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ABSTRACT OF THE DISSERTATION

An Exploration of the Electromechanical Response of Suspended

Graphene and Its Applications

by

Jimmy Ng
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2018

Professor Ya-Hong Xie, Chair

Graphene is a 2D sheet of carbon atoms arranged in a hexagonal lattice whose unique
structure gives rise to extraordinary mechanical and electronic properties. For these reasons,
suspended graphene structures have potential applications in micro-electromechanical systems
(MEMS). This dissertation serves as an exposition exploring the electromechanical response of
suspended graphene and its applications in MEMS. After a thorough introduction to graphene is
provided, the dissertation presents a series of studies. First, a suspended graphene ribbon device

was studied as a mechanical switch used to provide electrostatic discharge protection to



semiconductor integrated circuits, establishing proof of concept via standard electrostatic
discharge industry testing. Second, the effect of polymer residue from device fabrication
processes on the electromechanical response of suspended graphene was investigated. After
rigorous study using innovative compliant mechanisms, polymer residue was found to have two
prominent effects on suspended graphene: 1) a variation polymer residue thickness led to a
variation in end device parameters such as the pull-in voltage and 2) the polymer residue itself
supports the suspension of graphene by increasing the rigidity of the suspended structure. These
results have implications to the manufacturability and reliability of suspended graphene MEMS
devices. Finally, a theoretical study modeling the suspended graphene ribbon device was
conducted for a separate application: a resonator for high frequency power conversion, an idea
that was made attractive again by the extraordinary material properties of graphene. In this study,
the device design, electromechanical modeling, and results relevant to high frequency power
conversion applications are presented and discussed. The results indicate that a suspended
graphene ribbon resonator can generate oscillation frequencies within the THz gap when the
graphene sheet itself approaches sufficiently small dimensions; however, there also exists a
tradeoff between the power generated and the signal quality which must be taken into account
when designing these resonators. In all the studies presented, the device design, experimental
procedures, algorithms for computer modeling, etc. are explained in detail. Lastly, standard
semiconductor industry fabrication and characterization techniques were primarily used in doing

this work, imbuing the potential for industrial large-scale adoption in the future.
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Chapter 1: Introduction

1.1 Introduction to graphene

Fig. 1.1 lllustration of 2D graphene and how it serves as a building block for other carbon
materials: OD fullerenes, 1D carbon nanotubes, and 3D graphite. Courtesy of A. K. Geim and

N. S. Novoselov. [1]

Graphene is a 2-dimensional sheet of carbon atoms arranged in a hexagonal lattice and
serves as the building block of all other carbon materials, as seen in Fig. 1.1 [1]. It can be rolled
up into OD fullerenes [2] and 1D carbon nanotubes [3]. On the other hand, 3D graphite can be
obtained by stacking layers of graphene on top of one another [1]. Graphene has been
theoretically studied for the past sixty years [4-5] but was only considered an “academic
material” for most of that time. This was because 2D materials were thought not to be
thermodynamically stable and unable to exist. Theory by Landau and Peierls argued that thermal

fluctuations in low-dimensional crystal structures should lead to displacements of atoms on the

1



order of inter-atomic distances at any finite temperature [4], resulting in dislocations and
structural crystal defects that should destroy the material. However, in 2004, Geim and
Novoselov proved previous theories incorrect when they experimentally discovered graphene
[6]. Furthermore, graphene was found to be able to exist as a high quality continuous film that
exhibited many of the properties predicted by theory. For their ground-breaking work, Geim and
Novoselov won the 2010 Nobel Prize in Physics [1].

Since then, graphene’s popularity in the research community has exploded because of its
extraordinary electronic, mechanical, thermal, and chemical properties and the potential
applications those properties promise [1]. For example, much work has been done on using
graphene in next-generation electronics because of its high charge carrier mobility at room
temperature [7]. Furthermore, due its high optical transmittance and conductivity, many have
touted graphene as a replacement to indium tin-oxide, which is made using expensive rare earth
metals [8]. Graphene’s mechanical robustness and molecular sensitivity has prompted research
on using it in various chemical and biological sensor applications [9]. The applications listed
here are just several of many; unfortunately, there is not enough time to cover all of them.
Instead, | will focus on the electronic and mechanical properties, as it pertains more to my
research; then, I will specifically cover the applications involving the electromechanical

responses of suspended graphene.



1.2 Electronic properties of graphene

a)

Fig. 1.2 Graphene geometry and bonding among between carbon atoms. Courtesy of Lemme et

al. [10]

Graphene’s two-dimensionality makes its electronic properties very different than its 3D
counterpart, graphite. Its exceptional electronic properties are derived from the bonding
characteristics of its carbon atoms. As seen in Fig. 1.2, each carbon atom has four valence
electrons, and three out of those four electrons participate in o-bonding with its nearest
neighbor in the hexagonal lattice. The fourth valence electron occupies an orbital
perpendicular to the graphene sheet, creating delocalized n-bonding. This creates a two-

dimensional electron gas with high mobility within the sheet. [10]



Fig. 1.3 Crystal lattice and Brillouin zone of graphene. a; and a, are lattice unit vectors. The

Dirac cones are located at the K and K’ points. Courtesy of Castro Neto et al. [11]

Next, I elaborate on graphene’s band structure, which quantitatively explains its
electronic properties, by beginning with the material’s crystal structure. Graphene’s crystal
structure can be seen as a triangular lattice with a basis of 2 atoms per unit cell, as seen in

Fig. 1.3. Its lattice vectors, a; and a,, are given by the following [11]:
a =5 (3.V3) (1.1)
a, =5 (3,~3) (1.2)

a is the distance between carbon atoms, which is = 1.42 A. The reciprocal lattice vectors,

b; and b,, are given by the following [11]:

=2 (1,43) =
b, = g—z (1,-v3) 14)

The two points at the corner of the Brillouin zone, K and K’, are called the Dirac points.
The importance of these points will be clear later on. Their positions in momentum space are

given by the following [11]:



2m 2m (1.5)

K = (37:@)
g @s
K= (361' 3a)

For simplicity, the tight-binding model will be used considering only nearest neighbor

carbon atoms. The nearest neighbor vectors in real space are given by the following [11]:

5 =5 (1,V3) (L.7)
5, =5 (1,-V3) (18)
5y = %(_2’0) (1.9)

The tight-binding Hamiltonian, H, for electrons in graphene assuming they can only hop
to its nearest neighbor is given by the following [11]:

H= —tz (gt by + H.C) (1.10)
<i,j>,0

8, (as;") annihilates (creates) an electron with spin 6, which 6 = 1 or {, and t is the
nearest neighbor hoping energy ( = 2.8 ¢V). Units were chosen so that h = 1. The energy

bands derived from this Hamiltonian have the following form [11]:

V3 (1.11)
Ey(ky, ky) = it\/S +2 cos(\/§kya) + 4 cos <7 kya> cos(z k.a)



Fig. 1.4 Electronic energy dispersion in graphene with a close-up at the Dirac point circled in
red. The energy dispersion forms cones near the Dirac points, called the Fermi-Dirac cones.

Courtesy of Castro Neto et al. [1]

A plot of the electronic energy dispersion of graphene is shown in Fig. 1.4. The + sign in
Eq. (1.11) represents the upper band, n*, and the — sign represents the lower band, . Circled
in Fig. 1.4 is a close-up of one of the Dirac points. The dispersion here can be obtained by
expanding close to the K or K’ vector in Eq. (1.11) with k = K + q where q << K. The
dispersion is then given by the following [11]:

E4(q) = tvslql + 0[(%) ] (1.12)

q is the momentum relative to the Dirac point and Ve is the Fermi velocity, which is about 10°
m/s. [11]

First of all, it’s important to note that graphene’s band structure creates a direct band-gap
semi-metal. Secondly, compared to the usual case ( E(q) = g%/2m ), the Fermi velocity in Eq.

(1.12) does not depend on the energy or momentum. In the usual case, the velocity changes



greatly with the energy. This means graphene’s charge carriers behave as Dirac fermions,
with a zero effective mass that allows for ballistic transport [11]. Furthermore, graphene has
been shown to have carrier mobilities upwards of 15,000 cm?/V/s at room temperature, with

highest ever recorded mobility of over 200,000 cm?/Vs under ideal conditions [1].

Energy

(E) (ii) Ciii) (iv)
K K K K
Momentum

Fig. 1.5 Fermi-Dirac cone of graphene for the following cases: (i) pristine graphene, (ii)
chemical or geometry-restrictive doping, (iii) bilayer graphene, and (iv) doped bilayer

graphene. Courtesy of F Schweirz. [12]

For electronic applications, many researchers have done work in attempt to modify the
band structure and dope graphene, as seen in Fig. 1.5. The Fermi-Dirac cone can be modified
by having additional layers or from doping contaminants (typically metal or polymer in
contact with the surface of graphene) [13]. Graphene with doping levels upwards of 10** cm™
have been reported [14]. Furthermore, doping contaminants shift the Fermi level up or down

and cause rounding of the energy bands, resulting in a decrease in the charge carrier mobility

[12].



1.3 Mechanical properties of graphene

Along with its electronic properties, graphene has also been touted as a wonder material
for its mechanical strength. With graphene and other 2D materials, mechanical properties play an
important role in manufacturing, integration with other materials, and performance in potential
applications. Moreover, as a 2D material, graphene has extremely high in-plane stiffness and

strength but very low flexural rigidity [15].

a) — R=27.5nm, 2a=1 um
3000f_ =27.5nm, 2a=1.5 um
== R=16.5 nm, 2a=1 um
%\ 2000 _—R=16.5 nm, 2a=1.5 um
o
©
o
-1 1000}
A
0 1 A
0 50 100 150 200
Indentation Depth (nm)
b) 140 :
120} T, ]
100 i
=y /
»n /
2 60 - /
1) 40 //
20 —//

0 1 1 1 L 1 L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Strain

Fig. 1.6 a) Force-displacement data from AFM nano-indentaiton of suspended monolayer
graphene, with different tip radii and specimen diameters. Fracture loads are indicated by x
marks. b) Stress-strain curve put together by Gary Paradee using nano-indentation measurements

conducted by Lee et al. Courtesy of Lee et al. [16]
8



Lee et al. were the first to directly measure the mechanical properties of graphene. They
synthesized pristine monolayer graphene flakes through mechanical exfoliation, suspended them,
and then measured the material’s mechanical properties via nano-indentation using an atomic
force microscope (AFM). Through analysis of the indentation force-displacement behavior
shown in Fig. 1.6a, they extracted a 2D Young’s modulus of 340 N/m, 3D Young’s modulus of
about 1 TPa (assuming a thickness of 0.34 nm), an intrinsic strength of 130 GPa, and a strain
limit of about 25%—establishing graphene as the strongest material ever measured. A stress-
strain curve was put together using the information above by Gary Paradee and is shown in

Figure 1.6b, summarizing pristine graphene’s mechanical properties. [16]

Graphene’s experimentally measured mechanical properties are in good agreement with
first principles based simulations such as DFT and molecular dynamics [17-18]. It turns out
graphene’s high in-plane stiffness is due to the strong c-bonding between carbon atoms in its
hexagonal lattice [16]. In addition, being atomically thin makes graphene highly flexible, with
flexural deformation commonly observed in the form of wrinkling or folding [15]. Furthermore,
Paradee et al. has paid special attention to graphene’s fatigue characteristics, experimentally
measuring an extremely high endurance limit of ~ 40 GPa [19]. This combination of mechanical
strength, flexibility, and reliability make graphene an ideal material for micro and nano-

electromechanical systems (M/NEMS) applications, which will be elaborated later.

1.4 Effects of polycrystallinity on the electronic and mechanical properties of graphene

Geim and Novoselov used mechanical exfoliation to first synthesize graphene in 2004.
Although pristine graphene can be achieved using this method, the graphene flakes it renders are
on the order of microns, which is impractically small [6]. Currently, the most popular way to
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synthesize large-area high quality films of graphene is via chemical vapor deposition (CVD) on
copper foils [20]. This is the method we used to synthesize graphene, and it will be elaborated
later. Many believe this method has the most potential for large-scale industrial adoption.
Unfortunately, this method also has drawbacks. The films produced using CVD are typically
polycrystalline, in that the film is composed of a collection of single crystalline grains of
graphene stitched together at the grain boundaries (GBs) [21]. In general, GBs are detrimental to
charge transport in semiconductor materials and the semiconductor industry generally favors
high-quality single crystalline materials. Furthermore, it’s intuitive to think that GBs will greatly
alter graphene’s mechanical properties, such as the elasticity and fracture strength, because of
weaker carbon-carbon bonding at those locations. It is clear to see that the effects of

polycrystallinity are important and is investigated in this section. [20]

In polycrystalline graphene, charge transport is limited by two factors: charge scattering
due to the GBs and charge scattering within the grains. It turns out that the two sources of

resistance can be captured by the following equation [22]:

Pes (1.13)
le

Ry =R+
R is the sheet resistance of a polycrystalline sample, RS is the sheet resistance for single
crystalline graphene, pgg is the average GB resistivity, and | is the average grain size in the
sample. For samples with large grains, R’ will dominate and Rs is independent of the grain size.

For samples with small grains, Rs will be dominated by pgg and will scale inversely with the

grain size. [22]
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Fig. 1.7 A summary of the sheet resistance as a function of the average grain size in
polycrystalline graphene samples [22]. The solid symbols are experimental measurements [23-
27], and the open squares are numerical calculations from [24]. The grey solid line shows the
behavior of the ohmic scaling law from equation 13, assuming R’ = 300 /um and pgg = 0.3

kQ-um. Courtesy of Isacsson et al.

To show how R; scales, a summary of measured R values of polycrystalline graphene
was put together by Isacsson et al. and plotted in Fig. 1.7 [22]. Using this figure, it is clear how
global electronic properties scale with the average grain size in polycrystalline graphene samples
and that minimizing the impact of GBs is important for electronic applications. Today, it is
possible to grow graphene with grain sizes on the order of cms [28]; however, there is a
significant trade-off between the grain size and the complexity, growth time, costs, etc. in CVD
growth. In industrial applications, it’s important to fully understand what the global electronic

properties are needed so that growth conditions can be optimized for it.
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In addition, research with a more global view on polycrystalline graphene suggests that
GBs play an important role in the material’s mechanical properties and that these properties
strongly depend on the grain size, g, and the system size, L. Theoretical and experimental
studies showed that if g is similar to L, then the polycrystalline sample’s mechanical properties
will be very similar to single crystalline graphene’s ( ~ 1 TPa) [29-32]. However, in theoretical
MD simulations and experimental nano-indentation studies where L >> Ig, it was shown that
polycrystalline graphene had a significantly lower 3D Young’s modulus, 600 GPa and 150 GPa
respectively [33-34]. The decrease in elasticity was attributed to out-of-plane buckling due to the

GBs. [22]

The fracture strength of polycrystalline graphene was also studied, which is naturally
expected to diminish with the presence of GBs. However, MD simulations showed that in certain
configurations, GBs can be just as strong as carbon-carbon bonding [29]. Experimental studies
found polycrystalline fracture strengths (ranging from ~ 35 to 110 GPa) to be diminished but on
the order of single crystalline fracture strengths (~130 GPa) [21], [32], [34]. Like for electronic
properties, this information is useful because it’s important to understand what mechanical

properties are needed so that growth conditions can be optimized for it.

1.5 Graphene synthesis methods

Since it was first experimentally produced in 2004, the scientific community has been
hard at work in hopes to create a scalable synthesis method for large-area graphene films. In this
section, the four most popular synthesis methods are surveyed: mechanical exfoliation, liquid

phase exfoliation, SiC thermal decomposition, and chemical vapor deposition (CVD).
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The simplest method is mechanical exfoliation. This method was first reported by Geim
and Novoselov in 2004 and still happens to be the method that produces that highest quality
graphene. This method involves peeling highly order pyrolytic graphite (HOPG) using adhesive
tape. Because the graphene layers are weakly bonded via van der Waals bonding in graphite, it’s
possible to mechanically cleave graphene by repeatedly peeling graphite using tape. However,
this method results in randomly distributed monolayer and few layer graphene flakes that are
typically on the order of microns. For these reasons, this method is typically used in laboratory

experiments, and it is not practical to use this method for large-scale production of graphene. [6]

Another common graphene synthesis method is liquid phase exfoliation, first reported by
Hernandez et al. Here, graphene is exfoliated from graphite using a solvent (typically acetic acid,
sulfuric acid, or hydrogen peroxide) and ultrasonication. This method can quickly and easily
produce graphene samples; however, the method yields randomly distributed graphene nano-
ribbons (width < 10 nm). Therefore, like mechanical exfoliation, this method is not feasible for

the scalable production of large-area graphene films. [35]
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Fig. 1.8 a) Schematic showing how thermal decomposition on SiC is achieved using a CO; laser.
b) SEM image showing the formation of epitaxial graphene (zone 1) on 6H-SiC (0001) (zone 2).

Courtesy of Yannopolous et al. [36]

In 2012, Yannopolous et al. reported a drastically different graphene synthesis method:
thermal decomposition from a 6H-SiC (0001) surface. A schematic of this method is shown in
Fig. 1.8a. Effectively, the only step in this method is to heat the SiC surface using a CO, laser,
causing decomposition of SiC to graphene at the heated areas. Fig. 1.8b shows an SEM image of
graphene formation on the SiC surface. This method does not require high-vacuum, can be
operated at low temperatures, and happens at time scales on the order of seconds. Furthermore,
the stacking order of epitaxial graphene can be controlled, and the laser beam can be used to

draw out graphene patterns on the SiC substrate. [36]
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Fig. 1.9 Illustration showing chemical vapor deposition of graphene on Cu foil. Courtesy of Y.

Zhang et al. [20]

However, despite the advantages the thermal decomposition method has, it is still
relatively expensive and time consuming for large-scale graphene growth compared to the most
prominent graphene synthesis method today: chemical vapor deposition (CVD) on Cu. Here, a
Cu foil is first placed into a CVD furnace and pumped down. Then, hydrogen gas is flowed
through the chamber while the furnace is heated to over 1000 °C. Hydrogen has many purposes.
First, it eliminates any native oxides. For example, CuO and Cu,0O on the Cu foil surface will be
reduced. Secondly, hydrogen acts a protection layer, preventing the metal from oxidizing at high
temperatures. Lastly, hydrogen also acts as an activator of surface-bound carbon when the
carbon source is introduced into the chamber, which occurs in the next growth step. A
hydrocarbon gas (typically methane) is then introduced into the furnace, providing the carbon
species for growth. Transition metals enable low-energy pathways for forming intermediate

compounds needed for graphene growth. Carbon decomposes from methane and goes to the Cu
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surface, and then nucleation and growth occurs. Carbon on the surface does not diffuse into the
bulk because Cu has very low carbon solubility and instead diffuses along the Cu surface. After
some time, a monolayer of graphene fully covers the surface. A second layer does not form on
top of the first because it is not thermodynamically stable at such high growth temperatures.
Lastly, the methane flow is stopped and the furnace is cooled back down to room temperature
while hydrogen is left flowing for protection. In this way, good monolayer graphene growth is

achieved. [20]

CVD on Cu foils was chosen for our experiments because it is relatively low cost, offers
good monolayer growth control, and produces complete large-area high quality films. Typically,
labs are able to grow graphene films on the order of cm? [20]. In our lab, we were able to
produce graphene films on the order of hundreds on cm?. However, this method also has
drawbacks. Unlike mechanical and liquid phase exfoliation, CVD results in polycrystalline
graphene, with grain sizes that are dependent on the growth conditions [21]. Furthermore, in
order to use the CVD graphene grown on Cu, it must be transferred onto a target substrate;
unfortunately, most transfer methods involve introduction of contamination, which ultimately
affects graphene’s electronic and mechanical properties and the device graphene is used to make

[37], [38]. These issues are addressed in chapter 4 of the dissertation.
1.6 Graphene transfer methods

As mentioned in the previous section, some synthesis methods, such as CVD method we
use, require graphene to be transferred from the growth substrate onto the target substrate. This
section provides a review of the most popular transfer methods and concludes with the one we

used for our experiments.
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As in the growth section, the simplest transfer method is mechanical exfoliation. Here,
HOPG is repeatedly cleaved using tape adhesive tape on the target substrate. Because graphene
layers in graphite are weakly bonded by van der Waals bonding, it is possible to mechanically
cleave single and few layer graphene. In this way, graphene is transferred onto the target
substrate. However, as stated in the section 1.5, this method results in randomly distributed

micron-sized graphene flakes; therefore, it is not ideal for transferring large-area graphene. [6]
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Fig. 1.10 Polymer assisted wet transfer of graphene. PMMA is used as the polymer support as an

example. [37]

Instead, most of the graphene today is transferred using polymer assisted wet transfer, as
outline in Fig. 1.10. First, graphene is typically grown via CVD on Cu foil [20], as described in
section 1.5. Then, a polymer is placed on top of the graphene/Cu. Its purpose is to protect
graphene as it is moved around during the transfer process. Polymer/graphene/Cu is then placed
on top of metal etchant and left to float. After some time, the Cu is etched away, leaving only
polymer/graphene. The sample is then scooped and transferred onto a beaker of DI water using a

Si wafer. This is done several times to wash away any residual metal and residual etchant. Then,
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polymer/graphene is scooped onto the target substrate and left to dry. This ensures graphene
adheres well to the substrate. After drying, the polymer support is removed, typically with a

solvent like acetone or chloroform, leaving only graphene on the target substrate. [37]

One of the first polymers employed for graphene transfer was PDMS
(polydimethysiloxane). PDMS was chosen because it is durable, resistant to many solvents, and
has a low surface free energy. First, PDMS is brought into contact with the graphene/Cu, acting
as a mechanical support as Cu is etched. After the washing step, PDMS/graphene is brought into
contact with the target substrate. Because PDMS has a low surface free energy, it maintains a
low adhesion force with graphene. Therefore, when PDMS/graphene comes into contact with the
target substrate, graphene prefers to adhere to the substrate instead of PDMS. In this way,

graphene is freed from PDMS and left on the target substrate. [39]

Despite PDMS’s advantages, PMMA (poly(methy methacrylate)) is the polymer of
choice in polymer assisted wet transfer of graphene today. PMMA first demonstrated its
usefulness in 2008 when it was used to transfer carbon nanotube films [40]. Unlike PDMS which
forms weak van der Waals bonds with graphene, PMMA forms covalent bonds with the nano-
material, providing better support as it gets moved around during the transfer process.
Furthermore, PMMA can be easily spin-coated onto large-area graphene/Cu films, allowing the
potential for scalable graphene transfer. However, this method also has drawbacks, the biggest
one being that it is hard to completely remove PMMA. To make matters worse, PMMA residue
tends to have a p-doping effect on graphene, which also results in increased charge scattering and
lowered mobility [13]. Furthermore, because PMMA residue is typically on the order of

nanometers whereas graphene’s thickness is 0.34 nm, PMMA can significantly change the
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mechanical response of suspended graphene [1]. Unfortunately, semiconductor manufacturing
processes typically used to remove polymer residue such as oxygen plasma etching are too
abrasive to graphene. Over the years, amendments have been made to improve the PMMA
assisted transfer process, such as the use of thermal annealing and stronger solvents [41-42];
however, PMMA residue is still an significant issue in graphene research and its relevance to my

research will be addressed in chapter 4 of this dissertation.

The transfer method can also be done without a polymer support, as Bae et al. reported in
2010. Although this avoids potential polymer contamination, it turns out that graphene is too
prone to tearing and ripping during the etching and scooping process, breaking apart even with
the slightest disturbance. For these reasons, many researchers, including myself and Bae et al.,

prefer using a polymer support to ensure safe transfer. [43]

In addition to the methods already mentioned, Caldwell et al. reported a new transfer
method using thermal release tape in 2010. Here, the group applied thermal release tape using a
steel pressure plate on epitaxially grown graphene on SiC; this same method is also applicable to
CVD graphene on Cu. By the force of the adhesive, graphene is pulled from the growth substrate
and then placed onto the target substrate. Afterwards, simply applying heat removes the tape,

leaving graphene on the target substrate. [44]
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Fig. 1.11 Roll-to-roll production of large-scale, continuous graphene film on flexible substrate.
(a) Schematics of the roll-to-roll graphene transfer. The process includes attachment of a
polymer support on graphene/Cu foil, copper etching, and dry-transfer-printing on a target
substrate. (b) 30 in diagonal graphene sheet on a PET substrate. (c) Photograph touch screen

panel using roll-to-roll graphene. Courtesy of Bae et al. [45]

Furthermore, this method can be modified to include a roll-to-roll process, as outlined in
Fig. 1.11a. This highlights the merit of using thermal release tape because it allows for scalable
continuous large area graphene transfer. The roll-to-roll process is typically used in the paper and
metal rolling industries where heat and pressure are applied to paper or metal in between two

spinning roller pins. Bae et al. also reported using this to attach thermal release tape to a 30 in
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diagonal piece of graphene on Cu foil grown inside an 8 in diameter furnace (Fig. 1.11b). Next,
Cu is removed using a metal etchant then transferred to a flexible PET (polyethylene
terephthalate) substrate. Lastly, the thermal tape is released by being moved between the two
roller pins again at a low temperature of 120 °C. Fig. 1.11c shows Bae et al.’s success in

applying roll-to-roll graphene on PET and using that as a touch screen panel. [45]

Despite the advantages the roll-to-roll process has, it can also lead to cracks and holes in
graphene if the substrate is too rigid or if too much pressure is applied during rolling.
Furthermore, like polymer assisted wet transfer, this process can leave behind polymer
contamination on graphene and unintentionally affect the nano-material’s physical properties. To
circumvent the issues that cause cracks and holes, Kang et al. suggested using a hot press method
instead of rollers [46]. Here, hot presses apply pressure on the tape/graphene/substrate from the
top and bottom, eliminating shear stress from the roll-to-roll process. However, this method still

does not address the polymer contamination issue and needs further development.

Considering all the popular transfer methods available, we chose to use PMMA assisted
wet transfer using PMMA because it is compatible with CVD graphene, allows us to easily
transfer wafer scale films, and is relatively low cost. However, as mentioned earlier, polymer
contamination left behind affects graphene’s electronic and mechanical properties, an issue

addressed in chapter 4.
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1.7 Raman spectroscopy of graphene

Raman spectroscopy has become a very commonly used characterization tool in the
graphene research community because it’s easy to use, non-destructive, and electronic and
structural material properties can be extracted from it. Because | and other members of my group
extensively used it during my PhD, I will devote this section of my dissertation to go over the
basics of Raman spectroscopy and then delve into how it is specifically applied to graphene.

[47], [48]
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Fig. 1.12 Illustration of Raman scattering. a) Stokes process. b) Anti-Stokes process. ¢) Rayleigh
and Raman scattering under resonant and non-resonant conditions. Courtesy of A Ferrari et al.

[47]

First of all, the scattering of light by a material can be generalized into two broad

categories: elastic and inelastic scattering. Elastic, or Rayleigh, scattering takes place when the
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system returns to its initial state after the scattering event. That is, the incident photon, with
energy ho,, and the emitted photon have the same energy (or frequency). When light is shined
on a material, most of the scattering is elastic. On the other hand, inelastic, or Raman, scattering
takes place when the incident photon and the emitted photon have different energies and occurs
at a much lower probability than elastic scattering. As seen in Fig. 1.12a, the incident photon can
excite an electron-hole pair e-h, and then the e-h can decay into a phonon Q and another
electron-hole pair e-h’. e-h’ subsequently recombines and emits a photon with energy hosc, in

which hwse < ho,. This scattering process is known as the Stokes process.

Un-intuitively, the emitted photon can also have a greater energy than the incident photon
(hose > hwy) after the scattering event, as seen in Fig. 1.12b. Here, a phonon Q is absorbed by
the electron-hole pair (e-h), resulting in another electro-hole pair e-h’. e-h’ subsequently decays
to the ground state, emitting a photon with energy hwsc in the process. This process is known as

the anti-Stokes process. [47]

The Stokes process is much more probable than the anti-Stokes process because the
Stokes process begins by exciting an electron-hole pair from the ground state. Therefore, the vast
majority of Raman spectra in the literature are Stokes measurements. On a Raman spectrum, the
intensity of scattered light is plotted against the “Raman shift”, the difference between the
incident and scattered photon energy. For historical reasons, the Raman shift is plotted in units of
energy cm™, in which 1 meV = 8.0655447 cm™. In addition, most of the Raman spectra in the
literature are non-resonant processes, in which the photon energy hw, does not excite an electron
to a stationary electronic state. If the excitation is excited to match a specific level, as seen in

Fig. 1.12c, then the process is resonant and the intensities are strongly enhanced. [47]
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Fig. 1.13 Typical Raman spectra of (a) pristine graphene and (b) defected graphene. Courtesy of

A Ferrari et al. [47]

Fig. 1.14 Schematic illustrating how G, D, and 2D peaks arise in graphene with electronic
energy bands. Electron dispersion (solid black lines), occupied states (shaded areas), inter-band
transitions neglecting the photon momentum, accompanied by photon absorption (blue arrows)

and emission (red arrows), intra-band transitions accompanied by phonon emission (dashed
arrows), and electron scattering on a defect (horizontal dotted arrows). Courtesy of A Ferrari et

al. [47]
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The photon-phonon interaction involved in Raman spectroscopy allows users to extract
useful information from graphene. Fig. 1.13 shows typical Raman spectra of pristine and
defected graphene labeled with graphene’s main characteristic peaks: the G, D, and 2D peaks.
The G peak arises from carbon-carbon bond stretching between atoms in graphene and is present
in all graphitic materials. For the D peak to occur, a charge carrier must be excited and in-
elastically scattered by a phonon and then elastically scattered by a defect or zone boundary,
resulting in recombination. Therefore, D peak arises from disorder in graphene’s crystal structure
and its intensity can be used to measure the material’s defect density. On the other hand, the 2D
peak occurs when a charge carrier is excited and in-elastically scattered twice. Fig. 1.14 shows

schematics illustrating examples of how the G, D, and 2D peaks arise. [47]

1.8 Importance of my research

After introducing the basics of graphene, it’s appropriate to discuss the contributions of
my research before going into the research details. First, the NSF grant that provided funding for
my research was to explore how suspended graphene can be used for electrostatic discharge
(ESD) protection. Wei Zhang, a former PhD student in our group, was the person who
spearheaded this project. I helped Wei on the project until he graduated and then took over. Early
on, we fabricated suspended graphene ribbon devices and were able to show that their
electromechanical responses can be used to shuttle charge via the MEMS pull-in phenomenon,
thereby offering ESD protection as a mechanical switch that actuated after sensing the excess
stray charge from an ESD event. Furthermore, we showed that ESD protection parameters can be

tuned with the device geometry, offering a new and unique way of providing protection.
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After this, | decided to explore different avenues of research to improve the device
performance. First, nail structures were explored to pin down the ribbon during pull-in,
improving the device reliability. Secondly, compliant mechanism ribbon designs were explored
with the help of the Flexible Research Group from UCLA’s Mechanical and Aerospace
Engineering Department. Third, the effects of polymer residue on the electromechanical
responses of suspended graphene were also explored. Finally, we looked beyond just using the
device as a mechanical switch and theoretically explored its potential as a high frequency
resonator. Through these different projects, we not only achieved our initial goal of showing
suspended graphene can be used for ESD protection but also contributed to the body of graphene
and M/NEMS research in the literature and broadened the possibility of using M/NEMS devices

by enlisting graphene.
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Chapter 2: Suspended graphene ribbons for ESD applications

2.1 Introduction to ESD

b)
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Fig. 2.1 Electrostatic discharge. a) Illustration of touching a door knob and getting shocked, a
commonly experienced ESD event [49]. b) An unprotected semiconductor IC (RS-232 receiver)
that experienced a 15kV ESD event [50]. Courtesy of gokimo.com and maximintegrated.com

respectively.

This chapter elaborates on the first project | undertook during my PhD: using suspended
graphene ribbons for electrostatic discharge (ESD) applications. To begin, this section provides a
brief history of ESD research and a review of commonly used ESD protection devices today,

giving context to the project.
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In essence, ESD occurs when two objects with an electric potential difference experience
charge transfer. There is a lot of history behind ESD research. For example, in the 15" century, it
was reported that European military agencies developed ways to protect against ESD to handle
munitions safely. In the 18" century, Benjamin Franklin made major contributions with the
invention of the lightning rod, arguably the most significant ESD protection device in history.
Today, ESD remains a common phenomenon that most of us experience in everyday life. For
example, as seen in Fig. 2.1a, an ESD event occurs when you get shocked after walking on a
carpet and touching a door knob. Unbeknownst to you, you were collecting charge while

shuffling around, and touching a door knob gives a pathway for that charge to flow. [51]

ESD events, as well as protection from them, are also important in engineering today,
especially when designing semiconductor integrated circuits (ICs). ESD became an escalating
problem in the 1970s as ICs began to become more and more complex and sensitive. According
to the National Semiconductor Corporation, today, over 30% of all IC failures are due to ESD
[52]. Generally, there are two ways ESD events lead to failure: 1) high currents are generated
leading to irreversible thermal damage in the semiconductor material and/or metal interconnects
and 2) high electric fields generated rupture dielectric thin films. Figure 2.1b is a photo of an
unprotected RS-232 receiver that experienced a 15kV ESD event, showing the damage that ESD
can actually do [50]. In general, engineers are looking to provide protection against pulses as fast

as 150 ns, currents on the order of tens of Amperes, and voltages on the order of kVs. [51]
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2.2 Traditional ESD protection devices

Over the years, engineers have come up with many ways to provide ESD protection. The
basic function of any ESD device is to turn on when it senses a surge of charge then provide a
low impedance path for discharge. The more advanced devices can clamp the voltage at a lower
level, allowing safer discharge. Many different semiconductor devices can be used to do this;
however, for brevity, only the two most popular ESD protection devices will be discussed here:

reversed biased Zener diodes and ground gate NMOSFETS. Their I-V curves are shown in Fig.

2.2 [51]
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Fig. 2.2 1-V curves for commonly used ESD protection devices: a) reversed biased Zener diodes

and b) ggNMOSFETS. Courtesy of A. Wang. [51]
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Fig. 2.3 Band diagram illustrating the Zener effect. Courtesy of O. Acosta. [53]

Diodes are the “dinosaurs” of ESD protection devices; however, they are still widely used
in the industry because they are simple and efficient [51]. As engineers, we know that a simple
solution is best, given that it provides adequate protection. Although forward biased diodes can
be used, the most commonly used diodes used are actually reversed biased Zener diodes. Here,
the depletion region is made small by heavily doping the p- and n- sides. At sufficiently high
reversed bias, the electric field causes electrons from the valence band on the p-side to tunnel
through the junction to the conduction band on the n-side, causing a sharp increase in the reverse
current, as seen in Fig. 2.3 [53]. This phenomenon is known as Zener breakdown, and the
voltage at which this breakdown occurs is the trigger voltage of the ESD protection device, V.
Zener diodes are designed such that Zener breakdown occurs before avalanche breakdown. In
this way, reversed-bias Zener diodes are made to turn on when there is a sudden surge of charge

and allow a low impedance path for discharge, providing ESD protection. [51]
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Fig. 2.4 Cross-sectional device diagram of a ggNMOSFET used for ESD protection. Courtesy of

A. Wang. [51]

Despite the widespread use of diodes in ESD protection, it turns out that MOSFETS,
specifically ground gate NMOSFETs (QggNMOSFETS), are the most commonly used ESD
protection device due to its ability to achieve snapback and its compatibility with CMOS
technologies. Fig. 2.4 shows a diagram of how the device is used for ESD protection. Here, the
drain (D) is connected to the I/O pad, which is vulnerable to ESD events; on the other hand, the
gate (G), source (S), and base (B) are all shorted together to ground. When a positive ESD event
appears at the 1/0 pad, or D in this case, with respect to ground, the BD p-n junction is reversed
biased all the way to avalanche breakdown. As a result, electron-hole pairs are created,
generating a hole current which flows to ground though B. This builds up a potential, Vg, across
the parasitic capacitance R. This Vg positively biases the BS p-n junction, eventually turning on

the DBS n-p-n transistor. In this way, the device enters the snapback regime, clamping the
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voltage at a lower level and allowing for safer discharge. If a negative ESD pulse appears at D,

then the BD p-n junction will be forward biased and will provide a path for discharge. [51]

Other than Zener diodes and ggNMOSFETSs, some other commonly used ESD protection
devices are bipolar junction transistors and silicon controlled rectifiers. These single device
structures have been dominant in providing ESD protection until the 1990s. However, as ICs
became unbearably complex, single device structures evolved into ESD protection circuits.
Today, customized protection circuits are made using the aforementioned components, with
different circuits employed within the same chip sometimes. Unfortunately, because of the
convoluted interaction of breakdown mechanisms involved among devices, it is hard to
accurately simulate a practical ESD protection circuit. The circuit design is becoming so
complex that engineers are currently resorting to a lengthy trial-and-error process to fulfill
protection requirements. The engineer lays out the protection circuit and then tweaks a
parameter, simulates, and hopes for the best, heavily relying on intuition and luck. These steps
are re-iterated until the protection requirements are fulfilled. Then, their design is physically
made in a semiconductor fabrication plant, with the hope that their circuit physically behaves in

the way their simulation predicted. [51]

These barriers that ESD protection engineers were running up against prompted
researchers to look for something new. In the following sections, I review how we showed that
suspended graphene ribbons can be used to provide ESD protection. Furthermore, we show that
the ESD protection parameters can be easily tuned by changing the device geometry, offering a

novel and unique way of providing protection. [54], [55]
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2.3 Introduction to suspended graphene ribbon device and the MEMS pull-in phenomenon

GND

graphene

/

Fig. 2.5 Suspended graphene ribbon device. a) Schematic of the device and how it is connected

for on-chip ESD protection [56]. b) Top-view SEM image of the device [57].

As mentioned in the previous section, this project focused on how to use suspended
graphene ribbon devices for ESD applications, and this section serves as an introduction to the
device in question. Fig. 2.5a shows a schematic of the device and how it is connected for on-chip
ESD protection [56]. The two terminals of the device are the suspended graphene ribbon and the
conducting p++ Si floor beneath it. The device is connected to the I/O pads or anywhere that is
vulnerable to an ESD event. Fig. 2.5b shows a top-view SEM image of the as-fabricated device
[57].
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Fig. 2.6 Illustration of the MEMS pull-in phenomenon, the physical mechanism that provides

ESD protection. Courtesy of Wei Zhang. [58]

The way the device provides ESD protection is with the MEMS pull-in phenomenon
[59], illustrated in Fig. 2.6 [58]. When the ribbon is in the suspended position, the device is in the
OFF state. When a voltage is applied across the top and bottom terminal of the device, an
electrostatic force pulls the graphene ribbon down towards the floor. However, a mechanical
restoring force is induced from the ribbon bending and acts in the opposite direction of the
electrostatic force. At small voltages, the mechanical force can balance the electrostatic force,
resulting in small and stable ribbon displacements. However, if we apply a sufficiently high
voltage, the electrostatic force takes over, and the graphene ribbon pulls in and collapses to the
floor. This is exactly what happens when there is a surge of charge, like an ESD event. At this
point, the device is in the ON state. When the graphene makes contact with floor, there is a low
impedance path for the charge to flow and the charge is dissipated through the floor. After
discharge, the electrostatic force is released and, ideally, the mechanical restoring force props the

ribbon back into its original suspended position, ready for the next ESD event. [58]
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Fig. 2.7 Understanding the MEMS pull-in phenomenon using the capacitor plate model. a)
Schematic of the capacitor plate model. b) Force vs. displacement curves for three different

cases: 1) Vapplied < Vpull-in, 2) Vapplied = VpuII-in, and Vapplied > VpuII-in- [60]

In order to understand the physics behind the MEMS pull-in phenomenon in greater
detail, we can use the capacitor plate model, as seen in Fig. 2.7a. Here, the graphene ribbon, or
any suspended structure for that matter, can be represented by two capacitors in which the
bottom is fixed and the top is attached to a hanging spring with an effective spring constant, Kegs.
When a voltage, Vappiied, IS applied across the two plates, an attractive electrostatic force, Fgs, is
induced and the top plate is allowed to move towards the bottom. In doing so, there is a
mechanical restoring force, Frech, Which fights against that movement. Fgsand Frecn are given by

the following equations [57-58]:
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B goAVlepz (2.1)
ES — 2

Fnecn = keffd(t) (2.2)
€p IS the vacuum permittivity, A is the effective area of the plate, dy is the initial distance between

the plates (the trench depth), and d(t) is the time-dependent displacement of the top plate.

Fig. 2.7b shows the force vs. displacement curve of the Fnecnh and the Fgs for three
different cases. Frech is represented by the red line. At small voltages, Fes is represented by the
black curve. In this case, Fmech and Fes intersect at two different points, which means that there
exist two equilibrium states where Frecn can balance Fes. The smaller displacement represents a
stable equilibrium state whereas the larger displacement represents an unstable equilibrium state;
therefore, the ribbon physical sits at the smaller displacement. When Vggpiieq iS increased, the Fes
curve shifts to the left, as seen in Fig. 2.7b and in Eq. (2.1). Eventually, we get to a situation
where the Frnech and Fgs curves only intersect at one point, as seen with the gray curve. The
voltage that brings us here is called the pull-in voltage (Vpuii-in) because if Vappiied is beyond that
value, we get a situation as seen with the blue curve. Here, there are no equilibrium states in
which the Frneen can balance Fes. What physically happens is Fes takes over due to its (do - d(t))?
dependence, and the graphene ribbon collapses to the floor. Again, this creates a low impedance
path between the top and bottom terminal of the device and allows the surge of charge from an

ESD event to dissipate through the floor, providing ESD protection. [58]
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Fig. 2.8 Potential energy vs. displacement curves for the following three cases: 1) Vappiied < Vpuil-

ins 2) Vapplied = Vpull-im and Vapplied > VpuII-in- [60]

Fig. 2.8 explores the aforementioned MEMS pull-in phenomenon from a potential energy

point of view. The potential energy was obtained by integrating Fgs - Fmecn With respect to the
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displacement. Fig. 2.8a shows the case for when Vappiied < Vpuii-in. Here, the minima and maxima
correspond to where the Frnech and Fes curves intersect in Fig. 2.7b. As seen in Fig. 2.8a, smaller
displacement corresponds to a stable equilibrium position, a minima on the potential energy
curve. This is where the ribbon physically sits. The larger displacement corresponds to an
unstable equilibrium position, a maxima on the potential energy curve, and has no physical
importance. When Vappiied = Vpuii-in, there is only one minima, corresponding to the only
intersection point on Fig. 2.7b. When Vapplied > Vpu-in, there are no minima, meaning that there

are no equilibrium states where Frech can balance Fes.

By analyzing the situation in which Fnecn and Fes curves intersect at only one point in

Fig. 2.7b, we can obtain an analytical expression for Vpyi.in, Which is given by the following

3 (2.3)
v [Bkerrdo
pull—in 27€0A
y
> x Pressure

PolntA l l’ l l PointB

MAT—TMB

Fig. 2.9 The graphene ribbon modeled as a suspended beam clamped at both ends to obtain the

equation [60]:

Ketr. [62]
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In order to get an analytical expression of Vpy.in for our specific graphene ribbon case,
we can analyze the generalized MEMS structure of a suspended doubly-clamped beam [63], as
seen in Fig. 2.9. Here, the electrostatic force is assumed to be applied uniformly downwards
across the beam. Ra and Rg are reaction forces at points A and B respectively. Ma and Mg are
reaction moments at points A and B respectively. The deflection equation for this case is given

by the following [62]:

d*y (2.4)
EIW = MA + RAX

E is the Young’s modulus of the beam and I is the moment of inertia. Integrating to solve for y in
Equation 2.4 yields the following [62]:

MA.XZ RAX3 (25)
y="r+
2E1 6E1

Furthermore, for the case of the doubly clamped beam, the moment of inertia is given by the
following [62]:

] = W_t3 (2.6)
12

w is the width of the beam and t is the thickness. Next, to calculate the K¢, we invoke the general

definition for the effective spring constant [62]:

P 2.7
- @)

Nt~

L/2 is the position at the midpoint of the beam. We defined ke using this position because the

midpoint experiences the greatest amount of deflection; therefore, it is the location of interest
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when we are looking to analyze pull-in. Substituting x = L/2 and Eqg. (2.6) into Eg. (2.5) and then

substituting that result into Eq. (2.7) yields the following [62]:

32Ewt3 (2.8)
kerr =73

Finally, by substituting Eq. (2.8) into Eq. (2.3), we get an analytical expression for Vpy.in that is

dependent on the device dimensions and the material properties [57]:

Edy’t3 (2:9)

V i~ —
pull-in €0L4

Equation (2.9) is important because it is the voltage needed to make the graphene ribbon collapse
and make contact with the floor; that is, if we are using the suspended graphene ribbon device for
ESD protection, then Vyui.in is the voltage at which the device turns on, also called the trigger

voltage, and is a critical ESD protection parameter.

Another critical ESD protection parameter is the mechanical response time, t;. Because
ESD events are transient in nature, ESD protection devices should be fast enough to respond to
the stray charge seen in typical ESD events. If the suspended graphene ribbon device is used for
ESD protection, then t, would be the time it takes for the graphene ribbon to collapse to the

bottom when V > Vyui.in. t; is calculated by solving the following equation of motion:

dzd(t) (2.10)
mFZ Fgs — Frecn

dzd(t AV, )* (2.11)
( ) = 80 arp - keffd(t)
dt2 2
2(do — d(®)
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The displacement of the ribbon as a function of time, d(t), is numerically solved for using Eq.
(2.11). Then, t, can be solved for by setting the displacement equal to the trench depth and then

solving for the time:

d(t,) =d, (2.12)
There is also an electrical response time that must be acknowledged, the characteristic
RC time. This tells us how much time it takes for the ribbon to charge up, so Fgs will act on it. |
will not be taking this response time into account because it turns out that the electrical response
time is many orders of magnitude below the mechanical response time in devices with
dimensions of interest. Therefore, the ribbon can be approximated to charge instantaneously and
how quickly the device can respond to an ESD transient is limited by the mechanical response

time.

Another critical ESD protection parameter is the parasitic capacitance, Cpaasitic, Which is
due to the graphene-air-Si p++ structure. Assuming that device will be used to protect
semiconductor ICs from ESD, Cparasitic is critical in that it could interfere with the IC’s clock
speed. A higher Cparasitic means that it takes longer for things to charge up; therefore, it decreases

the switching frequency. Cparasitic 1S given by the following equation:

SOA (212)

C =
arasitic
14 do

Of course, there are many other ESD protection parameters that must be taken into
account if a device is to be used for actual ESD protection. | only covered the most important

ones here for brevity.
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2.4 Device fabrication

In this section, I will briefly go over the fabrication of the suspended graphene device, as
outlined in Fig. 2.10. First, | begin with a Si p++ substrate and then a layer of thermally grow
Si0O; and deposit a 100 nm layer of SiN using PECVD (Fig. 2.10a). The Si p++ acts as the
conducting floor of the device and the SiO, thickness determines the trench depth of the device.
Then, photolithography and reactive ion etching is done to etch away trenches in the SiN (Fig.
2.10b). Part of the SiO, is exposed, so the graphene ribbon can be suspended later on. SiO; is
also exposed around the perimeter of the chip. Next, another round of photolithography and HF-
BOE is done to expose the Si p++ at the perimeter of the chip (Fig. 2.10c). Then, CVD graphene
is grown and transferred onto the substrate, as described in sections 1.5 and 1.6 respectively (Fig.
2.10d). Then, another round of photolithography and O, plasma etching is done to pattern the
graphene into the desired designs (Fig. 2.10e). Then, one last step of photolithography and e-
beam metal deposition is done to deposit Ti/Pd/Au contact pads (Fig. 2.10f). There are two
contact pads that are placed at the ends of the ribbon. There is third contact pad that is placed 50
um away from the second, which form a metal network and a fourth contact pad connected to the
Si p++ floor. Finally, HF vapor etching is used to dig out the trench under the graphene ribbon
and the third and fourth contact pads shown are soldered together (Fig. 2.10g and h). This allows
the metal network to be connected to the Si p++ floor and makes it easier for us to make
measurements within a microscope field of view. The red arrows in Fig. 2.10h indicate where

probe tips are placed to make pull-in I-V curve measurements.
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Fig. 2.10 Process flow for device fabrication.

2.5 Characterization

The three main techniques used to characterize the suspended graphene ribbon device for
ESD protection: SEM, Raman, and electrical measurements (DC and TLP). SEM images were
taken of the devices to ensure proper fabrication. A top view SEM image is shown in Fig. 2.11 as

an example [64].
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Fig. 2.11 Top view SEM image of the as-fabricated suspended graphene ribbon device [64].
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Fig. 2.12 Typical Raman spectrum of single layer graphene.

Furthermore, Raman spectroscopy was used to ensure that the graphene ribbon was intact

and was of high quality. A review of Raman spectroscopy of graphene is given in section 1.7. An
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example Raman spectrum experimentally obtained from the graphene we used to make our

devices is shown in Fig. 2.12.

Lastly, the device’s pull-in behavior was measured using DC and TLP probe stations.
Pull-in I-V curve measurements were made using the measurement scheme shown in Fig. 2.10h.
DC measurements are commonly done, so | will not cover them here. However, | will talk
briefly about TLP, or transmission line pulse, measurements because they are important in ESD
industry. TLP pulses are used simulate ESD shocks, which is why they are used in standardized
ESD testing. According to the human body model, an ESD event is characterized by a constant
charge discharge via transient surge, not a constant DC voltage. The rise time and duration time
of the TLP pulse are made to match with the parameters set by the human body model, which are
set to 10 ns and 100 ns respectively. An I-V curve is obtained from the TLP measurements by
subjecting the device to these pulses while incrementally increasing the pulse height and then
measuring the response. The pulse height and the current generated represent the voltage and
current on the I-V curve respectively. [51] The BARTH Model 4002, the machine used for TLP

testing, is shown in 2.13.
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Fig. 2.13 BARTH Model 4002 TLP tester used for TLP testing.
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Fig. 2.14 Pull-in I-V curve obtained from TLP testing on a suspended graphene ribbon device

with dimensions length = 7 um, width = 5 pm, and trench depth = 850 nm.
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A typical I-V curve taken from the TLP tester is shown in Fig. 2.14 as an example. As
expected, at low voltages, the current is also low. However, at shortly above 12 V, there is a
sharp increase in the current. At this point, the graphene ribbon pulls in and collapses to the
floor, resulting in a low impedance path between the top pad and bottom pad of the device. In
this way, the Vu.in Of as-fabricated devices can be experimentally measured. Pull-in 1-V curves
were also obtained using DC; however, they show very similar behavior and are not shown here

for brevity.

2.6 Experimental studies on the electromechanical responses of suspended graphene

In this section, | describe experimental studies on the electromechanical responses of our
suspended graphene ribbon devices with the characterization methods as described in section 2.5.
First, SEM and Raman spectroscopy were done to ensure device fabrication went well and the
graphene ribbons are intact. Then, pull-in I-V curves were obtained using a DC probe station for
suspended graphene ribbon devices with various lengths and trench depths to see if the results
held up to theory. Pull-in 1-V curve results are shown in Fig. 2.15. Here, pull-in I-V curves for
different cases are superimposed on the same graph. For example, Fig. 2.15a shows pull-in I-V
curves for devices with the same length but varying trench depths (350, 550, and 850 nm). Fig

2.15b shows devices with the same trench depth but varying lengths (7, 10, 15, and 20 um). [65]
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Fig. 2.15 a) I-V curves of suspended graphene ribbons with varying trench depth.

b) 1-V curves of suspended graphene ribbons with varying length. [65]

From Fig. 2.15, we can see that the observed functional dependences match those
predicted by our theoretical model: Vpyiiin o do* and Vpuiin @ 1/L% However, it is important to
note here that the pull-in 1-V curves seen on this figure are representative of a collection of pull-
in I-V curves of the same dimensions. In actuality, there is variation Vpu.inamong devices with
the same dimensions. It is only by averaging the measured Vpyii.in’s that we find the
aforementioned functional dependences. A follow-up study was done on the cause of this
variation, and we found that it was due to significant structural contributions from polymer
residue in the transfer and photolithography steps during device fabrication. The details of this

study can be found in chapter 4.

The same pull-in I-V curve measurements were also done using the TLP probe station

presented in section 2.5. The results were similar to that of the DC measurements and were not
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included here for brevity. However, it is important to note that the TLP pulses used here were
100 ns, showing that the suspended graphene ribbons can effectively respond to transient shocks

on this time scale.

To conclude this chapter, | will leave some remarks to summarize the results and leave
the reader with takeaways. It turns out that our experimental results show suspended graphene
ribbons can be modeled using the models mentioned in section 2.3. This gives us a set of
equations we can use to design suspended graphene ribbon devices for ESD protection.
Furthermore, compared to traditional Si devices, this reveals a novel and simpler way of
providing ESD protection, in which ESD protection parameters can be easily tuned by modifying
the device geometry. Lastly, by doing TLP pull-in measurements, we showed that the ribbons

can respond to transients up to 100 ns and satisfy stringent ESD industry requirements.
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Chapter 3: Nail structure optimization
3.1 Vpuiin reliability issue

Unfortunately, the results shown in section 2.5 and 2.6 from the previous chapter conceal
a very important problem: the device pulls-in as expected the first time a measurement is made
but fails to pull-in again with every subsequent measurement. Fig. 3.1 illustrates what 1 mean.
Here, the pull-in I-V curve was measured for the device shown in Fig. 2.14 ten times. The first
measurement yielded expected pull-in behavior. However, all subsequent measurements showed
resistor-like behavior. We believe the reason for this is as follows. After the first measurement,
the ribbon experiences pull-in and collapses to the floor. However, due to slippage between
graphene and the layers of metal and the SiN it is sandwiched between, graphene remains
collapsed and does not return to its original suspended position after the electrostatic bias has
been released. As such, there is a permanent connection between the top metal pad and the floor
of the device, resulting in resistor-like behavior on the I-V curve for each subsequent

measurement.

Graphene ESD Device (no nails) I-V
curves No. 1-10
0.005 = = isttime
0.004 == 2nd time
g 0.003 r \ == ardtime
= —— gth time
E 0.002 , =8— s5thtime
5 o.001 3 ,\' —— gth time
o —=7thtime
0.001 10 15 ——8thtime
) Voliage(V) == gth ime

Fig. 3.1 Pull-in 1-V curve measured on the same device 10 times.
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If this device was used for ESD protection applications, this would mean that the device
would just protect against only the first ESD shock it senses. Therefore, there is a Vpyi.in
reliability issue. To remedy this, holes were “drilled” into where the graphene meets the metal
pad, and then metal was deposited over it creating pillars that act as nails to pin the graphene

ribbon down. The remainder of this chapter details the challenges in implementing nails.
3.2 Investigation of various nail structures using finite element simulations

In designing the geometry for the nail structures, the primary goal was to minimize the
stress concentration where the nails and graphene sheet met when the ribbon pulled-in. Fig. 3.2

shows the various nail structures we decided to study [38].

- >

I > >
I > >

Fig. 3.2 Four different nail structures we chose to study in an attempt to minimize the stress

concentration on the graphene sheet during pull-in. [38]

If you intuitively thought that circular nails would work best and were wondering why we

chose to investigate nails with sharp edges, then you would be correct. It turns out that circular
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nails do work best, and I will discuss this later. However, our reasons for choosing to the nail
structures shown in Fig. 3.2 are due to the photolithography limitations we have. It turns out that
to draw a circle on the photomask, it must be made of a collection of straight lines. Therefore,
the resolution limitations of the mask writer you use and how small you want your circle to be
determines how “blocky” your circle will turn out. Our limited “pad real estate” imposes a
constraint on how small of a decent circle can be achieved. What we chose to do in this situation
was to simply use square and triangle nails study the system in question before proceeding to

determine which nails would minimize stress concentration.

Finite element simulations were conducted to study the behavior of these nail structures.
Here, the graphene sheet was assumed to have material properties of polycrystalline graphene
with grain sizes on the order of um, which is what we make using CVD growth in our lab. The
nails were assumed to be fixed rigid bodies, and the sharp edges were rounded to avoid any
singularity points. The mesh density around sharp corners was increased for better accuracy

because we expected stress to be concentrated there.
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Fig. 3.3 Finite element simulation results of the four nail structures mentioned in this section.

[38]

The simulation results are shown in Fig. 3.3. Pull-in was simulated by exerting a force
pulling the graphene sheet to the left. The scale bar was made the same among these simulations,
making easier to compare the stress concentration among them. Furthermore, red and gray areas
in the graphene sheet indicate where stress concentration is greatest whereas blue areas indicate
little to no stress concentration. From these results, we came to the following conclusions. First,
as expected, stress concentration is centralized at the sharp edges of the ribbon. However, it is
important to note that stress concentration not only occurs where the nails meet the graphene
sheet. Second, the structures with four nails reveal that the two nails in the back do not have
much of an effect. The physical reason for this is as follows. By assuming the nails are rigid and

fixed, when the graphene sheet is pulled, all the displacement in the sheet occurs near the
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location of the front two nails. As such, the part of the graphene sheet behind the two front nails

experience little to no displacement; therefore, there is no stress concentration there either. [38]

3.3 Optimized nail structure

Using the insights extracted from the results in previous section, we moved forward by
running additional finite element simulations in hopes to minimize the stress concentration in the
graphene sheet. It turns out that two nails side by side can effectively reduce the stress
concentration. Knowing this allowed us to optimize our use of pad real estate and use circular
nails. Here, we ran finite element simulations using the same assumptions as described in section
3.2 for circular nails with different size and at different locations that satisfy our fabrication

constraints.

0DB: forcedistr_nocrack.odb  Abaqus/Standard Student Edition 6.14- Tue Jan 31 01: 1548 Pacific Standard Time 2017

Fig. 3.4 Finite element simulation results of the optimized nail structure. [38]

After much iteration, we were able to find the optimal nail structure, and the simulation

results for this is shown in Fig. 3.4 [38]. The scale bars were made the same as those in Fig. 3.3,
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making it easier to compare stress concentrations across the different element simulations. It is

also worthwhile to note that the region leading up to the ribbon was tapered to avoid sharp

corners as much as possible.

To quantitatively measure how well this optimized structure distributes stress, a
maximum stress to pull-in pressure ratio was used. This ratio is the maximum stress indicated on
a simulation result divided by the pull-in pressure. A greater ratio means higher stress
concentration, whereas a ratio closer to one means lower stress concentration. A ratio of one is
the best achievable. Table 3.1 tabulates the ratios for the four nail structures shown in Fig. 3.3

and the optimized structure shown in Fig. 3.4. [38]

Value of interest

Nail Structure Maximum (GPa) Maxmmmstress to
pull-in pressure ratio

One square nail 6.64 221
One triangular nail 15.11 5.04
Four square nails 627 2.09
Four triangular nails 5.88 1.96

Two circular nails

(optimized structure) 3.6l 1.20

Table 3.1 Table summarizing the maximum stress to pull-in pressure ratio for all the nail

structures mentioned. [38]

As seen from Fig. 3.5, the ratios for the four nail structures from Fig. 3.3 vary greatly and

the optimized circular nail structure is clearly the best. Furthermore, with a ratio of 1.20, it is
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very close to the best achievable [38]. Therefore, the circular nail structure was implemented to

pin down the suspended graphene sheet in our future devices.

3.4 Implementation of Nails into the Fabrication Process

Graphene

a)
BRI H—Aﬂ N

SiO2

Si p++

b)
Ti/Pd/Au  Graphene

i‘_l
SINC 1 ] SIN

—_—

SiO2 Si02

Si p++

Fig. 3.5 Schematics illustrating how nails were implemented into the fabrication process.

Fig. 3.5 illustrates how nails were actually implemented into the fabrication process.
Only a slight modification to the fabrication process outlined in Fig. 2.10 was made. First, when
the SiN layer and graphene were etched (Fig. 2.10b and Fig. 2.10d respectively), holes were
etched with the optimized nail structure design from section 3.3 at the location of the nails (Fig.
3.5a). Then, when metallization occurs (Fig 2.10f), the holes are filled with metal, effectively

creating pillars that act as nails (Fig. 3.5b). The rest of the fabrication process does not change.
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Chapter 4: Effect of Polymer Residue on the Pull-in of Suspended Graphene

4.1 Motivation for study

This next chapter addresses an issue introduced in chapter 2. The functional dependences
obtained for the Vpyin presented in section 3.6 as were calculated using the average Vpuiiin for
devices with varying dimensions. As we will explore in this chapter, it turns out that there is a
variation in the actual Vpyin Values. This chapter identifies the cause to be due to the variation in
polymer residue thickness introduced during the device fabrication process and quantitatively
assesses its effects. This study has implications in the manufacturing of suspended graphene

MEMS devices with desired parameters (Keff, Vpull-in, €tC.).

First, in choosing to build MEMS devices with graphene, we must consider the trade-offs
between two types of graphene: single crystalline (SCG) and polycrystalline (PCG) [66]. SCG
has a Young’s modulus of ~1 TPa, a fracture strength of ~130 GPa, and the ability to stretch up
to ~1.25 times its original length before fracturing [16]. The fact that it is atomically thin means
SCG is ideal for applications involving fast mechanical movement. Furthermore, SCG has a high
charge carrier mobility (upwards of 15,000 cm?/\/s at room temperature) [67]. Lastly, SCG has
been shown to be chemically inert, which renders it easy to use and promising for use in

biological systems [9].

Despite the progress that has been made in graphene research, it is still very difficult to
produce large-area films (> 1 in?) of SCG [28], [68]. Although, methods have been developed for
growing large-area high-quality polycrystalline graphene (PCG) [68]. Concerns that the
mechanical and electrical properties of PCG are far inferior to those of SCG due to the presence

of grain boundaries were addressed in section 1.4. It has been shown that the sheet resistance of
57



PCQG levels off after the grain size exceeds 10 pm because charge scattering within the grains
becomes more significant than charge scattering due to the grain boundaries [22]. In regards to
mechanical properties, PCG has imperfect C-C bonding at the grain boundaries, leading to
diminished mechanical strength; however, it has been shown that PCG is still relatively strong
and has a fracture strength of ~35 GPa [21], [64]. Thus, PCG typically suffices for many

applications.

Currently, the most prominent method to produce PCG is chemical vapor deposition
(CVD) on copper foil because of its low cost, large-area growth, good control of monolayer
growth, and ability to transfer onto arbitrary substrates, as explained in section 1.5 [69]-[71]. For
these reasons, PCG would be the realistic candidate in MEMS applications. Therefore, PCG is

the focus of this study and will be referred to in the remainder of this chapter simply as graphene.

One hurdle in using CVD to grow graphene is the subsequent transfer process (outlined
in section 1.6), which commonly involves spin-coating a thin polymer film (typically PMMA)
onto graphene. The polymer acts a structural support while graphene is moved from the Cu foil
onto the target substrate. Furthermore, any photolithography done after graphene has been
transferred involves spin-coating polymer as well. The problem is that it is very difficult to
completely remove the polymer and a thin residual layer remains (typically a few nanometers

thick) [72], [73].

Our suspended graphene MEMS device, as well as many other graphene devices,
involves the MEMS pull-in phenomenon in which a voltage bias is used to mechanically collapse
a suspended structure. Although the pull-in of suspended graphene has been studied [56], [58],
[74], the effects of polymer residue have been largely unexplored. It is known that polymer

58



residue p-dopes graphene, affecting graphene’s electronic properties [13]. Furthermore, the
polymer layer is relatively thick compared to the graphene [73] and should, therefore, have a
mechanical effect on its behavior. For these reasons, we studied how polymer residue affects the

pull-in of graphene, presenting the details of the study in this chapter.
4.2 Suspended graphene ribbon compliant mechanism design

To study the effects of polymer contamination on pull-in, the graphene ribbons were
redesigned using compliant mechanisms and concepts introduced in chapter 2. First, the new
suspended graphene structures’ behavior was again assumed to be captured by the capacitor plate
model, as shown in Fig. 2.7. This model yields Eq. (2.3) for Vpyiin. The difference between the

Vpuii-in OF the new designs and the old designs will be captured by the new Kesr.

The ribbons were made to have varying ke using three different lamina emergent
mechanisms that could be patterned into the graphene [75], [76]. Each design consists of two
main components: a combination of flexures and a platform [77]. The designs are shown in Fig.
4.1 and are named 1Blade, 2Blade, and Tiki. By lengthening the flexures using switchbacks, we
increased the amount the platform can displace without failing but also decrease ke in the
process. By adding more flexures in parallel, however, we compensated for this decrease in
stiffness and still achieved a sufficiently high ke, ensuring we could easily experimentally make
Vpul-in measurements. Furthermore, 5 sizes were made (XS, S, M, L, and XL) for each design, in
which the length of the flexures and the platform area, A, were increased. These changes affected
Vpuli-in, @ shown in Eq. (2.3), which allowed us to study trends in the data we collected. We
designed the ribbon to have a large platform region in the center, with areas ranging from 54 to
1260 pm?.
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Fig. 4.1 Schematic of the graphene ribbon designs used in this study: a) 1Blade, b) 2Blade, and

c) Tiki. The location of the flexures and the platform are indicated in Fig. 2a.

This choice of geometry made it possible to easily measure the relative polymer
contamination levels using large-area Raman mapping because the laser spot size is ~ 1 um in

diameter. The flexures and platform mentioned are labeled in Fig. 4.1a. Finally, circular nails
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were optimized and applied to prevent the graphene from slipping during pull-in, as described in

chapter 3 [38].

Fig. 4.2 lllustration showing how we calculated ke using Castigliano’s Theorem. a) Flexure leg

of 1Blade design. b) Location of where the downward force is assumed on the flexure leg.

We calculated the ke of each ribbon by treating each flexure leg as a spring in parallel
holding up the center platform. We employed Castigliano’s Theorem [78] to calculate the
effective stiffness of each flexure leg, k. Fig. 4.2 shows how this was done using the 1Blade
design as an example. First, we assumed that a downward vertical force, F, was applied where
the flexure leg meets the platform to simulate platform movement during pull-in, as seen in Fig.
4.2Db. Integrating the strain energy along each segment, we calculated the vertical displacement of
each segment of the flexure leg. Then, we calculated k; by dividing F by the total vertical

displacement, following the general definition of the effective stiffness. After k; was calculated,
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we calculated ke by treating the flexure legs as springs in parallel holding up the center platform

using the following equation:

i (4.1)
keff = (z ki_1>
i
We substituted ket and the geometric parameters into Eq. (2.3) to calculate Vpy.in for
each ribbon design and size. Table 4.1 summarizes the predicted relative Vpyi.in values for all the
ribbons in our study, with the Vyu.in of the 1Blade XL design normalized to 1 to show how the

predicted Vpyiin Values incrementally change with the design and size.

Design
1Blade 2Blade
V) V) Tiki (V)
XS 932 3.87 3.87
S 6.22 2.86 2.8
Size M 2.65 2.34 23
L 1.99 1.84 2.1
XL 1 1.14 1.32

Table 4.1 Summary of predicted Vpuii.in in units of volts for all ribbons used in the study

calculated using Eq. (2.3).
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4.3 Device fabrication and characterization

a) Metal pad

Graphene

Trench «
Metal pad

b) 1Blade 2Blade Tiki

Fig. 4.3 Top-view SEM images of as-fabricated devices. a) 1Blade XS device with its relevant
features labeled. b) Collage of all device designs and sizes used in the study.
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The devices were fabricated using a process similar to the one outlined in section 2.4.
The only difference is that during the O, plasma etching step, the graphene was patterned into

the compliant mechanism designs we presented in section 4.2.

After device fabrication, the devices were characterized using SEM. Figure 4.3 shows
top-view SEM images of the as-fabricated devices. Figure 4.3a shows a close-up of a 1Blade XS

ribbon with relevant features labeled as an example. Figure 4.3b shows all the device designs and

sizes used in this study.
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Fig. 4.4 a) Typical pull-in I-V curve, measured using 2Blade L device. b) The measured Vpyii.in

plotted against the predicted Vyui-in for devices studied from section 2.4.
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To characterize the devices’ pull-in behavior, we measured Vpy.in by obtaining I-V
curves using the measurement scheme shown in Fig. 2.10h. We then plotted the actual measured
Voul-in @gainst the relative predicted Vpui.in. The trend found was expected, but we also observed
a significant variation in the measured Vpyin, in Which the aim of this study was to investigate.
Figure 4.4a shows a typical pull-in I-V curve. At pull-in, there is a sharp increase in current
because the graphene ribbon collapses to the floor, creating a low-resistance path between the
top and bottom pad. The voltage that causes this sharp increase is the device’s Vpyir.in. At
sufficiently high current, local heating effects cause parts of the graphene to react with oxygen in
air to form COy, burning holes in the graphene and causing an open circuit as described by Chen
et al. [54]. For this reason, breakdown occurs and the measured current plummets, as expected.
Voul-inmeasurements were made for different devices and plotted against the predicted Vpyi.in in

Fig. 4.4b.

4.4 Potential causes of Vpiin Variation

To investigate the discrepancies between our predicted Vpyiin Values and the measured
Voui-in Values, we considered the effects of each geometric parameter on the Vpyii.in. Any
variation in these parameters due to fabrication error would cause variation in Vpy.in. FOr
simplicity, we illustrate these effects here using the Vpyi.in 0f & simple solid doubly-clamped
graphene ribbon, which is a function of ribbon thickness, width, and length. The stiffness values
for the 1Blade, 2Blade and Tiki designs are also functions of ribbon thickness, width, and length

and are of similar form. The equation for Vyu.in Of the simple solid ribbon is the following [58]:
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3, 3 (4.2)
Vsimple ribbon _ Ey tg do
pull—in £0L4

Eq is the Young’s modulus of graphene, tg is the thickness of graphene, and L is the length of the
ribbon. Using Eq. (4.2), we identified the geometric parameters that influence Vpu.in: the trench

depth do, the ribbon length L, and the thickness t.

To check if there was a variation in do, we measured the SiO, thickness at 10 different
locations on the wafer. As shown in Fig. 2.10a, the SiO; thickness ultimately determines the
trench depth. SiO, thickness measurements were done using the Nanospec Model #101-0180.
We did the measurements at 10 points around the wafer and found that each point was within
~10 nm of the target SiO, thickness (1 um). From this survey, we concluded that the variation in

trench depth is not significant enough to cause the observed variation in Vpuir.in.

66



q Frequency

o

w

°F 220 240 200

280 300 320 340/ vealm’)

<oVU Ju o<V

Fig. 4.5 a) SEM image of 1Blade XS ribbon and b) its image segmentation. c) A histogram of the

calculated areas of 40 1Blade XS using image segmentation.

To investigate if there was variation in the area across devices of the same size and
design, we measured the areas of the as-fabricated 1Blade XS ribbons. This is because these
ribbons have the smallest area and thus are most prone to area variation. To check, we took SEM
images of 40 1Blade XS devices. Next, we used ImageJ software to conduct image segmentation
and calculated the actual areas of these ribbons. These areas were then compared to the expected
area from our design. An example of a 1Blade XS ribbon SEM image and its image
segmentation is shown in Fig. 4.5a and 4.5b respectively. We then made a histogram to check the
variation in these areas, as shown in Fig. 4.5c. Using the histogram, we observe that the majority

of the 1Blade XS ribbons fall within ~20 um? of the expected area (306 um?). There are a few
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ribbons that have areas ~200 to 240 um®. Upon further inspection, we found that these ribbons
had many cracks due to damage endured during the fabrication process. However, from the SEM
images and the histogram, we can see that the majority of ribbons are not damaged. From the
many ribbons which were intact, we concluded that the area variation was not significant enough

to cause the Vpuii-in Variation.

To investigate the thickness, Raman spectroscopy was used to ensure our graphene was
indeed monolayer. Figure 4.7 shows a typical Raman spectrum obtained from the graphene used
to fabricate the devices. The Raman spectra indicate that the graphene is completely monolayer;

therefore, there was no variation in the thickness of the graphene.
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Fig. 4.6 Typical Raman spectrum of graphene from a ribbon, with its characteristic peaks (G peak

and 2D peak) indicated.
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Fig. 4.7 AFM image used to measure the thickness of the polymer residue. The location of the

step is circled in red.

However, polymer residue from the device fabrication process was also investigated
because they are typically reported to be about a few nanometers thick [73]. Considering the fact
that graphene is only one atomic layer, polymer residue can be relatively thick and can
significantly affect the rigidity of the entire structure. Thus, variation in the polymer residue
layer thickness can lead to Vu.in Variation. In order to investigate the variation in residue
thickness, an AFM image was taken of a 1Blade XS flexure leg before the SiO, was dug out
using a Digital Instruments Multimode AFM, as shown in Fig. 4.7. We used the height contrast
between SiO, and polymer/graphene to calculate the thickness of the polymer residue, assuming
that the thickness of graphene is 0.34 nm [79]. The additional thickness of the polymer residue is
approximated as a spring in parallel with the graphene ribbon, and a modified version of Eq.
(4.2) was used to analyze the structural effects of the residue on Vuit.in:
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(4.3)

3 3 3
Vsimple ribbon _ (Ey ty + Ep tp )do
pull—in £0L4

Epand t, are the Young’s modulus and thickness of the polymer respectively. The AFM results
are shown in Fig. 4.7. Using these results we calculated the thickness of the polymer residue to
be 4.12 nm. Assuming graphene’s thickness is 0.34 nm [79] and the polymer’s Young’s modulus
is 3 GPa [80], the polymer residue thickness was significant enough to affect Vu.in according to

Eq. (4.3).

In addition to being thick enough to affect Vpui-in, polymer residue, especially PMMA, is
also known to p-dope graphene [13]. Therefore, we analyzed 75 ribbons to confirm whether
there was variation in polymer residue by measuring p-doping in those ribbons. For each ribbon,
20+ Raman spectra were obtained using Raman mapping with a Reinshaw inVia Raman
Microscope. To obtain the relative p-doping levels, we looked at the ratio of graphene’s 2D peak
intensity to G-peak intensity, l,p/lg [13]. We fitted each spectrum’s 2D and G peak to a Gaussian
sitting on top of a 3" degree polynomial baseline and extracted the l,p and Ig using Wire 4.3
software. Then, we calculated the average I,p/lg for each ribbon and used it to measure the

relative doping level variation.
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Fig. 4.8 Example of 1Blade XS ribbon modeled as a resistor network used to calculate its
resistivity. a) A schematic of the 1Blade XS ribbon with blue arrows indicating the flow of

current. b) The ribbon’s corresponding resistor network.

We also ensured there was consistency in our results by measuring the resistivity of these
ribbons. To do this, we treated each ribbon as a resistor network. Figure 4.8 shows an example of
this modeling for the 1Blade XS ribbon. The resistance of each ribbon segment, R;, was

calculated using the following equation:

L; 4.4
R; = lei 44
p is the resistivity and L; and w; are the length and width of the segment respectively. This
equation was modified from the common resistance equation of 3D bulk materials to fit 2D
materials (area — width). We included resistances R¢ and Rp representing where the current

turned a corner and flowed across the platform respectively. By summing all the resistance

71



components in series and parallel, the through-the-ribbon resistance, Ryipbon, 1S given by the

following equation:

Ryippon = Cp (4.5)
C is a constant that depends solely on the geometry of the ribbon. This modeling was done for all
ribbon designs in this study. Then, we experimentally measured Ryipyon Of €ach ribbon and

divided this value by its C value to calculate each ribbon’s resistivity.
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Fig. 4.9 Plot of the resistivity against the average I,p/lg of the ribbons studied. Regression analysis
was performed by fitting what to a 5 degree polynomial. A coefficient of correlation of +0.81

was subsequently determined.

We then plotted average I,p/l against the resistivities of the 75 ribbons, as seen in Fig.
4.9. Then, we conducted regression analysis by fitting the data set to a 5 degree polynomial,
finding a coefficient of correlation of +0.81 and confirming a relationship between the average
I.p/lg and the resistivities. From Fig. 4.9, we see that our results are consistent. Ribbons with a

lower average lop/lg have higher levels of p-doping and thus lower resistivity and vice versa [13].
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Our results indicate that there is indeed a variation in p-doping levels and polymer residue

thickness.

4.5 Polymer residue removal treatments

We then used a more effective polymer residue removal method and characterized the

devices again to see if this method decreased the Vpy.in Variation.

We attempted the following polymer residue removal methods:

1. 2 hour acetone
2. 24 hour acetone

3. 3 hour vacuum anneal (base pressure ~ 10 mTorr) at 300 °C + 5 min air anneal at 450
°C
4. 1 hour chloroform

Method #1 served as a control; we used this throughout the device fabrication process
introduced in section 2.4. Method #2 leaves the sample in acetone for a longer duration than in
method #1, allowing more time for acetone to remove polymer residue. In method #3, the initial
vacuum anneal was used to decompose the polymer into amorphous carbon; then, the subsequent
air anneal was used to oxidize said amorphous carbon. Method #4 uses chloroform, a very toxic

but more effective solvent.

We experimented with each method to remove polymer residue from graphene after the
transfer and photolithography steps described in section 2.4. To characterize each method’s

effectiveness, Raman mapping was done at 20 different locations with each Raman map
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consisting of 20+ points. Again, the average I,p/lg was calculated. We also extracted the 2D peak
positions, pos(2D), from the spectra and calculated the average pos(2D) in the same way the
average l,p/lg was calculated. We plotted the average I,p/lg against the average pos(2D) in Fig.

4.10, using them as metrics to measure the relative p-doping levels [13].

e 2 Hour Acetone = 24 Hour Acetone

o Vacuum Anneal + Air Anneal . 1 Hour Chloroform

2654F

o. . M
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5 $ 4 T _® Greater p-doping

Fig. 4.10 Plot of average pos(2D) vs. average I,p/lg for ribbons studied. From these results, we

found that chloroform was best at removing polymer residue (circled in red).

We found that method #4 worked best and then fabricated a new batch of devices using
chloroform to remove polymer during the graphene transfer and photolithography steps. Then,
Voui-in measurements were taken; however, all 1-V curves obtained showed resistor-like behavior
followed by breakdown, as shown in Fig. 4.11. By effectively removing the polymer residue, the
graphene ribbon starts off collapsed touching the floor; there is already a connection between the

top and bottom pad, resulting in resistor-like behavior as described Ng et al. [38].
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Fig. 4.11 Pull-in I-V curve of ribbon 1Blade XL ribbon treated with chloroform to remove

polymer residue from graphene transfer and photolithography.

This phenomenon can be understood by performing an energy analysis of our system.
Whether graphene begins suspended or not depends on the graphene-substrate interaction energy
if graphene conforms to the substrate, Eg.s interaction, and the strain energy induced by graphene

stretching, Esain. The total energy of the system is given by this equation [81]:

Etotar = Eg—s interaction + Estrain (4.6)
Eq-s interaction 1S Negative because the attractive interaction between graphene and its
substrate, albeit weak, reduces the total energy of our system. On the other hand, Egtrain iS positive
because it requires energy to stretch graphene. If |Eq.sinteraction| > |Estrainl, the energy reduced from
graphene conforming outweighs the energy increased from graphene stretching. In this case,
graphene will conform to the substrate. However, if |Eg.s interaction| < |Estrain|, then the opposite is
true and graphene will remain suspended [81]. By using chloroform to remove polymer residue,

we believe that strain energy required to stretch graphene was reduced, and the system moves
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from the latter regime into the former regime. Therefore, we found that polymer residue on
graphene plays two important roles: 1) its variation in thickness causes variation in Vpyi.in and 2)
it helps to suspend the graphene by making it more energy intensive for graphene to conform to

the substrate if the substrate is too corrugated.

4.6 Conclusion

In this chapter, we studied how polymer residue affects Vpyi.in Of suspended graphene
devices. By using an array of ribbon designs and sizes, we incrementally changed the stiffness
and the area and thus Vpyiin. After fabrication, we observed a variation in Vpu.in and investigated
the cause. We found that polymer residue, although thin (4.12 nm), was relatively thick
compared to graphene (0.34 nm [79]) and had a significant effect on the structure’s rigidity and
Voun-in. Variation in the polymer residue thickness was confirmed, and it was identified to be the
cause of the variation in Vpy.in through process of elimination. Furthermore, after removing the
polymer residue with a more effective chloroform treatment, we found that the graphene
structure was no longer able to suspend itself due to the decreased strain energy needed to
collapse the graphene ribbons. Therefore, polymer residue was found to cause variation in Vpyiiin

but was also found to help in graphene’s suspension if the substrate is too corrugated.
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Chapter 5: Modeling of a Suspended Graphene Resonator for High

Frequency DC-to-AC Conversion

5.1 Introduction

Before | begin, | want to make clear that the project in this chapter is different than the
projects in the previous chapters. To give you some context, as | was studying the
electromechanical responses of suspended graphene, my Pl had an idea simmering in the back of
his mind. The idea was to use the device that we’ve been studying for another application: as
resonator for high frequency DC-to-AC conversion. Towards the end of my PhD, we decided to
pursue this idea, which lead to me doing a theoretical (modeling) study investigating the

resonator’s feasibility. The remainder of this chapter presents the details of this study.

electronics THz photonics

microwaves visible x-ray y-ray
MF, HF, VHF, UHF, SHF, EHF m lq
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kilo mega giga tera peta exa zetta yotta
Frequency (Hz)

Fig 5.1 THz gap within the electromagnetic spectrum [82].

The history of using MEMS devices for high frequency applications started in 1991 when
L. E. Larson presented a MEMS switch that had switching frequencies up to ~0.1 GHz [83].
Since then, the frequency of MEMS devices has incrementally climbed and these devices have

slowly attempted to infiltrate the infamous “THz gap” (~0.1 to 10 THz) [84], the band of
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frequencies in which practical technologies for generating and detecting radiation do not exist, as
shown in Fig. 5.1. Being able to generate THz radiation is important because the radiation is
non-ionizing, compatible with biological materials, able to penetrate visibly opaque objects, and
interacts strongly with water. For these reasons, advancement of THz technology has
applications ranging from medical imaging to national security. The reason for this gap is that we
run into limits when trying to innovate with mature technology from either side of the gap. Using
electronic generators to come in from the left side is impractical at THz frequencies because
power is too low. Using photonics that depend on electronic transitions in atoms and materials to
come in from the right side also fails because the photons emitted are generally too energetic.
Due to these reasons, this gap has remained difficult to fill and is an ongoing research topic to

this day. [82]

Novel devices that combine MEMS and nano-materials, such as graphene, allow
production of sufficiently high frequency signals and offers potential for further penetration into
the THz gap. Single crystalline graphene has a Young’s modulus of ~1 TPa, a fracture strength
of ~130 GPa, and the ability to withstand a strain of ~25% before fracturing [16]. Furthermore,
graphene’s light mass, very high tensile strength, and very high endurance fatigue limit makes it

ideal for high frequency applications [19].
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Fig. 5.2 lllustration showing the deflection in a simple graphene ribbon when a uniformly

distributed force, F, is applied downwards.

In this section, we first outline how to use a suspended graphene ribbon resonator for
high frequency DC-to-AC conversion. The resonator is a suspended graphene ribbon clamped at
its two ends and held up above a conducting floor by layers of insulating material with an air gap
in between, as shown in Fig. 5.2 [58], [64]. For this study, it is worth noting that we are not using
the compliant mechanism ribbon designs presented in chapter 4; instead, we are using the simple
straight doubly clamped ribbon design introduced in chapter. The electromechanical modeling,
the device design criteria, and values of interest for high frequency power conversion

applications are discussed.
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Fig. 5.3 A circuit diagram showing how DC-to-AC conversion is achieved using the suspended

graphene resonator.

Fig. 5.3 is a circuit diagram showing how DC-to-AC conversion will be achieved. The

graphene resonator is modeled as an oscillating capacitor with a total capacitance, Cit, which

will drive an oscillating voltage drop across the load resistor, R.. Ci takes into consideration

both the classical and quantum capacitance, which will be explained in the section 5.2. The steps

to obtain DC-to-AC conversion are as follows:

1. A gate voltage, Vg, is applied between the graphene and the floor, inducing an

electrostatic force which bends the ribbon to its initial displacement. This will be when

graphene reaches 10% strain, which is the generally accepted threshold before the onset

of plastic deformation [85]. Going beyond the 10% strain threshold will lead to

dislocations in graphene, which is undesirable if the resonator is to operate reliably.
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2. Vg will be released, allowing the mechanical restoring force to cause the ribbon to
oscillate. A value of R is chosen so that charging and discharging is effectively
instantaneous.

3. As the ribbon oscillates, a lesser voltage, Vqpp, is applied such that the charge induced on
the ribbon will not interfere with its oscillatory behavior. Vg, is then held constant, which
also causes a voltage drop across R,

4. The oscillating ribbon results in an oscillating capacitance and charge in the circuit. This
ultimately drives an oscillating voltage drop across R, resulting in DC-to-AC
conversion.

5.2 Electromechanical Modeling:

This section outlines how the suspended graphene resonator was electromechanically
modeled and how values of interest in high frequency power conversion applications were
extracted. The graphene ribbon was assumed to behave as a 1D elastic string with a finite width
and thickness. The ribbon was also assumed to be made to oscillate using a uniformly applied
force pushing it downwards in the vertical direction, as seen in Fig. 5.1. The vertical deflection

as a function of x, z(x), is given by the following equation [86]:

4\ (Ly?\ (5.1)
-l () -
0

Lo is the original length of the ribbon before any deflection and z, is the deflection at the
midpoint of the ribbon. Eq. (5.1) indicates that if we know z,, we also know the bending

geometry; therefore, z can be used to track how the ribbon bends as it oscillates and will be used
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frequently in this section. The force was approximated as uniformly distributed because the

difference in charge density in the ribbon for dimensions of interests is no more than ~2%.

To verify the force-deflection behavior predicted by the 1D elastic string model on the
nano-material, the LAMMPS molecular dynamics software package was used (found

at http://lammps.sandia.gov [87]). 4 nm x 4 nm area was chosen for the graphene sheet in our

simulation because that was as much as the supercomputer we used could reasonably handle.
The AIREBO potential was used to calculate intermolecular forces between individual carbon
atoms [30], and a uniformly distributed pressure was gradually applied on the mobile domain of
the ribbon to approximate static loading. Once equilibrated under the load, the atom positions
were exported into MATLAB and a polynomial curve fit of the ribbon’s curvature was

performed.

The result of the LAMMPS simulation is shown in Fig. 5.4a. The deflections predicted
by the 1D elastic string model and the LAMMPS simulation are compared in Fig. 5.4b. Fig. 5.4b
shows that the disparity is small. The edges deviate from this behavior, but that area makes up a
negligible amount in ribbons that have dimensions of interest. Therefore, the 1D elastic string
model is valid and was used because it is much less computationally intensive than using

LAMMPS simulations.
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Fig. 5.4 a) LAMMPS simulation results. b) Plot of the z(x) function as predicted by the
LAMMPS simulations and 1D elastic string model. The graphene ribbon in question has a length

of 36 A and a width of 40 A. The LAMMPS simulation models the graphene sheet as a

collection of carbon atoms, taking into consideration the interatomic forces among them,

whereas 1D elastic string model considers graphene as a continuous film.

Using Eq. (5.1) from the 1D elastic string model, the ribbon’s length, L, and classical

capacitance, Cc, were calculated from the bending geometry by applying the arc-length formula
[88]:

o] = fzo 1_,_(%)2 . (5.2)
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(5.3)

go 1S the vacuum permittivity and w is the ribbon width. Eq. (5.2) and (5.3) indicate that by using
Zo, We can track the length and classical capacitance as the ribbon oscillates.

It is important to note here that L and Cc are functionals of z; and can be calculated
numerically only after a value of zg is given. To electromechanically model the device, it’s useful
to have L and Cc as simply functions of zq, L(zo) and Cc(zo) respectively. In order to obtain these
functions, a set of values for zo were generated in the range that we are concerned with. Then, L
and Cc were calculated at each value and interpolating functions were extracted from those data
points. Figure 5.5 illustrates an example of this for L(zo). Cc(zo) was obtained in a similar
fashion.

. Plot of zy vs L values — Interpolating function

Ribbon length (m)

— Z; midpoint deflection (m)

Fig. 5.5 A plot of the L vs. z; values and the interpolating function extracted from those values.

Device dimensions: Ly = 10 nm, width w = 10 nm, and trench depth do = 1000 nm.
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Fig. 5.6 Circuit diagram modeling the quantum and classical capacitance in suspended graphene.

Because graphene, a low density-of-states material, is one of our capacitor electrodes, its
quantum capacitance, Cq, was also taken into consideration. The generally accepted way to
model the quantum capacitance is as an extra capacitance in series with the classical capacitance,

as shown in Fig. 5.6. Then, Cq is given by the following [89]:

3

2 54
Co(20) = <(hi?) (T—[> wL(2o)Ven(2o) 64

e is the electron charge, h is the reduced Plank’s constant, vr is the Fermi velocity (~ 10° m/s),
and V¢ is the voltage drop across Cq assuming the series capacitance model. By invoking charge
conservation and knowing the bending geometry and the Vg, Cq was numerically calculated.
Knowing both Cc and Cq yields the total capacitance, Ciot, Which is needed for modeling the

electrostatic force.
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Fig. 5.7 lllustration of suspended graphene ribbon at equilibrium bent to 10% strain.

When Vg is applied to the ribbon, an electrostatic force, Fes pulls it downwards and a
mechanical restoring force, Frech, acts in the opposite direction, as shown in Fig. 5.7. To
determine Vg necessary to bend the ribbon to 10% strain, the ribbon in equilibrium was

analyzed, captured by Eq. (5.5) and (5.6). Fesand Frecn is given by the following [61], [86]:

Finecn = Fs (5.5)
256Ewtzy® 1 actotv 5 (5.6)
93 T 2 9z, ©

Eqg. (5.6) was solved numerically to calculate the Vg needed to bend the ribbon to 10%
strain. Afterwards, the electrostatic force was released by dropping Vs to 0, allowing the ribbon
to oscillate. Then, a smaller voltage, V,pp, Was applied such that the charge induced by it will not

interfere with the ribbon’s oscillation.
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Our simulations indicate that Vap, = 0.1V suffices. This was found by solving the
equations of motion when no voltage is applied and Vap, = 0.1V is applied and then comparing

their solutions. The equations of motion are given below:

d’zy  256Ewtzy(t)* (5.7)
dt2 913

m

d’zy  256Ewtzy(t)* N 10C.o¢ _ (5.8)

dt2 913 2 9z, °PP

m

m is the mass of the ribbon. The solutions zy(t), midpoint deflections as a function of time, for
the equation of motions above were obtained numerically and then were plotted and shown in
Fig. 5.8 for comparison. In this figure, we can see that there is little disparity between the
ribbon’s oscillation governed by Eq. (5.7) and (5.8). Therefore, having Vs, = 0.1V would not
interfere with the ribbons oscillation. This Vay, is then held constant, allowing an oscillating

voltage drop across R|.
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Fig. 5.8 Solutions zy(t) of Equation (5.7) and (5.8) plotted for comparison. The suspended
graphene ribbon structure had the following dimensions: original length Lo = 10 nm, width w =

10 nm, and trench depth do = 1000 nm.

When applying Vasp = 0.1V and taking into consideration the classical and quantum
capacitance of the graphene ribbon, the following differential equation was obtained using

Kirchhoff’s law and the circuit diagram in Fig. 5.2:

dQ)RL Q) Q® (5.9)

0=01Vs — (E EAGEAO)
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Charge (C)
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Fig. 5.9 A plot of Q(t) and Ci(t) for a suspended ribbon structure the following dimensions: L

=10 nm, w = 10 nm, and do = 1000 nm.

Eq. (5.9) was solved numerically for Q(t). The boundary condition Q(t=0) = 0 was used
to solve it because it was assumed that the ribbon has completely discharged after releasing V.
Fig. 5.9 shows Q(t) and Ci(t) on the same graph for a device with dimensions Lo = 10 nm, w =
10 nm, and dp = 1000 nm as an example. This shows that the charge is in step with the
capacitance, as expected. Lastly, the oscillating voltage drop across Ry, Vg(t), can be calculated

using Eq. 5.10:

dq

Ve(® = () Re

(5.10)

Using this algorithm, we calculated the following values of interest for high frequency
power conversion applications: the oscillation frequency, absolute power generated, and the

power conversion efficiency. The oscillation frequency, f, was calculated by taking the Fourier
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transform of the signal and then identifying the dominant frequency. The absolute power
generated, Pr, and power conversion efficiency, 1, were calculated using Eq. (5.9) and (5.10)

respectively:

p. — Ve RMs” (5.9)
R R,
VR RMS (5.10)
n= v
app

VR Rrums IS the root mean square voltage of the signal, which more appropriate than simply using
the voltage if we have an oscillating signal.
5.3. Results and Discussion

This section discusses the results and their implications to high frequency power
conversion applications. The primary value of interest for our application is the oscillation
frequency; therefore, this value is discussed first. The results show that the oscillation frequency
increases as the ribbon length decreases. This agrees with the 1D elastic string model because
shorter ribbons are expected to be tauter. The oscillation frequencies for various ribbon lengths
are summarized in Table 5.1. Our model indicates that lengths ranging from ~ 5 to 50 nm give
oscillation frequencies within the THz gap. Although the best technology today can only achieve
10 nm feature lengths, 5 nm feature lengths may become a possibility by 2020 according to the
International Technology Roadmap of Semiconductors [90]. This indicates that there is
possibility that the graphene resonator device can cover a decent part of the THz gap in the near

future.
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L 5 um 2 ym 1 um 500 nm 200 nm

f 1.25 GHz 3.12 GHz 6.23 GHz 12.5 GHz 31.2 GHz
L 100 nm 50 nm 20 nm 10 nm 5nm

f 62.3 GHz 125 GHz 312 GHz 623 GHz 1.25 THz

Table 5.1 Table summarizing oscillation frequencies for various suspended graphene ribbon

lengths.
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Fig. 5.10 A plot of the absolute power across the load resistor vs. the trench depth for a

suspended graphene ribbon with Ly = 10 nm and w = 10 nm.

Furthermore, the results show that the absolute power and conversion efficiency
decreases with the trench depth. This is because as the trench depth increases, more voltage is

dropped across the capacitor and less is dropped across R ; therefore, less power is generated.
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The absolute power for ribbons with Ly = 10 nm, w = 10 nm, and various trench depths is plotted

in Fig. 5.10 to illustrate this trend. The power conversion efficiency follows a similar trend

a) 3pacit f b)

Increasing \\\ /
// trench depth \ - /

) y d)

Fig. 5.11 a-b) Plots showing the decrease in capacitance asymmetry with increasing trench

depth. c-d) Plots showing the decrease in height distortion with increasing trench depth.

These results suggest that the trench depth needs to be decreased as much as possible for
high power generation. However, there is a tradeoff in that the signal becomes drastically
distorted at sufficiently low trench depths. This is due to the capacitance being asymmetric when
the trench depth is on the order of the ribbon length. This signal distortion phenomenon is
illustrated in Fig. 5.11. Fig. 5.11a and 5.11b shows the capacitance as a function z, for a device
with a relatively small trench depth and a relatively large trench depth respectively. From Fig.

5.11a, we can see that there is asymmetry about the y-axis for the small trench depth device. The
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reason for this is as follows. As the ribbon bends towards the floor (zo advances in the positive
direction), the capacitance increases as expected. However, as the ribbon bends away from the
floor (zo advances in the negative direction), two variables that affect the capacitance compete
with each other. The length increases, which increases the capacitance; however, the distance
between the ribbon and floor also increases, which decreases the capacitance. The result is that
the capacitance first decreases and then increases again as z, advances in the negative direction.
At greater trench depths, the change in the distance between the ribbon and the floor make
smaller contributions to the capacitance; therefore, as the trench depth increases, the capacitance

asymmetry decreases, as seen in Fig. 5.11b.

This capacitance asymmetry causes a distortion in the capacitance as the ribbon oscillates
over time. Because the charge follows the capacitance as the ribbon oscillates, this leads to a
distorted signal. Fig. 5.11c and 5.11d show the capacitance and charge as a function of time for a
small trench depth device and a slightly larger trench device respectively. As the trench depth

increases, the capacitance asymmetry and signal distortion begins to disappear.
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Fig. 5.12 Plots of the Fourier transforms of the capacitance for devices with Ly = 10 nm, w = 10
nm, and varying trench depths. The amplitude at the expected oscillation frequency (623 GHz)
was normalized to 1, and an offset is provided for easier comparison. As trench depth decreases,

other frequencies become more dominant, especially the ~ 312 GHz frequency.

To characterize the degree of distortion, the capacitance for devices with varying trench
depth were scrutinized. Their Fourier transforms were taken and how the dominant frequencies
changed were tracked. Fig. 5.12 shows a plot of Fourier transforms for a device with an expected
oscillation frequency of ~623 GHz and various trench depths. The amplitudes of the Fourier
transforms at the expected oscillation frequency were normalized to 1, and an offset is provided
for easier comparison. As the trench depth decreases, other frequencies, especially the ~312 GHz
frequency, become more dominant, leading to a more distorted signal. To characterize the degree
of distortion, the ratio between the expected frequency (~623 GHz) and the distortion frequency
(=312 GHz) can be taken. In short, devices with smaller trench depths result in greater absolute

power generated; however, smaller trench depths also lead to greater distortion in the signal.
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These tradeoffs must be taken into account when designing suspended graphene resonators for
high frequency applications, and the amount of distortion that is tolerable will ultimately depend

on the specific application.

5.4 Conclusion

In conclusion, we presented a suspended graphene ribbon resonator that can be used for
high frequency DC-to-AC conversion. Our model indicates that resonators made with
sufficiently short ribbons (Lo < about 50 nm) can achieve oscillation frequencies within the
infamous THz gap. THz technologies have found diverse applications in fields including but not
limited to communications, medical imaging, and homeland security. In communications, being
able to operate within the THz gap will result in lower losses from weather conditions such as
fog and the scintillation effect [91]. Medical imaging relies on the sensitivity of THz absorption
to water content, allowing researchers to measure the degree of hydration and thus the disease
state of human tissue. THz imaging studies on skin, breast, and colon cancer have already been
conducted [92]. Even commercial security imaging systems use components that now operate
at > 150 GHz [93]. Despite this, the technology available today has only barely begun to
penetrate the THz gap. These fields and many more stand to gain through expanding available

frequencies, and the proposed graphene resonator allows us to go one step further into the THz

gap.
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Chapter 6: Conclusion and Future Directions

Graphene is a carbon based material that is ideal to build MEMS devices with. It has an
incredible Young’s modulus, fracture strength, and flexibility. Furthermore, it is extremely
conductive at room temperature, chemically inert, and exhibits a high endurance fatigue limit.
For these reasons, we explored the electromechanical responses of suspended graphene and its
applications by fabricating and studying MEMS devices made using suspended graphene
ribbons. Also, in this dissertation, a survey of different growth and transfer methods were
presented. We chose to use chemical vapor deposition due to its ability to grow large-area high
quality polycrystalline graphene and polymer assisted wet transfer due to its costs and

convenience.

We first explored the device’s electrostatic discharge applications. The idea here was to
use the suspended graphene device as a mechanical switch, acting as a trapdoor to shuttle stray
charge away from vulnerable areas on IC chips. The device is hooked up so that when stray
charge appears on the ribbon, an electrostatic force pulls graphene towards the floor (MEMS
pull-in phenomenon). After contact, the floor acts as a sink for the charge. Once the charge has
dissipated, the electrostatic force is released and the mechanical spring force of the ribbon ideally
propels the ribbon back to its original suspended position. Fabricated devices underwent standard
ESD industry testing and were shown to behave as predicted by theory. This shows that the
device parameters can be tuned by change the device geometry, offering a novel and unique way
of providing ESD protection. However, we also encountered a variation in the pull-in voltages,

which we addressed later.
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Despite our success with ESD applications, we encountered a reliability problem. Once
the ribbon pull-in, the ribbon remains collapsed in contact with the floor. This is undesirable
because the graphene ribbon is expected to re-suspend so that it is ready for the next ESD event
and can operate reliably. To circumvent this issue, nail structures were proposed to pin down the
graphene as the ribbon pulls in. Before implementing nails, finite element simulations were done
to determine optimal nail structures and minimize the stress induced during pull-in. We found

that the two circular nail structures were optimal and implemented them in future devices.

Another issue we countered was the variation in the pull-in voltage; thus, we conducted a
study investigating the cause of it. We did this by first redesigning the ribbons using compliant
mechanism designs. The flexures allowed greater flexibility and for the effective spring constant
to be tuned. The large-area platform allowed us to easily measure the relative levels of polymer
residue, which will be important later on. After redesigning the ribbons and fabricating a new
batch of devices, we investigated the variation in different parameters that could potentially
cause a variation in the pull-in voltage: trench depth, area, and thickness. After a thorough
investigation and through process of elimination, we concluded that the variation in polymer
residue thickness was the primary cause of the variation in the pull-in voltage. Graphene is 0.34
nm thick whereas polymer residue is usually a few nanometers thick; therefore, polymer residue
could greatly affect suspended graphene’s rigidity and thus pull-in voltage. However, by
experimenting with more effective polymer residue removal methods, we found that graphene no
longer suspends after reducing the polymer residue. It turns out that polymer residue creates a
more rigid structure, which helps suspend graphene if the substrate is too corrugated. These
findings have implications when manufacturing reliable suspended graphene devices with

desired target parameter.
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After conducting the experimental studies presented above, we decided to explore using
the suspended graphene ribbon device for another potential application: a resonator for high
frequency DC-to-AC conversion. We carried out a theoretical study electromechanically
modeling the graphene resonator for this purpose. Our results indicated that the resonator’s
oscillation frequency increases as the ribbon length decreases; furthermore, we found that ribbon
lengths of 5 to 50 nm can achieve oscillation frequencies that can penetrate the infamous THz
gap. However, we also found a tradeoff between the power generated and signal quality, which
both depend on the trench depth. If the trench depth is too high, then the power is low. If the
trench depth is too low, there will be a capacitance asymmetry which leads to signal distortion.
Therefore, these tradeoffs must be considered when designing resonators and the appropriate

trench depth will depend on the specific application.

At last, what is left is work for the future. First, although we quantitatively assessed the
effects of polymer residue on suspended graphene, there is still a knowledge gap in the literature
on why the polymer residue that is few nanometers thick even exists. That is, adhesive
interaction is expected between polymer and graphene only at the interface. Therefore, after
polymer removal with a solvent, what we expect to remain should only be a one-layer thick
polymer film on top of graphene instead of a multiple-layer film. The physical mechanism which
causes the relatively thick polymer layer observed remains a mystery and will be explored in the

future.

Second, there are a couple of changes we can make to our suspended graphene resonator
model so that it is more realistic. First, the model we presented ignores friction. By including

this, we expect the graphene resonator’s oscillations to realistically damp over time. To remedy
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this, a periodic pulse needs to be applied so that the oscillation amplitude remains above some
minimum set threshold, which will again likely depend on the specific application the resonator
is used for. All these factors must be taken into consideration so that our model is a faithful

representation of reality.

Furthermore, there remains a host of unexplored graphene ribbon designs for the
resonator. One such design is the “drum”, which is circular graphene sheet effectively clamped at
all ends. This design is attractive for the following reasons: 1) being clamped at all ends makes
the graphene sheet tauter, resulting in a higher achievable oscillation frequency for a given
resolution limit, and 2) its simplicity allows for it to be easily fabricated. However, using a
circular drum design eliminates a degree of freedom; that is, instead of being able to change the
length and the width, we can only change the radius when using the drum design. Though, this
issue can be circumvented by using an “ellipse”, which is yet another research avenue that can be
explored. Finally, for the resonator to be useful fabrication is required, which is our ultimate

goal.
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