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Abstract

In many graphene-based devices graphene is adhered to a substrate that influences
its performance, rather than being present in a free standing form. The interac-
tion of graphene with these substrates can lead to deformations that give rise to
out-of-plane architectures with new properties such as superhydrophobicity, opened
electronic band gap, and higher in-plane rigidity. Earlier experiments and simulations
with graphene-substrate interfaces demonstrating reversible and repeatable stacking
of out-of-plane buckled graphene to create ridges, which are stacked protrusions of
graphene, warrant a detailed understanding of the underlying mechanisms of graphene
ridge formation, especially for design of tailored nanostructures. Ridges are created
through substrate-mediated compression of graphene, therefore, these ridges should
be related to the graphene-substrate interface. It is unknown what the direct effect
of the substrate on ridge formation is besides the work done studying graphene’s me-
chanical response to compression. It is necessary to understand how the substrate
affects graphene deformation in order to fully utilize the range of accessible graphene
deformation shapes.

To systematically study the formation of ridges in graphene, molecular dynamics
simulations are performed to characterize the deformation of graphene on substrate
during and after axial compression of graphene nanoribbons, high aspect ratio (10:1)
single layer sheets of graphene in this work. This is done to investigate the hypothesis
that graphene deformation depends on the underlying substrate in terms of corruga-
tion wavelength and amplitude and graphene-substrate adhesion energy. In the first
part of this thesis a quantitative scheme is formulated to characterize and predict
these deformations. A critical value of interfacial adhesion energy marks a transition
point that separates two deformation regimes of graphene on substrate under uniaxial
compression; the deformation regimes are binary featuring the stacking of graphene
after buckling in one case and no stacking, otherwise.

These ridges are a product of the graphene limit point buckling, where growing
out-of-plane folds of graphene stack and self-adhere. In the second part of this thesis,
after establishing the role of substrate and key interfacial properties, the atomistic



mechanisms underlying the formation, evolution, and localization of graphene ridges
are investigated using fracture mechanics theory and molecular dynamics simulations.
It is shown that there is no intrinsic characteristic length scale over which to achieve
certain graphene shapes or see any repeated shapes as suggested in previous exper-
iments, but instead these shapes can be tuned by substrate selection and design, a
novel approach presented in this thesis. Moreover, a major result of this work is that
the location and density of surface features in graphene-substrate systems can be
controlled by substrate engineering at nanoscale resolutions, which could be used for
developing graphene-based devices with a more efficient use of material, or with tai-
lored distribution of surface futures that lead to specific applications. Efficiency gains
can be made through use of less material and more controlled spacing of graphene
ridges. The immediate impact of this work is most clearly realized in large scale ma-
nipulation of graphene where targeted deformations of different regions of the same
graphene sheet can be executed using a single rationally designed substrate. Shifting
the mindset from using the substrate as a stage, but as a tool, opens up the potential
for more intricate graphene deformations at the nanoscale.

Thesis Supervisor: Markus J. Buehler
Title: Professor of Civil and Environmental Engineering
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List of Figures

1-1 Substrate-mediated compression of graphene nanoribbons gen-
erates different three-dimensional shapes. Out-of-plane deforma-
tion of graphene nanoribbons is a function of the graphene-substrate
interface. Shown in the right three panels are several representative
shapes graphene can assume as it is being compressed. One of the

aims of this thesis is to elucidate the causes of these different deforma-

2-1 Molecular dynamics flowchart. The first step is to initialize a sim-
ulation by providing starting positions and velocities. Afterwards a
simulation can just run indefinitely once a potential is provided. De-
pending on user interest the simulation can involve more complicated
boundary conditions or just stay approach and stay at equilibrium.
The simulation is done when the user terminates either by setting a
maximum number of timesteps or the simulation can crash in which
diagnostics are in order to resolve the issue. The goal at the end is
to have accrued enough desired data for the properties of interest to

proceed with thestudy. . . . . .. .. ... .. oo oo



2-2 Morse potential parameter sensitivity. The Morse potential is

3-1

3-2

plotted without zeroing the potential for easier visual comparison. It
is clear that D represents the depth of the potential energy well and
a represents the steepness or stiffness of the potential energy function.
The equilibrium bond distance is set to 1.3 A for all plots; the minimum
energy occurs at the equilibrium bond length. Dashed lines are the
same original parameter set of (a,D)=(4,1) and are reproduced in all

panels for reference. . . . . . . ... ..o oL

Validation of the force field used for carrying out the sim-
ulations. (a) Schematic of the test simulations run to compare the
AIREBO and Morse potentials. Simply supported edges are achieved
by fixing a line of carbon atoms on either side of the graphene sheet.
Compared to AIREBO the Morse potential is in well agreement for
(b) indenter radii less than 30 A. The maximum effective radius of the

substrate beads used in simulations is 10 A, so the Morse potential,

which is more efficient in this case, is chosen over AIREBO for this study. 53

Setup of the system to model graphene ridge formation. (a) A
graphene sheet is overlain on a composite substrate. (b) The substrate
is made up of a Lennard-Jones (LJ) 9:3 potential wall embedded with
LJ 12:6 potential beads to model hetérogeneity in the substrate as op-
posed to a perfectly smooth surface. There is no interaction among
beads and the beads are treated as rigid bodies. Displacement control
is used to apply compression at a strain rate of 0.2 ns~!. The param-
eters varied in different simulations are the nanowire spacing (§) and

interfacial adhesion energy. . . . . . . .. .. . L o oL



3-3

3-4

Phase diagram of deformation regimes showing finite range of
shapes graphene can form during compression for a given range of inter-
facial adhesion energies and substrate surfaces. Adhesion energy of the
graphene-substrate interface controls when graphene ridges as opposed
to buckling out of plane without self-adhesion for a given substrate sur-
face. Bead spacing in the composite substrate determines the onset of
deviation from the single ridge regime. The higher the beads spacing
is, the lower the adhesion energy allowance for the single ridge regime.
Power law relating the two parameters is fit to v = 476956 %875, where
v is the interfacial adhesion energy. Inset: Representative profile view
of the various shapes observed for graphene during compression to 23%
strain. Inset bottom left: Three-dimensional view showing all parame-

ters considered for this study, configuration energy, interfacial adhesion

energy, and bead spacing. Transition points are shown as green triangles. 57

Representative shapes of graphene nanoribbon deformation
configurations after uniaxial compression on substrate. (a)
Single ridge regime occurs for all substrates independent of the bead
spacing as long as interfacial adhesion energy is below the critical value,
which is a function of the bead spacing (500 A, and 111.4 mJm 2 shown
here). (b) For high bead spacing above the transition point concurrent
ridge creation and buckling can occur (500 A and 276.4 mJm 2 shown
here). (¢) Above the transition point for low bead spacing only buckling

is observed (71.4 A and 1579.2 mJm~2 shown here). . . . . . . . . ..
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3-5

3-6

Normalized configuration energy of the compressed graphene
on top of substrates with different bead spacing. As the nanowire
spacing decreases the energy required to deviate from the single ridge
regime increases, especially for high interfacial adhesion energy sys-
tems. For these systems ridge formation becomes a less energetically
favorable deformation mechanism in favor of the more easily accessible
buckling on top of more packed beads. The adhesion energy is normal-
ized to one bead in order to account for the unequal number of identical
beads in simulations with different nanowire spacing. This also shows
that the transition point happens at around the same adhesion energy
per bead. Hill equations [1,2] were used to fit the data and find the
transition energies for each beads spacing. The equations are of the
form U =g [(%)n+l]“1 + s, where U and ~, are the total potential
energy and adhesion energy per bead, respectively, and g, ¢, n, and
s are fitting parameters of the Hill equations. The transition energies
per bead are clustered around 0.40 mJm 2 per bead at 0.46, 0.42, 0.37,
and 0.36 mJm™2 per bead for beads spacing of 500, 333, 143, and 71.4
A, respectively. . . . . . ... oo L

Different relationships between the total configuration poten-
tial energy of deformed graphene sheets viewed through dif-

ferent lenses. (a) The potential energy as a function of the adhesion

61

energy is linear U = [6.636 x 107 (m2 mol_l)] 'y+[1.837 x 101 (mJ mol_l)]

, (b) as a function of the spacing the relationship takes the form
of an inverse square law U = [3.209 x 10" (mJ A? mol“l)] 8% +
[2.007 x 101 (mJ mol_l)] by referring to Eq. (3.3). This is expected
as there was shown to be a power law relationship between total ad-
hesion energy and spacing providing a design criterion for graphene
nanodevices. It is readily seen that control of interfacial adhesion en-
ergy is more favorable as it exhibits a linear response with respect to

graphene configuration. . . . . . .. .. ... Lo Lo Lo



4-1

4-2

Model Setup. (a.) Graphene nanoribbon is modeled on a substrate
with set surface features. Fully atomistic graphene (shown in blue)
and Lennard-Jones components modeling the substrate are used in the
molecular dynamics simulations. The graphene nanoribbon and sub-
strate are compressed under displacement boundary conditions. The
edges of the graphene nanoribbon (shown in brown) are clamped and
compression is done in the armchair direction. For a heterogeneous
substrate, asperities can be considered as nanowires (as in Chapter
3, shown in red) are introduced on the bulk-like substrate (shown
in green). The asperities resemble surface features of physical sub-
strates, such as roughness, composite substrates that are overlaid with
nanowires, or substrates with tailored surface features. (b.) The ho-
mogeneous substrate is made of a 9:3 type Lennard-Jones potential
wall whose energy well is varied to change the interfacial adhesion
energy. The heterogeneous substrate is made up of both a 9:3 type
Lennard-Jones potential wall whose energy well is kept constant and
12:6 Lennard-Jones particles arranged in rows whose energy wells are

varied to change the effective interfacial adhesion energy. . . . . . . .

Components of critical energy release rate. The energy release
rate is calculated throughout the whole deformation process up to the
critical point. The energy release rate closely follows the potential en-
ergy of the system until it becomes greater than the potential energy
of the system at which point the critical energy release rate is reached
and plateaus. The potential energy drops as the stored energy in the
graphene nanoribbon is released. The change in interfacial energy is
also plotted showing no net change as the graphene and substrate are
perfectly laminated in the beginning of the deformation, but as soon
as delamination happens the change in interfacial adhesion energy nor-
malized by the delamination area exactly equals the effective interfacial

adhesion energy prescribed in the simulation, as expected. . . . . . .
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4-3 Atomistic ridge formation mechanism. Graphene is compressed
up to a critical force after which delaminated buckling occurs followed
by a transient tearing off of the substrate (A) that leaves behind a
large delaminated area. As compression continues the edges of the
delaminated area re-adhere (B) and the graphene film starts to grow
out of plane (C). In part due to the original large delaminated area
at buckling, there is some free-standing graphene held up above the
substrate-supported graphene which does not get compressed by the
substrate creating a pinching effect (D) at the base of the delaminated
region of graphene. Further compression guarantees self-adhesion (E)
of the graphene creating a ridge after this pinching in effect and grows
the ridge taller (F). Self-adhesion (D — E) is energetically favorable
because it decreases the area of free surface caused by delamination
and less graphene is subject to bending. Load displacement curves
show a linear increase in load as the graphene-substrate composite is
compressed up to the point of initial delamination. This point cor-
responds to the attainment of the critical energy release rate at the
interface, delamination initiation, dissipation of stored strain energy

(A) in the graphene nanoribbon, and the onset of delaminated buckling. 74
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4-4 Pinning at asperities. Ridge formation depends on the ability of

4-5

graphene to buckle out of plane and slide over the substrate. When
asperities are on the substrate they become possible pinning locations
of graphene inhibiting sliding. The asperities used in this chapter were
modeled off the asperities used in Chapter 3, which provides further
detail on the modeling choices and rationale. The strength of this inter-
action at the asperities determines the eventual shape of the graphene
nanoribbon. A weaker interaction (a. 0.063 Jm™2) will result in ridge
formation. A more constraining interaction (b. 1.171 Jm =2) will leave
the graphene sheet unable to slide and pool in one location prohibiting
in pinching in from happening and leaving the graphene stuck at a

buckled shape without self-adhesion. . . . . .. ... ... ... ...

Homogeneous versus heterogeneous substrate effects on in-
terfacial energy release rate. Critical energy release rates for two
sets of substrates as a function of their effective interfacial adhesion en-
ergy shows why a transition from ridge formation to buckling without
self-adhesion is seen in simulation. For the homogeneous substrate as
the effective interfacial adhesion energy increases so does the critical
energy release rate. However, the same does not apply for the het-
erogeneous substrate. Instead, the critical energy release rate of the
heterogeneous substrates reaches a maximum as the adhesion energy at
the asperities reaches a critical value that corresponds to a decrease in
toughening ability. The high level of adhesion at the asperities creates
an unfavorable stress intensification that weakens the interface leading
to large areas of delamination between the asperities, which are in this

case regions of localized high adhesion energy. . . . . . . . ... ...
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4-6

Ridge location and spacing can be tuned via substrate design.
Using strong (0.447 Jm~2) and weak (0.140 Jm~2) regions of adhesion
allows control of ridge nucleation location (A). The difference in strong
and weak adhesion regions can be within 10% and the effect would
still be enough control where ridges form. On a large scale, adhesion
energy patterning can be used to tune frequency of graphene ridges.
The effect of ridge-ridge annihilation is clearly seen when creating two
weak regions of adhesion and observing only one ridge forming (B).
Control on ridge numberkis not as easily achieved through adhesion
alone (C; strong: 1.177, weak: 0.447 Jm~2) even with introduction of
asperities. . . . . . . . L L L e e e e e e
Partitioning can control ridge number and height. Pinning
graphene to the substrate to eliminate sliding of graphene over sub-
strate enables control of ridge number. Eliminating sliding effectively
eliminates ridge-ridge annihilation and allows ridges to form on oppo-

site sides of the pinned graphene. . . . . . ... .. ... ... ... .
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Chapter 1

Introduction

Graphene, a two-dimensional sp2-hybridzed honeycomb lattice of carbon atoms, has
great promise for use in nanoelectronics [4, 5], nano devices [6, 7], and biomedical
sensors [8] due to its ultrathin nature and outstanding electrical [9-11]|, mechani-
cal [12], thermal [13], and optical properties [14-16]. A key property of graphene is
its high flexibility complementing its high strength, which allows it to assume various
bent configurations in many novel applications [17,18]. Recent experimental work
has shown controlled changing in the topography of planar multilayer graphene to
induce super hydrophobicity and to mimic muscle actuation through an applied volt-
age across a graphene substrate interface [19]. This control of graphene shape and
topology opens new avenues for applications of graphene materials, increasing the
versatility of graphene as a building block of new electrochemical capacitors [20,21],
photodetection devices [22], biosensors |23], to name a few, and as a platform for
novel nano devices.

Despite the extensive attention dedicated to graphene, it still remains an astound-
ing material for research not only for its well-known remarkable mechanical [12], elec-
trical [24], thermal [13], and optical [25,26] properties, but as of late, also due to its
micromechanical response to deformation [27-30]. In fact, graphene being compressed
on a substrate generates many different shapes (see Fig. 1-1), whose manipulation
opens the door to even more additional properties [31,32]. Some of them, like wet-

tability and hydrophobicity, are readily tuned through mechanical stimulus [19, 27].
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Figure 1-1: Substrate-mediated compression of graphene nanoribbons
generates different three-dimensional shapes. Out-of-plane deformation of
graphene nanoribbons is a function of the graphene-substrate interface. Shown in
the right three panels are several representative shapes graphene can assume as it is
being compressed. One of the aims of this thesis is to elucidate the causes of these
different deformations.
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Others, like electronic transport properties, can be further tuned due to twisting and
compressing graphene sheets [33,34]. Additionally, graphene-based applications often
need to integrate graphene into devices by adhesion to a substrate. This substrate
can induce deformations on graphene due to specific graphene-substrate interactions.
Thus, the above-mentioned micromechanical response of graphene to deformation,
together with these substrate-induced deformations has boosted a growing body of
research focusing on graphene-substrate interfaces towards emergent properties for
novel applications, e.g. graphene strain engineering [35], or substrate mediated com-
pression [19, 21, 36]. Therefore, fundamental understanding of the atomistic mecha-
nisms underlying the deformation of graphene by the interaction with the substrate
and the structure-property relation of graphene-substrate systems is crucial for a ra-
tional systematic patterning of the overlying graphene morphology at the macroscale.
However, this fundamental research is often relegated for the sake of novel proof-of-

concept and product-driven applied research applications.

Self-adhesion of compressed, delaminated graphene most closely resembles local-
ized delaminated ridges of thin films compressed on a substrate, where the thin film
in literature is stiffer than the underlying substrate [37]. In some cases, the sub-
strate even deforms upwards, following the film, and into the localized ridge without
any film delamination. The resulting out-of-plane protrusion also has a sharp-curved
ridge tip. On the other hand, graphene forms ridges after delamination over rigid

substrates with a racket-type loop at the ridge tip [17].

Graphene ridge formation during uniaxial compression progresses with delami-
nated buckling, growth, collapse and finally self-adhesion (stacking). The shape of
delamination is not unique to graphene and previous research has studied in depth
the relation between buckling shape, characteristic length scales, and onset of delam-
ination for thin films on substrate [38]. Further compression grows the ridge more as
it is fed by the surrounding planar graphene. Ridge growth can be manifest in ridge
height or the tall, slender graphene protrusion can collapse on itself forming scrolls

and regions of multilayer graphene at higher levels of strain [18].

This thesis analyzes a phenomenon of thin film mechanics manifest in graphene
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sheets on substrate, namely delaminated buckling. When placed on a substrate mono-
layer graphene acts as a thin film to the extent of buckling when subjected to trans-
verse compression. This compression force comes as a shear force across the graphene
the substrate interface. Compressing the substrate allows for the compression of the
overlaying graphene sheet indirectly. Compressing graphene in this way can lead to
sticking and slipping on the substrate in some cases. Choice of substrate begins to
play a role using this method. In this thesis, the goal is to abstract the substrate
so as to only deal with a graphene sheet and model substrate without prescribing
a particular substrate. What motivates this research are the potential applications
of what comes next when graphene compresses as a thin film. Graphene exhibits
desirable properties when compressed on substrate. A big theme in this thesis is
that more can be gained by exploiting the substrate (e.g. tailoring substrate surface
properties, substrate material selection) to more efficiently utilize it as an apparatus

for manipulating graphene shape, rather than just using the substrate as a stage.

1.1 Research hypothesis

The key question this thesis aims to answer is why and how do observed ridges arise
in graphene as it is subject to compression atop a substrate. Furthermore, can this
deformation be controlled and to what extent? This work is motivated by the poten-
tial of the myriad of applications discussed in the previous section. There is sufficient
work in the literature to support this research endeavor and to allow for formula-
tion of hypotheses to answer these questions [14,19,27,31,35-37,39-56]. The first
part of this thesis will investigate the hypothesis that graphene deformation response
depends on the underlying substrate in terms of corrugation wavelength and ampli-
tude and graphene-substrate adhesion energy. Previous work has shown dependence
of graphene fracture properties on graphene-substrate adhesion energyl. Also, the
dependence of graphene topology on substrate roughness and corrugation has been
established in the literature [41,57-60]. The work presented in this thesis combines

these two parameters, graphene-substrate adhesion and substrate roughness, to ex-
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amine large three-dimensional (> 10 nm) ridges in graphene. The second part of
this thesis extends this work to draw a clearer picture of the mechanisms of graphene
ridge formation having established two key parameters that control this mechanism.
This is taken further in order to address the second key question about the extent to
which this graphene ridge formation can be controlled spatially. The next section will
provide motivation from the literature for addressing these questions and examine

previous work to put this thesis in the context of the literature.

1.2 Literature review

The literature of graphene thin films may be categorized in many ways. A theme,
however, arises: Graphene shape and form manipulation facilitates diverse function-
alities |61]. Almost ironically, the 2D material is being contrived and worked into
diverse 3D shapes to illicit even more desired material behaviors and responses to
broaden its properties and application. This can be done with substrates present;
although, substrate importance and participation varies from study to study.

Several studies have been spurred by the realization of graphene ridge formation
and controlled folding and unfolding with and without a substrate [19,27,36,45-52].
Many works have aimed at controlling or otherwise finding new processes to achieve
hierarchical and three-dimensional configurations achievable from an initially planar
graphene sheet. Modulation is key since this implies reversibility in many of the
applications considering these graphene-based devices. As such, to set the stage for
the thesis it is important to familiarize with the literature concerning thin film resting
on substrate, specifically graphene and its integration in devices and applications
forthwith. The remainder of this section will aim to provide a quick survey of this
immense body of literature.

Earlier work on buckling of thin films has characterized the delamination of thin
films from substrate, a key initial step in the graphene ridge formation studied in
this thesis [38]. Vella et al. presented a macroscopic study of the characteristic

lengths associated with thin film delamination and buckling as a function of thin
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film material properties (bending stiffness, Young’s modulus, Poisson’s ration) [38].
Moreover, the analysis is extended to relate the interfacial adhesion energy to these
characteristic length scales for a thin film allowing for measurement of the interfacial
adhesion energy from the size of the macroscopically observed delaminated buckles.
With knowledge of the interfacial adhesion energy, the researchers can also predict
maximum stress, and therefore allowed thickness, for thin films on substrate, thereby

creating a design guide for use in building stretchable electronics, for example.

Pairing thin films with substrate introduces a level of control that can be utilized
for composite design. Brittle thin films can be afforded ductility when placed on
a layered substrate featuring soft and stiff layers [39]. By placing the soft layer in
contact with the thin film, the composite can be stretched more. This study highlights
a composite design aspect of interface engineering to generate emergent properties
at the composite level not possessed by the thin film alone. Thin film mechanics
also elucidates the appearance of wrinkles and wrinkling patterns throughout the
thin film [40-43]. This is not lost on researchers as opportunities arise to combine
inherent thin film behavior with material intrinsic properties such as conductivity.
One such study examines hierarchical wrinkle patterns of conducting thin films and
demonstrates wrinkle pattern control can be achieved through various manufacturing
processes [44]. For graphene, this opens a synergistic research opportunity to create

varied wrinkling patterns and examine the emergent properties that arise.

Strain engineering can create three-dimensional hierarchical structures from a pla-
nar sheet of graphene, increasing its accessible surface area much like the cristae of
mitochondria. Moreover, given graphene’s exceptional conductivity it is a favorable
material for future electrodes and supercapacitors. These and more examples will be
explored in the remainder of this section to illustrate the need for a facile means of
achieving arbitrary shapes of graphene. Many proposed and future graphene-based
devices will rely on manufacturing processes borne of fundamental research on 2D
material nanoscale manipulation and forming analogous to forming process of metals

in contemporary technology.

Many studies focus on controlling the topology of graphene. One way graphene is
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manipulated involves shock cooling with liquid nitrogen to create elastic folded sheets
of graphene [45]. This method does not involve a substrate, but rather an aqueous dis-
persion derived from graphene oxide. After cooling with liquid nitrogen, the graphene
folded structures are isolated by freeze drying the whole suspension. The result is an
elastic graphene folded structure that can withstand repeated cycles of axial loading
without material degradation and maintains its Japanese fan-like folds that lie on
parallel axes. These folded graphene structures, however, are not reversible. Once
the folds are created the graphene is fixed in that new shape, possibility deprecating

the ability for tunability of any novel properties.

Another study aimed at graphene form manipulation involves heat treatment in-
stead of cooling. Researchers have shown localized control of graphene topology
through substrate heat treatment [36]. Unlike the previous cooling method to gener-
ate folded graphene structures, this study utilizes heat treatment of the underlying
substrate to generate localized folded areas of graphene such that flat and folded sec-
tions of graphene can exist on one sheet. Furthermore, this process is reversible allow-
ing the graphene sheet to be flattened after folding by again reheating the substrate.
However, although reversible, this method still requires heat treatment of the sub-
strate to achieve reversibility, which might not be amenable to or facile in integrated
graphene-based devices. Both of these studies aim to create better graphene-based

materials for use in electrodes and other electrical devices.

Some investigations sideline the substrate, exploring the effects of defects and
mechanical torsional loading conditions to induce wrinkling in the graphene. One
study showed analytically the effect of defects on graphene wrinkling patterns using
von Karman plate theory [46]. The researchers further showed their graphene defect
continuum model developed in this study matches very well with MD simulations
they performed. Bridging continuum and fully atomistic methods creates a powerful
tool for design and material behavior prediction of graphene defect effects. An ob-
stacle remains, however, to match theory with experiment as graphene preparation
and exact defect placement is still an ongoing research effort. While these approaches

are appealing in theory, in practice they are tedious and less scalable for large area
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graphene. However, it is clear from these studies that graphene topology can be ratio-
nally engineered and such schemes made possible for future graphene-based devices.
The goal is to rationally engineer and design arbitrary shapes and structures at the
nanoscale and that is what the fundamental research on graphene topology aims to

understand.

More substrate and interface focused studies rely on the inherent wrinkling in
graphene in addition to nucleation sites to achieve desired graphene topology control.
One such study concerning better substrates for use in creating epitaxial graphene
cites the inherent wrinkling of graphene in addition to the underlying substrate as
key in creating higher quality (in terms of less defects, planarity) graphene [47]. This
further perpetuates the paradigm of tenability of graphene; that nothing is set, and
many of graphene’s properties are accessible to modification. A large part of this the-
sis is subscribed to the idea that few properties are intrinsic to graphene when it comes
to its three-dimensional geometry and that coupled with substrate, geometries that
can also be hierarchical can be tailor made, for graphene and other two-dimensional

materials (e.g. silicone, hexagonal boron nitride, molybdenum disulphide) [36,62-64].

Focusing more on the literature of graphene on substrate, there are also many
applications and insights in literature on this topic. Graphene devices are largely
electrical devices owing to its excellent conductivity (both electrical, faster electron-
ics, and thermal, less collection of heat). It is no surprise then that care is given to the
performance of future graphene devices in the context of being placed on a substrate.
One such study in assessing the mechanical stability, and hence electrical robustness,
of graphene compares graphene performance in two scenarios that replicating possi-
ble graphene-based devices: graphene overlying substrate, and graphene embedded
in substrate [48]. Molecular dynamics simulation complemented with Raman spec-
troscopy are used to illustrate the stress-strain response of graphene in these two cases
under axial compression. Determining critical strain levels for the onset of buckling
is extremely useful for device design, as done by the researchers. Furthermore, the
researchers reveal insight on how surface roughness of the substrate at the interface

skews theoretically predicted critical strains from experimental findings showing that
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graphene behavior is not so much intrinsic as it is dependent on boundary condi-

tions [48], as is also demonstrated by the results in Chapters 3 and 4.

Graphene mechanical response also relates to its electrical and optical behavior,
which is why strain engineering for graphene and to-dimensional material becomes
so attractive. One issue, however, is fatigue lifecycle of graphene. While graphene
is great in the many ways already explained, fatigue plaques almost all materials,
if not all. One study set out to explore the robustness of graphene on elastomeric
substrate in terms of its electrical performance [49]. A key insight uncovered by
the researchers is the limit to which mechanical defects reach within the same strain
range over repeated cycles. As pointed out by the researchers, this arrest of cracks
1s in contrast to most conductive films where onset of cracks fully degrades the ma-
terial. Another study also looked into the mechanical response of graphene, but
this time to its effect on graphene’s optical properties. Three-dimensional graphene
structures are generated and controlled through substrate-mediated compression to
achieve desired photoabsorption levels in broadband photodetection graphene-based
devices [50]. This study is intimately linked with a big goal of this thesis, that being
controlling generated three-dimensional structures by substrate templating. It is not
enough to just axially compress graphene and have it buckle out of plane [51]; this
thesis aims at carefully creating arbitrary rationally designed buckling patterns and
this is motivated by the nuanced application that depend on such substrate-mediated

graphene out-of-plane instabilities.

Other than electrical and optical properties, surface properties that graphene can
confer are also tunable through manipulation of graphene. Ridge instabilities, such
as the ones that will be studied in this thesis, can arise in graphene to create super-
hydrophobic surfaces. Researchers first showed this trait with gold nanofilms [52],
but again, graphene is also a film and it is flexible enough to produce the same ef-
fect [19,27]. Moreover, the hydrophobicity itself can come in two flavors as seen in
nature in the examples of a rose bud and a lotus leaf. On rose buds, water droplets
stick on to the rose bud and do not glide off [65]. On a lotus leaf, on the other hand,

water droplets immediately roll off [66]. The researchers went beyond just plac-
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ing graphene on substrate to replicate these effects. This study was an example of
combining origami and composite film technology with graphene-substrate interfaces
and gold nanofilms to tailor the hydrophobic character of surfaces. Going beyond a
graphene-substrate interface allowed the researchers to switch between two distinct
effects. The substrate is usually homogenous without surface patterning or tailoring
other than its own intrinsic roughness. For these studies the researchers relied on the
substrate, origami folding patterns, and gold nanofilms to manipulate graphene.
These examples are few compared to the body of literature existing about graphene
shape and property control. There are so many such papers that on several occasions
review papers have been warranted and published concerning the topic of graphene
strain engineering and its associated implications on graphene’s properties. In closing
this survey about varied approaches of studying graphene, the reader is directed to
the review literature on the topic for completeness and reference [31,35,37,53-56]. It
is important to understand the immense amount of work dedicated to the mechanics
of graphene and its material characterization under different loading and boundary

conditions.

1.3 Overview

This thesis is composed primarily of two parts, as outlined in Table 1.1. First,
substrate-mediated compression is investigated using two parameters relating to (1)
heterogeneity length scale and (2) adhesion energy scale at the graphene-substrate
interface. These two parameters are varied while investigating the deformation of
graphene. Second, a fracture mechanics framework is developed to analyze this
substrate-mediated compression elucidating on the atomistic mechanisms that cause
three-dimensional structures to form in the process of compression and suggesting
possible design schemes for graphene-substrate interfaces.

Special attention is paid to a method of graphene strain engineering that indirectly
compresses graphene via a substrate. With this in mind, this thesis aims at eluci-

dating the nanoscale occurrences during compression of graphene atop a substrate.
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Specifically, the shapes generated at the nanoscale involve delamination and folding
of graphene. While it is understood some of the surface properties this imparts to the
deformed graphene, it is not clear (1) the steps that happen to create the final shape,
(2) the graphene-substrate interface criteria that determine the ultimate shape, and
(3) the role of substrate material characterization on the deformation of graphene.
The goal of this thesis is two-fold. First, to understand what happens when graphene
is compressed on substrate. This is important because how the graphene deforms,
and why, will help in setting the stage for future fabrication processes and possible
device designs. There are various configurations graphene can take when compressed
on a substrate and these grow the possible application purposes and spectrum of
uses. Second, the effect of substrate through adhesion energy and surface roughness
on graphene is studied to gain further insights for rational design of graphene shapes.

Chapter 2 will provide background and an overview on molecular dynamics as
related to the simulations presented in this work. Chapter 3 will pertain to a broad
nanoscale level sweep of the shapes achievable with substrate-mediated compression of
graphene and identify possible control parameters. While experiments have demon-
strated the potential applications derived from the deformation of graphene com-
pressed on substrate, Chapter 3 aims to achieve a more fundamental understanding
of how and why these deformations occurred, and what design principles can be
learned to further advance the field of substrate-mediated graphene strain engineer-
ing. The second part of the thesis will pursue further a more in-depth analysis of the
fracture mechanics at the interface of graphene and substrate. Chapter 4 focuses on
the atomistic mechanisms that give rise to geometries observed in Chapter 3. Chap-
ter 4 presents data and motivation for future experimental work to achieve rationally
designed graphene topologies. Finally, Chapter 5 will conclude offering outlooks of

this research and ways to expand on this work and take it further.
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Chapter 2

Molecular dynamics

Molecular dynamics (MD) presents a well-developed tool for modeling graphene de-
formation as proposed in this thesis, especially in stimulating Van der Waals (VdW)
type forces for the 2D material. This is because the interactions necessary to model
in this thesis are covalent bonds between carbon atoms and van der Waals forces
between carbon and substrate. With graphene compressed on substrate there is less
chance for covalent bonds breaking. What controls the deformation are the VAW
interactions between the graphene and substrate and self-interaction of nonbonded
areas of the graphene. Van der Waals forces at the nanoscale control graphene shape
and using molecular dynamics gives a lens to study these weak dispersive forces and
their effects on graphene topology under compression. Finite element analysis, on the
other hand, is not as readily equipped to properly model these dispersive nonbonded
interactions. The framework of MD also provides a systematic way to quantify po-
tential energy changes in the graphene-substrate system. Despite the limited size
of system that can be modeled using MD the feature length scales associated with
graphene ridge formation are small enough to allow the choice of MD as a modeling
tool. MD simulations can also complement experimental work that does not always
provide atomic resolution microscopy. Many researchers have likewise used the meth-
ods discussed in this chapter to study graphene using MD [67-78]. In this chapter, a
brief overview will be given on molecular dynamics.

Molecular dynamics refers to a numerical solver for the equations of motion of
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a set of particles. Newtonian mechanics, however, has to be adapted for a rigor-
ous numerical implementation, which is necessary for stability and reliability of the
simulations, providing accurate statistical properties of systems. The fundamental
equation that needs to be solved repeatedly in simulation is Newton’s second law,
F = ma. Molecular dynamics ﬁeeds to include time evolution in calculation of re-
sults from one point in time to the next, i.e. at every timestep. This is developed
further in the next section. Time is discretized into timesteps, so that any numerical
implementation needs to swiftly perform thousands if not millions of calculation for
every one nanosecond of simulated time. This happens because the timestep needs
to be small enough capture the highest vibrational frequency of the smallest atom in

the simulation (e.g. on the order of 107! femtoseconds for hydrogen atoms).

The idea is rather attractive, then, to apply classical Newtonian mechanics on an
arbitrary set of particles. Thus, molecular dynamics is grounded in a well-established
realm of mechanics. The earlier challenges then were more to do with computing
power than resolving the mechanics. Several key developments including more effi-
cient algorithms and advances in computing power really bolstered MD simulations

to their contemporary state.

The nuance that cannot go understated in molecular dynamics is that although
the equations of mechanics allow for reversible evolution, thermodynamics, on the
other hand, introduces the arrow of time. Molecular dynamics is grounded in sta-
tistical mechanics, the physics of a large number of particles that aims to derive the
rules of thermodynamics as opposed to distilling them from experimental observa-
tion, which establishes the procedures and rules that govern MD simulations. There
are many in-depth and eloquent treatises on this subject and the formulation of the
equations of motion for MD as in Tuckerman (2008) and Bowley and Sanchez (1996).
Consequently, this chapter will present a broader view of molecular dynamics, the
fundamental algorithm behind it, some potentials used in this work to further moti-
vate the choice of molecular dynamics to carry out this investigation into substrate-
mediated compression of graphene, and several practical elements of MD simulations.

Appendix B provides an example of a representative molecular dynamics script that
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was used to do run simulations similar to those shown in Chapter 4.

Molecular dynamics is a powerful tool that allows ease of access to scales and
phenomena, inaccessible to conventional methods such as physical experiments. The
distinction is drawn here between simulation and experimentation. For this body
of work, simulations will refer to molecular dynamics simulations and experiments
will refer to physical experiments done in the laboratory, for example, a tension
experiment setup with a manual screw jack or a concrete creep test. Simulation can
then be considered an end reached by the conduit that is molecular dynamics to
translate the physical into the virtual in experimentation. However, the framework
molecular dynamics provides can easily create unphysical situations in simulation
when not properly checked. A classic example is presented about velocity rescaling in
simulations by Harvey, Tan, and Cheatham III [81]. Their study served as a warning
of the errors that can accumulate in the computation behind molecular dynamics and

how these errors can lead to incorrect property calculation.

Potential functions in molecular dynamics terminology determine the interaction
between atoms. It is here, during the development of these potentials, where in-
formation about the atoms in simulation, as with any transitioning point between
length scales, can be lost. To understand why this is so, remember that molecular
dynamics is solving classical Newtonian mechanics problems. In reality, there is a
quantum nature to everything being simulated. However, molecular dynamics simu-
lations, as such, cannot properly calculate properties that rely on electronic behavior
of the atoms (e.g. electronic, magnetic, optical properties). An important nuance to
note here is that the definition of a potential, a set of rules to calculate the forces that
will be acting on particles in a simulation, does not preclude the types of particles
simulated. Molecular dynamics then can be a misleading name because it can both be
used to calculate the thermal conductivity of argon gas [82] or a game of billiards [83]

(i.e. not exclusively dealing with molecules).
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2.1 Time integration

Among the advances that lead to faster computation, such as use of neighbor lists and
parallel computing, algorithms for efficient and fast updating of positions and veloci-
ties cannot be understated. In this section the velocity Verlet algorithm is introduced
and discussed. It is quite popular because it simultaneously updates positions and
velocities, not to mention its formulation will be familiar to any introductory physics
student. As with any MD simulation, initial positions and velocities are set. The
derivation of the velocity Verlet algorithm consists of repeated Taylor expansions of
the position and velocity as functions of time. With r;(¢x), v;(tx), and f;(tx), denoting
the positions, velocities of, and forces on particle 4, respectively, and ®(r;(¢x)) denot-
ing the position dependent potential function, the velocity Verlet scheme can update
positions and velocities simultaneously with known initial positions and velocities and

a given potential function.

ri(to+ At) = ri(to) + vi(to) At + % (fi(tf)> (At)? (2.1)
vi(to + At) = vi(to) + fﬁf)m + %z‘;i(to)(my (2.2)

Bi(to) At — fi(t"n: Ab) _ fir(rff) (2.3)
vilto + AY) = vilto) + 2;% [fi(to) + filto + At)] At (2.4)

where f;(tr) = —V®(r;(t;)). First the positions are updated after f;(¢o) is evaluated ,
ri(to+ At), then f;(to+ At) is evaluated in order to update the velocities, v;(to + At).

2.2 Ensembles

The way molecular dynamics is able to provide any relevant physical information
is based on the idea of ensembles. An ensemble is a fictitious set of microscopic
states that all have the same thermodynamic macroscopic state. For example, given

a set of atoms in an adiabatically isolated box of fixed volume, there is a multitude of
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microscopic states this box can be in that would all correspond to that box having the
same macroscopic state (e.g. same measure of pressure or temperature). Molecular
dynamics, however, at any given timestep only samples one microscopic state at one
point in time (timesteps do not overlap). There are many microscopic states in a
given ensemble. To calculate properties for a system from its microscopic states it
would not be enough to do so based on one snapshot of one microscopic state. Instead,
property calculation is done by averaging over many microscopic states. This can be
done in two ways. Monte Carlo approach averages over many snapshots of different
microscopic states with the same ensemble, while MD does time averaging of all the
microscopic states sampled in a simulation. It turns out by the ergodic hypothesis
that an ensemble average and a time average, when converged, both give the same
result. The two averaging schemes are equivalent. The ergodic hypothesis explains
why Monte Carlo and a Molecular Dynamics schemes are equivalent in terms of their

thermodynamic properties under a given ensemble.

An ensemble is a collection of fictitious microscopic copies that could pertain to the
same macroscopic observables. These copies are not independent, however, and their
similarities actually identify the ensemble. For example, an ensemble whose copies
have the same number of particles (N), volume (V) and internal energy (E) is termed
the microcanonical ensemble and is actually the de facto ensemble in simulations if
no other modifications are made to the time integration scheme (i.e. velocity Verlet
algorithm). In the microcanonical (NVE) ensemble every copy of the microscopic
state has the same number of particles, volume, and energy. The same applies to
other common ensembles used in simulation such as the canonical, grand canonical,
and isobaric-isothermal ensembles. In the canonical ensemble, particles number (N),
volume (V), and temperature (T) are kept the same across all realizations of the
ensemble. The canonical ensemble was actually used for most simulations in this
thesis. The grand canonical and isobaric-isothermal ensembles are termed pV'T and
NPT, respectively, where u and P refer to the system chemical potential and pressure,

respectively.
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2.3 Molecular dynamics software

A molecular dynamics simulation needs to take in as an input a list of commands
the simulation will perform and a set of initial positions and velocities. Usually this
consists of an input script that can specify the initial velocities and a data file that
contains the coordinates for the initial geometry. A widely used molecular dynam-
ics software package that is also used for the work presented in thesis is Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [84]. As with any soft-
ware undertaking it is crucial to know what that software can and cannot do. This is
even more important with molecular dynamics because what is to be expected from
simulations will be limited by the code used to run them. For example, the input
script used to run simulations with LAMMPS can only invoke commands that are
built-in to LAMMPS. Over the years the command list has grown and even some
user-defined commands have been incorporated, but it still remains the best prac-
tice to learn what these commands are and how they might be used in a simulation.
This is how the commands available in a software package can determine how useful
simulation results will be; the commands need to encompass a sufficient set of basic
actions to simulate user-defined models and be able to extract meaningful results and
data. Modeling and simulation can be considered a study in deconstruction of the
components of a complex system and isolating key facets of interest to target desired

features of study.

2.4 Fundamental molecular dynamics algorithm

The main idea behind a molecular dynamics simulation is to observe the evolution
of a set of particles with given initial positions and velocities over a finite timescale.
Then, the approach is to observe the behaviors of particles under certain macroscopic
settings, while also being able to apply additional constraints on the particles or the
entire system to test how they deform or fail under these specific conditions. The

simulation runs computing the forces on the particles at every timestep and updating
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Set initial positions and velocities

4

Choose potential functions, timesteps,
boundary conditions

)

Calculate forces on each particle

y

Update positions and velocities

)

Save trajectory and properties of interest

y

Reached end of simulation?

No
Yes

Save trajectory/results
Perform analysis

Figure 2-1: Molecular dynamics flowchart. The first step is to initialize a sim-
ulation by providing starting positions and velocities. Afterwards a simulation can
just run indefinitely once a potential is provided. Depending on user interest the
simulation can involve more complicated boundary conditions or just stay approach
and stay at equilibrium. The simulation is done when the user terminates either by
setting a maximum number of timesteps or the simulation can crash in which diag-
nostics are in order to resolve the issue. The goal at the end is to have accrued enough
desired data for the properties of interest to proceed with the study.

the positions and velocities (e.g. velocity Verlet algorithm). Initialize, run, terminate,
and analyze. Often this is depicted in a flowchart as in Figure 2-1. The flowchart help
gives a big picture view of what it means to run a molecular dynamics simulation,

and is often instructive for beginning and experienced molecular dynamicists.

2.5 Potential formulations

Potentials define particle interactions within a molecular dynamics simulation. While
it may be instructive to refer to potentials by analogy in common vernacular, a

grounding technical treatment is necessary to understand how they work and why
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they are needed. This section will delve more into the technical aspect of poten-
tials, their functional forms and their implementation. For this thesis, two potentials
will be highlighted as they are the two main potentials that will be encountered in
the following chapters, the Morse and Adaptive Intermolecular REactive Bond Order
(AIREBO) potentials [85, 86]. Discuésing these potentials will speak to other po-
tentials and garner a deeper understanding for their role in MD. Furthermore, these
potentials will be compared to each other highlighting their advantages and disadvan-
tages and their differences. It is oftentimes useful to be aware of as many potentials
as possible when one decides to run a MD simulation in order to maximize efficiency.
After all, being economical with computational time will always be key even as com-
puters get better and fast; that is how progress is pushed forward and how technology
still becomes better and faster.

This thesis aims to present simulations done with graphene as the key material.
The molecular dynamics simulations presented, thus, include potentials adequate for
the simulation of graphene. Two different potentials are used over the course of this
thesis. In the next two sections each will be discussed in turn, the Morse and adaptive
intermolecular reactive empirical bond order (AIREBO) potentials [85-88]. Their
origins, uses, and functional forms will be expounded on and when appropriate their
merits contrasted. It is always essential to understand the power and drawbacks of the
tools for any purpose, and the same rings true with molecular dynamics simulations
of particles. Furthermore, elaborating on these two potentials serves as case studies of
potentials, and so, simultaneously gives insight and comprehension of what a potential

(or force field) is and can be in the realm of molecular dynamics.

2.5.1 Philip M. Morse potential

The Morse potential, named after Philip M. Morse, and derived as a solution to
the Schrédinger equation of the motion of diatomic molecules such as BeO, AlO,
C,, CN, CO, F,, I, Ny, NO, Og, and SiN to name a few. Unlike AIREBO the
Morse potential was analytically derived in Morse’s original paper in 1929 [85]. This

potential was used as part of a suite of potentials to describe the carbon-carbon
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bonding and nonbonding interactions in this study. The Morse formulation was used
specifically to simulate the covalent bonding network in graphene between pairs of
carbon atoms. The main attraction of this implementation is its higher computational
efficiency compared to a reactive potential, such as the one to be described in the next
section. Furthermore, the nature of the simulations in this study did not warrant a
reactive potential formulation as no bond breaking or forming is anticipated during
buckling of graphene. Moreover, to see this buckling no bond breaking or forming
was necessary. Simulations that are concerned with fatigue, for example, would, on
the other hand, need to use a reactive potential to see crack initiation. The Morse
potential from the original paper had the form:

. R 2
OUE (1) = A—D+D (1 _eelr- >) (2.5)

Morse

The term A, meant to zero the potential with respect to the neutral molecule was
later set equal to D, the depth of the potential well, since the zero of the potential is
arbitrary and relative energy differences are more meaningful than absolute values.

The most commonly used form of the Morse potential, thus looks like this:
R 2
(I)Morse(r) =D (1 - e—a(l‘— )) (26)

where « arises from solving the Schrédinger equation with Morse’s original trial func-
tion and represents a stiffness parameter in the potential, and R represents the equi-
librium bond distance, each of which each has to be fit from experimental data or from
the more involved class of quantum mechanics simulations. Plots of the Morse poten-
tial with different values of D and o (with R set equal to 1.3 A), help to demonstrate

their effects on and meanings in the potential (Fig. 2-2).
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Potential Energy (eV)

Bond Length (A)

Figure 2-2: Morse potential parameter sensitivity. The Morse potential is plot-
ted without zeroing the potential for easier visual comparison. It is clear that D
represents the depth of the potential energy well and « represents the steepness or
stiffness of the potential energy function. The equilibrium bond distance is set to 1.3
A for all plots; the minimum energy occurs at the equilibrium bond length. Dashed
lines are the same original parameter set of («,D)=(4,1) and are reproduced in all
panels for reference.
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2.5.2 Adaptive intermolecular reactive empirical bond order

potential

One of the potentials used in this thesis is the adaptive intermolecular reactive em-
pirical bond order (AIREBO) potential, developed for hydrocarbon systems [86-88|.
Graphene is made up entirely of carbon and is not functionalized in this study so
that AIREBO is well suited for modeling the carbon atoms in a graphene sheet
[77,78,89-92]. Since AIREBO is a reactive potential, as will be discussed in this
section, it also means only the initial geometry is required to start a simulation with
no need to specify information about the system, such as enumerating bond and di-
hedral angle lists. Even though no failure of graphene is anticipated in this study
AIREBO provides a benchmark for validation of the Morse-based potential used to
model the graphene sheet in simulation. In this study AIREBO was prohibitively
computationally expensive to perform the systematic sweep of graphene deformation
shapes presented in Chapter 3. Chapters 3 and 4 will go into more detail about the

modeling of graphene.

AIREBO can be readily and succinctly, although deceptively concisely, described
and explained by its name. First, consider the bond order character of this potential.
Bond order as put forth by Abell can be related to coordination number of an atom
in a molecule [87]. This was later expounded on by a set of experimentally derived
parameters by Tersoff, creating an empirical bond order description of a specific
number of elements [88]. Roughly bond order can be thought of as a continuum of
bond strength and inverse of atom coordination number. Triple bonds are stronger
and shorter than double bonds; the bond order of triple bonds is higher than that
of double bonds. Bond order can at the same time inform on the hybridization of
carbon atoms being simulated, and so a classical implementation greatly decreases
computational cost. The downside, of course, is a drop in accuracy, which is remedied

by fitting procedures and a comprehensive enough parameter test set.

Brenner used the Abell-Tersoff analytic formulation of bond order coupled with

a parameter set of hydrocarbons to create a reactive empirical bond order (REBO)
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that could be used to simulate breaking and forming of covalent bonds to model
chemical vapor deposition (CVD) of diamond [87]. The benefit of a reactive potential
such as REBO is that system topology and connectivity is already built-in. The data
file to run a simulation need not specify bond lists or dihedral angles, for instance.
However, this means the onus is shifted on the user to make sure the potential is up to
the task of modeling the system of interest accurately enough. REBO, for example,
only considers nearest neighbor interactions with a slight modification afforded by the
many body information embedded in the bond order correction term of the potential.

This is best exemplified by examining the functional form of the first generation

REBO potential,
ESEBO = V;f + szVZ? (2.7)

where VE and V4 are the repulsive and attractive contributions to the potential,
respectively. Each of these contributions in turn has a distance dependency that
switches the potential on for nearest neighbors only, therein giving REBO its short-
ranged characteristic. The bond order term, b, weights the attractive contribution
based on the bond order of the nearest neighbors, ¢ and j, taking into account the local
environment (this includes coordination number, bond angles). This allows double
bonds for example to be stronger than single bonds in the REBO framework. REBO
utilizes this bond order term to circumvent costly quantum mechanics calculations
using only the coordinates of the atoms. The reader is referred to Brenner’s original

paper for full details of the REBO implementation [87].

A solid network system like diamond might be adequately simulated using the
REBO potential, but even in covalent networks repulsive contributions from the
lattice still play a small role. The short-ranged character of REBO leaves it un-
fit for simulation of liquid hydrocarbon chains, for example, where non-bonded in-
teractions can play a pivotal role [93,94], even more so for 2D materials such as
graphene [63,64,95,96]. Thus, one of the biggest drawbacks of the REBO potential

is its lacking characterization of intermolecular, as opposed to intramolecular, inter-
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actions. Covalent bond breaking and forming is a cornerstone of REBO, and so any
update to this potential would have to work to maintain its reactive capability. An
intermolecular REBO would have to still be able to capture the strength of covalent
bonds while at the same time include extra attractive and repulsive forces in a many-
body local environment. All while only relying on the geometry of the system and not
resorting to quantum mechanical calculations, whose computational cost motivated
a classical reactive potential in the first place. Stuart, Tutein, and Harrison incor-
porated a Lennard-Jones (LJ) term into the AIREBO potential to introduce distant

(more than 2 atoms between) neighbor interactions |86].

The final piece of the AIREBO puzzle is making the potential adaptive. A re-
active potential means atoms can move positions and chemical bonding can change.
Including intermolecular interactions complicates things with a reactive potential be-
cause now not only do nearest neighbor bonding interactions need to be updated, but
also nonbonded neighbor interactions. The potential needs to address many-body ef-
fects on both bonded and nonbonded neighbor interactions. To address this AIREBO

incorporates a suite of switching functions and bond weighting terms.

The Lennard-Jones potential is a ubiquitous, computationally tractable potential
commonly used to model nonbonded interactions such a van der Waals dispersive

forces. The form of the Lennard-Jones 12:6 potential used in the AIREBO potential

Vig-"](rz'j) = 4¢; {(%) - (%) ] (2.8)

where the only two parameters are €, the potential energy well, and o, the point

is

where the potential energy crosses zero and characteristic length scale related to the
equilibrium bond distance through the relation r.q = 260. To ensure this added term
does not tamper with the effectiveness of the original REBO potential LJ interactions
are gated by three separate switching functions which are further weighted by bonding
between atoms. Bond weight ranges from 0, nonbonded, to 1, bonded, for pairs of

atoms. The three switching functions check for:
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1. Connectivity: LJ interactions are turned off for next nearest neighbors and
closer. Neighbors farther than this are weighted by their bond dissociation. LJ
interactions are partially turned on for pairs of atoms sharing three of fewer

bonds with intermediate bond weights in the range (0, 1).

2. Distance: Minimum and maximum cutoffs for the LJ term are defined creat-
ing shells of allowed interaction regions around atoms to include nonbonded

interactions in the AIREBO potential.

3. Bond Order: AIREBO still has to maintain its reactivity. If two atoms are
within bonding distance the LJ term is turned off to avoid the repulsive effect
that would create an artificial barrier for bond forming. However, if the two
atoms are very far apart the bond order switching function is set to zero and
only connectivity is checked to see how much the LJ term should be turned on

if at all.

In effect, the LJ term is turned on between atoms that that are connected by two or
more atoms. These switching functions are separate from the bond weighted distance
switching functions of the original REBO potential that checked whether or not pairs
of atoms were in range to create a bond and if bonded pairs of atoms had moved
too far from their allowed stretched bond length. With these rules set there is one
more addition to REBO to get the full ATREBO. AIREBO also adds an additional
torsional interaction term to account for rotation of bonded atoms about their bond
axis.

The adaptive intermolecular reactive empirical bond order (AIREBO) potential
is as stated. The discussion first starts out with the bond order (BO) formulations
of Abell and Tersoff, to be utilized later by Brenner to create the first generation re-
active empirical (RE) bond order potential for simulating chemical vapor deposition
of diamonds. In an effort to expand on the utility of REBO to include other hydro-
carbons beyond systems that are primarily governed by covalently bonded networks,
Stuart, Tutein, and Harrison [86], and later Brenner et al. [88}, included distant neigh-
bor interactions to the REBO potential. This modification allowed REBO to better
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simulate intermolecular (I) interactions beyond covalent bonds. Finally, a series of
switching functions and bond weighting functions allowed the AIREBO potential to
be adaptive (A) as bonds formed and broke and atoms moved from their equilibrium
positions. The AIREBO potentials further received an update when its performance
under high pressure was less than desirable as compared to quantum mechanics cal-
culations. Thus, AIREBO-M is proposed by O’Connor, Andzelm, and Robbins in
2014 [97], substituting the Lennard-Jones term modeling non-bonded interactions
with a Morse potential term. The evolution of AIREBO serves as a case study in
potentials in molecular dynamics and stresses their bridging role between the physical

and the virtual.
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Chapter 3

Compression deformation regimes of

graphene on substrate

The work presented here was published in:

e T. Al-Mulla, Z. Qin, and M. J. Buehler. Crumpling deformation regimes of
monolayer graphene on substrate: a molecular mechanics study. Journal of

Physics: Condensed Matter, 27(34):345401, 2015.

3.1 Introduction

Many examples of graphene devices and applications have been surveyed in Chapter
1. However, to facilitate this growth and expansion of graphene applications it is
necessary to gain fundamental understanding of graphene’s mechanical instabilities.
This chapter focuses on buckling, delamination, and out of plane configurations of
graphene compressed on substrate. Through these mechanical instabilities graphene
can be tuned to achieve desired transport properties [60,99,100| and pave a path to
create arbitrary three-dimensional nano-architectures.
Passive configurations of graphene on substrate, which are caused by laying graphene

on substrate, have already been studied and heuristic models have been generated
in predicting graphene conformation at the interface [57,58, 101]. These studies

show that substrate surface dimensions and interfacial adhesion energy determine
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the transition points between graphene conforming to the substrate topology and
graphene lying flat on the substrate surface. Determining graphene conformation on
substrate allows for designing and predicting graphene electrical device performance
as graphene’s electrical properties are directly linked to its geometry [102-105]. In
contrast, active configurations of graphene, which are achieved by mechanical com-
pression of the graphene after placing it on a substrate, for example, leads to out-
of-plane geometries [19]. Graphene ridge formation in particular, is a controllable,
active, mechanically accessible shape of graphene already shown to have applications
in flexible capacitors for energy storage [21]. It is an attractive application by using
different graphene configurations as multifunctional surfaces. However, to reach this
goal and be able to quantitatively control the configuration by knowing the critical
condition for structure transitions requires fundamental understanding of graphene
deformation under different mechanical and boundary conditions but not merely the
mechanics of the graphene per se.

The aim of this chapter is to investigate the critical conditions for graphene ridge
formation with different characteristic configurations by using full atomistic molecular
dynamics simulations. Uniaxial compression tests are simulated to study the out-of-
plane behavior of single layer graphene and identify and characterize the detaching
mechanisms of graphene ridge formation on a substrate as seen in experiments. The
effects of interfacial adhesion energy and substrate surface topology, parameters inher-
ent to any material-substrate interface, on graphene ridge formation atop a substrate
are systematically investigated. This will pave the way for future applications by con-
verting graphene into three dimensional folded structures with functional, mechanical

and electronic properties according to design.

3.2 Methods

Graphene ridge formation is modeled based on experimental and simulation work done
compressing graphene sheets on a pre-strained elastomeric substrate [19]. Molecular

dynamics simulations are carried out using the Large-scale Atomic/Molecular Mas-
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sively Parallel Simulator (LAMMPS) software package [84]. The model system is
made up of a fully atomistic monolayer graphene sheet 1,000 by 100 A and an ideal-
ized substrate. The substrate is modeled as an impenetrable boundary condition on
which the graphene rests. Furthermore, different substrates are generated by intro-
ducing different patterns of particles on the surface on this impenetrable wall. These
particles interact with the graphene sheet via a Lennard-Jones potential. Multiple
simulations are carried out varying only two parameters to identify their effect on the
final graphene sheet shape after compression. These two parameters are the overall
interfacial adhesion energy and the length constant that describes the periodic adhe-
sion strength that takes the substrate surface roughness into account for the substrate

models.

3.2.1 Model of the graphene sheet

The fully atomistic graphene is modeled using a Morse potential based force field de-
veloped for carbon nanotubes [106]. This work adopts the same simulation setup using
carbon-carbon bond interactions characterized by a Morse potential, harmonic dihe-
dral angle potential, 12:6 Lennard-Jones (LJ) potential, and cosine-squared harmonic
angle potential (see Table A.1). The choice of potential was to increase computation
tractability and reduce computation time for larger system sizes. Comparisons be-
tween this suite of potentials and the adaptive intermolecular reactive empirical bond
order (AIREBO) [86] are in well agreement and so the faster Morse potential based
force field is implemented.

Validation of the more efficient set of potentials is carried out by indentation of
a simply supported sheet of graphene as shown schematically in Figure 3-1(a). In-
dentation tests are performed on various graphene sheet sizes with various sizes of
indenters. The comparison of the two force fields shows excellent agreement despite
the fact that the AIREBO potential shows larger force and stiffness under extreme
large tensile deformation before rupture, as shown in Figure 3-1(b). Such difference
arises because the Morse potential based force field does not take bond-order change

and bond rupture into account during deformation but AIREBO does, yielding differ-
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ent reaction force at larger tensile deformation. However, such extreme large tensile
loading condition cannot happen during compression before or after ridge formation
because of the atomically thin nature of graphene that places all the carbon atoms
on the neutral axis in bending. Therefore, the Morse potential based force field is a

proper tool that provides efficient and sufficient accuracy for the current study.

3.2.2 Model of the substrate

Modeling the coarse grained substrate was done by introducing a composite substrate
made up of a potential wall and embedded bead particles that both interacted only
with the graphene sheet and not with any other part of the substrate. The potential
wall is a 9:3 LJ wall. Earlier work has shown this choice of a potential was suitable for
a virtual wall and fluid interaction [107] and as a substrate for graphene in simulations
[19]. Just the wall on its own, however, would always only model the substrate as
perfectly smooth. This will be shown to only ever lead to one mode of deformation of
graphene. Embedded beads in the substrate are introduced in order to compensate
for this. Beads are modeled as discrete particles that have a 12:6 LJ interaction with
the carbon atoms of graphene. Varying the interfacial adhesion energy in a simulation
was done by setting the LJ interaction between beads and the graphene sheet. The
arrangement of the embedded beads is changed as a means of changing the substrate
surface topology.

Beads in the substrate are arranged in rows running lengthwise perpendicular to
the direction of the lateral compression in the simulations (see Figure 3-2). Every row
is composed of 233 beads where a row can be thought of as a discretized nanowire
on the substrate. This setup creates a bead spacing, what can be thought of as
spacing between adjacent nanowires [57], parameter in the direction of compression
(the z-direction), which is varied for different simulations to investigate the effect of
substrate surface properties on the final shape of graphene after deformation. The
beads are points that interact only with the carbon atoms through a Lennard-Jones
12:6 potential. All beads are identical in their interaction with the graphene in this

way. The only difference is the position of each bead. Their effective size is a sphere
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Figure 3-1: Validation of the force field used for carrying out the simula-
tions. (a) Schematic of the test simulations run to compare the AIREBO and Morse
potentials. Simply supported edges are achieved by fixing a line of carbon atoms on
either side of the graphene sheet. Compared to AIREBO the Morse potential is in
well agreement for (b) indenter radii less than 30 A. The maximum effective radius
of the substrate beads used in simulations is 10 A, so the Morse potential, which is
more efficient in this case, is chosen over AIREBO for this study.
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of radius 10 A, while the equilibrium separation between a bead and a carbon atom
is set to be 3.76 A. This is done to introduce an out of plane heterogeneity compared
to the equilibrium distance between the graphene and the 9:3 LJ potential wall of
3.35 A.

The interfacial adhesion energy is set through the LJ energy parameter of the in-
teraction between beads embedded in the substrate and carbon atoms in the graphene
sheet. Different energy values are used corresponding to interfacial adhesion energies
ranging from 50 to 2,500 mJm~2 (see Table A.2). Choosing to use the same LJ energy
parameters means different spacing configurations will have different total interfacial
adhesion energy values. This scheme keeps adhesion energy per bead approximately
the same for different nanowire spacing simulations. Small differences arise due to
edge effects. This was done as opposed to keeping the total interfacial adhesion energy
constant and varying the beads from simulation to simulation since this would gen-
erate a different set of beads for different spacing values. The results actually justify
using identical beads as the jump transition between different deformation regimes
occurs in the same range of per bead interfacial adhesion energy (0.3-0.5 mJm =2 per

bead), not total interfacial adhesion energy.

3.2.3 Simulation setup

Interfacial adhesion energy and substrate topology is varied across different simula-
tions to delineate the phase space of possible deformed graphene configurations. Bead
spacing is varied by increasing the number of rows of beads on top of the substrate.
For example, a nanowire spacing of 500 A would correspond to two rows of beads for
a graphene sheet of length 1,000 A. Interfacial adhesion energy is changed through
the 12:6 LJ interactions between carbon atoms and bead particles on the substrate.
It is only these two parameters that are changed in running simulations to identify
the final deformed shape of graphene.

Molecular dynamics simulations with 100 nm by 100 nm graphene sheets with-
out heterogeneity in the substrate and biaxial compression of the graphene-substrate

interface have been reported [19]. By comparison, the graphene nanoribbons in this
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Figure 3-2: Setup of the system to model graphene ridge formation. (a) A
graphene sheet is overlain on a composite substrate. (b) The substrate is made up of
a Lennard-Jones (LJ) 9:3 potential wall embedded with LJ 12:6 potential beads to
model heterogeneity in the substrate as opposed to a perfectly smooth surface. There
is no interaction among beads and the beads are treated as rigid bodies. Displacement
control is used to apply compression at a strain rate of 0.2 ns . The parameters varied
in different simulations are the nanowire spacing (d) and interfacial adhesion energy.

» A

study have an aspect ratio of 10 on a tailored substrate and focus on uniaxial com-
pression. This allows systematic exploration of a wider range of initial conditions
to distill key parameters that affect graphene deformation. While heterogeneity is
introduced through the nanowire-like beads in the substrate, this is still an idealiza-
tion [108|. Various bead spacing values are, thus, implemented to compensate for this
discrepancy. A small system size allows for greater exploration of phase space, but
is also limited in its own regard. Experiments observe ridge formation at the micron
level, but simulations enable observation it at the nanometer level with extremely

high resolution.

Compression of the simulation box occurs at a very high, simulation-accessible
strain rate of 0.2 ns™!. All beads are modeled as rigidly embedded in the substrate
and move with the substrate as it deforms. Time integration is performed in the
canonical ensemble at a temperature of 300 K. Clamped boundary conditions are
applied on the left and right edges of the graphene sheet and keep the top and bottom

simply supported. Visual Molecular Dynamics (VMD) was used to visualize the
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simulation trajectory and AtomEye was used to map simulation data on the graphene
sheet [109,110]. To quantitatively compare different final shapes of deformed graphene
sheets the configuration energy is computed for each simulation. Configuration energy
is taken to be the difference in potential energy of the graphene sheet from the final
deformed shape and the initial equilibrated sheet. The final deformed shape is taken

to be after 23% strain in compression is applied to the substrate.

3.3 Results and discussion

A set of simulations are performed with different bead spacing and interfacial adhesion
energies. Interfacial adhesion energy is varied from 50 to 2,500 mJm ~2 and nanowire
spacing (6) is varied from 71.4 to 500 A (14 to 2 nanowires on the substrate surface,
respectively) [57]. Typical values of interfacial energy range in the hundreds of milli-
joules per square meter, from 450 mJm 2 between graphene and silicon dioxide, and
1,000 mJm~2 for copper-graphene interfaces [111,112]. The minimum nanowire spac-
ing is set sufficiently larger than both thé C-C bond length (1.42 A) and the longest
distance across a graphene aromatic ring (2.84 A) in order to avoid confounding size
effects. Results show two distinct shapes that graphene assumes upon compression,
with a distinct transition in between that is a function of the interfacial strength and
roughness of the substrate, as shown in Figure 3-3.

Such an out of plane deformation of graphene sheet can occur in one of two ways.
Graphene can either form ridges or buckle out of plane. In both cases the deformation
is associated with delamination between graphene and substrate. Although graphene
ridge formation has been studied before [20], the focus here is on a particular uniaxial
compression based on previous work [19]. Graphene ridge formation is defined here as
buckling followed by self-adhesion, or stacking,vof the buckled regions of the graphene
sheet, which provides a more stable folded structure than purely buckled ones that
strongly depend on the boundary confinements.

The simulation results quantify how interfacial adhesion energy and substrate bead

spacing define the initial conditions imposed on the graphene sheet that determine
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Figure 3-3: Phase diagram of deformation regimes showing finite range of shapes
graphene can form during compression for a given range of interfacial adhesion ener-
gies and substrate surfaces. Adhesion energy of the graphene-substrate interface con-
trols when graphene ridges as opposed to buckling out of plane without self-adhesion
for a given substrate surface. Bead spacing in the composite substrate determines the
onset of deviation from the single ridge regime. The higher the beads spacing is, the
lower the adhesion energy allowance for the single ridge regime. Power law relating
the two parameters is fit to v = 476950 "5, where v is the interfacial adhesion en-
ergy. Inset: Representative profile view of the various shapes observed for graphene
during compression to 23% strain. Inset bottom left: Three-dimensional view show-
ing all parameters considered for this study, configuration energy, interfacial adhesion
energy, and bead spacing. Transition points are shown as green triangles.



whether the graphene will form ridges or buckle (see Figure 3-3). For a given bead
spacing a graphene sheet will exhibit only ridge formation up to a critical value of
adhesion energy, above which the graphene sheet will also start to exhibit buckling.
Coexistence of ridges and buckled regions is observed for different values of bead
spacing (see Figure 3-4(a)), but the trend of buckling appearing above a critical
adhesion energy is consistent for all substrates regardless of bead spacing. In the
phase space of total interfacial adhesion energy and bead spacing, there is a curve
that delineates the transition point at which buckling begins to occur in the graphene

sheet.

Ridge formation and buckling are not only morphologically distinct, but also ener-
getically distinct. The least energy configuration dictates the shape of a compressed
graphene sheet. Buckling only becomes the mode of deformation after sufficient en-
ergy in the form of interfacial adhesion energy is introduced into the system in this
model. As the interfacial adhesion energy is increased across different simulations,
the evolution of configuration energy due to the deformation of graphene, from the
original flat graphene sheet to its deformed shape, shows a smooth increase from
the ridge creation to buckling regimes. As the configuration energy increases with
interfacial adhesion energy, the deformation mode switches from creating ridges to

buckling.

The same trend occurs for all instances of bead spacing. However, bead spacing
affects this change in configuration energy in two ways. Bead spacing determines the
two deformation regimes of graphene (see Figure 3-5). Higher bead spacing systems
are more likely to exhibit concurrent regions of buckling and ridges, whereas low bead
spacing systems will have either only ridges or only buckling (see Figure 3-4(a, c)).
Formation of ridges causes the configuration energy to decrease due to self-adhesion in
the ridges. For low bead spacing, the interfacial adhesion energy is necessarily higher
due to the increased number of beads in the substrate. Higher interfacial adhesion
energy and the absence of graphene ridge regions lead to a larger difference in the

configuration energy of the two regimes of deformation.

There are two deformation regimes for any given bead spacing. More illustratively,
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Figure 3-4: Representative shapes of graphene nanoribbon deformation con-
figurations after uniaxial compression on substrate. (a) Single ridge regime
occurs for all substrates independent of the bead spacing as long as interfacial adhe-
sion energy is below the critical value, which is a function of the bead spacing (500 A,
and 111.4 mJm~2 shown here). (b) For high bead spacing above the transition point
concurrent ridge creation and buckling can occur (500 A and 276.4 mJm 2 shown
here). (¢) Above the transition point for low bead spacing only buckling is observed
(71.4 A and 1579.2 mJm 2 shown here).



the analysis is extended to consider two extreme cases. The first case is that of infinite
bead spacing. Infinite bead spacing means there are no beads on a perfectly smooth
substrate. The second case is that of zero bead spacing, which is equivalent to having
an infinite number of beads. This also would yield a perfectly smooth substrate.
Naturally, it would then be expected that both cases yield a similar deformation
regime because both reproduce the perfectly smooth substrate, albeit, with a different
level of interfacial adhesion energy strength. First, infinite bead spacing would only
ever lead to a creation of ridges for physical values of adhesion energy below the
transition line (see Figure 3-3). This is readily seen in simulation by turning off bead-
graphene interactions. Second, zero beads spacing (infinite number of beads) would
mean the adhesion energy required to pass the transition from ridges to buckling
would be unattainable, and so, only ridges would ever be observed as a result of the
deformation. However, due to the high interfacial adhesion energy imposed in the
scenario of infinite beads, the ridge does not stay upright after forming. A Lennard-
Jones 12:6 wall is used for this infinite bead case to perform the simulations and the
results match the no beads case in that the graphene only exhibits ridge formation

and no buckling, as expected.

A power law relation exists between the adhesion energy at the transition point
and the bead spacing of the substrate (see Figure 3-3) directly linking the different
bead spacing values to different values of interfacial adhesion energy. The two pa-
rameters, spacing and adhesion energy, can be decoupled by relating each of them to
configuration energy (see Figure 3-6). Configuration energy as made reference to in
this thesis is the potential energy of a particular graphene sheet due to its geometry
and deformation only, not including contributions from interfacial adhesion energy
directly. The more tightly bound the graphene is to substrate the more strain energy
is stored as graphene is deformed, resulting in a linear relation between configuration

energy and interfacial adhesion energy (see Figure 3-6(a)).

The total configuration energy for transition from buckling to creating ridges
relates to the distance between nanowires in the substrate through two channels:

the number of buckled regions (n) and the deformation energy (U,) of each buckled
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Figure 3-5: Normalized configuration energy of the compressed graphene
on top of substrates with different bead spacing. As the nanowire spacing
decreases the energy required to deviate from the single ridge regime increases, espe-
cially for high interfacial adhesion energy systems. For these systems ridge formation
becomes a less energetically favorable deformation mechanism in favor of the more
easily accessible buckling on top of more packed beads. The adhesion energy is nor-
malized to one bead in order to account for the unequal number of identical beads in
simulations with different nanowire spacing. This also shows that the transition point
happens at around the same adhesion energy per bead. Hill equations [1,2] were used

to fit the data and find the transition energies for each beads spacing. The equations
n+1] L

are of the form U = g [(%) ’ J + s, where U and -, are the total potential energy

and adhesion energy per bead, respectively, and g, ¢, n, and s are fitting parameters

of the Hill equations. The transition energies per bead are clustered around 0.40

mJm~2 per bead at 0.46, 0.42, 0.37, and 0.36 mJm 2 per bead for beads spacing of

000, 333, 143, and 71.4 A, respectively.
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Figure 3-6: Different relationships between the total configuration poten-
tial energy of deformed graphene sheets viewed through different lenses.
(a) The potential energy as a function of the adhesion energy is linear U =
{6.636 x 107 (m? mol_lﬂ v+ {1.837 x 101 (mJ mol’lﬂ , (b) as a function of the spac-
ing the relationship takes the form of an inverse square law U = [3.209 x 10" (mJ A2
mol’l)] 8%+ [2.007 % 1M (mJ mol_l)] by referring to Eq. (3.3). This is expected
as there was shown to be a power law relationship between total adhesion energy and
spacing providing a design criterion for graphene nanodevices. It is readily seen that
control of interfacial adhesion energy is more favorable as it exhibits a linear response
with respect to graphene configuration.
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region. From plate theory, the general form of the bending energy of each buckled

region is given in equation 3.1,

Uy,= | ~EIx*dS (3.1)

W
N | =

where ET is the bending stiffness, « is the local curvature of the plate, and S is the
surface of integration that equals to 6b (b is the width constant of the graphene in the
direction normal to the loading) for the current setup of compression in one direction.
Curvature is expressed as the reciprocal of the radius of curvature, which, as shown
in Figure 3-4, can be assumed to be proportional to § in the substrate with a factor

of ag, as shown in equation 3.2,
K=— (3.2)

One more step is required to account for the length of a graphene sheet (L) that yields
the number of buckled regions as n = L/d, and summing up the bending energy of

each buckled region to arrive at the form of equation 3.3,

N1 Qg 2 a?

where U is the total configuration energy, ¢ is the nanowire spacing in the substrate,

a = sbLEIad2 is a proportionality constant that relates to the bending stiffness (ET)

)
and the total surface area of graphene (bL) and ¢ = Uj is a constant that accounts
for the potential energy of the atomistic system without deformation. In accordance
with this analysis an inverse square law is fit to the data (see Figure 3-6(b)), and find
good agreement recovering the power law relation, this time from mechanics consid-
eration. Knowledge of these relations is useful for the design of graphene topologies
on substrate and for deciding which parameter to control depending on the desired
shape of a graphene system. Moreover, since there was shown to be a power law

relationship between total adhesion energy and spacing at the transition between

graphene folding and stacking (Figure 3-3) these relations provide a design criterion
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for graphene nanodevices. Wherein the two parameters are no longer independent,
choice of substrate set the adhesion energy at the interface thereby dictating spacing
between graphene ridges. Interfacial adhesion energy can be controlled by the choice
of substrate. Bead spacing can similarly be controlled by choice of substrate and can
- also be tailored [113]. The next chapter will explore this idea of controlling graphene

topology further.
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Chapter 4

Graphene ridge formation mechanism
during substrate-mediated

compression

4.1 Introduction

The second part of this thesis aims at advancing the fundamental understanding of
the intrinsic mechanisms that underlie the substrate-induced deformation of graphene
by providing a theoretical description of such processes. More specifically, the fo-
cus is shifted onto the delamination process, which is a crucial initial step, and the
subsequent ridge formation. Chapter 3 was concerned with surveying the different
geometries that are possible with substrate-mediated compression and identifying
and analyzing two parameters of the graphene-substrate interface. It was shown in
Chapter 3 that there is a relationship between adhesion energy and spacing of hetero-
geneities on the substrate surface that is directly linked to graphene forming ridges
or merely buckling before ridges could form. Moreover, good agreement from simple
plate theory and data was shown to be able to account for the transition between
the two states of ridges forming or not provided the potential energy of the system

could be quantified, which it could be in simulation. Equipped with this knowledge,
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Chapter 4 proceeds to analyze the more inferesting of the two deformation regimes
outlined in the previous chapter, ridges.

Fracture mechanics theory and molecular dynamics (MD) simulations are evoked
to study the early deformation stages: right after delamination and up to the self-
adhesion of graphene on the substrate. This allows to gain insights into the atomistic
mechanisms underlying the formation, evolution, and localization of graphene ridges.
While experimental findings are limited to macroscopic features, excluding any atomic
level events associated with graphene buckling and the subsequent stacking of the out-
of-plane sections, MD simulations reveal the atomic-scale mechanisms of graphene
deformation on substrate under compressive loading, which control the morphology
of graphene and the density of three-dimensional surface features. These simula-
tions enable observation of graphene’s intrinsic tendency to self-adhere, or stack,
after buckling and upon further compression. This fundamental understanding could
pave the way for more rational and controlled strategies, not only for developing
three-dimensional graphene-based nano-architectures, but also many other strain en-

gineering applications of two-dimensional materials.

4.2 Methods

4.2.1 Model setup and simulation details

The model setup consists of an initially flat graphene nanoribbon (monolayer) resting
atop a deliberately undefined bulk-like substrate, whose interacting properties are
controlled in simulation. The substrate is kept undefined to maintain generality and
focus on certain features of the graphene-substrate interface, with no interference
from specificities of different substrates. The dimensions of the system are 100 nm
by 10 nm for the finite graphene nanoribbon as shown in Figure 4-1. Since the
bulk substrate has no roughness as is, and has no modular elements, asperities are
introduced to compensate for this fact, modeled as particles with a 1 nm van der

Waals radius, on the substrate to account for possible surface heterogeneity. Keeping
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to the same scheme employed in Chapter 3, a rigid substrate model is used with
seven rows of nanowires to model the asperities (see Figure 4-1). The substrate with
asperities can be used to describe heterogeneity through three different channels:
The first option is modulating spacing between the nanowires to vary the topology
of the substrate surface (14.3 nm in Fig. 4-1). Second, changing the discrepancy of
the equilibrium separation distance between the graphene and the substrate at the
asperities (see Figure 4-la, side view). Third, varying the adhesion energy at the
asperities to differentiate from that of the rest of the substrate. Among all these
sources of heterogeneities to simulate roughness, the last one is chosen as the control
parameter, since it most closely relates to the delamination process at the interface.
It is then varied to effectively create different substrates and interfaces with different
interfacial adhesion energies. In the initial setup for this heterogeneous system, the
vertical (z-direction) equilibrium separation distance between the bulk substrate and
graphene is 3.35 AE; the vertical equilibrium separation between the graphene and

the substrate asperities is 3.76 A (this creates a 0.21 A step at the asperities).

For comparison, in addition to this heterogeneous substrate with asperities, a ho-
mogeneous substrate is also studied as a model of a perfectly smooth counterpart (see
Fig. 4-1b). This homogeneous substrate has no intrinsic heterogeneities, so there are
no disparities of adhesion energy at the interface with graphene. In such a system,
when varying the adhesion energy to generate different homogeneous substrates, this
change applies to the whole interface homogeneously, as opposed to the localized
change happening in the heterogeneous substrate. Furthermore, to compare the be-
havior of graphene and its deformation in both types of substrate, heterogeneous and
homogeneous, an effective interfacial adhesion energy (7o) is defined. The goal of
the effective interfacial adhesion energy is to concisely provide a single parameter to
compare the two types of substrate. For the heterogeneous substrate this effective
adhesion energy is a function of the adhesion energy from the asperities and the bulk
substrate. In practice, when performing simulations only the adhesion energy of the
asperities is taken as a parameter, while the adhesion energy of bulk substrate is

constant. Thus, in the heterogeneous substrate, the changes in the effective adhesion
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Figure 4-1: Model Setup. (a.) Graphene nanoribbon is modeled on a substrate
with set surface features. Fully atomistic graphene (shown in blue) and Lennard-
Jones components modeling the substrate are used in the molecular dynamics simu-
lations. The graphene nanoribbon and substrate are compressed under displacement
boundary conditions. The edges of the graphene nanoribbon (shown in brown) are
clamped and compression is done in the armchair direction. For a heterogeneous
substrate, asperities can be considered as nanowires (as in Chapter 3, shown in red)
are introduced on the bulk-like substrate (shown in green). The asperities resemble
surface features of physical substrates, such as roughness, composite substrates that
are overlaid with nanowires, or substrates with tailored surface features. (b.) The
homogeneous substrate is made of a 9:3 type Lennard-Jones potential wall whose
energy well is varied to change the interfacial adhesion energy. The heterogeneous
substrate is made up of both a 9:3 type Lennard-Jones potential wall whose energy
well is kept constant and 12:6 Lennard-Jones particles arranged in rows whose energy
wells are varied to change the effective interfacial adhesion energy.
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energy are only coming from the adhesion energy of the asperities. For the homoge-
neous substrate, the effective adhesion energy is simply the adhesion energy of the
bulk substrate, which is indeed the parameter evoked in the simulations.

For the MD simulations, the atomistic behavior of the graphene nanoribbon
is modeled with the same Morse-based potential used in Chapter 3. The func-
tional forms and parameters for all the potentials used are summarized in Table A.1.
Understandably, an unreactive potential formulation is not able to capture bond-
breaking /forming features, but such mechanisms are beyond the scope of the present
work. The bulk substrate is modeled as a computationally impenetrable wall that
behaves as a bed of nonlinear springs interacting with the graphene as a function of
perpendicular distance to the wall as a Lennard-Jones potential wall [19,98,114|. The
asperities on the substrate, when considered, will interact with the graphene through
a Lennard-Jones potential (Table A.1). The model setup follows from that developed
in Chapter 3. Chapter 4 however, restricts the attention to two different substrates:
a homogeneous substrate and a heterogeneous substrate. This is because while Chap-
ter 3 aimed at understanding what were the key parameters of substrate-mediated
compression of graphene and how they affected the final deformed graphene, Chapter
4 is more focused on the atomistic mechanisms giving rise to ridge formation and the

effect of spatial distribution of adhesion energy at the interface on such a process.

4.2.2 Implementation of mechanical constraints

Displacement controlled boundary conditions are imposed on the graphene nanorib-
bon as in Chapter 3 keeping left and right edges of the nanoribbon clamped while
the top and bottom edges are simply supported. The potential wall is effectively
infinite in the simulations as it covers the entire simulation box below the graphene.
Such an implementation creates no strain mismatch with the graphene lattice since
any carbon atoms found within the potential cutoff radius of the wall will have the
same interaction with the wall. Asperities placed on this potential wall, however, do
allow for a strain mismatch with the substrate during compression, as they break the

homogeneity of the potential wall. Asperities, thus, cause graphene to slide over the
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substrate during compression with varying difficulty as the adhesion strength between
graphene and asperities is changed.

The short edges of the graphene nanoribbon are clamped (see bottom part of Fig.
4-1a), while the entire simulation box is compressed in the lateral (z-direction) at a
constant strain rate of 0.2/ns. Such a high strain rate is necessary in MD simulations
for keeping time scales tractable, since real strain rates are computationally unafford-
able for simulation. Lower strain rates (0.02 and 0.002/ns) were also used to check
for strain rate effects, but no appreciable difference in the simulations resulted in
terms of critical energy release rate (< 3% at 300 K), deformation shape or observed

mechanisms.

4.2.3 Fracture mechanics analysis

The delamination process, which is the first necessary step for the generation of three-
dimensional surface features, is inherently one of separation and creation of surfaces.
Thus, a fracture mechanics approach is taken to provide a theoretical framework for
this observed phenomena. Unlike previous studies [114] that considered breaking of
actual graphene covalent bonds in the presence of pre-cracks, here the focus is on the
fracture process at the perfectly bonded biomaterial interface between graphene and
substrate, namely the delamination process. Accordingly, the analysis proceeds with
calculating the energy release rate and critical energy releése rate for the deformation
and delamination processes of the graphene-substrate interface, respectively, within
the context of fracture mechanics theory. This energy release rate is expressed as the
work done on the system in order to change the area of the intact interface, which is

described in equation 4.1 [115,116],

1
G= A—A/Fz dz (4.1)

where AA = bz is the area of the delaminated section of the interface, b is the width
of the graphene nanoribbon, z; is the final length of the delaminated section, x is the

displacement, and F} is the force on the simulation box. The critical energy release
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rate can be considered with two parts as [117]

Gc = Yo + Vdiss (42)

where g is the graphene-substrate surface energy and 74 is the dissipative energy

term associated with delamination processes at the interface.

4.3 Results and discussion

4.3.1 Atomistic mechanisms of deformation

Molecular dynamics simulations complemented by the fracture mechanics analysis
mentioned above, a step-by-step description of the deformation mechanism of graphene
is elaborated. The deformation happens at the nanoscale as graphene is subjected to
axial compression forces. Figure 4-2 shows the energy release rate calculated through-
out the whole deformation process. As graphene is compressed, it stores elastic energy
up to the so-called critical point, in which the increment in elastic energy is enough
to overcome the energy required to create surfaces at the interface (7o), and to dissi-
pate the extra energy during delamination (7giss). This behavior defers from brittle
materials that undergo so-called mode I crack extension, i.e. the critical point is
reached as soon as the energy required to create surfaces is reached. Instead, the
graphene-substrate interface possesses an extra dissipative energy contribution to its
energy release rate at the critical point that scales with the interfacial adhesion energy.
Thus, the dissipative energy contribution arises as a consequence of: (1) the incon-
gruence between the load and the displacement of the delamination. Accordingly,
not all the work done by the lateral force gets converted into useful work for creating
new surfaces at the interface, but rather partially dissipated. Furthermore, additional
extra energy is also required (2) to initiate the delamination at a perfectly adhered
interface. This is opposed to the propagation mechanism on a perfect interface, like
the one considered in simulations for the homogeneous substrates.

For the graphene-substrate interface the critical energy release rate is reached at
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Figure 4-2: Components of critical energy release rate. The energy release
rate is calculated throughout the whole deformation process up to the critical point.
The energy release rate closely follows the potential energy of the system until it
becomes greater than the potential energy of the system at which point the critical
energy release rate is reached and plateaus. The potential energy drops as the stored
energy in the graphene nanoribbon is released. The change in interfacial energy is also
plotted showing no net change as the graphene and substrate are perfectly laminated
in the beginning of the deformation, but as soon as delamination happens the change
in interfacial adhesion energy normalized by the delamination area exactly equals the
effective interfacial adhesion energy prescribed in the simulation, as expected.
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the critical point and marks the initiation of the delamination process, right when
the graphene nanoribbon loses its ability to carry any more lateral load and starts it
separation from the substrate. The case of the substrate provides a better illustration
the components of this critical energy release rate for delamination. Figure 4-2 shows
a representative energy release rate plot as a function of lateral displacement during
compression. As the graphene is compressed more elastic energy is stored and there-
fore the energy release rate increases up to the critical point of delamination, where
the elastic energy is then released and the lateral load carrying capacity drops accord-
ingly. When this happens, the energy release rate plateaus at its critical value, where
the graphene delaminates. The critical energy release rate is a material property of
graphene-substrate interface. Figure 4-2 also plots the change in effective interfacial

adhesion energy, recovering the value prescribed (1.424 Jm ~2) in simulation.

The details of the actual deformation mechanisms of graphene ridge formation
are described based on fully atomistic simulations. Figure 4-3 shows the details of
ridge formation process, where the bottom panel depicts all the steps A to F. After
compression, graphene first buckles out of plane (Figure 4-3A). This buckling is follow
by a collapse of the sinusoidal shape of graphene, with a rapid increase of the delam-
ination area. It can be seen as if the graphene sheet is being torn off the substrate
from the initial delamination, evidenced by its rapid and large separation from the
substrate. This is quickly remedied as compression goes on by a sort of self-healing
process by which the edges of the delaminated area reattach to the substrate (Figure
4-3B), and the base of the ridge gets pinched-in (Figure 4-3C). Whether this self-
healing mechanism is a physical phenomenon for single layer graphene on a substrate
is not completely clear, but according to the simulation results presented this is a
plausible mechanism that allows for graphene resuming compression. Furthermore,
this may be a hypothetical mechanism to explain how ridges are able to form later on
in the process, which implies the need of delaminated material for such ridge forma-
tion. Pinching in at the base of the ridge (Figure 4-3D) sets the stage for self-adhesion
(Figure 4-3E) as compression continues. This pinching-in effect, which implies self-

adhesion, or stacking, is facilitated by van der Waals forces between different sections
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Figure 4-3: Atomistic ridge formation mechanism. Graphene is compressed
up to a critical force after which delaminated buckling occurs followed by a tran-
sient tearing off of the substrate (A) that leaves behind a large delaminated area.
As compression continues the edges of the delaminated area re-adhere (B) and the
graphene film starts to grow out of plane (C). In part due to the original large de-
laminated area at buckling, there is some free-standing graphene held up above the
substrate-supported graphene which does not get compressed by the substrate creat-
ing a pinching effect (D) at the base of the delaminated region of graphene. Further
compression guarantees self-adhesion (E) of the graphene creating a ridge after this
pinching in effect and grows the ridge taller (F). Self-adhesion (D — E) is energeti-
cally favorable because it decreases the area of free surface caused by delamination
and less graphene is subject to bending. Load displacement curves show a linear
increase in load as the graphene-substrate composite is compressed up to the point
of initial delamination. This point corresponds to the attainment of the critical en-
ergy release rate at the interface, delamination initiation, dissipation of stored strain
energy (A) in the graphene nanoribbon, and the onset of delaminated buckling.
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of the graphene nanoribbon, and might also be due to transient m — 7 stacking that
occurs as the ridge grows out of plane after the graphene self-adheres. Once the neigh-
boring carbon atoms that have delaminated from the substrate come close enough,
as the rest of the graphene nanoribbon slides inwards during compression, they will
stack and form the folded out-of-plane ridge. Furthermore, this pinching-in phe-
nomenon could not have been possible without the previous uncontrolled popping
off of graphene section that followed the initial delamination, as shown in Figure 4-
3A. Indeed, this phase of temporary increased delamination area (Figure 4-3A) that
follows the initial delamination is also characterized by mobility of the delaminated
graphene sections. This movement quickly stops when the tips of the delamination
re-adhere to the substrate (Figure 4-3B), thus, anchoring the delaminated portions
of the graphene nanoribbon. The pinching-in occurs during this quiescence of the
now free-standing delaminated regions of graphene (Figure 4-3C). After delamination
the lateral (z-component of) stress in the graphene is diminished allowing the tips of
the delaminated region to re-adhere to the substrate (Figure 4-3A, B). The bonded
sections of the graphene are compressed further in than the delaminated graphene re-
gions creating the pinching-in effect (Figure 4-3D). It becomes inevitable for the two
inside faces of the delaminated graphene to adhere, completing the ridge formation

as compression continues (Figure 4-3F).

4.3.2 Graphene-substrate interface properties

Simulations clearly show that weaker regions of adhesion in a heterogeneous substrate
lead to self-adhering folding of the graphene nanoribbon and therefore to the forma-
tion of ridges after delaminated buckling. The simulations also show that stronger
adhesion regions along the substrate suppress such delamination and therefore the
subsequent ridge formation for the same level of strain. This behavior is in contrast
with the mechanism observed for graphene over a homogeneous substrate, where
there are no weak or strong regions of adhesion and the adhesion strength is uni-
form throughout the interface. In this case, no matter the level of adhesion energy,

graphene will always yield self-adhering folds. Unlike the heterogeneous substrate,
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Figure 4-4: Pinning at asperities. Ridge formation depends on the ability of
graphene to buckle out of plane and slide over the substrate. When asperities are on
the substrate they become possible pinning locations of graphene inhibiting sliding.
The asperities used in this chapter were modeled off the asperities used in Chapter
3, which provides further detail on the modeling choices and rationale. The strength
of this interaction at the asperities determines the eventual shape of the graphene
nanoribbon. A weaker interaction (a. 0.063 Jm~?) will result in ridge formation. A
more constraining interaction (b. 1.171 Jm?) will leave the graphene sheet unable to
slide and pool in one location prohibiting in pinching in from happening and leaving
the graphene stuck at a buckled shape without self-adhesion.

there will be no localized constraints hampering the graphene film from pinching in

and forming ridges after delamination.

As the adhesion energy at the substrate asperities increases, graphene loses its
ability to slide over the substrate and subsequently its ability to pinch in and self-
adhere. This is most readily explained by the sticking of the graphene nanoribbon
that happens at the region of high adhesion energy (Figure 4-4). The adhesion energy
at the asperities (varying from 0.002 to 1.171 Jm?) is higher than this at the smooth
sections of the substrate (constant 0.06 Jm~2) (Figure 4-5). This creates a different
response in terms of the critical energy release rate of the interface for heterogencous
and homogeneous substrates. For the heterogeneous substrate, the critical energy
release rate plateaus and slightly diminishes beyond an adhesion energy of 0.588 Jm ~*

(for comparison, interlayer graphene-graphene surface energy [17] is 0.260 Jm ~2). The

critical energy release rate, and therefore, resistance to delamination, increases with
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Figure 4-5: Homogeneous versus heterogeneous substrate effects on interfa-
cial energy release rate. Critical energy release rates for two sets of substrates as
a function of their effective interfacial adhesion energy shows why a transition from
ridge formation to buckling without self-adhesion is seen in simulation. For the ho-
mogeneous substrate as the effective interfacial adhesion energy increases so does the
critical energy release rate. However, the same does not apply for the heterogeneous
substrate. Instead, the critical energy release rate of the heterogeneous substrates
reaches a maximum as the adhesion energy at the asperities reaches a critical value
that corresponds to a decrease in toughening ability. The high level of adhesion at
the asperities creates an unfavorable stress intensification that weakens the interface
leading to large areas of delamination between the asperities, which are in this case
regions of localized high adhesion energy.

effective interfacial adhesion energy up to this point (0.588 Jm ~2) where critical energy
release rates of the homogeneous and heterogeneous substrates intersect in Figure 4-5.

Higher adhesion energy at the asperities compared to the rest of the substrate
creates a source of stress intensification at the interface. The stress intensification at
the asperities leads to lessening of the critical energy release rate [118]. This stress
intensification is also partly due to the sharpness of the high adhesion region, here
being the 10 A van der Waals radii of the substrate asperities. There is no smooth
transition of adhesion energy over a long distance, but instead a sharp transition that
weakens the interface, as opposed to a smoother gradient that would be less disruptive

and allow for the stress concentration to be more spread out. The homogeneous
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substrate, on the other hand, exhibits increasing critical energy release rate as the
adhesion energy increases across the whole interface (varies from 0.064 to 1.424 Jm~2).
The heterogeneity of the substrate breeds analogous heterogeneity in the adhesion
energy at the interface and thus equally analogous heterogeneity in the proclivity for
delamination across the interface. This heterogeneity can then be used to shape the
delaminated structures a priori. In other words, the different delamination behavior
of graphene regions depending on the adhesion strength to the substrate, opens the
door to a rational design of out-of-plane structures of graphene. Controlling the
composition and heterogeneity of the substrate controls the adhesion energy, which

in turn controls the delamination process and therefore the formation of ridges.

4.3.3 Substrate design

The heterogeneous substrate with asperities models a composite substrate with nanowires
embedded on a potential wall. Simulations with the heterogeneous substrate show
how a sharp localized gradient in adhesion energy can influence graphene topology
under compression. Given this observation about adhesion energy difference, a com-
posite substrate is generated by introducing 33.3 nm-wide (%1) alternating regions
of relatively weak (0.140 Jm~2) and strong (0.447 Jm~2) adhesion energy in the
graphene-substrate interface to demonstrate the possibility of rational control over
the location of ridges in graphene (Figure 4-6). As predicted, regions of weak ad-
hesion more readily buckle out of plane, and self-adhere into ridges upon further
compression. This can lead to a more direct level of control of three-dimensional ge-
ometries by using tailored substrates with adhesion-energy patterned regions, where
the relative energy difference between regions plays a key role.

Another aspect to consider when controlling the formation of three-dimensional
structures is the density of graphene ridges in addition to their location. Controlling
the spatial density is done by introducing a gradient in the values of the adhesion
energy along the substrate, but controlling simultaneously the number of ridges in a
specific region of the graphene nanoribbon, which requires stricter constraints on the

graphene-substrate interface. When a ridge forms in the graphene, its out-of-plane
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Figure 4-6: Ridge location and spacing can be tuned via substrate design.
Using strong (0.447 Jm?) and weak (0.140 Jm?) regions of adhesion allows control
of ridge nucleation location (A). The difference in strong and weak adhesion regions
can be within 10% and the effect would still be enough control where ridges form. On
a large scale, adhesion energy patterning can be used to tune frequency of graphene
ridges. The effect of ridge-ridge annihilation is clearly seen when creating two weak
regions of adhesion and observing only one ridge forming (B). Control on ridge number
is not as easily achieved through adhesion alone (C; strong: 1.177, weak: 0.447 Jm ?)
even with introduction of asperities.
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growth is fed by the surrounding planar regions of the graphene, suppressing wrinkles
and buckling in this planar regions and preventing other ridges to form. Therefore,
increasing the total number of ridges that form in graphene sheet of the same size
requires eliminating such ridge-ridge annihilation. A possible way to circumvent these
ridge-ridge interactions is increasing the length of graphene, so more planar graphene
is available to feéd additional ridges, or to partition the graphene nanoribbon in
such a way that ridges are not able to interact. The latter holds the advantage
of not needing more graphene to achieve the same goal. Additionally, partitioning,
or compartmentalizing single ridge areas, of the graphene nanoribbon also controls
the height of the ridges, which is important for fine-tuning of the three-dimensional
structure of graphene. Actually, ridge height will necessarily be different for the same
graphene sheet when it has different number of ridges protruding from it. Assuming

equal size of coexisting ridges their height can be calculated as,

EsaLO
hr = 4.3
= (43)

where hp is the individual ridge height, €4, is the level of strain after self-adhesion has
already occurred, Ly is the original length of the flat graphene in the direction parallel
to compression, and N is the number of ridges. The factor of 2 accounts for each ridge
having two faces that need to meet to form a ridge. For instance, for a homogeneous
substrate that is pinned to the graphene across its width (perpendicular to direction
of compression) at seven equally spaced points, seven ridges of approximately equal
height are formed (Figure 4-7). Pinning the graphene to the substrate is one way
to achieve control of ridge number. Partitioning can also be achieved although less
predictably without pinning through controlling the length scales of the adhesion
gradients. Partitioning in this sense means to ensure there is enough of a barrier
between separate sections of graphene prohibiting ridge-ridge interactions to occur.
Partitioned ridges would not be able to annihilate one another and this can lead to
creation of more ridges compared to the baseline case without partitioning. Thus,

partitioning controls ridge number and adhesion energy gradients control location
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Figure 4-7: Partitioning can control ridge number and height. Pinning
graphene to the substrate to eliminate sliding of graphene over substrate enables
control of ridge number. Eliminating sliding effectively eliminates ridge-ridge annihi-
lation and allows ridges to form on opposite sides of the pinned graphene.

so that the two control density and wavelength of ridge formation. The challenges
then become clear to partition a graphene sheet into sections and to manipulate the

adhesion energy profile of the interface.
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Chapter 5

Summary and outlook

This thesis has focused on graphene deformation that extends further out of plane
than wrinkling [119]. Nonlinearities of the graphene sheet complicate the problem
beyond a simple analytical model. The work presented in Chapter 3 is motivated
by a need for finding a simple relation from the inherent properties of graphene and
substrate that can be used to guide design of graphene in interfaces. This design guide
will allow for masterful applications of complicated geometries in future graphene-
based devices. The existing body of work on graphene merits and gives itself to a
desire for understanding the mechanics of graphene to better design experiments,
interfaces, and devices.

Chapter 3 emphasizes the difference between passive and actively achieved con-
figurations of graphene to further distinguish between wrinkling and ridge formation
of graphene on substrate. Although, both behaviors depend on the same parameters,
substrate surface and interfacial adhesion energy, the shape of graphene is markedly
different. Nonetheless, it is helpful to build on the existing work on wrinkling by mak-
ing the analogy with graphene ridge formation. Where wrinkling exhibits a transition
that is dependent on interfacial adhesion energy [57], so does the process of ridge for-
mation. The transition for wrinkling is between graphene (1) fully conforming to
the underlying substrate and (2) remaining flat over the substrate. Similarly, ridge
formation exhibits a transition between (1) forming self-adhering extrusions (ridges)

and (2) buckling with delamination (absence of ridges).
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Ridge formation and wrinkling will both have a role in designing future graphene
nanoelectronic mechanical systems. In the first part of this thesis it was shown that
ridge formation can be fine-tuned by choice of substrate alone or choice of substrate
and tailoring its surface. As more work is done on these processes more will be ex-
plored through simulation and experimentation relating to the key parameters that
control other transition points between different configurations for graphene. The sec-
ond part of this thesis presents a more analytical approach combined with simulation
techniques to further elucidate the atomistic mechanisms that give rise to graphene
ridge formation. Experiments that follow earlier work compressing graphene on dif-
ferent substrates, and simulations that probe more than just the interfacial adhesion
energy and substrate surface topology are future directions in this field that will

provide further insights.

Generating three-dimensional features in two-dimensional materials such as graphene
is one of the most promising strategies to achieve new properties and more advanced
applications. However, controlling the actual three-dimensional structures for the
desired properties requires fundamental understating of the formation mechanisms
of these three-dimensional entities. Using MD simulations, and within the context
of fracture mechanics theory, this works aims to garner some of this fundamental
understanding on the underlying mechanisms that control the formation of ridges of

different shapes on graphene.

Chapter 4 shows the dependence of graphene out-of-plane shapes on substrate
composition and heterogeneity. Consequently, it was shown how a proper selection
and design of the substrate can yield tailored surface topologies of graphene thin films,
with the potential of nanoscale precision, when these are deformed under compres-
sion on such substrate. More specifically, the contrast between ridge formations over
heterogeneous or homogeneous substrate is highlighted. The design of substrate het-
erogeneities provides a departure from the reliance on graphene sheet size to control
ridge spacing; ridge spacing can be varied without changing the size of the graphene
sheet. Additionally, strain and ridge spacing allows for control of ridge height simply

by conservation. For two graphene nanoribbons of the same size that are strained the
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same amount, the one with higher spacing between ridges will have shorter ridges.
The difference would then necessarily be the underlying substrate as demonstrated

in this work.

Chapter 4 also shows that ridge formation in graphene is the result of a mis-
matched strain that arises between delaminated and adhered sections of graphene
film during substrate-mediated compression. This mismatch within the graphene
film leads to a pinching-in effect that facilitates self-adhesion, or stacking, of the
concave side of delaminated buckles during compression. Such self-adhesion during
ridge formation lowers the energy of graphene through two channels: 1) The bend-
ing energy of the graphene film is decreased by localizing the bending regions at the
ridge. 2) Self-adhesion decreases the free surface of the graphene and stabilizes the
system by stacking of two layers with van der Waals interaction. This can also be
due to transient m — 7 stacking that occurs as the ridge grows out of plane after the
graphene self-adheres. However, as the ridge grows this 7 — 7 stacking is constantly
lost and regained as the walls of the ridge shift over each other during compression.
The behavior of the ridge walls during compression can thus be an interesting avenue

of research for nanoscale sensing technologies.

This thesis has focused on an in-depth study of the case of uniaxial compression,
but further work can be done to exploit the potential of ridge spacing control with
biaxial compression to create more elaborate three-dimensional shapes. This future
direction is further justified by previous experimental work that has created ridge
patterns with biaxial compression [19,32,36]. A similar study, as presented in thesis,
to elucidate the atomistic mechanisms involved in biaxial compression would give
more insight for design of graphene ridge patterns. Furthermore, only single layer
graphene is presented in this work, which also leaves room for expansion to multilayer
graphene. This work sets the basis for further studies on the topic. Results presented
here from molecular dynamics simulations can be carried over to novel experimental
research to reproduce these simulation findings and to benchmark efficiency gains
from controlled topologies with existing deformed graphene devices. This work, and

future studies, can spur experimental studies to propose possible schemes to control
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ridge architectures via substrate engineering.
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Table A.1: Functional forms and parameters of potentials used in simulations.

Carbon-Carbon interactions
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Eginedral = K [1 + dcos (ng)] K = 3.001kcal mol™* d= -1 n=2
a 12 g 6 -1

Eros_1y = de [(—) -(9) ] ¢ = 0.0861 kcal mol o =34A

Eecos—squarea = K [cos 0 — cos 90]2 K = 67.185kcal mol™* 0y = 120°
Carbon-bead interaction

Ei26-17 = 4e (%)12 - (%)6 € varies o =3.354
Carbon-wall interaction

Egs_r7=c¢ 115 (%)9 — (%)3 € varies o = 3.35\6/%A
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Table A.2: Value of interfacial adhesion energy as a function of bead spacing and
the Lennard-Jones (LJ) energy parameter used in the simulation. Using the same
set of LJ energy parameters yields different interfacial adhesion energies due to the
increased numbers of beads (nanowires) on the substrate for lower spacing.

Lennard-Jones Spacing (A)
energy parameter | 500 [ 333 | 143 | 71.4
[kcal mol ] Interfacial Adhesion Energy [mJm

0.03577 96.7 | 57.6 61.2 67.5
0.35767 73.4 | 82.6 | 119.8 184.5
1.03723 111.4 | 139.6 | 251.7 448.3
1.60950 145.8 | 191.2 | 371.3 686.1
2.39637 195.5 | 265.7 | 545.9 1031.5
3.07594 241.3 | 334.2 | 705.2 1343.0
3.97667 276.4 | 386.6 | 826.7 1579.2
4.47084 340.5 | 482.5 | 1049.2 2013.9
5.43654 411.4 | 589.4 | 1295.3 2496.9

89



THIS PAGE INTENTIONALLY LEFT BLANK

90



Appendix B

Representative LAMMPS Script

processors * * 1

boundary p p p

units real

atom_ style molecular

timestep 2

dimension 3

read_ data data_ file.data
neighbor 5 bin

neigh_ modify every 1

bond_ style morse

bond_ coeff 1 114.460 2.1867 1.418
angle_ style cosine/squared

angle_ coeff 1 67.185 120.0
dihedral_ style harmonic
dihedral_ coeff 1 3.001 -1 2

pair_ style 1j/cut 10

pair_ coeff * * 0.0861 3.4

region 99 block INF INF INF INF INF -2.90 units box
group wallsub region 99

region 1 block INF 5 INF INF -2.90 INF units box
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group moving region 1

region 2 block 991 INF INF INF -2.90 INF units box
group fixed region 2

region 3 block INF INF 93.2 INF -2.90 INF units box
group top region 3

region 4 block INF INF INF 4.5 -2.90 INF units box
group bottom region 4

group graphene subtract all wallsub

dump realtime all dcd 5000 dump.dcd

compute x_ max graphene reduce max x

compute x_ min graphene reduce min x

compute y_ max graphene reduce max y
compute y_ min graphene reduce min y
compute z_ max graphene reduce max z

compute z_ min graphene reduce min z

compute sl graphene stress/atom

compute pegrp graphene pe/atom

compute pepair graphene pe/atom pair

compute pebnd graphene pe/atom bond

compute peang graphene pe/atom angle

compute pedhd graphene pe/atom dihedral

compute pesum graphene reduce sum C_ pegrp

compute suml graphene reduce sum c_ s1[1] c_ s1[2] c_ s1[3] c_ s1[4] c_
s1[5] c_ si1[6]

fix wallhil26 graphene wall/1j126 zlo -3.35 0.037701432 2.984511 5.00 pbc
yes units box

fix wallhi graphene wall/1j93 zlo -3.35 0.357667188 3.90272672 5.00 pbc
yes units box

fix_ modify wallhi energy yes

fix_ modify wallhil26 energy yes
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velocity graphene create 300.00 376847 rot yes

fix nosehoover graphene nvt temp 300.0 300.0 300.0

thermo_ style custom step pxx pyy pzz pxy pxz pyz c_ sumli[1] c_ sumi[2]
c_ suml[3] c_ sumi[4] c_ sum1[5] c_ sumi[6] 1x ly 1z temp c_ pesum ke etotal
enthalpy evdwl ecoul epair ebond eangle edihed eimp emol elong etail f_
wallhi f_ wallhil26 pe c_ x_ max c_ X_ min c_ y_ max c_ y_ min c_ z_ max
C_ z_ min

thermo_ modify flush yes

thermo 100

fix 23 all balance 0 xy 20 1.1

velocity moving set 0.00 NULL 0.00 units box rot yes

fix 1767 moving setforce 0.00 NULL 0.00

velocity fixed set 0.00 NULL 0.00 units box rot yes

fix 17676 fixed setforce 0.00 NULL 0.00

velocity top set NULL 0.00 NULL units box rot yes

fix 176789 top setforce NULL 0.00 NULL

velocity bottom set NULL 0.00 NULL units box rot yes

fix 1767898 bottom setforce NULL 0.00 NULL

velocity wallsub set 0.00 0.00 0.00 units box rot yes

fix 29999 wallsub setforce 0.00 0.00 0.00

min_ style cg

min_ modify dmax 0.1

minimize 0.0 0.0 10000 10000

run 100000

fix compress all deform 10 x erate -2e-7 remap x

run 1000000

unfix compress

run 500000
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