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Graphene is a monolayer of graphite. The surge of interest inegr@phs epitomized
by the Nobel Prize in Physics in 2010, is largely attributedtdoexceptional
properties. Ultra thin, mechanically tough, electrically conductared transparent
graphene films promise to enable a wealth of possible applicaiingsg from thin-
film solar cells, flexible displays, to biochemical sensimgys. However, significant
gaps remain to realize these potential applications, largelyadtige difficulty of
precisely controlling graphene properties. Graphene is intrinsicatiyflat and tends
to be randomly corrugated. The random graphene morphology can leadableinst
performance of graphene devices as the corrugating physgsagfiene is closely
tied to its electronic properties. Future success of graphesed applications hinges

upon precise control of the graphene morphology, a significant challangsy

unexplored so far. This dissertation aims to explore viable pathwayailoring



graphene morphology and leverage possible morphologic instability of grafarene

novel nano-device applications.

Inspired by recent experiments, we propose and benchmark a stratprgcisely
control the graphene morphology via extrinsic regulation (e.g., stdstaface
features, patterned nanowires and nanoparticles). A general enérgmework is
delineated to quantitatively determine the extrinsically regdlatgraphene
morphology through energy minimization. Such a framework is benchmdmked
determining the graphene morphology regulated by various types andsgme of
nanoscale extrinsic scafffolds, including two dimensional herringbone and
checkerboard corrugations on substrate surfaces and one dimensionedtesubst
surface grooves and patterned nanowires. The results reveal taisnagh instability

of the graphene morphology, that is, depending on interfacial bonding esredgy
substrate surface roughness, the graphene morphology exhibitspatrsimesition
between two distinct states: (1) closely conforming to the satbssurface and (2)
remaining nearly flat on the substrate surface. This snap-tihrausgability of
graphene holds potential to enable graphene-based functional nano-dewvices

ultrasensitive nano-switches).

Another type of morphologic instability of graphene is the spontanemodling of
graphene into a carbon nanoscroll (CNS). The spiral multilayer maotse of
CNSs is topologically open and thus distinct from that of carbon Nae®{CNTSs).
The unique topological structure of CNSs can enable an array of ayopkdations,
e.g., hydrogen storage, water channels and ultrafast nano-ossilleowever, the

realization of CNS-based applications is hindered by the lackliable approach to



fabricating high quality CNSs. We propose a simple physical agiprimafabricating
CNSs via CNT-initiated scrolling of graphene on a substratee 3ihiccessful
formation of a CNS depends on the CNT diameter, the carbon—carbaactiater
strength and the graphene-substrate interaction strength. Werfdgmonstrate that
the resulting CNS/CNT nanostructure can be used as an ultratstano-oscillator
that operates at 10s GHz. Such CNS-based nano-oscillators eaaiteel and driven
by an external AC electric field, further illustrating thewtential to enable nano-

scale energy transductidmrnessin@nd storage.
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Chapter 1: Introduction and Background

Graphene is a monolayer of carbon atoms densely packed into a hobdwtice.
As a two-dimensional (2D) crystal of carbon, graphene can be edapp into
fullerenes (0OD), rolled into nanotubes (1D) or stacked into gra@ie (Figure 1.1)
[1]. Therefore, it can be regarded as the fundamental building bloekl @ther

members in the carbon family.

Figure 1.1. Graphene is the building block of all the carbon allotropes [1].

Perfect two-dimensional crystals were once presumed not thebmddynamically
stable. The argument is that when the thin film becomes only atemwic layers
thick, thermal fluctuations will destroy the long-range ordemtoms, resulting in
melting of the thin film at any finite temperature [2]. Althoule word “graphene”
has been invented to call one-layer atomic thick carbon atomsldogdime, it has
been long believed that graphene could not exist in the freebsted@ise it would
melt or form soot, fullerenes and nanotubes under ambient conditioih§Lfitomic

monolayer was known only as an integral part of larger 3D structures.



This common misconception was clarified in 2004 by the isolated gralade first
observed in experiment [3]. Via mechanical exfoliation, scierdistise University of
Manchester obtained planar graphene on silicon substrate by ustct $ape to
repeatedly peel off thin layers from bulk high-quality grapltsiece graphite is just
many graphene sheets stacked together by weak van der \Wfaealstfie mechanical
exfoliation can easily break the bonds between graphene layergared draphite
flakes with different thickness on the tape. These flakes wenetittiesferred on to a
silicon substrate covered by a thin layer of silicon dioxide orchvkingle-layer or
few-layer graphene can be identified by an optical microscdpe further
measurements show that the single-layer graphene sheetsaineiaus and exhibit
high crystal quality. Later on, the existence of graphene wasrmeaf by other
groups [4] and free-standing graphene was also successfully fabtrifd. The
discovery of graphene in 2004 sparked great research interestapihege and
opened up a new era in materials science, physics and enggneehich is
epitomized by the 2010 Nobel Prize in Physics to Professors ABdmn and
Konstantin Novoselov from the University of Manchester “for groundbreaking

experiments regarding the two-dimensional material graphene’[5].

Although the mechanical exploration is the most straightforwartiodeto fabricate
graphene, it suffers from the limited graphene size and low oufjarefore,
graphene once was the most expensive material in the world [@chieve massive
production of graphene, various fabrication techniques of graphene have been
developed, such as chemical vapor deposition on various metal substidtp [7

graphite oxide reduction [11] and epitaxial growth on silicon carhitstsate [12].



Now it becomes possible to fabricate graphene with the sizesgvénal square feet.
The large scale and massive production of graphene further enalpeténtial

application in future electronic devices [9, 13].

1.1. Electronic and M echanical Properties of Graphene

Graphene has attracted much research interests becausextfaitsdinary electronic
and mechanical properties. Some properties of graphene result frdraxggonal
crystal lattice, which are shared with carbon nanotubes, whaleynof them are

attributed to the unique nature of graphene’s 2D planar structure.

Band structure

Intrinsic graphene is a semi-metal or zero-gap semiconductorfg].ti& band
structure of graphene is highly tunable. For example, the band gampiiege
nanoribbons is dependent on the chirality and width of the ribbons. Expesihees
demonstrated that 200 meV energy gap can be achieved by narrowaitemne
nanoribbons to a width of 15 nm [14]. In bilayer graphene, the band gap up to 250
meV can be continuously tunable by the voltage of the two gatesHit&{principle
calculations predicted a band-gap opening of ~300 meV for graphene under 1%

uniaxial tensile strain [16].

Dirac fermions

Due to graphene’s honey comb crystal lattice, the linear digperelation for
electrons and holes close to the Fermi level leads to zerdiweffatass for electrons

and holes [1]. They behave like relativistic particles which shbeldescribed by the



Dirac equation but not Schrddinger equation. Hence, the electrons andah®les
called Dirac fermions [17]. These charge carriers in graphen@cnrelativistic

particles with zero rest mass and have an effective “speed of light”.
Electronic mobility

Graphene has remarkably high electron mobility at room temperatitrereported

values in excess of 15,000 tii's*, 100 times larger than silicon [18].
Electronic conductivity

Graphene is the lowest resistivity substance known at room tetaper Its

corresponding resistivity is 10Q-cm, less than that of silver [19].
Quantum Hall Effect

The quantum Hall Effect is that the Hall conductivity is aregetr multiples of a
basic quantity. This effect in graphene can be experimentalbsuned at room
temperature [4]. However, in graphene the observed quantization condition is

described by half-integer rather than integer values.
Transparency

Graphene only absorbs 2.3 % of white light and thus is almost transpariess on
substrates consisting of a silicon wafer with a 300 nm thiatosildioxide layer [20,
21]. This partially explains that people have been making graphedmiwng lines

with pencils for more than one thousand years but were not aware of it until 2004.

Negative coefficient of thermal expansion



While most materials expand when the temperature increasesit @geriments
show that graphene shrinks when heated up. The coefficient ofahexpansion
(CTE) of graphene is ~ -7xfK™ at 300K according to the experiment measurement

[22].
Mechanical properties

Graphene is the strongest materials ever measured. Graphen@ehgsung’'s
modulus of ~1 TPa and the strength of 130 GPa, which is 200 times tlaagethat

of steel [23]. Graphene is also very ductile. The fracturenstfiagraphene measured

in experiments is up to 25% [23], and atomic simulations show that the nominal strain
to fracture graphene is considerably lower for the uniaxial loadiagg armchair

direction than along zigzag direction [24].

1.2. Potential Applications of Graphene

The extraordinary electronic and mechanical properties of grapheaertspired an
array of tantalizing potential applications. Most applications hased on the

following fundamental graphene electronic components:
| ntegrated circuit interconnects

Due to their high electrical and thermal conductivity, as welloav noise, metallic
graphene nanoribbons (GNRSs) are attractive candidates to repfguer ¢or the next
generation of integrated circuit interconnects [25]. Nowadaysgetiancement of
integrated circuit performance mainly results from narrowtimg width of copper

nanowires. The resistivity of these nanowires, however, will ineraaghe width of



nanowires decreases and finally will stop the performanceaserin the near future
when the feature sizes drop to approximately 20 nanometersr Asefallic GNRs,
even the width is down to several nanometers, it is still predicede good
conductor. Recent experiments have already shown that conductiviilynpence of
20 nanometer wide GNRs is comparable to that of even the most siftimi

projections for copper interconnects at that scale [25].

Field-effect transistors

The resistivity of graphene is a function of the perpendicularreadtelectric field,
i.e. gate voltage [3]. In addition, the electronic properties of GNiRsbe controlled
by their width and directionality, which makes it possible to lBNRs-based Field
Effect Transistors (GNR-FETs) [14, 26, 27]. Because all thdbooa atoms of
graphene are on the perfect lattice points, it is easier ta fnooth interfaces
between GNRs with different width and directionality without introdgcextra
resistance at the junctions [28, 29]. In 2008, a research group sudgdsasiutated
the smallest transistor so far, one atom thick, 10 atoms wide G38phene based
nano electrical devices, i.e. GNR-FETs and GNR interconnects, potdshtially
overcome the bottleneck of the performance increase of curregrattd circuits.
For example, the electronic properties of silicon become unstdide vts feature
size is below 10 nm, which poses significant challenge to thenewaturizing
functional components in electronic devices. By contrast, grapherable gbwn to
a single benzene ring, which makes it a potential candidateiah&tereplace silicon

in future electronic technology.



Transparent and flexible conducting electrodes

Because graphene is conductive and transparent, it is a perfetiiata for
transparent conducting electrodes in touch-screens [13], liqustatidisplays [31],
organic photovoltaic cells [32, 33], and organic light-emitting diodes [Bdipared
with indium tin oxide (ITO), a wildly used material for current transparent comdypcti
electrodes, graphene is much stronger and more ductile [23]. Tlaphege

electrodes hold great potentials to be used in flexible and invisible electronics

Other potential applications of graphene include nano-composite iasatgs5],
biochemical sensor arrays [36], supercapacitors [37] and hydrdgesges [38].
Because of the short period of time after graphene’s discoveryy meariting

potential applications are still being explored.

1.3. Morphology of Graphene

1.3.1. Intrinsic mor phology of graphene

Apparently, the existence of free-standing graphene contradictshdweetical
prediction that perfect two-dimensional crystals cannot exist in thetiedse to its
thermal instability. This contradiction can be explained by lstiedies on intrinsic
morphology of graphene. Both experiments and simulations show thatethe fr
standing graphene is not perfectly flat but has intrinsic ripf@e89], as shown in
Figure 1.2. The surface normal of graphene sheet varies by Iséegraes and the
out-of-plane deformations are about 1 nm. Simulations show that thegya\feedure

size of ripples is around 80 A (Figure 1.2) [39], while experimem@hsurements



indicate that the feature size is 50-100 A [2]. The corrugationgrved to be
intrinsic because it is these ripples that make the 2D crgstige stable. Meanwhile,
the 3D surface features in graphene are responsible for thdcaelebehaviors of
graphene [22]. Given the existence of out-of-plane ripples, it becdemegable that
if graphene is truly a 2D structure. But graphene is still wideinsidered as 2D

crystal since the amplitude of the ripples is much smaller than the geapize.

Figure 1.2. The intrinsic ripples in graphene. The red arrows representetiture size of

ripples, which is ~80 A long [39].

armchair

Zigzag

Figure 1.3. A warped graphene sheet obtained by relaxing edge stressesiia simulation

[40].

The unsaturated carbon atoms along graphene edges lead to cvapeese

stresses and high edge energy. Such compression stresses ldarth®igraphene



locally and cause small wrinkles along the edges of graphem¢ssligoth of the

atomic simulation and finite element analysis were carriedooptedict the shape of
the edge wrinkles (Figure 1.3) [40, 41]. It is demonstrated thaewid edge stress
induced wrinkles are mainly localized at the boundaries of lazgegsaphene sheets,

such wrinkles can lead to twisting and scrolling of graphene nanoribbons [42].

1.3.2. Extrinsic mor phology of graphene

Recent studies reveal that, #drinsicmorphology of graphene on substrate surfaces
or nanoscale scaffolds iegulated distinct from theandomintrinsic morphology of
freestanding graphene. Several types of extrinsic morphologsaphgne have been

reported, which are briefly summarized in the following.

1. Corrugations in graphene induced by rough substrate surfaces

When fabricated on a substrate (e.g., 2pi@a mechanical exfoliation or transfer
printing, graphene also corrugates, which is often attributed to grejghmtrinsic
corrugations. However, recent experiments revealed that sndbmacorrugations
could be introduced by unwanted photoresist residue under the graphene if
lithographic process is used [43]. After careful removal ofréisést residue, atomic-
resolution images of the graphene on Sghowed that the graphene corrugations
result from its partial conformation to the SiSubstrate. High-resolution scanning
tunneling microscopy further indicated that the morphology of ,-Sifpported
graphene closely matches that of the ;Ser the entire range of length scales with
nearly 99% fidelity [44]. It has been further confirmed thapbeme and few-layer

graphene also partially follow the surface morphology of varioustrsués (e.g.,



GaAs, InGaAs and SKp[45-48]. These experimental evidences strongly suggest that
the regulated extrinsic corrugations in substrate-supported grapheressentially
distinct from the random intrinsic corrugations in freestanding graphene.
Furthermore, the substrate regulation on graphene morphology hashbeents be
strong enough to prevail over the intrinsic random corrugations irhgnap For
example, on an atomically-flat mica substrate, the intringfougations in graphene

can be smoothed, leading to an ultra-flat extrinsic morphology of the graphene [49].

2. Corrugationsin grapheneinduced by crystal lattice mismatch

Figure 1.4. Epitaxial grown graphene on Ru(0001). The inset reproduces the Fourier

transform of the image showing the (11x11) periodicity of the rippled gnedhger [50].

Graphene monolayers can be grown epitaxially on certain metalratebs{e.g.,
single-crystal ruthenium (0001)) under ultrahigh vacuum conditions [5@ph&ne
covers the substrate surface completely over several micronss goefriodically
rippled. The periodical ripples come from the coincidence of differdattice
parameters of graphene and substrate: 11 carbon honeycombs (0.246 nm) adjust

almost exactly with 10 Ru-Ru interatomic distances (0.27nm), asnsimoFigure 1.4
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[50]. This kind of periodicity is also observed in graphene on Pt(11(1) 1y and
Rh(111) [51, 52]. Therefore, this type of ripples in graphene can beoltedtby

selecting substrate materials with different lattice parameters

3. Ripplesin graphene induced by thermal mismatch

Graphene possesses negative coefficient of thermal expansion W@ida has been
used to generate large scale ripples in graphene on polymemageibistrthe study of
Reference [53], graphene was deposited on top of the polymer seibgitta glass
transition temperature of ~105 °C by mechanical exfoliation. Theplsanvas
annealed at 170 °C to allow polymer flow around to release sto@d stnergy.
Then the sample was quickly cooled to room temperature. During theng;ool
polymer contracted but graphene expanded. Therefore, graphene buclies wi

amplitude of nanometer scale.

The researches at UC Riverside reported the first directly contnpipdé rorientation,
wavelength and amplitude in graphene sheets using thermal mapoipu]22].
Single-layer and multi-layer graphene were suspended acredefpred trenches on
Si/SiO, substrates. Most graphene sheets were found to spontaneously folyn near
periodic ripples whose crests are perpendicular to the edges afetteh. When
graphene membranes were annealed up to 700 K, the ripples disappée¢artiueie
thermal mismatch. After cooling down, the ripples re-appearedhandnhorphology
changed: amplitudes became larger and wavelength became longemprdpesed

that annealing temperature and trench shape could be used to contrifiptee

texturing in graphene.
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1.4. Introduction to Carbon Nanoscrolls

A carbon nanoscroll (CNS) is formed by rolling up a graphene sheefai spiral
multilayer structure (Figure 1.5) [54, 55]. It seems very simtdamultiwall carbon
nanotube (CNT), but they are distinctly different. The core sfza CNS can vary
significantly by relative sliding between adjacent layers [pg, In other words, a
CNS is topologically open. By contrast, a multiwall CNT considtseveral coaxial
carbon cylinders and its core size can only be changed slightktréiching the

carbon-carbon (C-C) bonds. Therefore, a multiwall CNT is topologicallyalose
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Figure 1.5. The structure of CNS. (a) End view; (b) Side view.

The open and highly tunable structure of CNSs, combining with the extaipt
mechanical and electronic properties inherited from the bassthgmna, has inspired
potential applications of CNSs. For example, CNSs can be usedagby storage
medium [58, 59]. The high capacity for hydrogen storage in mallti@NTs has
already been demonstrated. But CNSs can rapid uptake and relebgdragen
because the exposed open edge of CNSs serves as a fagpaghtfgr hydrogen
molecules. Moreover, since CNSs can oscillate radially througimténayer relative
sliding, they could be used as nano-oscillators or nanoactuators ireleaacal-

mechanical systems (NEMS) [60]. The radial oscillating fraqgueof CNSs is up to
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gigahertz. Another application of CNSs is water and ion channglsggtontrolling

the inner diameter of CNSs, the flow rate of water through ahe af CNSs can be

adjusted over a broad range.
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Figure 1.6. Change in total energy during the scrolling of graphene tceraakkNS. The

strain energy (kng and van der Waals energies4{f are shown in the inset graph [56].

The energetics of graphene scrolling into CNS and the stabili§N&s have been
investigated previously [56]. Figure 1.6 plots the total energyatran during the
scrolling of graphene. The total energy consists of two partsn streergy and
interaction energy (van der Waals energy). Before the tmwmaf an overlap
between two edges of graphene, the curling up of graphenette#itls increase of
the strain energy (configuration 1-8 in Figure 1.6) but the inferaenergy is always
0. So the total energy increases during the initial curling up pso€ance a critical
overlap is achieved, the interaction energy drives the furthelisgrof graphene to
decrease the total energy and thus the formation of CNS autdigabcaurs
(configuration 8-10 in Figure 1.6). The resulting CNS may have lowergg than

the planar graphene. In other words, the CNS is more stable.
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Figure 1.6 implies that, in order to initiate the spontaneous isgadf graphene,
external energy assistance is required to overcome an eharggr and then a
critical overlap between graphene layers can be achieved. Bemsi and
simulations suggest that the energy assistance could comesboiration [55],
fluctuation of isopropyl alcohol (IPA) solution [62] or water nanodrap[é8]. The
experimental discovery of CNSs was achieved via a chemicabagprin which
graphite is first intercalated using alkali metals, and thaltiag exfoliated graphite
sheets can curl into scrolls upon sonication [55]. Recent experirabatg that a
SiO,-supported graphene monolayer immersed in isopropyl alcohol (IPA)osolut
can spontaneously roll up to form a CNS [62]. Molecular dynanmmeslations show
that a long and narrow freestanding carbon nanoribbon can spontaneouslg form
short CNS driven by low temperature (100 K) thermal fluctuation [B&cent
simulations demonstrate that water nanodroplets could activate tmgfobf
freestanding graphene to form different carbon nanostructures, mgl@NSSs,

depending on the size of both graphene and nanodroplets [63].

1.5. Motivation and Resear ch Objectives

As mentioned above, graphene is intrinsically non-flat and tendsdorhegated due
to the instability of two-dimensional crystals [39]. Since theugmating morphology
of atomically-thin graphene is strongly tied to its electerproperties [65, 66], the
random intrinsic ripples and corrugations lead to unpredictable grajphneperties,

which are fatal for nanoelectronic devices for which precisatéligcontrol is the
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key. Therefore, controlling the graphene morphology over large &easicial in

enabling future graphene-based applications.

Recent studies reveal that, #drinsicmorphology of graphene on substrate surfaces
or nanoscale scaffolds iegulated distinct from theandomintrinsic morphology of
freestanding graphene [43, 45, 47, 48, 67]. These studies on the extrinsic ogyphol
of graphene illuminate new pathways toward fine tuning the cornggphysics, and
thus the properties of graphene via external regulation. So faravagable
experimental evidence on the morphology of substrate-supported graphene i
suggestive, but preliminary: the quantitative relationship betweengthghene
morphology and the substrate surface roughness has not been stugieffech of

graphene—substrate interaction on the graphene morphology remains elusive.

Motivated by the fertile and largely unexplored opportunities tifresic morphology
of graphenethe first research objective of this doctoral dissertation isto explore an
effective strategy to achieve precise extrinsic regulation of the graphene
morphology beyond its intrinsic randomness. Specific research objectives in this

regard include:

e To investigate the graphene morphology regulated by patterneatesirbf
rigid substrates;

e To investigate the graphene morphology regulated by low dimensional
nanoscaffolds (e.g., patterned nanowires) at the graphene-substrate interface

e To investigate the graphene morphology regulated by patterneatesirbf

compliant substrates.
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Particular focus will be placed on understanding the potential magikahstability

of the graphene under extrinsic regulation. At such an instabhligymiorphology of
the graphene switches sharply between two distinct statesh vdaic lead to
significant change of the electronic properties of graphene anddhuse potentially

leveraged to enable functional device components.

The spontaneous scrolling of graphene into a carbon nanoscroll (CNSjerdgpre
another type of morphologic instability of graphene of scienéifid technological
interests. The unique topology of CNSs leads to their distinattstal, dynamical

and electronic properties [56, 57, 60, 62] and thus has inspired ano&eagiting
potential applications, such as hydrogen storage medium [58, 59 astitogcillators

and actuators [60], and water/ion channels [61]. Enthusiasm for CN8&-base
applications aside, there are still significant challengdisetio realization, largely due

to lack of mature approach to fabricating high quality CNSs. Trstirgy fabrication
methods are all chemical approaches, thus suffer from the possitbéanination of
chemical residue, and also the difficulty in controlling the rollingiation and

rolling direction [55, 62].

Aiming to address the abovementioned unsolved issues on QGN&second
research objective of this doctoral dissertation is to explore a feasible physical
approach to fabricating high quality CNSs and to investigate the potential
application of the resulting CNS-based nanostructures as ultra-fast nano-

oscillators. Specific research objectives include:
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e To explore an all dry physical approach of CNT-initiated formatbi NS
and to investigate the parameters that govern the CNS formation process;

e To investigate the ultra-fast oscillation behaviors of the CNS/C
nanostructure and to explore possible mechanisms to enhance oscillation

performance.

1.6. Dissertation Layout

To address the research objectives outlined above, the rest of seetadisn is

organized as follows.

In Chapter 2, we delineate a theoretical framework to deterithieesubstrate-
regulated graphene morphology through energy minimization. We fipy such a
framework to quantitatively study the graphene morphology on rsetbst with
surface features (e.g. surface grooves, checkerboard or herenghiokles). These
substrate surface features can be fabricated via approaches combioggphy and
strain engineering [68-71]. The results show that the morphology of graphenesexhibi

a snap-through instability in certain cases.

The size of abovementioned substrate surface features is on the obrden
nanometers, much larger than the C-C bond length in graphene. Thigcangni
progresses in fabricating nanowires with diameters of down to 1 termed on
substrate surface [72-74] offer new platforms to regulate grapmenphology with a
resolution approaching the atomic feature size of graphene. In €RBagtefurther
explore the abundant opportunities of fine tuning graphene morphology via

surface/interface regulation, we extend the energetic frarkew@tudy the graphene
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morphology regulated by nanowires patterned on a substrate surfhee. T
morphologic instability is also evident in the results, which milar to that of
graphene morphology regulated by the underlying substrate surifcengineered

nanoscale patterns.

The abovementioned framework is mainly based on two assumptions. tRest
substrate is assumed to be rigid and thus does not deform whectinggwith the
graphene. Second, only mono-layer graphene is considered. The twQ@tasssim
limit the general applicability of these models. To overcome littngations of
existing models, in Chapter 4 we explicitly determine the morpotdgew-layer
graphene regulated by the patterned surface of a compliant seib$tra effects of
substrate stiffness, graphene-substrate adhesion and number of gfapéenen the

regulated graphene morphology are revealed.

In Chapter 5, we demonstrate an all-dry physical approach todabgcCNSs, in
which the rolling of a substrate-supported graphene monolayer &editby a CNT.
The resulting nanostructure is a CNT housed inside the CNSshown that the
successful formation of a CNS depends on the CNT diameter, theneadsbon
interaction strength and the graphene-substrate interactiongtetrefno further
explore the potential application of such resulting CNS/CNT nandstejcwe
demonstrate a type of CNS-based nano-oscillators. We find th&Nfeinside the
CNS can oscillate along axial direction at a natural frequeh@0s GHz. We further
demonstrate that the oscillation can be excited and driven byteam&xAC electric
field, a feature that can potentially enable energy transahydtarnessing and storage

at nanoscale.
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In Chapter 6, the major findings and contributions of the dissertation are sungmarize

and discussed, followed by an outlook of future work.
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Chapter 2: Graphene Morphology Regulated by a Patter ned

Substrate Surface

In this Chapter, we thoroughly study the graphene morphology regulated by
substrates with different surface features. Inspired by saperienental observations
(Section 2.1), a general theoretical framework is delineated terntee the
substrate-regulated graphene morphology (Section 2.2). Based on tresvéndmna
computational model is developed to numerically solve the graphene morphology
through energy minimization (Section 2.3). Such framework and numerazg| are

then applied to study the graphene morphology on a substrate with 1D @eriodi
surface grooves (Section 2.4), 2D checkerboard or herringbone wrirdesof

2.5). Depending on the substrate surface roughness and the graphergesubstr
interfacial bonding energy, the equilibrium morphology of graphene sainge 1)
closely conforming to the substrate, to 2) remaining flat oe #ubstrate.
Interestingly, in certain cases, the graphene morphology beapsen the above two
limiting states. The snap-through instability can be explainedhbydouble-well
shape of the total energy profile. The simulation models and resalidiscussed in

Section 2.6 and summarized in Section 2.7.
2.1. Experimental Observations

Free-standing graphene is intrinsically rippled due to the thdiaotauation in 2D
crystals [39]. Recent experiments show that after depositedrafer printed onto a

rough substrate surface, graphene will be corrugated by #radhion energy (e.g.,
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van der Waals energy) between graphene and the underlying naulistrate
surface [43, 45, 47, 48, 67, 75]. The corrugations in resulting graphenetranrsiex
rather than the intrinsic ripples in free standing graphenengUsianning tunneling

microscopy (STM), the morphology of single layer graphene on thgsti@ace was

examined under ultrahigh vacuum conditions (Figure 2.1) [45]. The non-periodic

fluctuation in graphene height was clearly observed and attributecdpbene film

following (at least partially) the features of the underlying,S@face.
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Figure 2.1. Stereographic plot of a large-scale (100x62 nm) STM image sifighe-layer

graphene film on the SiGurface [45].

In another study, via a combined-SEM/AFM/STM technique, the atatnicture
and nanoscale morphology of monolayer graphene sheets gns@iStrate were
examined [43]. The atomic-resolution images of the graphene ispaeat revealed
that the graphene partially conforms to the underlying Sidstrate. The histograms
of the heights over graphene and Si@dicated that the graphene surface is about

60% smoother than the Si®urface.
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The graphene morphology partially following the substrate sudagegations was
more clearly proven by the AFM studies on graphene and few-lgraphene
supported by various semiconducting substrates [674kas found that graphene
sheets strongly follow the texture of the sustaining substiradependent on doping,
polarity, or roughnessigure 2.2 shows the surface height scan lines of a 14 nm thick
graphite flake on InGaAs substrate, presenting a quite acamdtdetailed copy of

the underlying substrate texture even for such a large number of graphese layer
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Figure 2.2. Linecuts on the AFM image of a 14 nm thin graphene flakatand, ;sG& »sAS

substrate. The inset shows this flake and positions of the lines [67].

The extrinsic substrate regulation on the graphene morphology is shderstomong
enough to prevail over the intrinsic random corrugations in grapheneeAtreork
compared the graphene morphology on a;Siistrate (Figure 2.3a) with that on an
atomically flat mica surfaces (Figure 2.3b) [76]. The reshitsved that graphene on

mica is much smoother than on gi@pproaching to the limit of atomic flatness.
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Therefore, it is evident that intrinsic ripples in graphene castioagly suppressed

by interfacial van der Waals interactions.
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Figure 2.3. Three-dimensional representations of the AFM topographicfdatgaphene on

SiO, (a) and on mica (b) [76].

Inspired by these experimental oberservations, we envision a prgnsisategy to
regulate the graphene morphology via substrate surface engine&rvedesired
pattern. The interaction between graphene and the substrate suddtesuppress
intrinsic ripples and tailor graphene conforming to the substmatiace pattern.
However, because of the bending rigidity of graphene, graphene wjllpantially

follow the substrate fluctuations, as observed in experiments. T@vaclihe
substrate-regulated graphene morphology, the quantitative relafionstween the

graphene morphology and the substrate surface roughness has to be studied.

2.2. Energetic Framework

The equilibrium graphene morphology regulated by the underlying subssrate
governed by the interplay among three types of free enef@legraphene-substrate

interaction energy, (2) graphene strain energy and (3) substrate strgy ener
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1) The interaction between mechanically-exfoliated graphene andndsrlying
substrate is usually weak and can be characterized by vanaidds YWirces. For
graphene epitaxially grown from a substrate, the graphene-sebstt@taction
energy results from their chemical bonding. In practice, weakigaiylsonding
(e.g., van der Waals forces) and strong chemical bonding mayistoin the
graphene-on-substrate structure. The contributions of the chemical bomdnay t
interaction energy is additive to that of the van de Waals bonding.

2) As the graphene partially conforms to the substrate surfacphwiogy, the
graphene strain energy increases, resulting from the out-ofdpéarteng as well
as the in-plane stretching. Furthermore, the graphene out-of-planendtém
defines its resulting morphology.

3) The substrate strain energy depends on the substrate stiffirtesbeaexternal
mechanical loads. Graphene has been fabricated mostly on rigidasedhge.q.,
Si0,). Without external mechanical loads, the interaction betweenltizethin
graphene and the rather thick substrate results in negligibia stnergy in the
substrate. If the graphene, however, is transferred onto a flexibitrate (e.g.,
polymers or elastomers) [9, 77, 78], and the resulting structsigbject to large
deformation, the strain energy of the substrate can become compar#id¢ of
the graphene and the graphene-substrate interaction energy, and tsusonse
considered to determine the equilibrium graphene morphology.

In this Chapter, we assume weak interaction energy and rigid aelsstthe most

common situation in experiments. The graphene partially conformingart

underlying substrate can then be understood as follows. As the grajoinergates to
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follow the substrate surface morphology, the graphene strain emergases due to
the intrinsic bending rigidity of graphene; on the other hand, by [hait@nforming

to the substrate, the graphene-substrate interaction energasiesidue to the nature
of van der Waals interaction. The total free energy of thesygienoted by the sum
of the graphene strain energy and the graphene-substrate ioteractergy)
minimizes, from which the equilibrium graphene morphology on the subs@atbe

determined (Figure 2.4).

E 4

Figure 2.4. Schematics of the energetics of the substrate regulatioraphegre morphology.
The strain energy and the graphene-substrate interaction energy are glfutactians of the
graphene corrugation amplitudg. The total free energy minimizes at an equilibrium value

of Ag. A similar energy profile holds for the total energy as a functidn(obt shown).

2.3. Computational Model

The periodic substrate surface features can be either 1-donehgisinusoidal
grooves) or 2-dimensional (checkerboard or herringbone wrinkleshlafket

graphene monolayer mechanically exfoliated on such a substrate partially ctdorm
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the substrate surface, thus assumes a corrugated morphology &intlila substrate
surface grooves but with a smaller amplitude. If the featuees Ix-y plane, the

graphene morphology and the substrate surface can be describedahy)and

wg(x,y), respectively.
2.3.1. Graphene-substrate interaction energy

The graphene-substrate interaction energy is given by summiradl uqteraction
energies due to van der Waals force between the carbon atdhes graphene and
the substrate atoms. The van der Waals force between a graphetratesatbsmic

pair of distance can be characterized by a Lennard—Jones pair potential,
0.12 0.6
VL](T) = 4¢ ‘I"T_ T'_6 , (21)

where3/2¢ is the equilibrium distance of a graphene-substrate atorii@pdze is
the bonding energy at the equilibrium distanidee number of atoms over an atta
on the graphene and a volumtE in the substrate a@.dS andpdV;, respectively,
wherep, is the homogenized carbon atom area density of graphene thkitesl to
the equilibrium carbon-carbon bond lengthby p. = 4/(3\/5!2), and p, is the
molecular density of substrate that can be derived from thecolatenass and mass
density of substrate. It has been shown that the homogenizedptiescof the
discrete carbon atoms in graphene can capture the feature griafiteene-substrate

interface [79, 80].
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The interaction energ¥,,; between a graphene of aigand a substrate of volume

V, can be given by

Epn = f f V()pedVipedS, (2.2)
s Jug

Next, we take the morphology of graphene regulated by sinusoidaiatabsurface
as an example to show the detailed formulatiod;9f. The sinusoidal corrugations
of the substrate surface and the corrugations of the graphenlatedgby such a
substrate surface (Figure 2.5a) are described by
wy (x) = Ay cos (%)
(2.3)

21
w,(x) = A cos <7> —h,

whereA is the groove wavelength,is the distance between the middle planes of the
graphene and the substrate surfatge,and A; are the amplitudes of the graphene
corrugation and the substrate surface grooves, respectively (Rigime Given the
symmetry and periodicity of the structure in Figure 2.5, we onlyg neeonsider a
graphene segment of a half sinusoidal period (@.¢.,x < 4/2) and the underlying

substrate.

The distance between a po(r:ﬂg,O, Wg) on the graphene and a polnt, y,, z;) in

the substrate is
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r= J(xg — xs)2 +yZ + (Wg — zs)z, (2.4)

wherew, (x) = A, cos (27”) andzg < A cos (27”) — h.

(b)

Figure 2.5. (a) Schematics of a blanket graphene partially conforrtong substrate with

sinusoidal surface grooves. (b) The view of the graphene ansuthstrate surface. Poift
denotes a carbon atom in the graphene, and poi¢notes a substrate location within a

distance oR from pointA.
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The graphene-substrate interaction energy per unit area oviéiparinad of graphene

is given by

1 A/2
— pcdx f V(r)psdV,
A/Z,[O cUig . sVs

N

A/2 0 00 Ascos(z—n)—h
Pcp 1
= AC/ZSfO dx, f_oodxs f_oodys f_oo V(r)dz,,

Eine =

(2.5)

whereV (r) is given by plugging Equation (2.4) into Equation (2.1). Since it will be
vey complicated to analytically calculate thsiltiple integrals, the interaction energy
defined in Equation (2.2) is then computed using a Monte Carlo numdratelgy as
described below. Since the van der Waals force rapidly decae alistance of an
atom pair increases from its equilibrium value, the interactivergy between a
carbon atom in the graphene and the underlying substrate can betexdtoy the van

de Waals interactions of this carbon atom with its adjacentopodi the substrate
(e.g., within a cut-off distance from this carbon atom). If theofutlistance is large
enough, such an estimate of interaction energy converges toetirettbal value of
En:. Therefore, for a given carbon atom in the graphene, only the sulystréiten
within a distance ofR to this carbon atom are taken into account in computing the

graphene-substrate interaction energy (Figure 2.5b).

For theith graphene carbon atom,random locations are generated in the substrate
portion within the cut-off distanc® from this carbon atom. The interaction energy

between this carbon atom and the substrate is estimated by
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E; = (psVs/m) Z Vi (i), (2.6)
=

wherer;; is the distance between tite graphene carbon atom and fte random

substrate location.

Equation (2.6) is evaluated mat equally spaced locations over the graphene ofsrea

The graphene—substrate interaction energy over this area can then beddiimat

Eine = (pcS/m) ) Ei @7

As n, Randm become larger, the values of Equation (2.7) converge to the theoretical
value of Equation (2.5). For example, in the simulations of graphenenaso&lal
substrate surfacdk = 3 nm,n = 16 andm = 100 lead to less than one percent

variation of the estimated valuesKy;.
2.3.2. Graphenestrain energy

The strain energy in the graphene—substrate system resguitstiie corrugating
deformation of the graphene and the interaction-induced deformatioe silistrate.
When an ultrathin monolayer graphene partially conforms to a sigidtrate (e.g.,
Si0,), the substrate deformation due to the weak graphene—substraaetioters
expected to be negligible. As the graphene spontaneously followsutfeces
morphology of the substrate under weak interaction (imagine & fedmforms to a
corrugated surface) and is not subject to any mechanical cotsttaig., pinning

[81]), the strain energy in the graphene mainly results from oplaoie bending of
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the graphene, while the contribution from in-plane stretching of rtéyghgne to the
strain energy is also expected to be negligible. Denoting theofgléne
displacement of the graphene Wy(x,y), the strain energ§, of the graphene over

its areaS can be given by
pl/o%w, a2w,\°
Eg :f B ( 2g+ 2g>
s 2|\ ox dy
0w, 9%w, 92w\’
—2(1-v) g g g
dx?* 0dy? d0xdy

where D and v are the bending rigidity and the Poisson’s ratio of graphene,

(2.8)

ds,

respectively.

The equilibrium morphology of the graphene on the substrate can thetrebmided
by minimizing the total free energ¥,,. +E,. For a given substrate surface
morphology (i.e..A and 4;), the graphene bending energy is a function of the
amplitude of graphene corrugatidy, and monotonically increases Ag increases
(Figure 2.4). On the other hand, the graphene-substrate interangogyE;,; is a

function ofA; andh. Due to the nature of van der Waals interactip, minimizes

at finite values ofl; andh (Figure 2.4). As a result, there exists a minimum value of
E, + Eine WhereA, andh define the equilibrium morphology of the graphene on the
substrate (Figure 2.4). In simulations, the equilibrium valuet, @gindh are obtained
numerically by minimizing the sum af;,, (from Equation (2.7)) and, (from

Equation (2.8)).

31



2.4. Graphene Morphology on a Substrate with Sinusoidal Surface

Grooves

For a substrate with sinusoidal surface grooves, the graphene nogrplzold the
substrate surface are described by Equation (2.3). By substifgumgtion (2.3) into
Equation (2.8), the graphene bending energy per unit area over suchpartwalfis

given by

A/2 2 2 41 42
E :i] 2 07wy dx = 4" DAy (2.9)
9 2/2 0o 2 0x? A%

We will next describe the simulation results using the followdigiensionless
groups:A,/As, h/o, 2/As, D/, and (E; + Ein)As/D. In all simulations in this
section, we takeD = 1.41eV, p,=3.82x10¥m™2%, p,=6.61x%10*8m=3,

o =0.38nm and A; = 0.5 nm. These values are representative of a graphene-on-
SiO, material system [82-85]. Various valuesidfe (i.e., 25~2000) and/A; (i.e.,
1~30) are used to study the effects of interfacial bonding enacygubstrate surface
roughness. Also, we usR = 3nm,n = 1 and m = 100 in this Section. The
simulations were conducted by running a parallel computer codagira multi-

node high performance computing cluster.

Figures 2.6a and 2.6b show the normalized equilibrium amplitude of thbegma

corrugationd,/As and the normalized equilibrium graphene-substrate distafce

as a function ofD /e for variousi/As, respectively. For a given substrate surface

roughness (i.e1/Ay), if the graphene-substrate interfacial bonding energy is strong

32



(i.e., smallD/¢), A, tends tod,, while h becomes comparable #o In other words,

the graphene closely follows the substrate surface morphologyhareftilibrium

distance between the graphene and the substrate is comparable to the equilibrium
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Figure 2.6. (a) Ay /A and (b)h/o as functions oD /¢ for various1/ A, respectively. For

A/A; = 10and D /e = 142Q the equilibrium graphene morphology snaps between two

distinct states: 1) closely conforming to the substrate saidad 2) nearly remaining flat on

the substrate.



atomic distance defined in the Lennard-Jones potential. By contrde,graphene-
substrate interfacial bonding is weak (i.e., lafé), A, approaches zero, while
tends to2.10. That is, the graphene is nearly flat and does not conform to the
substrate surface. For a given interfacial bonding energylfi/e), A, increases and

h decreases, ag/ A, increases.

Worth noting in Figure 2.6a is that: for certain range 04 (e.g.,A/A; = 4 or 10),
there is a sharp transition in the equilibrium amplitude of the grepberrugation as
the interfacial bonding energy varies. Particularly, #6A; = 10,4,/A, drops from
0.86 to 0.27, whenD/e = 1420 (Figure 2.6a). In other words, the graphene
morphology snaps between two distinct states: closely conformitigetgubstrate
surface and nearly remaining flat on the substrate surface, theemterfacial
bonding energy reaches a threshold value. Such a snap-through instabthigy

graphene morphology on the substrate is also evident in Figure 2.6b.

Figure 2.7 provides the energetic understanding of the above snap-thwsiadility.

For A/A; = 10, when the interfacial bonding energy is low (el/g = 1250),

(Ey + Einc) minimizes atd,/A; = 0.19. AsD/e increases(Ey + Ein.) VS. Ag/As
curve assumes a double-well shape. At a threshold valDgeof 1420,(E, + E;p,)
minimizes at bott, /A, = 0.86 and 0.27, corresponding to the two distinct states of
the graphene morphology, respectively. Bgk higher than the threshold value, the

minimum of (E, + E;,,;) occurs at a larget,, /A;.
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Figure 2.7. The normalized total energy as a functionAg,f/As for variousD/e. At a

threshold value oD /e = 1420, (E, + E;,,;) minimizes at bothd, /A = 0.27 and 0.86,

corresponding to the two distinct states of the graphene morphology, resigecti

Besides the interfacial bonding energy, the substrate surfaghness also can
influence the graphene morphology. Figure 2.8a further shows th¢ efffeabstrate
surface roughnesk/A; on the graphene amplitudig /A, for various values ab /«.

For a given interfacial bonding ener@y/ e, there exists a thresholj,;,, smaller

than whichA,/A; = 0 (i.e., the graphene is flat, and thus not conforming to the
substrate surface); and a threshalg,,, greater than whick,/A; = 1 (i.e., the
graphene fully conforming to the substrate surface).1Aacreases fromi,,;, to

Amax: Ag/As ramps up from zero to one. This can be understood as follows. For a
given amplitude of substrate surface grodyeif the groove wavelength is small,
conforming to substrate surface results in a significant iserea the graphene

bending energy (e.gE; « 1/2* in Equation (2.9)). Consequent}, tends to zero.
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On the other hand, # is large, the graphene bending energy becomes negligible; the
graphene closely follows the substrate morphology @&/A tends to one). Figure
2.8b plots the equilibrium graphene-substrate distaieeas a function oft /A, for

the case ofD/e = 1000. The equilibrium distande tends to be constant when

A < Apin OF 2 > Amax, COrresponding to the two distinct states described above (as
illustrated in the insets of Figure 2.8a). The difference irethelibrium distance of

the two distinct states ish = 1.20 = 0.459 nm, which is well close to the amplitude
of the substrate surface grooie= 0.5 nm, further demonstrating the distinction

between the graphene morphologies in the two limiting states.

Also worth of noting in Figure 2.8 is that, for certain range oplgeame-substrate
interfacial bonding energy (e.gh/e > 1000), the snap-through instability of the
graphene morphology, similar to that shown in Figure 2.6, exists. Thahe
graphene morphology sharply switches between two distinct statesely
conforming to the substrate surface and nearly remaining fldteosubstrate surface,
when the substrate surface roughndgsl; reaches a threshold value. Such a
threshold value increases Age increases. The snap-through instability shown in
Figure 2.8 also results from the double-well feature of the éotatgy profile at the

threshold value ot/ A, similar to that shown in Figure 2.7.

2.5. Graphene Morphology on a Substrate with Herringbone or

Checkerboard Corrugations
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The out-of-plane herringbone corrugations of the substrate surfapggF.9) and
the out-of-plane corrugations of the graphene regulated by such sawilsstrface

are described by

_ A 2T + A 2y L
wg = A cos 7 b y COS ﬂy
21 2wy
Wy =Agcos Z x+Aycos f ,

respectively, wherd; andA, are the amplitudes of the substrate surface corrugations

(2.10)

and the graphene corrugations, respectively; for both the graphene auhshate,
Ay is the wavelength of the out-of-plane corrugatiojsandA4, are the wavelength
and the amplitude of in-plane jogs, respectively; And the distance between the
middle planes of the graphene and the substrate surface. Given tinetsyraf the
herringbone pattern, we only need to consider a graphene segmeminozeza of

Ax/2byA, /2.

Figure 2.9. Schematics of substrate surface with herringbone corrugations
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By substituting Equation (2.10) into Equation (2.8), the strain energyucii a

graphene segment is given by
Ey = Dw*AZ (6m* A% + 24 + 2m2 A% (A% + 243) ) /4323, (2.11)

As shown in Equation (2.11), for a given substrate surface corrugaggm(i A,,

Ay, and A,), E; increases monotonically a& increases. On the other hand, the
graphene—substrate interaction energy;, minimizes at finite values of; andh,
due to the nature of van der Waals interaction. As a result, tkists @ minimum of
(E4 + Eint) Whered, andh reach their equilibrium values. The energy minimization
was carried out by running a customized code on a high performangautation
cluster. In all computations in this Sectidh= 1.41 eV, = 0.142 nmp, = 2.20 x
10°%m3, ¢ = 0.353 nm andi, = 0.5 nm, which are representative of a graphene-on-
SiO; structure [82, 85]. Various values of 1, 4,, andA, were used to study the
effects of interfacial bonding energy and substrate surfaggn@ss on the regulated
graphene morphology. Also, here we use cut-off dist&we nm,n = 1, andm =

400.

Figures 2.10a plots the normalized amplitude of the regulated geajgbemgation,
Ag4/As, as a function oD /e for variousi,. Herel, = 24, and A4, = A,/4. Thus
variousA, define a family of substrate surfaces with self-simitaplane herringbone
patterns and the same out-of-plane amplitude 48.,For a given substrate surface
pattern, if the interfacial bonding energy is strong (i.e., shadl), A, tends ta4;. In

other words, the graphene closely follows the substrate surfagpereR2.10b). In
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contrast, if the interfacial bonding is weak (i.e., laby&), A, approaches zero. That

is, the graphene is nearly flat and does not conform to the submirédee (Figure
2.10c). Interestingly, there also exists a threshold valub /@f below and above
which a sharp transition occurs between the above two distinct sfatee graphene
morphology, similar to the snap-through instability of the graphergection 2.4.

The threshold value db /¢ increases a$, increases. For a given interfacial bonding
energy,A, increases as, increases. That is, graphene tends to conform more to a

substrate surface with smaller out-of-plane waviness.

> o o

0 500 1000 1500 2000

D/E &.““

Figure 2.10. (a) A, /A, on substrates with herringbone surface corrugation as a funétion o

D /¢ for variousA,. At a threshold value db /¢, the graphene morphology snaps between
two distinct states: (b) closely conforming to the subssatéace and (c) remaining nearly

flat on the substrate surface.

Figure 2.11 shows the effect of in-plane waviness of the subditatace on

graphene morphology. Figure 2.11a plétg'A; as a function oD /¢ for variousi,,.
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Figure 2.11. Effects of in-plane waviness of the substrate surfacgraphene morphology.
(@) A4/ A as a function ob /¢ for various4,,. (b) A;/As as a function oD /e for various
A,. The snap-through instability of graphene morphology, similar tbsiawn in Figure

2.10, is evident in both cases.
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Herel, = 6 nm and4,, = 4, /4. For a given substrate surface pattern, if the interfacial
bonding energy is strong (i.e., smal/e), A, tends toAs. For a given interfacial
bonding energy4, increases a&, /4, increases. That is, graphene tends to conform
more to a substrate surface with smaller in-plane wavineggriicular, whert,, /A,

is large (e.g., 100), the predicted graphene corrugation amplitimderges to that of
graphene regulated by straight substrate surface grooves witfantel, and A;.
Figure 2.11b further plotd, /A as a function oD /¢ for variousA, with fixed 4,

and 4,. Similar effect of in-plane waviness of the substrate serfat graphene

morphology emerges from Figure 2.11b. Moreover, the snap-throutgbilitg of
graphene, similar to that illustrated in Figure 2.10, is alsteexiin the results shown

in Figure 2.11.

The snap-through instability of the graphene on a substrate swéacealso be
explained by the double well profile of total energy, simitathat in Section 2.4.
Figure 2.12 plots the normalized total system energy as didnnof 4,/A; for
variousD/e. Hered, = 9 nm,A, = 24, andA,, = 4, /4. If the interfacial bonding
energy is weakerl\/e = 575) than a threshold value, the total energy profile reaches
its minimum at a small graphene corrugation amplitud¢/A; = 0.14. If the
interfacial bonding energyD(/e = 750) is stronger than the threshold value, the total
energy profile reaches its minimum at a large graphene cdongamplitude
A,/Ag=0.93. At the threshold value Df/e = 650, the total energy profile assumes a
double-well shape, whose two minimg,{A; = 0.20 and 0.91) correspond to the two

distinct states of the graphene morphology on the substrate surface.
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Figure 2.12. The normalized total system energy as a functiaf,gf4; for variousD /e. At

a threshold value db /¢, the total system energy minimizes at two points, corresponding

the two distinct states of graphene morphology.

In the case of graphene regulated by a substrate surfaceheitherboard pattern
(Figure 2.13), the substrate surface corrugation and the regutatggthene
corrugation are described by

2mx 2y
ws = Ag cos (T) cos (T) —h

(2.12)

2mx 2y
wy = 4y cos (5 cos (%),

respectively, wherd is the wavelength of the out-of-plane corrugation for both the
graphene and the substrate surface. Since checkerboard corruigatadeo 2
dimensional symmetric, the interaction energy and strain erseggnly calculated

over an areaS = (1/2) x(1/2). The numerical strategy similar to that

43



aforementioned was implemented to determine the equilibrium amplgtidee

regulated graphene morphology.

Figure 2.13. Schematics of substrate surface with checkerboard corrugations.

Figure 2.14 plotsA, /A, on the checkerboard substrate surface as a functidy of
for various A. For a given substrate surface roughnegs,A; decreases ab/e
increases. For a given interfacial bonding enesgy,A; increases a% increases. On
a substrate surface with checkerboard corrugation, graphene exhibits ttlersngp
instability as well, which also results from the double-well shape of gterayenergy
profile at the threshold value di/e, similar to that shown in Figure 2.11. The
threshold value ofD/e at the graphene snap-through instability increased as

increases.
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Figure2.14. A, /A, on substrates with checkerboard surface corrugation as a funciigiz of

for variousA. The insets illustrate the two distinct states of graphsmphology at the snap-

through instability.

2.6. Discussions

The results reported here, combined with recent experimental olizesyatveal a
promising strategy to achieve quantitative control of the graphenphwiogy by
tailoring the surface profile of the underlying substrate. Whike difficult to directly
manipulate freestanding graphene at the atomistic scatefetsible to pattern the
substrate surface with nano-scale features via micro/nanocdabn techniques [68,
86-88]. The graphene on such a patterned substrate surface willeaastagular
morphology, rather than random thermal fluctuation as in its freestandunterpart.
Such a strategy is justified by recent direct experimentaervation of the

suppression of any intrinsic ripples in graphene regulated by tteically flat
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terraces of cleaved mica surfaces [76]. This strong expermenidence also
suggests the robustness of the shap-through instability of geaphesubstrates over
the thermal fluctuations. If graphene can be tailored into deswphologies, its
unusual properties (e.g., tunable electrical conductivity and mqbilitisich are
impossible in freestanding graphene, may be achieved. These unushahiwecand
electrical properties of the graphene can be potentially useeévieloph graphene-
based devices. For example, the snap-through instability of theegra can possibly

enable the design of graphene switches for nano-electronics.

In our model, the graphene is assumed to adhere to the substratee surfac
spontaneously during fabrication and result in negligible deformafitdme substrate.
When a graphene-substrate laminate is subject to externaldo#uk graphene strain
energy due to stretching and the substrate strain energy meaynekd to be
considered to determine the graphene morphology. In this sense, taet presiel
overestimates the equilibrium amplitude of the graphene morphology.aMb
assume the weak graphene/substrate interaction. In practicepassghle to have
chemical bondings or pinnings between the graphene and the sulbletdieg to
enhanced interfacial bonding [81, 89]. In this sense, the present modelstinukeas

the equilibrium amplitude of the graphene morphology. The contribution of the
chemical bonding to the interaction energy is additive to thahefvan de Waals
bonding, thus can be readily incorporated in the energetic framewoekalgd
assume that the regulated graphene morphology has the same whveletite
substrate surface grooves. This assumption is justified if thdratgdbsurface is

modestly rough. On a severely rough substrate surface, the graplgnassume
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morphology of a longer wavelength to reduce the strain erj@@jyin this Chapter,
we study the graphene morphology modulated by a substrate swithcene-
dimensional or two-dimensional features. The surface features whhatbstrates
are often random in three dimensions. The equilibrium graphene morphologgion s

substrate surfaces is yet to be explored.

2.7. Summary

In this Chapter, we delineate a theoretical framework torméte the substrate-
regulated morphology of the graphene through energy minimizationframgwork
is then applied to investigate the graphene morphology regulatedbsyrates with
sinusoidal surface grooves, herringbone and checkerboard surfacgatons.
Depending on interfacial bonding energy and substrate surface roughhess
graphene morphology exhibits a sharp transition between two distates:s1)
closely conforming to the substrate surface and 2) remainindyniéa on the
substrate surface. This snap-through instability appears fthre# substrate surface
features. The graphene with controlled morphology could enable systemat
exploration into the effect of corrugation-induced strain on thepgoahproperties of
graphene, an important but largely unexplored topic. Furthermore, thieaitires of
the substrate-regulated graphene morphology (e.g., the snap-throughiiystathild
find their potential applications in designing new functional graphengcale

components.
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Chapter 3: Graphene Morphology Regulated by Nanowires

Patter ned on a Substrate

In this Chapter, we quantitatively determine the graphene morphotogyated by
nanowires patterned on a substrate surface. Thanks to the pliagrass-fabrication
technology, it has become possible to fabricate nanowires pattemeubstrates
with diameter as small as several nanometers, which providesv gladorm to
regulate graphene morphology (Section 3.1). The computational model devilope
Chapter 2 is extended for the graphene morphology regulated by the imresnow
patterned in parallel on a substrate surface (SectionS3rulations are conducted
for two cases: (1) graphene regulated by widely spaced nanowvires substrate
surface, and (2) graphene regulated by densely spaced nanowires ortraesubs
surface. Particular efforts are focused on the effects of namosgpacing and
interfacial bonding energy on the regulated graphene morphologyelasasvthe
snap-through instability of the graphene morphology. In order to eapier full
characteristics of the graphene morphology regulated by ultratdmowires and
determine the exact positions of each carbon atom in graphene equitibrium
morphology, the morphologic interaction between graphene and Si nasi@mira
SiO, substrate, using molecular mechanics simulations (Section 3.3)cdses are
considered: 1) a graphene nanoribbon intercalated by a single Si raoova SiQ
substrate and 2) a blanket graphene flake intercalated by andrSi nanowires
evenly patterned in parallel on a %iGubstrate. The results are summarized and

discussed in Section 3.4.
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3.1. Introduction

The past decade has seen significant progresses in fabricatingint@wsional
nanostructures (e.g., nanowires and nanoparticles) with contradialeleand shape.
Particularly, fabricating silicon nanowires is more of inteteghe researchers, given
the central role of Si in the semiconductor industry. Thereforeym#forts have
been made to fabricate of ultra-thin silicon nanowires. For exampl@nsignowires
with diameter of 1 nm have been successfully prepared. Figure 3.5 sh&VM

image of a silicon nanowire with diameter of 2 nm [72].

Figure 3.1. STM image of a silicon nanowire on a highly ordered pyrolgraphite

substrate. The arrow indicates the crystallographic direcii@h [

Metal nanowires have also attracted much research interesideeof the electron
transport properties of the quantum wire. Suspended gold nanowires withtelia
down to 0.6 nm have been made in an UHV (ultra-high vacuum)-TEM with the
electron beam thinning technique [91]. The electron microscope imdggure 3.2

shows the nanowire structure observed after the thinning.
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Figure 3.2. TEM images of stable gold nanowires observed after one thipnougss. The
diameter of the wire is 0.6 nm. The dark dots represent pasitibatoms projected on the

image plane [91].

There has also been promising demonstration of controllable pattefmmagowires
of various materials on substrate surface via self-assemi@pitaxial growth. For
example, using a technique based on translating thin film growth thgckoesrol
into planar wire arrays, well patterned nanowire arrays were fédxligdath diameters
and pitches (center-to-center distances) as small as 8 namoraredel 6 nanometers,
respectively [73]. Figure 3.3 shows Pt nanowires fabricated Bytélchnique with
diameter of 8 nm at a pitch of 16 nm. Silicon nanowire arrays aniksscale could

also be made by this technique.

Figure 3.3. An aligned Pt nanowire array consists of 20 Pt nanowires 8 rhiaineter at a

pitch of 16 nm [73].
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These ultrathin nanowires patterned on a substrate surface cangligtsetive as
scaffolds to regulate the graphemmrphology at an even higher resolution that
approaches the atomic feature size of graphene (e.g., the carbon-band length
in graphene is about 0.14 nm). Furthermore, the computational studiéspteC?2
consider the graphene fully or partially conforming to idealizeldssate surface
features (e.g., sinusoidal grooves, herringbone corrugations), whichrebults in
well defined graphene morphology (i.e., similar to that of thetmtlssurface but
with different out-of-surface amplitude). An array of nanowirestepaéd on a
substrate defines a nonsmooth surface feature on which the graptram®logy can
be fine tuned. The resulting graphene morphology cannot be readdycted or
extrapolated from the results of the abovementioned studies. Mordwemnergetic
framework in Chapter 2 does not include the contribution of stretclunthe
graphene strain energy. Therefore, this Chapter aims to addeesdove concerns
and establishes effective strategies for precise extriegiglation of the graphene

morphologyby nanowires

3.2. Graphene M or phology Regulated by Nanowires Patterned in

Parallel on a Substrate Surface: a Continuum M echanics Approach

3.2.1. Computational model

Figure 3.4 depicts the model configuration considere®ention 3.2, in which a

blanket graphene partially conforms to an array of nanowiresaofederd , equally

spaced in parallel on a substrate surface. Given the periodigitg structure, in the

rest of the section we focus on one period of theplgene and the underlying
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Nanowires

(@

(©)
Figure 3.4. (a) Schematic of a blanket graphene regulated by nanowitesneal in parallel
on a substrate surface. The graphene between the two dashednlindse aunderlying

nanowire and the substrate are modeled (e.g., in (b) and (c)) due twrtfiguration
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symmetry. (b) and (c) depict two limiting cases of the ragdlgraphene morphology. (b) If

the nanowire spacind. , is large, graphene corrugates to wrap around the nanowire in a
region of width Lg (Region I) and remains flat on the substrate in Region Il.anmaitude

of the graphene corrugation is equal to the nanowire diangbter (c) If the nanowire
spacing L, is small, graphene corrugates to partially conform to the lepeeof the
nanowire surfaces, with a period &f, and an amplitudeA, which is much smaller than

d

nw*

substrate and the nanowire (Figure 3.4a). When the spacing bdtweranowires,

L, is large, the graphene tends to wrap around each individual nanovwgre (e

Figure 3.4b). The regulated graphene morphology in one period can be dntmed
two regions. In region I, graphene corrugates to wrap around the nanbwiegion

Il the graphene remains flat on the substrate surface. Thenmaxamplitude of the
graphene corrugation in region | is assumed to be equal to the eliaaiethe
nanowire, as suggested by the graphene morphology regulated byateubstface
grooves in Chapter 2. The width of the corrugated graphene regigni§ to be
determined later in the Chapter. When the spacing between the nansasrall,
the graphene tends to partially wrap around the envelope of the nanouthies

maximum corrugation amplitudéy which is smaller than the diameter of the

nanowire, and a period that is equal ltg, (Figure 3.4c). In Section 3.2, we will
quantitatively determine: (1)4 as a function of nanowire radius and interfacial

bonding energies (graphene-substrate and graphene-nanowire)LyhenL ; and
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(2) Ag as a function of nanowire radius and interfacial bonding enerdies W, is

comparable to or less thdr) .

The total interaction energy, denoted By,, including the interaction between a
graphene of are® and a substrate of volun\é, as well as that between such a

graphene and the underlying nanowires of volifye is then given by
En = | [, V& 00V dS+ [ [ VI3 (1) pudVio,dS (3.1)

where V% andV,}'are the Lennard-Jones pair potentials of the graphene-substrate
interaction and the graphene-nanowire interaction, respectively, is the
homogenized carbon atom area density of graphene that is reldtes équilibrium
carbon—carbon bond length by p, :4/(3\/§|2), ps and p,, are the molecular

density of the substrate and the nanowires, respectively, which aderileed from

the molecular mass and mass density.

Following the similar Monte-Carlo numerical scheme describé&hapter 2, the two
terms of multiple domain integrals in Equation (3.1) are computed atepjaand

then summed up to obtain the total interaction energy.

The strain energy in the system of graphene spontaneously regoijateanowires
patterned on a substrate surface results from the corrugatiogndéon of the
graphene and the interaction-induced deformation of the substrate arahtveres.
When an ultrathin monolayer graphene partially conforms to rigid nee®w

patterned on a rigid substrate (e.g., Sf@nowires on a Si3ubstrate), the resulting
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deformation of the substrate and the nanowires due to the weak gregiiesteate
and graphene-nanowire interactions is expected to be negligibler Wode an
assumption, the strain energy of the system is dominated byréie energy of the
graphene, which results from the out-of-plane corrugation and in-ptegtehing of
the graphene under nanowire/substrate regulation. The resultingesteagy in the

substrate and the nanowires is thus not considered in this Section.

The deformation of the regulated graphene consists of both out-of-gadag and

in-plane stretching. Denoting the out-of-plane corrugation of the graphewéxby),

the bending energy of the graphene is given by

12w ow)’ Pwotw (2w
E, =D 5+ | —-v - ds (3.2)
s 12l ax® oy? ox? oy? | oxoy

where D and v are the bending rigidity and the Poisson’s ratfogoaphene,

respectively.

The membrane energy of the graphene due to in-gkaetehing is given by

E =JA82(1Ii—rll/2)[(5xx +‘9yy)2 +21- V)(giy_gxxgyy)]ds (3.3)

where E and h are the Young's Modulus and the thickness of geaph
respectively,e,,, ¢,, ande,, are the components of the in-plane membrane sbfain

the corrugated graphene.

The total strain energy of the graphene is thearglwy
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E, =E, +E, (3.4)

We next apply the above consideration to compgegthphene strain energy for the

two cases of nanowire spacing described at thanbewj of Section 3.2.

Case 1. Grapheneregulated by widely spaced nanowires on a substrate surface

When the spacing between the nanowires is large (L, >>L,), the graphene

strain energy results from the deformation of th@bene portion in region I. The

graphene portion in region Il is undeformed andsthas no contribution to the strain
energy. Given the symmetry of the configurationg(ffe 3.4b), the out-of-plane

corrugation of graphene in regionw{,x), is taken to be described by a cubic
polynomial ofx, whose coefficients can be determined by the falgwboundary

conditions: w=0 anddw/dx=0 at x=0, and w=~d, ,anddw/dx=0 at x=Lg/2.

This consideration leads to

Mm:mwp&?]{%ﬂJ (3.5)

We next determine the in-plane membrane strain hef graphene. Given the
symmetry of the configuration, the membrane stre@mponentse,, ande,, are
taken to be zero. At the equilibrium morphologyplane shear stress acting on the
graphene vanishes, which leads to a constant monfmembrane strairz,, in the

graphene portion in region I. That is,
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2
Exx =%+1(d—wj = constant. (3.6)
dx 2{dx

where u(x) is in-plane displacement of graphenexirdirection. The symmetric
configuration requires the boundary conditions uff)) =u(L,/2)=0. The above

consideration leads to

2
Exx = @ = constant. (3.7)

9

Substituting Equations (3.5) and (3.7) into Equai@3.2) and (3.3), respectively, the
strain energy of the graphene is given by

2 4
E_E +E - 48D3dnw N 363EhoLW2 |
: L 253(@1-v?)

g

(3.8)

Case 2: Grapheneregulated by densely spaced nanowires on a substrate surface

When the spacing between the nanowires is smallgithphene partially conforms to
the nanowires. The out-of-plane corrugation and iti@lane stretching of the
graphene can be determined by a similar approastrided above but with different

boundary conditions.

For the out-of-plane corrugation of the graphe( , the boundary conditions in this

case arew=0 anddw/dx=0 at x=0, and w=-Ajanddw/dx=0 at x=L,,/2,

where Ayis the maximum amplitude of the graphene corrugatiiat remains to be

determined. These considerations lead to
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w(x)=4A{4{LiJ —{LLJ J (3.9)

For the in-plane displacemeni(x) of the graphene, the symmetric configuration

requires the boundary conditionsw) =u(L, ,/2) =0. These considerations lead to

12A2
= /jg (3.10)
5.2,

XX

Accordingly, the strain energy of the graphenéhia tase is given by

48DA’  36EhA
+ .
L,  250,(1-v%)

nw

E,=E +E = (3.11)

3.2.2. Regulated graphene mor phology

The computational models described in Section 3Pelused to compute the total

system free energyK,, + E,) of the following two simulation cases.

Case 1. Grapheneregulated by widely spaced nanowires on a substrate surface

In this case, the graphene portion near the nasewiorrugates and wraps around

each nanowire, while the rest portion of grapheemains flat on the substrate

surface. As shown in Equation (3.8), the grapherensenergy E, monotonically
decreases as the width of corrugated grapheneopokijincreases. On the other
hand, due to the nature of van der Waals intenactioe interaction energy;,

minimizes at a finite value ol‘_g. As a result, there exists a minimum value of the
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total system free energyE(, +E;), where L, (i.e., the width) anad,, (i.e., the

amplitude) define the equilibrium morphology of thephene regulated by widely

spaced nanowires on a substrate surface.
Case 2: Grapheneregulated by densely spaced nanowires on a substrate surface

In this case, the graphene partially conforms ertanowires. As shown in Equation

(3.11), the graphene strain enerdsy monotonically increases as the maximum
amplitude of the graphene corrugatidyincreases. On the other hand, due to the
nature of van der Waals interaction, the interacgaergyE,, minimizes at a finite
value of A;. As a result, there exists a minimum value oftdtel system free energy
(Ew+Ey), where L, (i.e., the period) andA, (i.e., the amplitude) define the

equilibrium morphology of the graphene regulatedibysely spaced nanowires on a

substrate surface.

The energy calculation and minimization are cared by running a customized

code on a high performance computer cluster. Isiaulations, we us® = 141eV,
E=1TPa, h=034nm,y=04, |=0142nm, p, =p,=220x10%/m> and
o =0.353nm [82, 85]. These parameters are representative gfaphene/Si®
nanowire/SiQ substrate material system. Various valued gf L and ¢ are used to

study the effects of nanowire size and spacing e &g the interfacial bonding

energy on the regulated graphene morphology.

3.2.3. Results and discussion
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Case 1: Grapheneregulated by widely spaced nanowires on a substrate surface

Figure 3.5a plots the equilibrium width of the emated graphene regionll, , as a
function of the nanowire diameted for various values ofD/g. For a given

interfacial bonding energy (i.e., a given value Dff¢), L, increases as the

nanowire diameted , increases in an approximately linear manner, dgated by

the straight fitting lines in Figure 3.5a. In otheords, the width of the corrugated

graphene region is generally linearly proportiotmathe nanowire size. For a given

nanowire diametat

nw?!

L, decreases as the interfacial bonding energy betwee

graphene and nanowire/substrate increases (i.@lleswalue of D/¢). That is, a
stronger interfacial bonding results in a narrovegjion of corrugated graphene. The

effect of interfacial bonding energy on graphenephology is further elucidated by

the Lyvs. D/¢ curves in Figure 3.5b for various values @f,. Emerging from
Figure 3.5b is an apparent power law dependendg ofl D/&. Combined with the

linear dependence df; on d , that is evident in Figure 3.5a, the correlatiohuaen

the width of corrugated graphene region and theowae size as well as the

interfacial bonding energy can be described by

3.84(2j4. (3.12)
E

Together with Equation (3.5), Equation (3.12) dffarrule-of-thumb estimate of the

1

L
an

graphene morphology regulated by widely spacedwgas on a substrate surface,

agreeing with the full-scale simulation resultshiit5%.
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Figure 3.5. (a) The equilibrium width of the corrugated graphene regidzg, as a function
of the nanowire diametedl, for various values oD/ ¢ . The straight fitting lines denotes the

linear dependence df, on d,,. (b) L as a function ofD/& for various values ofl,. The

61



straight fitting lines denotes the power law dependendegodin D/& (note the logarithmic

scales of both axes).
Case 2: Grapheneregulated by densely spaced nanowires on a substrate surface

Figure 3.6a plots the amplitude of graphene cotroganormalized by the nanowire
diameter A ,/d , as a function of the spacing between nanowitgsfor two

nanowire diametersl , = 20nm and 3.2m Here, D/& = 300. For a given nanowire
size (i.e.,d,,), if the spacing between nanowirkg,is large, A /d,, tends to one. In

other words, the graphene can fully wrap around nheowires, leading to a

corrugated morphology that can be describeavb) = 4d_ (4(x/L.,)°> —3(x/L_)?).
By contrast, if the spacing between nanowitgsis small, A /d,, approaches zero.

That is, the graphene is nearly flat and does aofacm to the patterned nanowires.
Such a trend can be understood as follows. Fovengaanowire size, if the spacing

between nanowires is small, conforming to each waeoresults in a significant

increase in the graphene strain energy (note Hhatcl1/ L® in Equation (3.11)).
Consequently,A, tends to zero. On the other hand,Lif, is large, the resulting

graphene strain energy is limited even whgrd , tends to one. Consequently, the

graphene tends to closely follow the surface empeeluf the patterned nanowires.
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Figure 3.6. (a) The amplitude of graphene corrugation normalized by the nandiaireter

A, /d,, as a function of nanowire spacirhg, for two nanowire diameterd,, = 20nm and

3.21m Here, D/ =300. As the nanowire spacing approaches a critical vdlfjg the

graphene morphology snaps between two distinct states: (1) closefgrming to the
envelope of the nanowires patterned on a substrate surface ameh(l¥) remaining flat on

the nanowires patterned on a substrate surface, as illustrated in (b).

A significant feature shown in Figure 3.6a is tiarp transition in the equilibrium

amplitude of the graphene corrugation as the namosypacing varies. For example,
for d, =32nm, A /d , raises abruptly from 0.1 to 1.0, &g, varies slightly from
52.8xmto 54./m In other words, the graphene morphology snapwdmet two
distinct states (Figure 3.6b): (1) closely confargito the envelope of the nanowires
patterned on a substrate surface and (2) nearhaingmy flat on the nanowires

patterned on a substrate surface, when the spa€ingnowires reaches a critical

value, L7 . Further comparison shows that the critical nam®wspacing is
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approximately equal to the width of corrugated geage regionlL determined in

Section 3.2.3 A (e.g., in Figure 3.5 or Equatiorl®}). For example, Equation (3.12)
gives Ly =511nm for d,,=32nm and D/e =300, which agrees well with the
critical nanowire spacing defined in Figure 3.6cls@ snap-through instability of
graphene morphology is similar to that of graphem&phology regulated by the
underlying substrate surface with engineered natespatterns (e.g., surface
grooves, herringbone or checkerboard wrinkleshalé been shown that the snap-

through instability of graphene morphology reséitsn a double-well profile of total

free energy of the system (i.eE, +E

int

) as a function of the amplitude of the

graphene morphology (e.g4,) at a critical value of surface feature size (e.g.

nanowire spacing, surface groove roughness, €tol).example, the simulation

results in this Section show thak(+E ) minimizes at two values ofp, when

int

_qor
an - an '

Emerging from the results in Section 3.2.3 A anid B coherent understanding of the
graphene morphology regulated by nanowires pattemneparallel on a substrate

surface: for a given nanowire size (edy,) and graphene/nanowire/substrate

interfacial bonding energy (e.gD/¢), there exists a critical nanowire spacihg,,

which can be estimated by, = 384d_(D/¢g)"*. If the nanowire spacind.,is

greater thanL

nw?

graphene can corrugate to wrap around the naeswwith a

maximum amplitude equal to the nanowire diameteriara region of width equal to

L. The morphology of the corrugated portion of gexpdcan then be described by
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4d_ (A(x/ L) —3(x/ L )? O<x< Ly
W(X) :{ nw( ( nw) ( nw) ) nw (313)

0 LT <x<L,

By contrast, if the nanowire spacirlg, is smaller thanL;,

nw?

graphene remains near

flat on the patterned nanowires. Whep, = L,

nw ?

the regulated graphene morphology

shaps between the above two distinct states.

The above understanding also implies that, besttes nanowire spacing, the
interfacial bonding energies can influence the keme morphology. Figure 3.7

further shows the effect dd/¢ on the normalized amplitude of graphene corrugatio

A, /d,, for various values ot . Here,d,, = 32nm. For a given nanowire spacing

L... if the interfacial bonding is strong (i.e., smélf¢), A /d , tends to one (i.e.,

graphene wraps around nanowires); if the interfamading is weak (i.e., lard®/ e

), A /d,, approaches zero (graphene does not conform toah@wires). There also

exists a snap-through instability at which the geae morphology switches abruptly

between the abovementioned two distinct states wiben reaches a critical value,
for a given value ofL . For example, such a critical value Bf¢ is about 15, 100
and 400 forL ,=24nm 40nm and 56&:im respectively. Substituting these critical

values of D/¢into Equation (3.12) yieldsL ,= 24.2ym 38.99m and 55.0m,

respectively, further demonstrating quite well agnent with the simulation results.
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Figure 3.7. A /d,, as a function ofD/¢ for various values oL, ,. Here,d,, = 3.2nm.
Note the snap-through instability similar with that in Fig@té asD/¢ reaches a critical

value for a given value of .

3.2.4. Concluding remarks

In Section 3.2, we determine the graphene morplyolegulated by nanowires
patterned in parallel on a substrate surface throagergy minimization. The
equilibrium graphene morphology is governed by tinéerplay between the
corrugation-induced strain energy of the graphemkthe interaction energy between
the graphene and the underlying nanowires andrstibstT he graphene strain energy
consists of the contribution from both out-of-plamending and in-plane stretching,
which are derived from nonlinear plate theory. Tiiteraction energy is characterized
by the sum of all atomic pair potential between gin@phene carbon atoms and the

substrate atoms/molecules, which is computed thr@uljlonte Carlo type numerical
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scheme. The major conclusions emerging from theefhay results are summarized

as follows:

The graphene morphology on nanowires evenly patein parallel on a
substrate surface can be regulated by the nanswgenanowire spacing, and
interfacial bonding energy between the graphenethachanowire and that

between the graphene and the substrate surface.

For a given nanowire size and a given interfactadding energy, there exists
a critical nanowire spacing, greater than whichdrephene can conform to
the surface envelope of the patterned nanowirese winaller than which the
graphene remains nearly flat on the nanowires. Jia@hene morphology
snaps between these two distinct states at theatrtanowire spacing. The

conforming morphology of the graphene can be qtatiely determined.

For a give nanowire size and spacing, there eaist#tical interfacial bonding
energy, higher than which the graphene can contorthe surface envelope
of the patterned nanowires, while lower than whikkl graphene remains
nearly flat on the nanowires. The snap-throughalmsty of graphene

morphology also exists at this critical interfadiainding energy.

The abovementioned critical nanowire spacing, aditiinterfacial bonding

energy and the nanowire size can be correlateti®hyd, = 384D/s)"*, a

rule-of-thumb estimate that agrees quite well vitie full-scale simulation

results.
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3.3. Morphologic Interaction between Graphene and Si Nanowires

on a SO, Substrate: a Molecular M echanics Study

The continuum mechanics model in Section 3.2 caocapture the full characteristics
of the graphene morphology regulated by ultratl@nawires (e.g., with diameters on
the order of 1 nm). Furthermore, the continuum rhad@not determine the exact
positions of each carbon atom in graphene at thali@gum morphology. Such

information will be needed in further first printgpcalculation of the electronic
properties of the graphene. To address the abaveeous, in Section 3.3, we carry
out molecular mechanics (MM) simulations to stulg morphological interaction

between graphene nanoribbons/flakes and Si namr®wir@a SiQ substrate.
3.3.1. Computational model

Figure 3.8 depicts the two configurations simulatedhis Section: (1) a graphene
nanoribbon of finite width iny-direction on a Si@ substrate with a Si nanowire
intercalating in between (Figure 3.8a) and (2)amkét graphene flake intercalated by
an array of Si nanowires patterned in parallel &@ substrate (Figure 3.8b). Given
the periodicity of these two configurations, onfhe tportion of the graphene marked
by dash lines and the corresponding nanowire abstisie underneath are simulated.
In the MM simulations, periodic boundary conditioase applied to the two end
surfaces iny-direction in Figure 3.8a, and to the end surfacedoth x-and y-
directions in Figure 3.8b. The depth of the MM siation box iny-direction is 30 A
and the substrate thickness is 15 A, larger thancth-off radius in calculating van

der Waals force. The width of the graphene portiemarcated by the dash lines and
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that of the underlying substratexrdirection, and the nanowire diameters are varied

to study their effects on the graphene morphology.

Graphene

\

X /

Substrate

Nanowires

(@ (b)
Figure 3.8. Schematics of two simulation cases. (a) A graphene nanoribtevoailated by a
Si nanowire on a SiOsubstrate; (b) A blanket graphene flake intercalated rray of Si
nanowires evenly patterned in parallel on a ,SéObstrate. The dash lines delineate the
portion of graphene and the underlying nanowire and substrate simulatewlégular

mechanics in each case.

The C-C bonding energy in the graphene is descriibedhe second generation
Brenner potential [92]. The interaction energy hedw the graphene and the
nanowires and that between the graphene and tlstratgbare computed by the sum
of the van der Waals forces between all C-Si an@ &omic pairs in the system.
These two types of van der Waals forces are destiity two Lennard-Jones (LJ)

pair potentials, respectively, both of which takee tgeneral form ofV(r) =

4e(c'? /112 — g /1®), where¥2o is the equilibrium distance of the atomic pair and

€ is the bonding energy at the equilibrium distanearameters in the C-Si pair

69



potential and those in the C-O pair potential @&ted in Table 3.1. To reduce the
computation cost, the bonding energy in the Si néneoand the Si@substrate, and
the non-bonding Si-Sinteraction are assumed to be constant, thus msicered
in the energy minimization. This assumption isifiext given the rigidity of Si and

SiO, solids compared with the out-of-plane flexibildafa graphene monolayer.

Table 3.1. LJ potential parameters used in molecular mechanics simula®@hs [

e (eV) s &)
C-Si 0.00213 1.506
C-O 0.00499 2.256

In each MM simulation case, the graphene is presdriwith an initial morphology
that partially conforms to the envelope definedtbg nanowire and the substrate
surface (e.g., in Figure 3.8). The carbon atomsh& graphene then adjust their
spatial positions to minimize the system energy, erentually define the equilibrium
morphology of the graphene. The total energy ofsygem is minimized using the
limited-memory Broyden-Fletcher-Goldfarb-Shanno @35 algorithm [94], until the
total net force is less than'i@V/ A. The MM simulations are carried out by rummi

a code in a high performance computer cluster.
3.3.2. Results and discussions

Case 1: Morphological interaction between a graphene nanoribbon and a S

nanowireon a SiIO, substrate
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We consider the interaction between a grapheneridnom of finite widthW and a

Si nanowire of diametedt on a SiQ substrate. Such a structure can be fabricated by
transfer printing a mechanically exfoliated graphenanoribbon onto a SO
supported Si nanowire [95], with the length direatiof the graphene nanoribbon
parallel to the axial direction of the nanowire. Wal be shown in this section, the
regulated morphology of the graphene nanoribborewgp strongly on its widthv

and the nanowire diametdr

If Wis smaller than or comparable dpthe morphology of such a narrow graphene
nanoribbon is mainly determined by the interactomiween the graphene and the
nanowire, and that between the graphene and thstratéd becomes negligible.
Depending on the relative value ¥f and d, the narrow graphene nanoribbon can
have two different morphologies, as illustratedrigure 3.9. For example, on a Si
nanowire ofd = 4 nm, a graphene nanoribbon \Wf= 6 nm remains nearly flat
(Figure 3.9a). By contrast, on Si nanowiradaf 10 nm, a graphene nanoribborVsf

= 12 nm fully conforms to the surface of the Sioame (Figure 3.9b). These two
different morphologies of the graphene nanoribbam loe explained as follows. The
strain energy density of the graphene due to oglarfe bending approximately
scales with the square of the local curvature efgtaphene. Therefore, the graphene
strain energy due to conforming to the Si nanowudace is roughly proportional to
1/d?. If the Si nanowire is too thin, the significamciease of the graphene strain
energy can overbalance the decrease of the grajlagmsvire interaction energy due
to graphene conforming to the nanowire. As a regtk graphene nanoribbon

remains nearly flat on the Si nanowire. On the iothend, if the Si nanowire is
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sufficiently thick, the decrease of the interacterergy outweighs the increase of the
graphene strain energy. Consequently, the graphaneribbon conforms to the
nanowire surface. Also note when the graphene itaymr remains nearly flat on the
Si nanowire, the two free edgesyidirection form ripples due to the edge stress in

the graphene nanoribbon [40].

Figure 3.9. (a) On a nanowire of diameter of 4 nm, a narrow graphene bhoaorof width

of 6 nm remains nearly flat, with slight ripples along two longesdg@b) On a nanowire of
diameter of 10 nm, a narrow graphene nanoribbon of width of 12 nm can fulbyricotd the

nanowire surface.

If Wis much larger thad, the equilibrium morphology of the graphene navoon

takes the form as shown in Figure 3.10a. The graplpertion far away from the Si
nanowire conforms to the flat surface of the S#0bstrate while the middle portion
of the graphene partially wraps around the Si namowlhe geometry of the

graphene-nanowire-substrate system at the equilibdan be characterized by three
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parameters: the width of the corrugated portiorthef graphene nanoribbdy the

width of the graphene nanoribb@¥ and nanowire diametdr(Figure 3.10a).

(@
4
o W=6.8d
A w=7.0d
357 o w=7.2d
*  W=7.4d
A Average

L/d

(b)

Figure 3.10. (a) Molecular mechanics simulation result of the morpholofya wide

graphene nanoribbon intercalated by a Si nanowire on as8lf3trate. Herd = 6 nm andV
=40 nm. (b) Normalized width of the corrugated portion of the grapbleihas a function of
d for various widths of the graphene nanoribbér 6.8, 7.0d, 7.2 and 7.41, respectively.
The solid line plots the average of the four data sets. The dasthibws the plateau value of

L/d whend is sufficiently large.
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Figure 3.10b ploté/d as a function ofl for various widths of graphene nanoribbon
W/d = 6.8, 7.0, 7.2 and 7.4, respectively. When thaplgene nanoribbon is
sufficiently wide (e.g., much larger thdph L is roughly independent &¥, as evident
with the small variation among the results for thar different values oW. As
shown in Figure 3.10l,/d decreases abincreases, and then approaches to a plateau
of about 2.2 wherd exceeds 7 nm. Such a trend can be explained bgitmiér
argument aforementioned. If the Si nanowire istton, the graphene nanoribbon can
only barely wrap around the nanowire, given thenificant constraint of possible
strain energy increase in the graphene. The caedgsortion of the graphene ribbon
gradually transits to the flat portion on the sudst surface, resulting in a relatively
largeL/d (e.g., 3.7 ford = 2 nm). If the Si nanowire is thick enough, thraphene
nanoribbon can wrap more of the nanowire surfaeagihg to a higher slope of the
graphene sagging down toward the substrate suracethus a smalldr/d. As the
nanowire diameter is greater than ~7 rufd tends to a constant of ~2.2. In other
words, the morphology of the corrugated portion tbé graphene nanoribbon

intercalated by a sufficiently thick nanowire isfsemilar.

Figure 3.11 further plots the Brenner potentialrgyeof the carbon atoms in the
graphene nanoribbon at the equilibrium state (€igyre 3.10a), which depicts the
strain energy profile of the corrugated grapheng.imdicated by the color shades,
high strain energy states in the graphene nanamilbioour at the regions near the top
of the nanowire and where the graphene becomesfilathe substrate. At such
regions the graphene nanoribbon bends the most.inBe¢ of Figure 3.11 further

shows the average C-C bond lengthg-ghirection at three locations, as indicated by
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three marked lines A (where graphene remains fiadhe substrate), B (in the middle
of the intercalated portion of the graphene) andti& crest of the corrugated
graphene portion). Given the equilibrium C-C boength of 1.42 A, it is evident that
the C-C bonds are stretched at Bddirection and un-stretched at A and C. Since the
Brenner potential energy of the carbon atoms as Btithe same level of that of
carbon atoms at A, it can be estimated that thanstenergy of the corrugated

graphene nanoribbon is mainly due to bending, rdtian stretching.

z
i Y gy 14TTeeV

i -14.793eV

1.42A 1.42A

Figure 3.11. The distribution of Brenner potential energy of the carbon iiona graphene
nanoribbon intercalated by a Si nanowire (not shown) on a Silstrate (not shown). The
inset shows the C-C bond lengthsxidirection at three cross-sections marked by the solid
lines on graphene, indicating the graphene is under tension natoroB. Hered = 4 nm

andW = 20 nm.

Case 2: Morphologic interaction between a blanket graphene flake and an array of

Si nanowires evenly patterned in parallel on a SIO; substrate
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When a blanket graphene flake is intercalated byaraay of Si nanowires even
patterned in parallel on a S, substrate, the nanowire spacMgcomes into play i
determining the regulated morphology of the graph@iake. Emerging from th
simulations are two types of morphologies of grayghat equilibrium, depending

W andd, as shown in Figure 3.1

(b)

Figure 3.12. Molecular simulation results of the morphology oblanket graphene flal

intercalated by Si nanowires evenly patterned nalpe on a SiG substrate. (a) When the
nanowires are widely spaced (e.W is large), graphene sags in between neighbt
nanowires and adhere to the substrate surfacewidtd of the corrugated portion of tl
graphene is denoted ly (b) If the nanowire spacing is small, graphenmaaias nearly flat
just slightly conforma the enveloe of the nanowires. Hexe= 4 nm andN = 48 nm in (a
and 46 nm in (b). e sharp transition between (a) and (bW varies indicates a sn-

through instability of the graphene morpholo

76



If the nanowires are widely spaced (e\Wy=>d), the graphene tends to wrap around
each individual nanowire (Figure 3.12a), sags dawd adheres to the substrate in
between neighboring nanowires. The corrugated growf the graphene is of a width
of L and an amplitude oAy ( = d in this case). Figure 3.13a further platsl as a
function ofd for various values olV. For a givenV, L/d increases ag increases in a

roughly linear manner.

12/ o W=80.9nm

11|~ B— W=93.7nm
—&— W=106.5nm

11.5¢

11+

L/d

10.5¢

10+

Figure 3.13. (a) L/d as a function ofl for various values ofV. (b) L/d as a function oWW/d

for various values ad.
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When compared with the case of graphene nanoribbtancalated by a single
nanowire on a substrate (e.g., Figure 3.10b), idéwef the corrugated portion of the
graphene intercalated by patterned nanowires arbstrate is much larger. This can
be explained by the constraint of the portion o tiraphene sagged in between
neighboring nanowires and adhered to the substratrefore, the graphene cannot
slide easily on the substrate to wrap around eadividual nanowire closely. As a
result, the corrugated portion of the graphenengeu modest stretch ixdirection.
By contrast, the graphene nanoribbon intercalayea $ingle nanowire is shown to be
able to slide on the substrate surface to wrapnarooore of the nanowire surface. As
a result, the stretch in the graphenexddirection can be nearly fully relaxed (e.g.,
Figure 3.11), leading to a much smaller valud_f Figure 3.13a also indicates the
increase ol/d asW decreases, for a given valuedfTo further clarify this trend,
Figure 3.13b plot&/d as a function oW/dfor various values od, which indicates a
roughly linear dependence betwdeandW, as well as a weak dependencelofhis
can be explained that, when nanowire spacing igetarthe corrugation-induced
graphene stretching is accommodated by a longgshgree segment, leading to
smaller strain energy of the graphene. Therefoeegitaphene wraps more around
nanowires. The limiting case of infinitely largenmavire spacing corresponds to that

of graphene intercalated by a single nanowire (Eigure 3.10).

If the spacing between the patterned nanowirestisufficiently large, the graphene
flake remains nearly flat, just slightly conformitg the envelop of the nanowires
with a negligible amplitudey (Figure 3.12b), a morphology of graphene distinct

from that regulated by widely distributed nanowioesa substrate (i.e., Figure 3.12a).
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For a given nanowire diametérthere is a sharp transition between these twndis
morphologies as the nanowire spacing reachesieatmalueW,,. This result agrees
with the snap-through instability of the graphenerphology regulated by patterned
nanowires on a substrate predicted by our prevwonsinuum model results. Such a
snap-through instability of the graphene morphologsults from the double-well
energy profile of the system. For the bonding patans given in Table 3.2\,/d
ranges from 12.3 to 12.8, and is approximately petelent ofd. In practice, it is
possible to have chemical bonding or pinnings betw¢he graphene and the
substrate, the nanowire surface can also be furadiaed to facilitate chemical
bonding with the graphene, both of which lead toeahanced interfacial bonding
energy of the graphene. Based on the energetiplajeas described in Section 2.2,
it is expected that the resulting graphene morgyloan also be tuned by the

interfacial bonding energy.

To investigate the effect of graphene-substraterftial bonding energy on the
graphene morphology, a tuning facfois used to vary the bonding energy in the LJ
pair potential describing the graphene-substratedes Waals interaction. A tuning
factor A>1 denotes a graphene-substrate interaction energygsr than that
described in Table 3.1. Here, the graphene-nanawiesgaction energy remains the
same. Figure 3.14 plots the normalized amplitudgraphene corrugatiofy/d as a
function of tuning factorl for d = 4 nm, 4.2 nm and 4.4 nm, respectively. Here,
W=46.9 nm. For a given nanowire diameter and spadingre exists a critical
graphene-substrate interaction energy (i.e., &akituning factori.), weaker than

which the graphene only slightly conform to the @ope of the nanowires (e.d\/d
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<< 1), and stronger than which the graphene can saégtineen the nanowires and
adhere to the substrate (eAy/d ~1). The sharp transition between these two distinct
morphologies at the critical graphene-substraterfatial energy reveals the similar

snap-through instability of the graphene morpholagiprementioned. Previous
studies based on continuum model suggest Wigtl o« AY/*, or WAY*/d is a

constant. The results shown in Figure 2.14 gi&'/*/d =12.40, 12.25, and 12.26
ford=4 nm, 4.2 nm, and 4.4 nm, respectively. In ieisse, the molecular mechanics

simulation results agree well with the continuumdelgrediction.

‘ ‘ ~ W=46.9nm
1 1.2 14 16 18 2

Figure 3.14. AJ/d as a function of tuning factarfor various values ofl. Here, W=46.9 nm.
The sudden jumps &y/d at a critical value of indicate the snap-through instability of the

graphene morphology shown in Figure 3.12.

3.3.3. Concluding remarks

Using molecular mechanics simulations, we deterntivee morphologic interaction
between a graphene nanoribbon and a Si nanowira 8} substrate, and that

between a blanket graphene flake and an array aaSowires evenly patterned in
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parallel on a Si@substrate. The regulated graphene morphology isvishto be

determined by the interplay between the grapheranseénergy due to bending and
stretching and the graphene-substrate and grapterewire interaction energies.
Specifically, the graphene morphology can be tubgdoth geometric parameters
(e.g., graphene nanoribbon width, nanowire diameted nanowire spacing) and
material properties (e.g., graphene-nanowire andphgne-substrate bonding
strength). Various simulations are conducted tontifyathe relation between the

graphene morphology and these parameters and pesper

The molecular mechanics simulation results agrdewilh our previous continuum
mechanics modeling results, and furthermore, peetbmistic scale information of
each carbon atoms in the graphene. Such informaaonbe consequently used to
determine the effect of the morphologic interactaord the mechanical deformation
on the electronic properties of the graphene (banpdgap). Though much remains to
be done to achieve fine tuning of graphene’s aaatrproperties via morphologic
interaction, the present study demonstrates thenbieag steps toward this promising

approach that could potentially enable new grapiased device applications.

3.4. Summary and Discussions

In this Chapter, we study the graphene morpholagulated by nanowires on a
substrate surface, using continuum mechanics agpraad molecular mechanics
simulation. The equilibrium graphene morphologydependent on both geometric
parameters and interaction properties. The snaugr instability is found in the

results of both continuum mechanics modeling anttautar mechanics simulations.
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Results from the present study offer guidelines@mostructural design to achieve
desired graphene morphology via regulation witksolution approaching the atomic

feature size of graphene.

In the present models, we consider graphene marghoregulated by rigid
nanowires (e.g., Sior Si) patterned on a rigid substrate (e.g.,.piOhe graphene
corrugation induced deformation in the nanowires @@ substrate is expected to be
negligible. Recent experimental progress enabkasster printing graphene onto a
wide variety of substrate surfacés.g., polymers or elastomers). The graphene-
substrate interaction may result in appreciableomeftion of the underlying
compliant polymer or elastomer substrate. To extd@dresults from the present
study to such a case, the strain energy of thetratibsieeds to be considered in the

energy minimization.
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Chapter 4. Morphology of Few-layer Graphene Regulated

by Patter ned Surface of a Compliant Substrate

In this Chapter, we present an analytic model ieitly determine the morphology
of few-layer graphene regulated by a compliant sates with surface grooves
(Section 4.1). We reveal the effects of substrtimass, graphene-substrate adhesion
and number of graphene layers on the regulatechgrespmorphology (Section 4.2).
Depending on the number of graphene Ilayers, substrstiffness and
graphene/substrate adhesion, graphene exhibits/pes of morphology: 1) graphene
remains bonded to the substrate and corrugates t@mgplitude up to that of the
substrate surface grooves; Il) graphene debonds fihe substrate and remains flat
on top of the substrate surface grooves. The dnamgition between these two types
of graphene morphology can be potentially usedeterdhine the adhesion between
graphene and elastic materials, a crucial propémgt remains challenging to

measure.
4.1. Introduction and Model Description

The existing analytic and computational models ébednine the morphology of
substrate-supported graphene on substrate sui@d@pter 2) are mainly based on
two assumptions. First, the substrate is assuméd tayid and thus does not deform
when interacting with the graphene. Second, onlpardayer graphene is considered.
Results from these existing models shed importigiht lon the substrate-regulated

graphene morphology; however, the two assumptions$ the general applicability
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of these models. In reality, it is much easier dbricate few-layer graphene than
mono-layer graphene, and thus few-layer graphenenase commonly used in
applications such as graphene-reinforced nanocatepo$ransfer printing technique
also allows for transferring graphene from a mothafer onto a wide range of
substrate materials, such as polymers and elastojviér 78]. The morphology of
few-layer graphene regulated by a compliant sulestrdepicts rather rich

characteristics that cannot be readily capturethbyexisting models.

T "[% T 100 “| ] q ]
E | E Y | [|
go} \ HU}WU 50 liﬂﬂ|||l|‘||ﬂ ‘}
£ | MYy Y N - |j J[ J|U |\IJ|J
3 % 9§ 2| %% 95 45 =20
{a} Distance {um} [b) Distance (um)

Figure 4.1. Image (top) and height measurements (bottom) for a. 8-lagebad3-layer
graphene. Red lines show trajectories of scans over graphenepoading to red height
curves (averaged between the dotted lines). Blue lines show s€asurrounding PDMS

substrate [78].

For example, recent experiments show that an 8-lgyaphene on a compliant

polydimethylsiloxane (PDMS) substrate can closelgform to the sinusoidal surface
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grooves of the PDMS [78]. By contrast, a 13-layaplpene remains nearly flat on

the grooved substrate surface (Figure 4.1).

To overcome the limitations of existing models, w&plicitly determine the
morphology of few-layer graphene regulated by tategoned surface of a compliant
substrate. Figure 4.2 illustrates the typical tf@nprinting process of graphene from
a mother wafer to a compliant substrate with pagtdrsurface and possible resulting
structures. Am-layer graphenen(> 1) fabricated on a stiff and smooth mother wafer
(e.q., silica for mechanically exfoliated graphesrecopper for chemically grown
graphene) is brought in contact with a complianbsstate (e.g., polymer or
elastomer) with patterned surface, pressure is #pglied to guarantee the full
contact between the graphene and the substratet{e gatterned surface is flattened
under pressure). Upon release of the pressuremtitber wafer is lifted from the
compliant substrate. If the graphene adheres myegdy to the compliant substrate

than to the mother wafer, the graphene is leflh@cbmpliant substrate.

The resulting morphology of the graphene on théepatd surface of the compliant
substrate is dictated by the competition between glaphene-substrate adhesion
energy and the strain energy in the graphene-sbstaminate. The regulated

graphene morphology can be categorized into twestyp

Type I: If the graphene-substrate adhesion energy (denatd,;) is strong, the
graphene remains bonded to the compliant subsitatiee price of increased strain
energy due to the corrugation of the graphene (eenasE,) and the distortion of

the substrate near the portion underneath the grapf{denoted ak;) (e.g., Figures
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4.2b-d). The amplitude of the graphene corrugattan be determined through

minimizing the total free energy (i.&£,+E; — I,), as illustrated in Figure 4.2e,

(a) (b)

mother wafer

| few-layer graphene |

|
I

compliant substrate (c)

Type Ii Type |

() (d)

(9)

(e)

N2

= 0
0‘ Amplitude of ‘ \'/

Total free energy

graphene corrugation

Figure 4.2. (a) Schematic of the transfer printing of a few-layapbene from a flat and stiff
mother wafer onto a compliant substrate with sinusoidal surjaceves. The resulting
graphene morphology can be categorized into two types. Type |: fréphene-substrate
adhesion is sufficiently strong, graphene remains bonded tcaimpliant substrate and
corrugates to an amplitude up to that of the substrate surfaceegr@imd). The graphene
amplitude depends on the substrate stiffness and the number of grampleFee Type II: If

the graphene-substrate adhesion is weak, graphene debonds frarhstingtes and remains
flat on top of the substrate surface grooves (f). (e) andc{gnsatically plot the total free

energy,E,+Es — I, as a function of the amplitude of graphene corrugation in Type | a

Type I, respectively.
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Type Il: If the graphene-substrate adhesion energy is \wedkcannot balance the
aforementioned strain energy of the graphene-sateslaminate (i.e.E,+Es > Iy,
Figure 4.2g), the graphene-substrate interface rihoAs a result, the graphene
remains nearly flat on the top of the patternedssate surface while the substrate

surface recovers to its original pattern (FiguiZ4.In such a case, the strain energy

of the graphene-substrate laminate is negligible.

After the transfer printing process, the strain rgpeof the Type | corrugated
graphene consists of the contributions from bending stretching of the graphene.
While the bending energy of the graphene is detexthiby its out-of-the-plane
deflection, the membrane energy of the graphenesrdkp on both its in-plane
displacement and out-of-plane deflection. In rgalielative sliding between the
graphene and the underlying substrate may occumgltnansfer printing, which can
mitigate the in-plane stretching of the graphenehSelative sliding depends on the
graphene-substrate friction and detailed transfetipg conditions, which is often
difficult to quantify. To overcome such an uncertgj here we consider the

following two limiting cases.

In one limiting case, we assume there is no raaliding, i.e., the graphene deforms
from a flat profile to a sinusoidal wavy profile Ipyrely deflecting out of the plane
while the in-plane displacement of the graphernsere. Assuming the profiles of the
patterned substrate surface and the Type | coedgataphene morphology iy

plane to bewv,(x,y) andw,(x,y), respectively, the bending energy of the graphene

given by
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b _ (D 2wy 0%wy 2 _ %wy 2 _azwg %wy
Eg = ﬂz l( 92x + 62y) +2(1-v) (6x6y) d2x 92y dxdy,  (4.1)

where D is the bending rigidity ands the Poisson’s ratio of the graphene,

respectively.

The in-plane strain of the graphene in such a ilmgitase results from the out-of-

plane deflection and the strain components arendiye

10wy 2 19wy 2 _ 10wy dwy
Sxx_E(ax) rEyy = (631) andé‘xy—z ox 09y’ (4-2)

Therefore the membrane energy of the graphen&és diy

E' = ff% [(sxx + syy)z +2(1—v)(e& - sxxsyy)] dxdy (4.3)

whereC is the in-plane elastic modulus of the grapheine. tbtal strain energy of the

graphene is thus given by
E; =E) + EJ! (4.4)

In another limiting case, the graphene is allowedslide freely on the substrate
surface so that the stretching in the graphenéedully relaxed. In other words, the

strain energy of the graphene results solely frisnbénding, that is,
E, =E} (4.5)

Assuming the distortion deformation of the compliaubstrate underneath the

graphene is elastic, the resulting stramergy of the substrate is equivalent to the
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work done by the graphene-substrate interfaciaitita p(x, y) over the distortion

displacement of the substrate surféeg — w,). That is,

Es = ff%p(Ws - Wg)dxdy (46)

The total strain energy;,+E;, obtained from the above formulation can then be
compared with the graphene-substrate adhesiengy./;,, to determine the resulting
graphene morphology. For example, for a given satestmaterial and its surface
profile, E;,+E is computed over a certain range of graphene catiag amplitude
(e.g., from zero to the amplitude of the substeatdace pattern). I{E;+E)min <

Is, the graphene remains bonded with the substrate@mugate with an amplitude
corresponding tdE;+Es)min (i.€., Type |, Figure 4.2e). KE;+Es)min > Iys, the
graphene debonds from the substrate and remaingrflthe substrate grooves (i.e.,

Type Il, Figure 4.29).
4.2. Results and Discussions

We next apply the above analytic model formulatiomletermine the morphology of
n-layer graphene regulated by a compliant subspaiierned with sinusoidal surface
grooves. The profiles of the surface grooves arel risulting Type | graphene
morphology are described by, = A;cos(2mx/A) and w, = Agcos(2mx/4),
respectively, wherel; and 4, are the amplitude of the grooves and the graphene
corrugation, respectively, andthe wavelength. Substituting, into Equations (4.1)-
(4.3) gives that, for the limiting case of no relatsliding of the graphene, the

average strain energy of the graphene over onergnoeriod is
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where the first term on the right side denotes dbetribution from the bending
energy and the second the contribution from the bmane energy; and thus for the
limiting case of graphene freely sliding on the |tdite surface, the average strain

energy of the graphene over one groove period is

E, = _4"‘;’2*‘5, (4.8)

The distortion deformation of the elastic substsuegace underneath the graphene
(As — Ag)cos(kx) results in a graphene-substrate interfacial wactp =
(n¥/2)(As — Ag)cos(kx), whereY; is the plane strain Young's Modulus of the

substrate material [71, 96, 97]. Thus, the avesdg®n energy of the substrate over

one groove period is given by

B, ="%(4, - 4,)", (4.8)

T

To benchmark the above formulation, we tadke = 0.1 J/m? (representative of
graphene-polymer adhesion),= 1.5 um and A; = 100 nm (comparable to recent
experiments [78]). For an-layer graphene, its bending rigidify is taken to be
(3.8n3 — 3.6n%) x 10718 Nm [98], and its in-plane elastic modulGs= 340n N/m

[23]. Figure 4.3 plots the normalized graphene #omte A, /A, as a function of the
substrate plane strain Young's modulysfor various numbers of graphene layers
=1, 10 and 35, respectively. For the limiting caseno graphene sliding on the

substrate (Figure 4.3a), if the substrate is vesngiant (e.g.,Y; < 1MPa), the
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graphene remains bonded to the substrate and assurather flat morphology (e.g.,
Type |, A;/As < 1). In other words, the substrate surface grooveteuneath the
graphene are nearly flattened. As the substratenbes stiffer, the graphene becomes

more corrugated (increasiug).

(a) | (b) | 1 layer
1 W Type | 1 —= = u-
0.8 - A Type Il 0.8 -
<\Em 0.6 - <\Ew 0.6 - ol
< , < i
0.4 1 Iayer 0.4
0.2 - 10 0.2 -
35
0 - 0 - w Y w wa
0 1 10 100 1000 0 1 10 100 1000
Y, (MPa) Y, (MPa)

Figure 4.3. The normalized graphene amplitudg/As as a function of; for n =1, 10 and

35, respectively, for (a) the limiting case of no graphene slidmthe substrate and (b) the
limiting case of graphene freely sliding on the substratee g sharp transition between
Type | (square marks) and Type Il (triangle marks) graphmoephology at certain

combinations of; andn.

For a given substrate stiffness, the thicker thaplgene layers (higher bending
rigidity), the less the graphene is corrugated. &@ivenn, however, there exists a
critical substrate stiffness, higher than which gh&hene debonds from the substrate
and remains flat on the substrate surface grooees, (Type Il,4,/As; = 0). The
transition from Type | to Type Il graphene morplgplas sharp. The critical substrate
stiffness decreases asncreases. For the limiting case of the grapheaely sliding

on the substrate (Figure 4.3b), a monolayer grapleempletely conforms to the
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surface grooves of a substrate of any stiffnesy4; = 1), a few-layer graphene
(e.g.,n = 10) corrugates slightly on a rather compliariisttate but conforms closely
to the surface of a sufficiently stiff substrateowéver, the morphology of a thick
graphene layer can sharply switch between TypeallTaype Il at a critical substrate

stiffness (e.g., af; ~ 100MPa for n = 35).

Figure 4.4 further plotd, /A, as a function of for Y, = 1MPa, 10 MPa and GPa,
respectively. For the limiting case of no graphshding on the substrate (Figure
4.4a), if the substrate is compliant (e.§,,= 1MPa or 10MPa), the graphene
remains bonded to the substrate and assumes #ystiglhrugated morphology (e.qg.,
Type ). For a giverY, A, decreases asincreases. On a sufficiently stiff substrate
(e.g.,Y, = 1GPa), graphene with any number of layers debonds ftieensubstrate
and remains flat (Type Il). For the limiting cadetlee graphene freely sliding on the
substrate (Figure 4.4b), if the substrate is cocamplie.g.,¥; = 1MPa or 10MPa),
graphene remains bonded to the substrateAgndiecreases gradually asncreases
(Type 1). If the substrate is sufficiently stiff.¢e, ¥, = 1GPa), a thinner graphene (n
< 32) remains bonded and fully conformed to the wates (Type 1) while a thicker
graphener(> 33) debonds from the substrate and remains flgi€Tl). Such a sharp
transition in graphene morphology is similar to theap-through instability of
graphene morphology on a corrugated substrategbeeldby models and observed in

experiments [78, 99].
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Figure 4.4. The normalized graphene amplitudig/A as a function oh for Y, =1 MPa, 10

MPa and 1 GPa, respectively, for (a) the limiting case of aphgne sliding on the substrate
and (b) the limiting case of graphene freely sliding on the satbsiNote the sharp transition
between Type | (square marks) and Type Il (triangle mareghgne morphology at certain

combinations of; andn.

The sharp transition between Type | and Type Iplgesae morphologies shed light on
characterizing the graphene-substrate adhesiveegiieg As an illustration, Figure
4.5 maps the minimum strain energy of the graptsemstrate laminat€s; +Es)min,

in the space of, andn, for the limiting cases of no graphene slidingg(Fe 4.5a)
and graphene sliding freely (Figure 4.5b) on tHestate surface. If, for a givéf), a
critical number of graphene layang can be determined from experiments at which
the graphene morphology switches between Type |I'Taye I, the energy levels
corresponding tong;, ¥;) in Figures 4.5a and 4.5b define the upper andtdwunds

of the graphene-substrate adhesion enéjgyFor example, takinge, = 13, Y, =

1.6MPa, Figure 4.5 gived,, ranging from 3.5mJ/nf to 7.4mJ/nf, which agrees
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reasonably well with the experimental results oappene-PDMS adhesion (~7.1

mJ/nf) [78].
J/m2
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Figure 4.5. The map of(E;+E;)min in the space of; andn for the limiting cases of (a) no
graphene sliding and (b) graphene freely sliding on the substapectively. The energy
levels in (a) and (b) corresponding to a combination¥ofand n at which graphene
morphology switches between Type | and Type |l define the upper anddstireates of the
graphene-substrate adhesion enefgy The solid contour line denotdys = 0.1]/m?,
which defines a boundary below which the graphene assumes TyppHalogy and above
which it assumes Type Il morphology. The three vertical dottegt lin (a) and those in (b)
correspond to the cases in Figures 4.3a and b, respectively. €aétrizontal dotted lines
in (@) and those in (b) correspond to the cases in Figures 4.4a aespéctively. The
intersections of the dotted lines and the solid lines &sjcindicate the sharp transitions

between Type | and Type Il in Figures 3 and 4.

On the other hand, for a giveé}, the corresponding contour line in the energy map

defines a boundary below which the graphene asstigps | morphology and above

which it assumes Type Il morphology. For examplee solid contour line of
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I;s = 0.1]/m? in Figure 4.5a intersects the dotted lines ef1, 10, and 35, defining

a critical substrate stiffness for eatthat corresponds to the sharp transition between
Type | and Type Il morphology revealed in Figur8ad.Similarly, the solid contour
line in Figure 4.5b intersects the dotted lineef 35 and that of, = 1GPa, defining

a critical substrate stiffness and a critical numddegraphene layer that correspond to
the sharp morphologic transition revealed in Figude3b and 4.4b, respectively.
While Figure 4.5 is specifically applicable to thase of few-layer graphene on a
compliant substrate with sinusoidal surface gropeamilar energy maps for few-
layer graphene morphology regulated by other pstersubstrate surfaces can be
readily obtained following the formulation of theergeralized analytic model

delineated in Section 4.1.
4.3. Summary

In summary, we show that strong correlation exigtsveen the adhesion property of
graphene and its morphology regulated by the petersurface of a compliant
substrate. We delineate an analytic model to gizdivéely determine the regulated
morphology of the graphene. Two distinct types mdppene morphology emerge
from the results: Type I) graphene remains bondetti¢ substrate and corrugates to
an amplitude up to that of the substrate surfatemps; Type IlI) graphene debonds
from the substrate and remains flat on top of tiiesgate surface patterns. The sharp
transition between these two types of graphene hodogy can potentially open up a
feasible pathway to characterizing the adhesiowdsst graphene and various elastic

materials, a property that is rather challengingneasure directly.
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Chapter 5. Carbon Nanotube I nitiated For mation of
Carbon Nanoscrollsand itsApplication as Ultrafast Nano-

oscillators

In this Chapter, we demonstrate the spontaneoumsatoyn of a carbon nanoscroll
(CNS) from graphene on a substrate, initiated lmadon nanotube (CNT) and an
ultra-fast oscillator based on the resulting natmoesure. Using molecular dynamics
simulations, we show that the interaction energiwben the CNT and graphene
sheet can help the system overcome the initialggniearrier to achieve an overlap
(Section 5.1). The rolling of graphene into a CNS$niodulated by the CNT size, the
carbon-carbon interlayer adhesion, and the grapbebstrate interaction. The
resulting nano-structure is a CNS with the CNT kousside. The CNT inside the
CNS can oscillate along axial direction at a ndttremuency of 10s gigahertz (GHz)
(Section 5.2). We demonstrate an effective strategyeduce the dissipation of the
CNS-based nano-oscillator by covalently bridging tdarbon layers in the CNS. We
further demonstrate that, such a CNS-based nanltatsccan be excited and driven

by an external AC electric field, and oscillateraire than 100 GHz.
5.1. Carbon Nanotube Initiated Scrolling of Graphene

5.1.1. Existing approachesto fabricating CNSs

The scrolling of graphene into a CNS has been detraied by both experiments and
simulations. After intercalated by alkali metalsg(e potassium), high-purity graphite

could be exfoliated in ethanol (EtOH) solvents (F&5.1) [55]. Upon sonication, the
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exfoliated graphite sheets curl onto themselvesniftg carbon nanoscrolls. Using
TEM analysis, it was revealed that these nanoschaiVe an interlayer spacing of 3.4

A and no end caps.

onication

Figure 5.1. Schematic of the intercalation/exfoliation process. Graphitatercalated with
potassium metal and then exfoliated with ethanol (EtOH) tm fa dispersion of carbon

sheets. Sonication produces carbon nanoscrolls [55].

The scrolling process of graphene virasitu observed when a single layer graphene
on SiQ/Si substrate rolled up into CNSs spontaneouslynvthe chip with graphene

was immersed in isopropyl alcohol (IPA) solutiomgiite 5.2) [62].

(bXGraphene (@) Nanoscroll

_*
2 ee——

Figure 5.2. Optical microscope images and schematics of the origihébYand scrolled (c)
(d) graphene monolayer on the Si€ubstrate, respectively.(e) TEM image of a fabricated
CNS. The inset is a higher magnification image of part of2N&, showing that the distance

between adjacent graphene layers is about 0.35 nm [62].
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The authors claimed that the surface strain angdntirbations in the IPA solution
environment are the assistant forces to roll uplygae. The formation of CNSs is
also highly sensitive to the concentration of IP&luson and the shape of the
graphene. TEM studies revealed that the resultiNg Gas a tube-like structure with
a hollow core surrounded by graphene walls 0.35apart (Figure 5.2e). The unique
structure of CNS is confirmed by the differencetire Raman spectra between

graphene, CNS, and MWCNT.

Recent molecular dynamics simulations demonstrétatiwater nanodroplets could
activate and guide the folding of planar graphema@ostructures [63]. If water
nanodroplets are deposited at one end of graphemaribbons with selected droplet
size and ribbon width, they could help grapheneavee deformation barriers and
roll into CNS (Figure 5.3). The ribbon tip firstlfis around the spherical droplet
(Figures 5.3a and 5.3b). Once a overlap forms (Eigu3c), the droplet guided

rolling continues (Figure 5.3d) until reaching titeer end of ribbon (Figure 5.3e).

Figure 5.3. Folding and rolling of a graphene ribbon. (a, b) The ribbon tigsfaround the
water droplet into a wrapped cylinder, and (c-e) the wrapped cylisd®duced to roll on the

ribbon surface (c-e) [63].
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5.1.2. An all-dry physical approach to fabricating CNSs

The existing chemical approaches to fabricating ChM8y lead to possible
contamination of chemical residue and the simutattemonstrations are rather
challenging to be realized in experiments. Aimiagatidress these issues in existing
approaches, we use MD simulations to demonstrat@lairy physical approach to
fabricating CNSs, in which the rolling of a substraupported graphene monolayer is
initiated by a CNT. Figure 5.4 depicts the molecagnamics simulation model, in
which a CNT is placed along the left edge of a feadtangular graphene monolayer

supported by a Sisubstrate.

CNT Graphene

SiO,

Figure 5.4. The MD simulation model. A graphene is supported by g SiBstrate, with a

CNT placed along the left edge of the graphene.

The CNT-initiated formation of a CNS from the swhtt-supported graphene is
governed by the interplay among the following eresg the CNT-graphene
interaction energy¥, the graphene-graphene interlayer interactionggnggy (once
graphene starts to roll into a CNS), the graphéransenergyeg, and the graphene-
substrate interaction enerdyys The non-bonded CNT-graphene interaction and
graphene-graphene interlayer interaction can beactexized by vdW force. The
weak interaction between a mechanically exfoliageabhene and its substrate can

also be characterized by vdW force. Due to thereatfivdW interactionfy and Egg
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minimize when the carbon-carbon (C-C) interlayestatice reaches an equilibrium
value, so doe&ys when the distance between the graphene and tis¢ratgbsurface
reaches its equilibrium. When the graphene semafaden the substrate, curls up to
wrap the CNT, and later starts to roll into a Clg,andEyy decrease; on the other
hand, Eys increases, so doés, due to the mechanical deformation of the graphene
associated with the wrapping and rolling. Abovelsiiy andEygserve as the driving
force, whileEgs andEg represent the resistant force in the CNT-initiftathation of

a CNS from a substrate-supported graphene.

In the simulations, the C-C bonds in the CNT andpbene are described by the
second generation Brenner potential [92]. The nmmded CNT-graphene interaction
and graphene-graphene interlayer interaction aseritbed by a Lennard-Jones pair

potential V. (r) =44 é.(0alr?—oS./r®),  where &, =0.00284V,
o =0.34nm and A.. is a tuning factor that is used to vary the C-@rnaction

energy to study its effect on the CNS formationQJL0t has been shown that the
effective C-C interaction energy in a CNS can hetuby an applied dc/ac electric
field [101, 102]. The non-bonded graphene-Sé0bstrate interaction is described by
a Si-C pair potential and an O-C pair potentiathbaf which take the same form of

V..(r) but with different parameters, that isg. =0.00212V, og.=0.151m,
&oc =0.00499%V and o,. =0.23nm, respectively [93]. The tuning factor for the

graphene-substrate interactidps is taken to be the same for both Si-C and O-C pair

potentials. To reduce the computation size, alingtan the Si@ substrate are fixed

during simulation. This assumption is justified bye weak graphene-substrate
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interaction and the rigidity of bulk SpOThe graphene used in the simulations is 50
nm long and 4 nm wide, with the right edge consgdion the substrate by a linear

spring. CNTs with length of 4 nm but various diaenstare used to study the effect of

CNT size on the CNS formation. The MD simulation® aarried out using

LAMMPS [103] with NVT ensemble at temperature 308kd with time step 1 fs.

Depending on the CNT size, C-C interaction streagith C-SiQ interaction strength,
the CNT-graphene-substrate system shown in Figutee%olves in three different
modes. Figure 5.5 illustrates the time sequentiapshots of each mode of evolution
and the corresponding variation in the total posatrenergy of the system. In the

three cases shown in Figure 54,. =1 and 4. =1. CNTs of various diameters

(i.e., (10,10), (12,12) and (18,18)) are used,aetyely.

Mode |: CNT gliding on graphene. The graphene strain enerBy due to wrapping

a CNT is roughly inversely proportional to the sguaf the CNT diameter. If the
CNT diameter is too small, the significant increadeE; and the corresponding
increase ofys due to graphene-substrate separation can ovedeatha decrease of
Eiy due to graphene wrapping the CNT. As a resulteatsof wrapping the CNT, the
graphene remains flat on the substrate, while th& Glides on the graphene driven
by the thermal fluctuation, as shown in Figure &5@ he translational motion of the
CNT on the graphene is expected to cause negligdnli@ation to the total potential

energy of the system except the thermal fluctuatidnch is evident in Figure 5.5a.

101



Mode Mode Il Mode llI
CNT gliding on graphene | Graphenewrapping CNT | Graphenerolling into CNS
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Figure 5.5. Three modes of evolution of the CNT-graphene-substrate system. (a, f, kieplot t

variation in the total potential energy of the system famation of simulation time for each
mode, respectively; (b-e): Snapshots of a (10, 10) CNT glidinth@rsubstrate-supported
graphene at 0 ps, 15 ps, 40 ps and 100 ps, respectively; (g-j): Ssapklive graphene
wrapping a (12, 12) CNT at 20 ps, 65 ps, 120 ps and 200 ps, respectieghBriapshots of
the graphene rolling into a CNS, initiated by a (18,18) CNT, at 20 ps, 45 ps, 60 ps and 160 ps,
respectively. The two dotted fitting curves in (k) show thatgtagphene further rolling into a

CNS (from (n) to (0)) leads to more substantial decreagetehtial energy than that due to

graphene wrapping CNT (from (I) to (m)). In all three cases shbere, .. =1 and

Aes =1.

Mode Il. Graphene wrapping CNT. If a CNT of intermediate diameter is used, the
increase ofy due to graphene bending aigl due to graphene-substrate separation
can be outweighed by the corresponding decreaBg.dfonsequently, graphene can

separate from the substrate under thermal flucoatnd start to wrap around the
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CNT (Figure 5.5¢g). The total potential energy conés decreasing until the whole
surface of the CNT is nearly wrapped by the graph@mgure 5.5h). Further rolling
of the graphene is hindered by a local energy éadte to the step formed by the left
edge of the graphene adhering to the CNT. If thd @dlius is not sufficiently large,
the energy barrier due to the graphene edge stepectoo high and thus prevent the
further rolling of graphene. This is analogous toléer moving toward a speed bump
of a fixed height. If the roller is too thin, instd of passing the bump, it can be
bounced up in the air. As shown in Figure 5.5he graphene-wrapped CNT rolls
toward the graphene edge step, and is then bowpweard. The kinetic energy of the
graphene-wrapped CNT leads to further separatioa siort segment of graphene
from the substrate, and then the graphene-substr@eaction pulls the separated
graphene re-adhered back to the substrate. Suclprveesses repeat several times
and the graphene segment eventually re-adherestddck substrate after the excess
translational kinetic energy is dissipated. The GNimhains wrapped by the graphene

(Figure 5.5j).

Mode I11. Graphenerolling into a CNS. If the diameter of the CNT is sufficiently
large, the translational kinetic energy of the gepe-wrapped CNT can overcome
the fixed energy barrier due to the graphene edge s a result, CNT-initiated
rolling of the graphene continues and then an apebletween the left edge and the
flat portion of the graphene forms. Such an ovetkguls to the decrease Bfj,
which drives further rolling of graphene into a CNSgure 5.51-0). As shown in
Figure 5.5k, the continuous rolling of the grapheesults in further decrease of the

overall potential energy, which is more substantieln that due to the graphene
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wrapping the CNT. The resulting CNS is energetycatable against thermal

perturbations at 300 K.

When the CNT size and C-Sinteraction strength are fixed, the evolution loé¢ t
CNT-graphene-substrate system can be modulatethéo¥C1C interaction strength.
Figure 5.6a defines a phase diagram of the evolufadhe CNT-graphene-substrate
system in the space of C-C interaction strength @Nd size, for a given C-SiO

interaction strength (i.el.g =1). The same three modes of evolution as described

above are observed.

For a given CNT size, the mode of evolution charfga® CNT gliding to graphene
wrapping and then to graphene forming a CNS, asG#@ interaction becomes
stronger. For a given C-C interaction strength, ghmilar change of the mode of
evolution is shown as the CNT size increases. Eimgrgom the simulations are a
boundary between mode | and mode Il and that betweade || and mode Ill, the
latter of which can serve as a guidance for comICNS formation by varying C-C

interaction and selecting CNT size. Figure 5.6ld9tbe case ofl. = 4. When the

C-SiG, interaction strength increases, a stronger C-€ragtion is needed for the
CNS formation, for a given CNT size; similarly, &NT with larger diameter is

needed to initiate the CNS formation, for a givetC Gnteraction strength. For the

case of4., =4, there exists a critical value df., below which graphene rolling into

a CNS cannot be initiated by a CNT of any giversiz
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Figure 5.6. Phase diagrams of the evolution of the CNT-graphene-substrstiem in the

space of C-C interaction strength and CNT size, for a given giS€daction strength. Here,

(@) Acs =1, (b) Acs = 4.

5.2. Ultrafast Nano-oscillator s based on Interlayer-bridged Carbon

Nanoscrolls

Axial nano-oscillators based on multi-walled CNMWCNTSs) have been proposed

previously [104, 105]. In the proposed MWCNT-basgdl nano-oscillator, the ends
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of the outer tubes of a MWCNT are opened. Whenrther tubes are displaced from
their original position along the axial directiondathen released, the restoring force
from the outer tubes pulls the inner ones back. Duie ultralow friction between
the carbon layers, the inner tubes can oscillabagalits axial direction, and the
natural frequency of the oscillation is estimatedyé on the order of GHz [105-108].

Figure 5.7a illustrates a double-walled CNT (DWCNbBsed axial nano-oscillator.

Figure 5.7. Perspective view (left) and end view (right) of (a) a DMICand (b) a CNS with
a SWCNT housed inside. When displaced from its equilibrium positanrg axial direction,
the inner tube (red) can oscillate inside the outer tubanjcyr CNS (cyan), at GHz

frequency.

Enthusiasm for MWCNT-based axial nano-oscillatsgl@ the realization of such
promising nano-devices hinges upon feasible fatoicatechniques. For example,

well-controlled opening of the ends of the outdretsi of a MWCNT and chemical
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treatment of the inner tubes in a MWCNT (e.g., dgpr polarization) still remain as
significant challenges. As a result, successfuli¢ation of MWCNT-based axial
nano-oscillators has not yet been demonstrated|dete the exploration of exciting

the axial oscillation of such nano-oscillators exernal interferences [109-111].

It has been demonstrated in Section 5.1 that a @N\Suitable diameter can initiate
the scrolling of a monolayer graphene on a sulestrab a CNS. The CNT near the
edge of the graphene can help overcome the ieitiatgy barrier for the scrolling of
graphene. Once the scrolling is initiated, the gesge can spontaneously roll up into
a CNS. The resulting CNS-CNT nanostructure hasvtleeends of the CNS naturally
open and a CNT housed inside the CNS (e.g., Figufe). Similar scrolling of a
graphene oxide layer initiated by a MWCNT has begperimentally demonstrated
recently [112]. As to be detailed later, when tHé¢Tds displaced partially out of the
CNS along the axial direction, the van der Waaisdacting on the two ends of the
CNT is not balanced and the resultant force onQN& serves as the restoring force
to pull the CNT back into the CNS. Given the uttkl CNT-CNS friction similar to
the inter-tube friction in a MWCNT, the CNT in tl&NS is shown to be able to
oscillate at a frequency of 10s GHz. In this Secgtive use molecular dynamics
simulations to perform systematic investigatiortled characteristics of the ultrafast
oscillation of the abovementioned CNS-based axaaloroscillators. We propose a
feasible strategy to significantly reduce the epedgssipation of the CNS-based
nano-oscillators. We further demonstrate that thesS®ased nano-oscillators can be
excited by an external AC electrical field and date at a frequency more than 100

GHz. A distinct advantage of the CNS-based nandlatgses against the MWCNT-
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based ones is as follows. The CNT and the basphgree are fabricated separately
before the scrolling process. For example, the @Nd the graphene can be treated
differently and thus possess different featuresshsas defects, chirality and
polarization. These features make it possiblegniicantly enhance the performance
of the CNS-based axial nano-oscillators, as todiailéd later in this paper. With the
ever-maturing fabrication technique of high quatitaphene, CNS-based axial nano-
oscillators hold promise to become a viable apgrdacachieving nanoscale GHz
mechanical oscillators. In particular, the excgatiof CNS-based nano-oscillators
under external interferences demonstrates their atgrepotential as
nanoelectromechanical systems (NEMS) for nanoseakrgy transduction (e.g.,
from electrical and/or magnetic to mechanical),vhating and storage (e.g., as

mechanical oscillation).

5.2.1.CNS-CNT nanostructureformation

The CNS-based axial nano-oscillator depicted inufegh.7b was formed using a 10
nm long (10, 10) single-walled CNT (SWCNT) to iait the scrolling of a 10 nm by
30 nm graphene along its long (armchair) edge. fOnmation of the CNS/CNT
nanostructure is similar to that described in ®&ch.1. As shown in Figure 5.8a, the
graphene is supported by a Sifubstrate, with a (10, 10) single wall CNT placed
along the left edge of the graphene. The subsisa®d nm long, 14 nm wide and 1
nm thick. In the MD simulations, the C—C bondshe CNT and CNS are described
by the second generation Brenner potential [92]callows for C-C covalent bond
forming and breaking. The non-bonded C-C interact®described by a Lennard—

Jones pair potential [100]. The graphene-subsirdtzaction is considered in the
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same way as in Section 5.1. The MD simulationscarreied out using LAMMPS

[103] with Canonical Ensemble at 500 K and witheistep 1 fs.
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Figure 5.8. (a - d) Snapshots of the graphene scrolling into a CNSatettiby a (10, 10)
SWCNT, before equilibration, at 10 ps, 22 ps, and 76 ps, respectively. (e) The varidi®n in t

total potential energy of the system as a function of simulation time.

Initiated by the CNT, the graphene first separtes the substrate and curls up to
wrap the CNT (Figure 5.8b). Once the overlap betwte left edge and the flat
portion of the graphene forms (Figure 5.8c), graghstarts to scroll continuously
into a CNS (Figure 5.8d) with the CNT housed inskigure 5.8e shows the decrease
of the total potential energy due to the graphemapping the CNT and further

scrolling into a CNS. Our simulations show thatréhes no appreciable difference
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between the scrolling of a pristine graphene (withany defects) and that of a
graphene with defects. For example, the grapheowrsin Figure 5.8 has patterned

vacancies along three parallel lines, the effeetlnth is to be detailed later.

5.2.2. Oscillation of a CNT housed inside a naturally formed CNS

The CNS-based nano-oscillator formed by scrollipgaupristine graphene is first
equilibrated for 50 ps at 100 K, and then the CNlided inside is assigned a velocity
2.5 A/ps along its axial direction to initiate tbecillation. In order to constrain the
rigid body motion of the nano-oscillator, two rowt carbon atoms along the axial

direction on the outermost shell of the CNS aredix

Figure 5.9(a) shows the snapshots of the axialllagon of the CNS/CNT

nanostructure at 5 ps, 15 ps, 20 ps, 30 ps, 40nds58 ps, respectively. The
simulations are carried out at 100K. The axial otf the CNT is excluded in the
calculation of temperature. Besides the oscillanbrihe CNT inside the CNS, the
CNS itself also oscillates through inter-layer tigka sliding in axial direction,

initiated by the reaction force from the CNT (i.epposite to the restoring force
applied on the CNT). The reaction force pulls theer shells of the CNS to slide
outward during the CNT oscillation, thus the CNSelt starts to oscillate
accompanying the CNT motion. As a result, the tmih of the CNS/CNT

nanostructure is indeed the coupled CNT oscillaaod that of the CNS itself. It
needs to be pointed out that the CNS self-osa@lais not only driven by the van der
Waals-type reaction force between the CNS and thé Qut also affected by the in-

plane shear rigidity of the basal graphene. Thiemiht energetic interplays for the
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CNT oscillation and the CNS self-oscillation leanl @ rather irregular coupled

oscillation, similar to the axial oscillation obged in a MWCNT [113].
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Figure 5.9. (a) Snapshots of the axial oscillation of the CNS-based nailtatuscat 5 ps, 15

ps, 20 ps, 30 ps, 40 ps and 50 ps, respectively. Note the coupled axidiassitththe CNT

and the CNS itself. The evolution of (b) the absolute amplitudedriti€ relative amplitude
of the CNT oscillation inside the CNS, as a function of sinmatime, respectively. The
Fast Fourier Transform (FFT) analysis of the absolute &mdgli (c) and the relative
amplitude (e) for the first 500 ps reveals a frequency obsedlation of the CNT inside the
CNS (29.4 GHz) and that of the oscillation of the CNS itde#dfq GHz), respectively. The

simulations are carried out at 100K.

To further decipher the coupled oscillation of @&dS/CNT nanostructure, we define
two oscillation amplitudes: the absolute amplitwdgch is the axial distance from
the left end of the CNT to the outermost atom atléft end of the CNS (which is
fixed), and the relative amplitude which is theahxistance from the left end of the
CNT to the innermost atom at the left end of theSCMhich moves as the CNS

oscillates). Figures 5.9b and 5.9d plot the abeoand relative amplitudes as the
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function of simulation time, respectively. Whileetlabsolute amplitude captures the
oscillation of the CNT, the relative amplitude chaerizes the coupled oscillation of
the CNS/CNT nanostructure, which is more irregalad decays faster. Fast Fourier
Transform (FFT) analysis is also performed forfitet 500 ps of the oscillation. FFT
of the absolute amplitude shows a peak at 29.4 Giture 5.9¢), which represents
the frequency of CNT oscillation. By contrast, F6fTthe relative amplitude shows
two peaks, 29.4 GHz and 50.9 GHz, respectivelyuieid.9¢). While the first peak
corresponds to the frequency of CNT oscillationidasthe CNS, the second peak
reveals the frequency of the CNS self-oscillatibhe higher frequency of the CNS
self-oscillation results from the restoring foraentributed by both the non-bonded
van der Waals force among carbon layers and thalealvC-C bonding force in the

basal graphene.

5.2.3. Oscillation of a CNT housed inside an interlayer-bridged CNS

While the ultrafast oscillation of the CNT insideetCNS at 10s GHz is encouraging,
the quick dissipation and rather irregular behawbthe oscillation definitely limit

the potential application of CNS-based nano-ogoitaas NEMS devices. The quick
dissipation and irregular oscillation result frohe tcoupled oscillation, during which
the kinetic energy of the CNT is continuously tidunsed into the self-oscillation of

the CNS and then dissipates by the friction dumtierlayer sliding. To address this
issue, we next demonstrate a feasible and effestna@egy to suppress the relative
interlayer sliding in the CNS, which can lead teanach more sustainable ultrafast

CNS-based nano-oscillator.
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Both simulations and experiments have shown thiagnwa MWCNT is treated by ion
irradiation, some carbon atoms can be knockededfjing vacancies in the tubes of
the MWCNT [114]. Upon heating, the carbon atomsr rtlea vacancies tend to form
covalent bonds with other similar carbon atoms megyhboring tube, driven by the
reduction of high-energy dangling bonds of thesb@a atoms. As a result, the tubes
in the MWCNT are covalently bridged, leading toigngicant increase of the inter-
tube shear rigidity of the MWCNT. In other wordbetrelative inter-tube sliding in
such a bridged MWCNT involves breaking the covaléft bridging bonds, thus is
energetically unfavorable. The ion irradiation indd vacancies are also used to
facilitate the bridging bond formation among SWCN®sform CNT bundles [115,
116]. Inspired by these previous studies, next wmahstrate that vacancies can
facilitate the formation of interlayer bridging sin a CNS, which in turn can

effectively suppress the interlayer relative sligin the CNS.

Instead of using a pristine graphene, we use gregpleth patterned vacancies to
form a CNS. The vacancies in the graphene arerpattealong three parallel lines in
the scrolling direction (Figure 5.10a) to faciléabridging bond formation after
scrolling. In reality, such vacancies can be infiet using focus ion beam to
irradiate the graphene along those parallel lideSWCNT is used to initiate the
scrolling of the aforementioned graphene with pa#d vacancies. The carbon atoms
at the two ends of the SWCNT are saturated by lygir@atoms, so that no bridging
bonds can be formed between the SWCNT and the GN&. the scrolling process
of the basal graphene with vacancies, the resu@NG/CNT nanostructure is first

heated up from 300 K to 1300 K in 100 ps, then maamed at 1300 K for 1600 ps,
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and finally cooled down back to 300 K in 100 ps. #sown in Figure 5.10D,
interlayer bridging bonds start to form after tamperature reaches 1000 K. The total
number of interlayer bridging bonds in the CNS @ages as the temperature further
increases to and maintains at 1300 K, and gradsaliyrates. After cooled down to
room temperature, the interlayer bridging bondsfed at high temperature remain in
the CNS. Figure 5.10c depicts the end view of theged CNS after the heat
treatment. Besides the interlayer bridging bondsda the CNS, bridging bonds are
also formed along the unsaturated edges of the CB&lSat the two ends of the CNS
and the two edges along its axial direction). Nidding bond is formed between the

CNS and the SWCNT with saturated ends.
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Figure 5.10. (a) The graphene with patterned vacancies. (b) The evolfitre number of
interlayer bridging bond in the CNS and the temperature changefwsction of time,
respectively. Note that the bridging bonds remain after cooling down to rogpertature. (c)
The end view of the interlayer-bridged CNS after the heaitrtrent. The color shades
represent potential energy level of the carbon atoms. Her8WHeNT housed inside the

CNS is not shown for visual clarity.

114



Amplitude (hm)

(b)
1 . -
2 L L L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (ps)
1.2
~~
—~ N
E T
E 08} Q
)
(c) o o
2 c
s :
0.4+
£ o
< L
0 1 1 1 25
0 500 1000 1500 2000
(@) Time (ps)

Figure 5.11. (a) Snapshots of the axial oscillation of the bridged-®ESed nano-oscillator
at 25 ps, 35 ps, 45 ps, 55 ps, 65 ps and 75 ps, respectively. Noteilladarsof the CNS
itself is fully constrained by the interlayer bridging bonds) {ihe evolution of CNT
oscillation amplitude. (c) The peak amplitude of each osioillacycle and the corresponding
oscillation frequency as a function of time, respectively. Sinaulations are carried out at

100K.

The oscillation of the SWCNT housed inside the riaieer-bridged CNS is then
investigated following the similar procedure used that of the SWCNT inside the
un-bridged CNS. Figure 5.11a shows the snapshotieofaxial oscillation of the
interlayer-bridged CNS/CNT nanostructure at 2538sps, 45 ps, 55 ps, 65 ps and 75
ps, respectively. No appreciable relative slidingoag the CNS layers is found
during the oscillation of the CNT. In other wordlse self-oscillation of the CNS is

effectively suppressed by the interlayer bridgimgds. This is further confirmed by
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the negligible difference between the absolute dogd and relative amplitude of the

CNT as defined above.

Figures 5.11b plots the absolute amplitude of CNT&dunction of simulation time.
Compared with the oscillation of the CNT inside am-bridged CNS, the CNT
oscillation inside an interlayer-bridged CNS is imunore regular. Also evident in
Figure 5.11b is the slower decay of the oscillatonplitude when compared with
Figure 5.11b, which results from the suppressionenérgy dissipation due to
interlayer relative sliding in the CNS. Figure Sldlots the peak amplitude of each
oscillation cycle and the corresponding oscillatibpaquency obtained from FFT
analysis as a function of simulation time, respetyi. The initial frequency of the
CNT oscillation is 29.4 GHz when the oscillation@itude is about 1.15 nm, and the
oscillation frequency at 2 ns is 47.0 GHz whendseillation amplitude is about 0.30
nm. The oscillation frequency increases monotolyicas the oscillation amplitude
decreases over the time. Such a dependence ofatisnilfrequency on oscillation
amplitude is consistent with the MWCNT-based agidillators as reported in earlier

studies [117, 118].

We next compare the performance of bridged-CNSebasmo-oscillators with that
of MWCNT-based nano-oscillators. Our studies shdwt,t there is negligible
difference in the oscillation behaviors betweenMWCNT-based nano-oscillator
and a DWCNT-based one, if the DWCNT is identicatite two innermost tubes of
the MWCNT. Thus, here we report the simulation itssof the oscillation behaviors
of a (10, 10)/(15, 15) DWCNT, following the similarocedure aforementioned. In

order to constrain the rigid body motion of the ascillator, one ring of carbon
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atoms in the middle of the outer tube of the DWCHIE fixed. The inner tube is

assigned a velocity 2.5 A/ps along its axial diggcto initiate the oscillation.
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Figure5.12. (a) The evolution of the oscillation amplitude of the inner tube(@Dal10)/(15,
15) DWCNT. (b) The peak oscillation amplitude of each cycle amd cibrresponding
oscillation frequency as a function of time, respectively. Sinaulations are carried out at

100K.

The oscillation amplitude, defined as the axiatatise from the left end of the inner
tube to the left end of the outer tube, is plotsda function of simulation time in
Figure 5.12a. The peak oscillation amplitude ofheagcle and the corresponding
oscillation frequency as a function of time arewshan Figure 5.12b. While the

initial velocity of the inner tube is the same, tiesulting initial oscillation amplitude
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of the DWCNT-based nano-oscillator is slightly slmalthan that of the bridged-
CNS-based nano-oscillator. Such a difference re$udin the slight difference in the
geometry between the outer tube of the DWCNT (&epetube) and the innermost
layer of the bridged-CNS (a tube that is cut inakxdirection and then slightly
displaced radially), leading to a restoring foréehee DWCNT-based nano-oscillator
modestly larger than that of the bridged-CNS-basad. The difference in the
restoring force also explains the relatively highescillation frequency of the
DWCNT-based nano-oscillator than that of the bratd@iNS-based one for a given
oscillation magnitude. Nonetheless, the comparissiween Figure 5.11c and Figure
5.12b shows that, the bridged-CNS-based nano-asxillhas a modestly slower
dissipation rate than the DWCNT-based nano-osgcilldor example, it takes about
1000 ps for the magnitude of DWCNT-based nano4asoil to decay from 0.9 nm to
0.4 nm, while it takes 1300 ps for the bridged-GiSed nano-oscillator. Earlier
studies have shown that the translational energg DWCNT-based oscillator is
mainly dissipated via a wavy deformation in the eoutube undergoing radial
vibration [108]. In a bridged CNS, the constranuin the covalent interlayer bridging
bonds can largely suppress the radial deformatfaadl dayers in the CNS. In other
words, the bridged CNS serves as a thick-walledlawmanostructure with a much
higher rigidity in both axial and radial directiotisan a MWCNT. As a result, the
axial oscillation of the SWCNT housed inside thel@ped CNS is more sustainable

than that inside a MWCNT.

5.2.4. Effects of temperature and commensuration on the nano-oscillator

performance
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To understand the effect of temperature on theopmdnce of the bridged-CNS-
based nano-oscillator, Figure 5.13 compares th& psaillation amplitude of each
cycle and the corresponding oscillation frequerew &unction of time for a bridged-
CNS-based nano-oscillator and a DWCNT-based naadiater at 300 K. For both
nano-oscillators, the decay of the oscillation nitaglie at 300K is modestly faster
than that at 100K, while the corresponding osadiatfrequency is slightly higher
than that at 100K. At higher temperature, the tlédinctuation of the carbon atoms
in the nano-oscillators become more energetic,ltregun rougher surfaces of both
the oscillating CNT and the carbon layers of thadmag CNT or CNS and therefore
increased interlayer friction. Nonetheless, thedded-CNS-based nano-oscillators
still have a modestly slower dissipation rate thia DWCNT-based nano-oscillator

at an elevated temperature.
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Figure5.13. The comparison between the bridged-CNS-based nano-oscillator and the

DWCNT-based nano-oscillator at 300K.

Besides the temperature, the commensuration bettteenscillating CNT and the

housing CNT or CNS also influences the oscillapp@nformance. It has been shown
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that the DWCNT-based oscillators with incommensuraher and outer tubes have
lower inter-tube friction force than the commenseianes, leading to a much slower
dissipation rate [117, 119]. To demonstrate thealameffect in bridged-CNS-based
nano-oscillators, we replace the (10, 10) SWCNTt tlsa housed inside and
commensurate with the interlayer-bridged CNS with iacommensurate (15, 0)
SWCNT (whose diameter is very close to (10, 10) YW Figure 5.14 reveals that
the dissipation rate of the incommensurate bridgbib-based nano-oscillator
(~0.237 nm/ns) is much slower than that of the cemsurate one (~0.429 nm/ns).
These results demonstrate an effective stratefiyrtioer enhance the performance of
bridged-CNS-based nano-oscillators using an inconsomate oscillating SWCNT

inside.
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Figure 5.14. The peak oscillation amplitude of each cycle and the corresgpoduillation
frequency as a function of time for a (15, 0) SWCNT inside therlayer-bridged CNS,

respectively. The simulations are carried out at 100K.

Our further studies show that the CNT-initiatedoiorg of graphene is insensitive to

the chirality of the CNT and the basal graphenes Tirther validates the feasibility
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of such a strategy since the CNT and the basahgrapcan be first synthesized and
selected separately and then assembled. By cgnsyghesizing MWCNTs with
controlled commensuration among constituent tubié remains as a grand
challenge, let alone leveraging such a strategyintprove the performance of

MWCNT-based nano-oscillators.

5.25. Oscillation of the CNS/CNT nano-oscillator excited and driven by an

external eectricfield

We further demonstrate that the bridged-CNS-baseab-oscillators can be excited
and driven by an external electric field, a crudedture to enable their potential
application in ultrafast NEMS devices. For the MWIGNased nano-oscillators, it
has been proposed that, by inducing net chargq [drldlectric dipole [109] into the
inner tube, the carbon atoms in the charged/p@drinner tube are subjected to
electrostatic capacitive force in an external eledteld, which could be potentially
used to initialize the oscillation. Controlled ohiag/polarization of the inner tube of
a MWCNT require manipulation with sub-nanometercien, thus remains rather
challenging to achieve experimentally. However hsactrategy can become feasible
for bridged-CNS-based nano-oscillators. For examfiie SWCNT to be housed
inside the interlayer-bridged CNS can be treategpdssess net charges or dipoles
before used to initiate the scrolling of the bagaphene that remains electrically
neutral. Subject to an external AC electric figtte oscillation of the SWCNT housed
inside the interlayer-bridged CNS can be initiagettd driven by the alternating

capacitive force.
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Figure 5.15. (a) The oscillation of the CNT in the interlayer-bridgedSCékcited and driven
by an external electrical field with an ac frequency of 125 GbBlz.The peak oscillation
amplitude of each cycle and the corresponding oscillation frequesheyfunction of time.
The external ac electrical field can override the natusgjuency of the CNS-based nano-
oscillator. There is no appreciable decay of peak oscillatiguliawhe. The simulations are

carried out at 100 K.

As a benchmark of such a strategy, Figure 5.15 shbwe oscillation of the bridged-
CNS-based nano-oscillator excited and then drivgralsquare-wave AC electric
field with a frequency of 125 GHz. The amplitudetbé resulting capacitive force
acting on the SWCNT is 0.02 eV/A per atom. Becasissh a driving force is much
larger than the intensity of the intrinsic van 8&geals restoring force between the
atoms in the SWCNT and the CNS (~0.0004 eV/A pemjt the oscillation driven

by the external electric field can override theunait oscillation of the bridged-CNS-
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based nano-oscillator. Figure 5.15b shows that ftequency of the resulting
oscillation is identical to that of the external Alactric field. Furthermore, there is
no appreciable decay in the oscillation amplitugdiose peak value in each
oscillation cycle only fluctuates within 5%. In ethwords, the oscillation driven by

the external electric field is highly sustainable.

Our further studies show that the resulting oswdfa of the bridged-CNS-based
nano-oscillator can be further fine tuned in a aartrange under an external AC
electric field of suitable frequency and magnitudéhese explorations further
demonstrate the potential to leverage CNS-based-osgillators to convert the
electric energy of an external AC field into meadlsahenergy in the form of ultrafast
oscillation. With proper treatment of the osciltgiCNT, the above strategy can be
potentially adapted to transduce and harvest eleetgnetic and thermal energy into

ultrafast mechanical oscillation [106, 120].

5.3. Summary

In summary, we demonstrate the CNT-initiated foramabf a CNS from substrate-
supported graphene, using MD simulations. The CN3hown to help overcome the
energy barrier to form an overlap in graphene. Otinee overlap is formed, the
graphene can spontaneously roll up into a CNS. slieeessful formation of a CNS
depends on the CNT diameter, the C-C interactisangth and the graphene-
substrate interaction strength. The phase diagtatairned from this study elucidates
critical parameters governing the formation of CN@sn graphene. With the ever

maturing fabrication of high quality CNTs and la@®ea graphene on substrates, and
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the nanopatterning technique to position thesedimgjlblocks at high precision, the
CNT-initiated formation of CNSs holds great potahteading to a feasible, all-dry,
physical fabrication technique of high quality CNS$he resulting CNS

nanostructures hold potential to enable novel nealeslectromechanical devices.

We then demonstrate a new type of ultrafast ax@aloroscillators based on the
abovementioned CNS-CNT nanostrucures. The unigpeldgical structure of the
CNS-based nano-oscillator offers a viable pathwafabricating ultrafast axial nano-
oscillators, addressing a significant challenge gtdl remains for the previously
proposed MWCNT-based axial nano-oscillator. We psapan effective and feasible
strategy to reduce the oscillation dissipation led CNS-based nano-oscillators by
introducing interlayer bridging bonds in the CN$weTperformance of the resulting
bridged-CNS-based nano-oscillators is comparablemodestly better than the
MWCNT-based ones. We further demonstrate the higliggainable oscillation of the
bridged-CNS-based nano-oscillators that can beexkeind driven by an external AC
electric field. With the ever maturing fabricatiohhigh quality monolayer graphene
and nanofabrication technique of patterning narledmailding blocks, we envision a
novel approach to harnessing and storing energy@abscale and over large area,

enabled by distributing CNS-based nano-oscillavoran electronic surface.
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Chapter 6: Summary and FutureWork

6.1. Summary of Major Research Findings

The experimental discovery of graphene has insgredrge of interest in developing
its applications toward novel nanoelectronic devicdue to its extraordinary
electronic and mechanical properties. The atonyicdlin structure of graphene
dictates the strong correlation between the elpitrproperties and the morphology
of graphene. Therefore, the intrinsic or extrinaadom corrugations in graphene
may result in unpredictable fluctuation of electooproperties that is undesirable for
graphene-based nanodevice applications. This théiser attempts to provide
solutions to control the graphene morphology and tits electronic properties via
external regulation. It also demonstrates thatntlogphologic instability of graphene
revealed from this research has fertile potentpglieations, such as characterizing
the adhesion properties of graphene and fabricatarfgon nanoscrolls. The main

research findings of this dissertation are listediolows:

Resear ch Finding 1: The extrinsicmorphology of graphene on a substrate surface is
regulated, distinct from the randoimtrinsic morphology of freestanding graphene.
The extrinsic morphology of the graphene reguldigdhe surface features of the
underlying substrate results from the energy itéggramong three types of energies:
(1) graphene—substrate interaction energy, (2) hgnag@ strain energy and (3)
substrate strain energy. Via energy minimizatidre substrate-regulated graphene

morphology can be quantitatively determined.
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Research Finding 2. Based on the energy interplay, computational modais be
developed to quantitatively determine the equilibri graphene morphology
regulated by the substrates with various surfaatfes, such as sinusoidal grooves,
herringbone or checkerboard wrinkles. Dependinghensubstrate surface roughness
and the graphene—substrate interfacial bondingggnéne equilibrium morphology
of graphene ranges from (1) closely conformingh® dubstrate, to (2) remaining flat

on the substrate.

Resear ch Finding 3: The simulation results show that, in certain cagesgraphene

morphology switches sharply between the abovemeedidwo distinct states. Such
snap-through instability can be explained by theldie-well shape of the total energy
profile when the substrate surface roughness orgtaphene-substrate interaction

strength is near the threshold value.

Research Finding 4: The computational model developed for calculatinigssrate-
regulated graphene morphology can be further erténd determine the graphene
morphology regulated by nanowires patterned inljghran substrate surface. Two
cases are studied: (jyjaphene regulated by widely spaced nanowiresgr@)hene
regulated by densely spaced nanowires. The graphernghology in these two cases
can be regulated by the nanowire size, nanowireisgaand interfacial bonding
energy. The critical nanowire spacing and the aaitinterfacial bonding energy,

where graphene switches between two representatvehologies, are determined.

Research Finding 5: The nanowire-regulated graphene morphology at iatemm

resolution is obtained through molecular mechamicsulations. Two simulation
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cases are considered: (1) a graphene nanoribbercatdted by a Si nanowire on a
SiO, substrate; (2) a blanket graphene flake interedlaly an array of Si nanowires
evenly patterned in parallel on a SiQubstrate. The relationship between the
graphene morphology and both geometric parametads iaterfacial adhesion

properties is revealed.

Research Finding 6: The morphology of few-layer graphene regulated aby
compliant substrate with surface grooves can bdicitkp determined by an analytic
model. Few-layer graphene on compliant substratées two types of morphology:
I) remaining bonded to the substrate; 1) debondmogn the substrate. The sharp
transition between these two types of graphene hobogy can be used to determine
the adhesion between graphene and elastic matexialsicial property that remains

challenging to measure directly.

Research Finding 7: A carbon nanotube (CNT) can initiate the spontaseaolling
of substrate-supported graphene into a carbon nb@o{CNS). The successful
fabrication is dependent on the CNT diameter, th@ Dteraction strength and the
graphene-substrate interaction strength. A phasgaln obtained from this study can
serve as a guidance for controlling CNS formatignvarying C-C interaction and

selecting CNT size.

Research Finding 8: The nanostructure obtained from CNT initiated Qeape
scrolling is a CNS with a CNT housed inside. Beeanfsthe van der Waals restoring
force between the CNT and the CNS, the single ®@&IT can oscillate inside the

CNS at a ultra-high frequency (a few tens to méwanta hundred gigahertz). An
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effective strategy is demonstrated to reduce thksightion of the CNS-based nano-
oscillator by introducing covalent bonds between ¢arbon layers in the CNS. Such
a CNS-based nano-oscillator can be excited andcerrby an external AC electric

field.

6.2. Scientific Contributions

The scientificcontributions of this dissertation are summarizethe following:

Contribution 1. A strategy to achieve precisely control of graghenorphology

over large areas via extrinsic regulation (e.ghstate surface features, patterned
nanostructures on substrate) has been proposeenéta theoretical framework and
computational models to determine the regulateggrae morphology have been
formulated and benchmarked by a wide range of satiesteatures and nanoscale

scaffolds.

Contribution 2: The snap-through instability in graphene morphyloggulated by
various types and dimensions of nanoscale extrswaffolds has been revealed. The
snap-through instability can potentially lead tosic#ble graphene electronic
properties that could potentially enable new grapheased functional electronic
components (e.g. nano-switches). Furthermore, thap-through instability of
graphene morphology on compliant substrate shegié bn a feasible pathway to
characterizing the graphene adhesion, a crucigdepty that remains challenging to

measure directly due to the ultra-thin profile cdghene.

Contribution 3: An all-dry physical approach to fabricating carboanoscrolls
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(CNSs) has been demonstrated. The results protgehis dissertation can serve as
the guidance for high quality CNSs fabrication. Awntype of ultra-fast nano-

oscillators based on the resulting CNS/CNT nanosira has been demonstrated,
which could be potentially used for energy transidmc harnessing and storage at

nanoscale.

6.3. Futureresearch

Although this dissertation has attempted to addsesse critical issues in regulating
graphene morphology and the related morphologtalnigy of graphene, the present
research only reveals the tip of the iceberg offdrdle research field of graphene
morphology and its applications. Following are soexample issues on graphene

morphology related to the present research whiel e be further explored:

1. Graphene morphology on random rough substrate surface

This dissertation studies the morphology of gragheegulated by the patterned
surface features on the substrate. In realitys imore common that the substrate
surfaces randomly fluctuate within a certain rouggs: range. These random
fluctuations in substrate surface certainly wifieat the morphology of graphene on
top of the substrates. In order to precisely comraphene’s electronic properties via
strain engineering, the relationship between gnaphmaorphology and the substrate
random distributed roughness has to be investigiiedeover, recent experiments
show that the surface roughness as well as thé#ofricof few-layer graphene

increases as the number of graphene layers desr&essuse in graphene-reinforced

nanocomposites, the interfacial friction betweew-fayer graphene and polymer
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matrix plays a pivotal role in the mechanical feglwof such nanocomposites, it is
crucial to understand the effect of the substradé&imroughness and the number of

graphene layers on the morphology and frictioreef-fayer graphene.

2. Morphological instability of graphene on compliant substrate under large

deformation

The wrinkling of thin films on compliant substrdtes been intensively investigated
recently. The wrinkles come from the large compogss the thin film, induced by
either the pre-stretching of the compliant substi@t the difference in the thermal
expansion coefficients between thin film and swdistr Experiments have already
observed the wrinkling in graphene on polymer galstcaused by the thermal
mismatch. However, given the huge difference in meaaal properties between
graphene and other thin film materials, the wrimglimodes of graphene could be
quite different from that of thin films. It is undain that whether the buckling
analysis of thin film based on elastic theory i#§ salid for graphene. Moreover, the
length scale of graphene wrinkles observed in exygits ranges from hundreds of
nanometers to several micrometers, which is mudgefathan the size of intrinsic
ripples in graphene. Therefore, how to determimevthinkle size in graphene and the
effect of such wrinkling on the electronic propestiof graphene becomes an

important issue for the future realization of grapé based flexible electronics.

3. The deformation behaviors of carbon nanoscrolls

The deformation behaviors of CNTs have been studmdprehensively in the past

two decades. For example, simulations and expetsreave shown that CNTs are

130



susceptible to buckling under different loading @itions (compression, bending and
torsion). The structure of CNSs looks similar tattbf CNTs, but they are distinctly
different. The unique spiral and topologically-opructure of CNSs may influence
the deformation behavior of CNSs significantly. 8o, no study has been done to
investigate the deformation behaviors of CNSs, @apg the buckling of CNSs. To

address this question and further compare the bgdiehaviors of CNSs with that of

CNTs, atomistic simulations or theoretical modelivagd to be carried out.

4. Applications of snap-through instability of the graphene morphology

The snap-through instability of graphene morphologysubstrate with engineered
surface features provides a new feature to enabdgphgne-based functional
electronic components (e.g. nano-switches and nesunators). It is expected that
when the dimensions of substrate surface featuresclase to the critical values
where the snap-through instability occurs, a smaternal stimulus could lead to
significant change of graphene morphology and #ites the electronic properties of
graphene. The external stimuli could be any subjeat can either modify the

interfacial adhesion between the graphene and thstrate, or vary the elastic
properties of graphene. For example, the exterma@ul could be electric fields,

chemicals or gas molecules. However, further syatemstudies, especially

experimental studies, are desired to further detnatesthese novel device concepts

based on the snap-through instability of grapheasmhology.
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