2D peak width (FWHM) of 28.7 + 0.9 cm™. In the case of rotated double-layer
graphene, the data clearly show a change in spectral features from low-angle to high-angle
misorientations. Low-angle (<~ 8 degrees, for 633 nm laser wavelength) misoriented double-
layers exhibit the Raman signature of a strong coupling between layers. In the high-angle
regime (> 13 degrees), the double-layers display Raman spectra closer to those of single-layer
graphene. The 2D peak of double-layer graphene is blue-shifted relative to the 2D peak in
monolayer graphene, with the blue-shift magnitude depending non-monotonically on the
rotation angle. We also observe a strong resonance of the G peak at an intermediate angle (~
10 degrees). Additionally we find that the peak position and width of G peak are almost angle
independent (Fig. 8.3), while the intensity and width of the 2D peak again show quite
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complex angle dependence. As we will show later, these observations can be explained by the
rotation-angle dependent electronic bandstructure.

We also observe a D peak (two times weaker than G peak), which indicates the
presence of defects, most likely introduced by the fabrication process and TEM
characterization. Additionally, at certain rotational angles we observe extra peaks around the
G peak. These peaks have been investigated in recent studies [169, 170].

We consider here in more detail our experimental results for the G Raman peaks of
rotated double-layer graphene. Measured Raman spectra with frequencies close to the G peak
are shown in Fig. 8.4a for a single layer and selected rotational angles of double-layer
graphene. Compared to single-layer, the double-layer graphene G peak has slightly larger
FWHM (2 to 6 cm™") while the center location shows slight shift (1 to 3 cm™) towards red.
Even though these broadening and red-shifts are more prominent at the very-low angle
regimes (< 3 degrees), the rotation-angle dependence is generally very weak (Fig. 8.3). The
consistency of the G peak positions throughout the single and double-layer samples
demonstrates that double-layer samples do not have significant doping or strain differences
from single-layer graphene [161]. Unlike its width and peak position, the G mode intensity at
laser wavelength of 633 nm is, however, extremely angle dependent. As shown in Fig. 8.4b
we find more than a thirty-fold increase of G peak intensity at 10 and 11 degrees, compared to
other angles, where the intensity is largely angle independent.
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Figure 8.3 Rotational angle dependence of Graphene G peak FWHM and center location
measured with 633 nm laser wavelength. (a) Rotated double-layer graphene G peak full-width
half-maximum (FWHM). The blue horizontal area represents the value from single layer
graphene. (b) Rotated double-layer graphene G peak center location. The blue horizontal area
represents the value from single layer graphene.

The graphene 2D Raman peak, which is the most sensitive peak to electronic and
phonon band structure changes in graphene [161], exhibits even more complex rotational-
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angle dependence. Fig. 8.5a shows the measured Raman spectra around the graphene 2D peak
for double-layer and single-layer graphene. The full width at half maximum (FWHM) of the
2D peak is large at small rotation angles and is close to the single-layer values at large angles
(Fig. 3b). However, the decrease is not monotonic, and around 7 - 9 degrees we observe an
increase in FWHM. The 2D peak position overall shows a blue-shift and is strongly angle
dependent (Fig. 8.5¢). We find from 0 to 8 degrees a decrease in blue-shift, from 10 to 1 cm™,
followed by a sharp increase to 22 cm™ at 10 degrees. From 10 to 17 degrees, the blue-shift
decreases to 11 cm™ and is nearly angle independent at higher angles. We observe that the
rotation angle at which there is strongest variation in the 2D peak position coincides with that
of the G peak intensity enhancement angle and local increase in 2D FWHM. This implies that
these features share a common origin.
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Figure 8.4 Rotational angle dependence of G peak intensity. (a) Graphene Raman G peak for
rotated double-layer and single-layer graphene. (b) Dependence of G peak integral intensity
(normalized to the single-layer value) on the rotation angle for 1.96 eV (633 nm) laser excitation.
The filled and unfilled symbols show experimental and theoretical calculation values
respectively. The lines are guides to the eye. (c) G peak integral intensity with 2.41 eV (514 nm)
laser excitation. The inset shows measured dependence of critical angle on laser energy.



81

(a) T T T 1A T T T (b) /A B e E S L L
10} 2D peak A 196eV 1 ol E&i m Experiment | |
: F (633 nm) |{ —~ L ii o Calculation
8¢ i { Ecor ¥ 1
s | l' i = [ ﬁc'
=.6f 3 1 %50' LW ]
= e 70 | S e
S £ | = 40F L o 1
2 41 ! 10° © lo
= ’ ] o¥
sz) 1 70 C)_SOIi o P00 0% o o
2f 1 SRS AN S Rk
(x2 : 30 soL  single layer R 1 |
D- 3 single layer
C 1 1 : 1 1 10 /” 1 1 1 1 1 1
2550 2600 2650 127’00 2750 _/O 5 10 15 20 25 30
Raman shift (cm ) Rotational angle (degrees)
(c) T Trrrrrrrrrrrrrror oo T (d) T Trrrrrr e e T e e e
o0 < B Experiment B Experiment . ! 1.
ETV o Calculation |{ 3l | o Calculation .
o o o :=- 0 I
E15 o o i u"
7] B o ] '_|"‘ u ‘ u
s [ " ° am -
S 18 u " ", o2 . W———
o o Y L I . N & o0 0 °
%1(:’&;;.0 Taw [ " E [ ] ] &
S R % - 5 | J 4
m) i 0§ o 1 =z1= o i
i § %;0 Pone O — -'|"-.' &
i oocmDOO
Og, . . . . . /| oL L .
30 30

5 10 15 20 25 5 10 15 20 25
Rotational angle (degrees) Rotational angle (degrees)

Figure 8.5 Rotational angle dependence of Raman 2D peak. (a) Graphene 2D peak for rotated
double-layer and single-layer graphene. The vertical dashed line represents the center of single layer
2D peak. (b) Rotated double-layer graphene 2D peak FWHM. We have fitted the 2D peaks with a
single Lorentzian peak for simplicity. The black squares and red circles are the experimental and
theoretical calculation values. The blue horizontal area represents the experimental value from single
layer graphene. The grey (experiment) and red (calculation) areas are guides to the eye. (c) Rotated
double-layer graphene 2D peak blue-shift in respective to the value from single layer graphene. (d)
Integral intensity of 2D peak. Experimental and calculation values were normalized to the single-layer
value.

The measured 2D intensity also shows a dramatic change with respect to rotation
angles (black square data in Fig. 8.5d). For non-interacting double-layer graphene, one would
expect twofold increase in the 2D peak intensity as compared to the single-layer graphene. In
the low angle regime (< 10 degrees), however, the integral intensity of the 2D peak is nearly
50 % reduced compared to what would be expected for the non-interacting double-layer
graphene. In the middle range, the intensity shows the increasing trend and finally above 17
degrees become similar to or greater than two times the value in single layer graphene.

In order to achieve a more complete understanding of rotation angle dependence of
double-layer graphene Raman features, we turn to a theoretical analysis of the Raman
spectrum as a function of rotational angle (supplementary materials). We first consider a
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simplified band structure analysis that accounts for the existence of the experimentally
observed critical misorientation angle; we then perform the tight binding calculation of
Raman spectrum in the entire range of misorientation angles.

In momentum space, for two noninteracting layers misoriented by angle &, the
respective momentum space Brillouin zones (BZ) of the top and bottom graphene layers are
rotated by & as shown in Fig. 8.6a. Band structure modifications occur mostly where the
Dirac cones of top and bottom layers are overlapping. Fig. 8.6b shows the simplified
electronic band-structure in the vicinity of the overlap of these two Dirac cones. In this region,
the density of states (DOS) of double layer graphene is modified from non-interacting
graphene, exhibiting Van Hove singularities as shown in Fig. 8.6¢c [106]. The energy
difference between conduction and valence Van Hove singularities scales with the rotational
angle and can reach the energy of a few eV at the optical range in the case of higher rotational
angles.

For a given Raman excitation laser energy Ej., we calculate a critical rotational
angle €, where the energy between the conduction and valence Van Hove singularities equals
Eluser. Using the Dirac dispersion relation of monolayer graphene, the critical angle can be

calculated as
. _3aE,,,
0.=Ak/K = ’%‘04 (8.1)

where a is the lattice parameter of graphene (2.46 A), 7 is the reduced Planck’s constant, and
vr is the Fermi velocity in monolayer graphene (10° m/s). In the case of a 633 nm laser
excitation (1.96 eV), we find €. = 10°, in excellent agreement with 6= 10° determined
experimentally (Fig. 8.6b). Therefore, we expect that for double-layer graphene with
rotational angle close to €., the Raman spectra at corresponding laser energy Ej.., Will be
strongly affected by the coupling between top and bottom graphene layer. Furthermore, we
expect that for angles larger than §, Raman spectra will resemble those of a single layer
graphene since all the optical excitation occurs in an isolated simple Dirac cone structure
(intervalley 2D scattering process for such a case is shown as blue lines in Fig. 8.6¢). On the
other hand, for angles smaller than 6. we expect Raman spectra quite different from those of
single layer graphene, since the closeness of the Dirac cones from the top and bottom layers in
momentum space allows for scattering paths significantly different from those of the
monolayer (black lines in Fig. 8.6¢).
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Figure 8.6 Electronic band-structure and Raman scattering processes in rotated double-layer
graphene. (a) Brillouin zone (BZ) of rotated double-layer graphene misoriented by 6. The circles
represent the locations of Dirac cones from the first (black) and second (red) layer. The distance
between two near-by Dirac cones is Ak. (b) Energy dispersion relation in the vicinities of two Dirac
cone overlap. Van Hove singularities are induced from band-overlap between two Dirac cones. (¢)
Sketch of energy dependence of density of states (DOS) near the Fermi level of rotated double-
layer graphene without (blue) and with interlayer interactions (red). DOS exhibit distortions from
the interlayer interactions showing Van Hove singularities. (d) Some processes that contribute to
the Raman G peak amplitude. (e) Intervalley 2D Raman scattering processes for rotated double-
layer graphene in which the laser excitation energy is smaller (blue lines) or larger (black lines)
than the energy difference between conduction and valence Van Hove singularities.

Although the simple model utilized above correctly accounts for the observed critical
rotation angle, it cannot provide a satisfactory quantitative explanation of the detailed Raman
peak intensities observed experimentally (especially below critical mismatch angles) and a
more complete theoretical approach is needed. We therefore perform tight-binding
calculations of Raman spectra in double-layer graphene for a series of commensurate
structures, with varying rotational angles. We compute the Raman spectrum by standard
perturbation expansion [161] in the electron-photon and electron-phonon interaction. To
construct tight-binding models for a rotated double-layer graphene at arbitrary 6, we use
Slater-Koster parameters fitted to density functional theory (DFT) calculation of rotated
graphene [108]. We also rescale all tight-binding hopping parameters by 18% in order to
account for GW computed correlation effects [171-173]. For electron linewidth we use
constant value of 190 meV (half width at half maximum) in order to reproduce correctly the
amount of G-peak enhancement at the critical angle. We expand the electron-photon and
electron-phonon interaction to nearest neighbor carbon atoms. Unlike the electronic structure,
which we compute for each rotational angle, we assume that the phonon band structure is
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unchanged going from single to double-layer graphene (supplementary info).

The computed Raman G and 2D peak features are consistent with the observed
experimental trends. The calculated G peak intensity (red circles in Fig. 8.4b) shows that the
critical angle agrees with the experimentally observed value. Our calculations show that the
main contribution to the G peak enhancement arises from resonant electron-hole excitations
near the Van Hove singularities (Fig. 8.6d) as one would expect from our simple model based
on critical mismatch angle.

Computed values (red circles in Fig. 8.5) of 2D Raman spectra also agree well with
experimentally obtained results, which confirms that the systematic trend in the behavior of
the 2D Raman peak originates from the changes in the electronic structure of rotated double-
layer graphene. In order to further elucidate the origin of the 2D Raman features, we perform
Raman spectrum calculations in which the effects of interlayer coupling are included only in
the electron wavefunctions or only in the electron band energies. We find that double-layer
interaction only in the electron band energies is enough to explain the dependence of the 2D
Raman peak position on the rotational angle. Since the main change in electron band energies
is associated with the opening of the gap, leading to before mentioned Van Hove singularities,
we conclude that dependence of 2D peak position on the misorientation angle is a measure of
location of the Van Hove singularities. The origin of the increased 2D FWHM and decreased
intensity at the low misorientation angle regime is much more complex since the effect of
interaction between layers on electron wavefunctions becomes important as well as the
occurrence of constructive and destructive interference between various Raman scattering
pathways. We have also performed a continuum model study of the Raman spectroscopy of
rotated bilayers, using the reduced Hilbert space of Refs. [107, 154]. The FWHM, peak
position and intensity of the 2D Raman peak in the continuum model study show similar
trends as those in the tight-binding model, thus re-enforcing our physical picture obtained
here.

The standard Raman signature of single-layer and AB-stacked bilayer graphene [163,
164] has been widely used to characterize chemically synthesized graphene samples where
rotational stacking is common [30, 31]. The present study shows that the usual Raman method
for assignment of layer number should be applied with caution for rotationally stacked
graphene samples. Moreover, our study provides a convenient way to deduce the rotational
angle in double-layer graphene. From the combined information of the 2D peak width, 2D
peak location, and the 2D/G intensity ratio, one can deduce the general rotational angles in
double layer graphene samples. Furthermore, using different laser excitation energies allows
tuning of the critical transition angles (Figure 8.7 and 8.8).
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Figure 8.7 Experimental Raman data on rotated double-layer graphene with different laser
wavelengths. The general features in the data are shifted to higher rotational angles with higher laser
energies. (a) G peak intensity depending on the rotation angle. Intensities were normalized to the
single-layer value for each laser wavelength. The inset shows the laser energy dependence of
rotational angles with G enhancement. (b) 2D peak blue-shift depending on the rotation angle
compared to single-layer graphene values. (¢) Graphene 2D peak FWHM depending on the rotation
angle.
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Figure 8.8 Rotational angle dependence of Raman 2D peak with 514 nm laser wavelength
(2.41 eV). (a) Rotated double-layer graphene 2D peak FWHM. The squares and circles are the
experimental and theoretical calculation values. The blue (experiment) and bright blue
(calculation) lines are guides to the eye. (b) Rotated double-layer graphene 2D peak blue-shift with
respective to the value from single layer graphene. (c) Integral intensity of 2D peak. Experimental
and calculation values are normalized to the single-layer value.
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Chapter 9
Graphene nanoribbons obtained by
electrically unwrapping carbon nanotubes

Graphene nanoribbons (GNRs) are attractive candidates for nanoelectronics,
spintronics and nanoelectromechanical systems (NEMS) [16, 174-184]. Lithographic and
chemical methods have been used previously to produce GNRs from layered graphite or
suitably prepared graphene [16, 174-176]. Alternatively, GNRs have been produced from
multi-wall carbon nanotubes (MWNTs) using chemical oxidation, argon plasma etching,
intercalation, or metal particle-assisted unzipping [179-184]. High-quality (typically arc-
grown) MWNTs are attractive starting materials as they display excellent current carrying
capacity indicative of low defect concentration [185, 186]. Interestingly, nanoribbons derived
from collapsed carbon nanotubes were reported already in 1995 [113]. Employing MWNTs or
single-wall nanotube (SWNTs) with narrow diameter distributions, unzipping approaches
offer the possibility of large-scale production of narrow GNRs with well-controlled widths.
Unfortunately, available unzipping methods have serious drawbacks related to surface
contamination and introduction of structural defects, resulting in mechanical and electrical
degradation [179-184]. Highly desirable would be a MWNT unwrapping method with no
reliance on harsh chemical or other detrimental treatment, with the ability to preserve (or even
enhance) the quality of the MWNT fabric. Electrical current-induced unwrapping of MWNTs
for GNR production is an interesting approach to this requirement.

At very high electrical bias, MWNTs can display superplasticity [187, 188], or
undergo structural failure through concentric wall-by-wall breakdown or blow-out with
associated staircase-like current drops [185, 186, 189, 190]. In vacuum, this breakdown is
believed to be driven by resistive heating and thermal bond breaking (as opposed to oxidation,
as might occur during blow-out in air [185]). Evidence for graphene flake production from
MWNTs using high dc pulses has been recently reported [191].

In this chapter we apply the technique of current-induced electrical breakdown of
MWNTs to produce GNRs. The key is to avoid the typical catastrophic wall blow-out, but
instead promote controlled thermally-induced unwrapping of the outer walls of the nanotube.
Using in situ transmission electron microscopy (TEM), we also characterize GNRs
structurally and electrically, including situations for which the GNR is severely mechanically
flexed. GNRs derived from this method have high current-carrying capacity, which
demonstrates that this is a promising technique for obtaining high quality GNRs from
MWNTs.

Experiments are carried out inside a JEOL 2010 transmission electron microscope
(TEM) operated at 100 keV, employing a nanomanipulation platform (Nanofactory
Instruments AB). We choose this low acceleration voltage to minimize electron beam
damages to MWNTs and GNRs. Arc-grown MWNTs are attached to an aluminum wire using
conductive epoxy and the wire is then mounted to the stationary side of the holder. An etched
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tungsten probe is mounted to the opposite mobile side of the holder. Although the bare
tungsten probe can itself serve as the mobile electrode, typically this electrode is first coated
with a bundle of MWNTs or amorphous carbon-MWNT composite which facilitates carbon-
carbon contact between the mobile electrode and the MWNT to be unwrapped. The probe is
moved such that the mobile electrode touches the tip of a MWNT on the wire, creating a
carbon-MWNT contact. A stable electrical and mechanical contact at the junction is
established by annealing with high current. The sliding process between MWNT core and
shell/GNR is maintained at a rate of 1 — 10 nm/sec. A Keithley 2400 SourceMeter is used for
electrical bias and current readout across the MWNT. Five nanotubes have been unwrapped
using this electrical breakdown method.

(b)

pA4AA1 114449
bo4d 444444343
oA

L]
i
i

e 1

LR R RRRERERERE)
IS RRERREERERE]
CERERRRRERERE]
dd4 44444444

LS GNR Inter-shell sliding

Figure 9.1 Schematic drawings of the proposed graphene nanoribbon (GNR)
fabrication from a multi-wall carbon nanotube (MWNT). In the schematic, a
double wall carbon nanotube (DWNT) is chosen for simplicity. (a) MWNT before
the partial wall rupture. (b) Electrical current induces rupture of the outer wall of a
MWNT. (c) Partial outer wall rupture of a MWNT results in a precursor GNR
which is under the MWNT inner core. (d) Inter-shell sliding between the GNR
and the inner core results in a suspended, electrically contacted GNR.

Figure 9.1 shows schematic drawings of the proposed fabrication process of
extracting a GNR from a MWNT. Using a movable electrode, a MWNT is contacted and
unwrapping of the outer walls is induced via an applied electrical current through the contact
and tube. With proper voltage bias control, only part of the MWNT outer wall (upper portion
in the schematic) is severed and, as shown in Fig. 9.1c, a precursor GNR is created which
clings to the remaining MWNT inner core. The GNR is then systematically removed from the
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MWNT via sliding between the GNR and the MWNT inner core, as shown in Fig. 9.1d. The
newly formed GNR can easily be completely removed from the MWNT, or, most importantly,
the sliding process can be terminated when a desired amount of GNR has been slid off. This
leaves a pre-selected length of GNR fully suspended in vacuum, with each end electrically
and mechanically attached to a conducting electrode (the remaining portion of the MWNT
serves as one electrode).
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Figure 9.2 TEM images and electrical transport measurement
of a GNR derived from a MWNT. (a) TEM image of a GNR
derived from a MWNT via the electrical rupture and unwrapping
method. The original MWNT from which the GNR is derived is
shown on the right side; it continues to serve as a mechanical
support and electrical contact for the GNR. (b) Electrical transport
measurement of the same GNR. The blue diamond and red square
dots (color online) are the electrical current and differential
conductance at given voltages, respectively. The solid line is a
guide to the eye for the differential conductance. At low voltages
(<0.5V), the response is linear. With higher bias, the conductance
increases with increasing bias.

Figure 9.2a shows a TEM image of a GNR experimentally derived from a MWNT
using the electrical-current-induced unwrapping technique. The GNR is fully suspended in
vacuum, with each end electrically and mechanically attached to a conducting electrode. The
original MWNT (30 nm diameter) from which the GNR is derived is located on the right side
of the GNR. The length of the GNR is about 300 nm and the width, uniform along the ribbon
axis, is 45 nm, suggesting about half (circumferentially) of the MWNT outermost shells were
vaporized during the electrical unwrapping process. The proposed unwrapping of MWNTs is
a very fast process and the intermediate steps of it were not observed in our TEM experiments
due to spatial and temporal limitations. However, this is a very likely scenario and supporting
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evidence for this unwrapping of MWNTs is documented in Fig. 9.5. Related modeling of the
thermally-induced nanotube wall-rupture mechanism is also discussed later in this article and
the supporting information. The edge of the GNR in Figure 9.2a could not be resolved at the
atomic scale, posing the possibility that this structure is a collapsed nanotube. Considering
that a collapsed nanotube is within the GNR family, we use the term GNR for this structure
[113]. In Figure 9.2b, the two-terminal electrical transport for the same GNR is shown. The
blue diamond and red square dots are respectively the electrical current and differential
conductance at given bias voltages. At low bias voltages (< 0.5 V), the response is mostly
linear, while at higher voltages the conductance increases with increasing bias voltage, similar
to the behavior observed in MWNT two-terminal electrical transport measurements [189].
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Figure 9.3 Flexing of a GNR and concurrent electrical
measurement. (a-c) Sequential TEM images during the flexing
process. (d) I-V curves for corresponding flexed states (figures a -
¢) of the GNR. The two-terminal conductance stays the same even
with the dramatic mechanical deformation of the GNR.

Graphene and GNRs have remarkable mechanical properties [12, 15, 16, 19] which
make them promising materials for NEMS and flexible devices. To exploit graphene and
GNRs for electromechanical purposes, it is crucial to characterize electrical transport under
mechanical deformation conditions, but there have been few studies on this subject. The
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conductance of graphene films has been observed to drop reversibly when the films are
subjected to bending or stretching [19]. The GNR isolation and mounting configuration
described here affords highly controlled reversible flexing and simultaneous electrical
measurement of a single GNR. Figures 9.3a-c show a series of TEM images acquired during a
mechanical deformation of the GNR. Clearly, the GNR shows dramatic distortions as the
MWNT electrode is moved to the left, closing the gap between the electrodes. As the degree
of flexing is changed, concurrent two-terminal electrical transport measurements are
performed. Figure 9.3d shows I-V curves for each deformation state (a-c) of the GNR. The
main result is that the two-terminal resistance remains constant even with dramatic flexing of
the GNR. This indicates that conductivity of GNRs (and presumably properly mounted
graphene) can be maintained even under severe mechanical deformations such as high angle
flexing. These results would also imply that rippling, which can occur on suspended graphene
[17], does not substantially modify the intrinsic electrical transport properties of graphene or
its derivatives.

The ultimate current-carrying capacity of GNRs, and their failure mode under
extreme bias conditions, is of great interest. We find that suspended GNRs can carry large
currents without failure. For the specimen of Figure 9.2, a maximum two-dimensional current
density of ~ 22 A/cm is obtained, comparable to that found for exfoliated graphene on a
substrate [192, 193]. Notably, the GNR is here suspended in vacuum, and thus the central
portion is not well thermally anchored and presumably at elevated temperature. This suggests
an even higher ultimate current limit is possible for thermally anchored GNRs.

Figure 9.4 shows the results of a suspended GNR intentionally driven to electrical
failure. TEM images of the GNR and corresponding transport data are shown. As seen in
Figure 9.4c, the GNR is stable and the current remains constant (~ 100 pA) for an applied
bias of 2.5 V. As the bias is increased to 2.6 V, the current begins to drop and the middle part
of the GNR diminishes in width (Figure 9.4a). With fixed bias, the current asymptotically
approaches ~65 pA as shown in Figure 9.4c. During the GNR breakdown, no staircase-like
current drops are observed, indicating no dramatic "quantized" geometrical configurations;
the GNR width gradually and smoothly diminishes. As the electrical bias is increased to ~3 V,
the GNR fails catastrophically at the central part and current drops to zero, as shown in Figure
9.4b. The breakdown mechanism of the GNR under high bias is likely due to carbon atom
sublimation from the GNR edges due to high temperatures [149, 194]. Related current-
induced "shrinking" of carbon nanotubes has been reported [195].

We now examine in more detail the electrically-induced MWNT rupture and
unwrapping mechanism that leads to GNR formation. The key is the asymmetric electrode
contact at the tip of the MWNT. This side-contacting results in asymmetric electrical and
thermal transport conditions near the tip of the MWNT. Most notably, this results in a sharp
temperature difference between the non-contacted and contacted outer surfaces of the MWNT
near its tip. The non-contact side of the MWNT tip achieves a higher temperature than the
contact side, and this is where the unwrapping (ejection of carbon atoms) is initiated. The
asymmetric breakdown process is documented in Figure 9.5. Figures 9.5a-e show a series of
TEM images for the asymmetric side-contact condition. At the bottom of the MWNT tip,
amorphous carbon and MWNT composite serves as an electrode. As the bias on the MWNT
is increased, the onset of MWNT shell breakdown occurs, as shown in Figures 9.5b-c. The
non-contact side of the MWNT tip experiences faster electrical breakdown. Along with the
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breakdown, the inner core shells of the MWNT easily slide with respect to the outer shells, as
shown in Figure 9.5d, due to thermal agitation. The contact side of the MWNT tip in Fig. 9.5d
has more intact layers (eight layers) than the non-contact side (two layers), as indicated by the
arrows, which shows clearly that the wall breakdown occurs faster in the non-contact side.
MWNT walls at the contact side, which do not have corresponding walls at the other side,
readily evolve to low-curvature strips with edges, i.e. GNRs. In Figure 9.5¢, the inner core of
the MWNT can be seen displaced left with respect to the outer shells. The GNR structures are
now nearly isolated.
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Figure 9.4 Electrical breakdown of a GNR. (a) TEM image of a
GNR after partial electrical breakdown. The central part of the
GNR has shrunk which implies diffusive electrical transport
processes along the GNR. (b) TEM image of the GNR after total
breakdown. (c¢) Voltage and current variation in time during the
electrical breakdown. Stable two-dimensional maximum electrical
current density is about 22 A/cm. The lack of a staircase-like
current drop suggests that the GNR undergoes gradual, not
quantized, breakdown.
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Figure 9.5 Asymmetric rupture of outer shells of a MWNT. (a-¢) Sequential TEM images of an
asymmetric rupture of MWNT outer shells. (a) Electrical current passes though the MWNT. At the
bottom of the MWNT tip, MWNTs and amorphous carbon composite serve as an electrode. (b-c)
MWNT walls start to undergo an electrical rupture. The non-contacted side of the MWNT tip ruptures
first. (d) The inner core of MWNT slides to the left with respect to the outer shells. In the outer shells,
it is clear that the contact side of the tip has more layers (eight layers) than the non-contact side (two
layers). (e) The inner core of the MWNT slides farther with respect to the outer shells. Around the
MWNT tip, a GNR-like structure appears. (f) Temperature profile of a MWNT and an electrode
contacting the side of the tip from finite element analysis. Due to Joule heating, the area near the
MWNT-electrode contact generally has a higher temperature than other parts of the system, reaching
temperatures above 3000 K. (g) Zoomed-in image and temperature profile of the MWNT tip contact
region. Temperature profile along line ABC shows that the non-contact side of the MWNT reaches
higher temperatures than the contact side because the electrode acts as a heat sink.

We carry out finite element analysis on a side-contact MWNT geometry to quantify
the asymmetric temperature distribution at the MWNT tip. We use COMSOL Multiphysics, a
commercially available finite element modeler (http://www.comsol.com/). To simulate the
side contact to a MWNT, we have used two MWNTs touching each other’s tips as shown in
Figure 9.6. The MWNT with a bigger diameter (24 nm) is serving as an electrode in the
simulation. The heat equation incorporating the Joule heating component,
V- (x(T)VT)+pJ> =0, has been employed in the simulation, where x(7T) is the
temperature-dependent isotropic thermal conductivity, 7 is temperature, o is resistivity,
and J 1is current density. High temperature thermal conductivity x(7') of a MWNT is
assumed to be x(T)=1/(aT + BT*)with a=4.8x10°m/W and S=4.3x10""m/W-K (values
adapted from G. E. Begtrup, et al. [147]). Isotropic resistivity p=2x10"Q-m of a MWNT
is adapted from T. D. Yuzvinsky et al. [190].
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As a boundary condition, the temperatures on the left and right edges of the system
are maintained at room temperature (300 K). And an electrical bias V' is applied between
these two edges. On the other surfaces, a boundary condition with radiation heat exchange
and electrical insulation is incorporated. For a given electrical bias V', we can solve the
electrostatic equation and get the current density J in the system. Using the heat equation
and boundary conditions, we obtain a temperature profile in the system. To establish the
highest temperatures in the system at 3200 K, which is the proposed breakdown temperature
of a MWNT [147], we adjust the electrical bias V' to the proper value.

Figure 9.5f shows the simulated temperature profile of a MWNT and an electrode
contacting the side of the MWNT tip. Due to Joule heating, the area near the MWNT-
electrode contact generally has a higher temperature than other parts of the system, reaching
temperatures above 3000 K. A close look at the temperature profile of the MWNT tip shows
that the non-contact side reaches higher temperatures than the contact side (Figure 9.5g). This
results from the electrode serving as a heat sink. The width of the MWNT wall segment that is
above the critical temperature for carbon sublimation (approximately 3200 K [147]), along
with MWNT outer circumference, dictates the final GNR width.
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Figure 9.6 Geometry of finite element analysis simulation. (a) The geometry of
two MWNTs (with 200 nm length) touching each other’s tips. A MWNT with
bigger diameter (24 nm) is serving as an electrode. There is a 20 nm overlap
along the length between the MWNT and the electrode. (b) The side view of the
geometry. The overlap between the MWNT and the electrode is 0.2 nm in the
simulation. (c) The boundary conditions of the simulation. At the left and right
edges, the temperatures are maintained at room temperature, 300 K, and an
electrical bias is applied between these two edges.
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