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Abstract

With experimentation on graphene (an atomic layer of graphite) becoming more and more
common it 1s imperative that we have the capability to shape the material beyond the random
manner in which it is deposited by mechanical exfoliation. This capability would be invaluable
not only for the interesting electronic and optical properties that can be obtained, but also
potentially for characterizing the mechanical resonators that we have been able to fabricate
here at Pomona College by suspending few-layer graphene sheets over trenches in SiOy. We
propose novel methods for etching graphene that should allow us to shape the material when

used 1n conjunction with our e-beam lithography capabilities.
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Chapter 1

Introduction

1.1 What is graphene?

Imagine a benzene ring: a planar, hexagonal array of carbon and hydrogen atoms. Now
imagine that instead of terminating each carbon atom with a hydrogen atom, you connected
it to another hexagonal array of carbon atoms. Because of the angles involved, you can, in
a flat plane, construct a sheet of infinite hexagons - just sp? bonded carbon atoms as far
as the eye can see (Figure 1.1). This would constitute a truly two-dimensional world with
wondrous properties: this is the world of graphene. Graphite is a material that most people
are familiar with, but what most people do not realize is that graphite is simply millions
upon millions of graphene sheets stacked one on top of the other; subsequently by removing
the top few layers it is possible isolate graphene or few-layer graphene sheets. Although
graphene must have existed since the time people started using graphite as pencil lead, it
was not “seen” until very recently, and graphene was viewed as a theoretical playground
with wondrous properties that could be calculated but never utilized or experimented upon.
Then a few years ago some researchers found that by rubbing graphite across a dielectric of

appropriate thickness, sheets of graphene lying around would become visible[1, 2], allowing



us to see the atomically-thin sheets that must have been lying on the surface of every piece
of paper that we have ever written on with our graphite pencils.

Once it was confirmed that graphene
could be reproducibly found on a silicon
dioxide wafer, a torrent of experiments
quickly followed, and renewed interest has
led to a multitude of theoretical predictions
and exotic experiments utilizing graphene’s
unique properties. For instance electrons be-

have in strange ways when they are confined

to graphene. The electrons are essentially

Figure 1.1: A 3-D model of sp-2 bonded planar ballistic, referred to as Dirac Fermions, they
carbon or: graphene travel freely through the atomic lattice as if
they had no mass. This results in an extremely high conductance with charge carriers that
can be both positive or negative depending on applied electric fields[3]. The two dimen-
sional nature of the substance also means that it is ideal for the Quantum Hall Effect, and
because of the nature of the Dirac Fermions, the Quantum Hall Effect is observed at room
temperature[4, 5] while in other, more conventional, materials liquid helium temperatures
are required to observe the same behavior. In addition to its electronic properties graphene
is also extremely strong and stiff for its dimensions, with a very high Young’s modulus. This
potentially means that mechanical resonators consisting of graphene would be excellent for
detecting mass and charge in very low quantities[6].

Graphene could also revolutionize the way computer chips are made. Because of its in-
credible properties of electron transport that vary with the lattice orientation, and high con-

ductance, the material could be used to implement resistors, transistors, and interconnects[7].

Because of its amazingly small thickness it also exhibits the “electric field effect” despite its



record setting carrier mobilities[3, 8]. In a normal conductor external electric fields are
shielded out past a skin depth on the order of 1nm; thus applied gate voltages do not affect
the conductance of the material. For this reason we must use semiconductors in the channels
of transistors so that they can be turned “on” and “off.” Because it is one atomic layer thick
graphene does not shield out external fields and thus its resistance can be raised through
use of an applied gate voltage. Looking further into the future we see that graphene should
be able to support electromagnetic waves propagating through its plane[9]. The frequency
of these waves should be tunable over a large range leading to speculation that light could
be confined to nanoscale structures on chips, propagating with low losses, and so laying the

ground work for photons displacing electrons in computing.

1.2 The Importance of Shaping Graphene

1.2.1 Random Deposition and Standard Processing

While alternative methods such as chemical vapor deposition (CVD) are starting to emerge
[10, 11], the most common method for obtaining graphene is still by mechanical exfoliation[12].
This is a highly unpredictable process that scatters the thinnest sheets of graphite all over
a surface of an Si0Oy wafer, with no way of pre-determining their shape or the orientation
of the crystal lattice. A sample of graphene can be seen in figure 1.2. Even in these ideal
conditions on top of 100nm of Si0, it is very difficult to make out. While efforts can be
made to alter the surface of the wafer that the sheets are deposited on, usually the best that
this will do is cause some kind of localization of the graphene sheets[6], but their size and
shape is still almost random. For some of the earlier experiments this was not a problem.
Electrodes could be placed arbitrarily so that many transport measurements could be carried
out. Additionally the natural variation in size and thickness was useful for our mechanical

experiments because we were able to determine if properties, like effective spring constants,



scaled according to our theoretical predictions|6, 13].

With the later generation, more sophisti-
cated, experiments more precision and con-
trol over shapes and sizes of the sample
is necessary. Because we cannot dictate
how the graphene is deposited we must use
well established techniques for patterning

and etching to achieve important shapes like

Hall crosses (see figure 1.5 for an exam-

Fi 1.2: Graph d few-1 h
1gure raphene and few-layer graphene on ple of a graphene Hall cross) or even the

an Si10y wafer. The darker, unlabeled, material )
more refined shapes that are theoretically

is thicker graphite and glue residue. Notice that ) S
predicted to act as circuit elements or wave

the shape is irreqular and random.
guides[4, 7, 14](See figure 2.4).

One tried and true method for patterning graphene is to use electron-beam lithography
to create masks that have feature sizes that can be as low as 10nm or less. Once these
masks are developed the sample would then be placed in a simple reactive ion etcher (RIE)
where an oxygen plasma would quickly and easily etch away any of the exposed carbon. A
quick exposure to more chemicals would then remove the mask, leaving behind the graphene
in the shape of the mask. While the e-beam lithography can be tricky, at most major
institutions with nano-fabrication capabilities this process would be relative simple compared
to some of the multi-step processes regularly performed, and the thrust of this project was
to develop such capabilities here at Pomona. Once the graphene is in the desired shape it

will be available to add any other features such as electrodes or antennas to allow photons

or electrons to be coupled into the graphene.



1.2.2 The Quantum Hall Effect (QHE) and Hall Crosses

The Hall effect is a fairly simple method of

determining the sign of charge carriers in a

Magneto material where electricity is conducted. The

R=V/

nature of the Lorentz force, (equation 1.1),

means that charged particles moving per-
pendicular to a magnetic field in the absence
of an electric field will start to precess and
eventually exhibit uniform circular motion.

Figure 1.3: This schematic of the Hall experi-  1f oy electric field is parallel to the initial ve-

ment is taken from Horst L. Stérmer’s 1998 Nobel locity then, as we can see from equation 1.1,

lect th tional tum Hall t. . . . . .
ecture on the fractional quantum Hall cffec the particle will still be pushed in the direc-
tion of E and the long term motion will be

more of a spiral in a plane. The Lorentz force is given by

F=q(E+7x B). (1.1)

Where F is the force, ¢ is the charge of the particle, ¥ is the velocity, and E and B are
the electric and magnetic fields respectively. Now given this force law, if we were to setup a
conductor with current running through it, achieved by a parallel electric field, and then set
up a perpendicular magnetic field to the plane of the conductor as pictured in figure 1.3, then
depending on the sign of the charge carriers there will be a build up of the charged particles
on one side or the other. A transverse measurement of the voltage will determine the sign
of the carriers. This voltage does not build up indefinitely as the increased concentration of
charge will repel like charges. Thus we find that the Hall voltage will depend on the current

and the strength of the applied magnetic field.



The 1985 Nobel Prize was awarded to Klaus von Klitzing for observing the quantized Hall
effect. Using molecular beam epitaxial growth he created a two dimensional electron gas (2-
DEG) in a GaAs structure, that when lowered to liquid He temperatures exhibited behavior
very different from the regular Hall effect. Instead of a continuous increase of the Hall
voltage as the magnetic field was increased, he noticed that the voltage went up in quantized
steps related to the electron charge and Planck’s constant. This is because electrons are
fermions and therefore cannot occupy the same quantum state. Thus if we consider the
electrons precessing in the perpendicular magnetic field to be in quantized states, a given
radius can only contain so many electrons, depending on the degeneracy of the state. These
so called Landau levels can contain a number of electrons proportional to the magnetic field.
Therefore as the magnetic field is lowered, electrons are forced to jump to higher Landau
levels, when this jump occurs the magneto (as labeled in 1.3) momentarily drops as more
electrons are allowed to cross the Hall setup. But once the levels are again filled, no more
electrons can propagate through, and the resistance increases. The transverse resistance
takes on integer multiples of h/(ie?) where h is Planck’s constant, e is the electron charge,
and ¢ can be any positive integer. The transverse resistance, or Hall resistance, became the
standard for defining the Ohm (£2) in 1990 because it was found to be quantized over broad
ranges to better than a few parts per billion and can be reproducibly measured to eight
significant figures. Oddly enough it turns out that this effect relies not only on the quantum
effects but also on the impurities in the 2-DEG.

In 1998 Horst L. Stormer, Daniel C. Tsui, and Robert B. Laughlin were awarded the
Nobel prize in Physics for their discovery of “a new form of quantum fluid with fractionally
charged excitations.” Stérmer and Tsui first observed this effect in 1981 when they made
Hall measurements on extremely pure GaAs structures that yielded quantized steps that
were fractional rather than integer steps of h/e?. Laughlin later developed the theoretical

structure to explain this behavior. The fractional steps were startling because they described



particles with a charge less than |e| which was previously unseen outside of quarks in high
energy experiments. The actual details of this effect are far too complex to discuss here,
however, I will attempt to give a broad overview of the physics involved.

The main idea is that for the integral

30 & 322: : quantum Hall effect (IQHE) electrons each

& § 9 occupy their own states and do not really
E = 1° g interact with each other. To understand
10- _j the fractional quantum Hall effect (FQHE)

. . you must consider a many particle system.

% = v, (3} 3 » The FQHE is observed in the magnetic fields

where the IQHE Landau levels are partially
Figure 1.4: This image was adapted from full. This means that electrons can spread
Novoselov’s paper on the observation of the QHE  out to avoid each other. It is one of the pecu-
at room temperature[5]. oy, or the transverse liarities of solid state physics that electron-

- 2
conductivity, clearly levels off at values of £2e*/h, electron interactions become more signifi-

corresponding to a Hall resistance of h/2¢". cant as their density decreases. Because of
the applied magnetic field inside the material there are tiny current vortices called flux
quanta. Each flux quantum accounts for a magnetic flux of h/e, so the number of quanta
is proportional to the applied field. These vortices can be thought of as circulating charge,
where the center of the vortex is devoid of charge, which is all located on the edges. It is ener-
getically beneficial for the electrons to pair with these vortices. It turns out that the number
of vortices that pair with each electron determines whether or not a composite fermion or
boson is formed. It is these composite particles that are then generating the FQHE. It turns
out that it was the impurities in the original 2DEG that prevented the IQHE from being

observed. Please note that this is vastly simplified if you want to know the full story I

strongly recommend that you read Laughlin’s Nobel lecture. My source for the QHE up to



this point has been Stormer’s Nobel lecture which can be found at http://nobelprize.org/.
It turns out that graphene is ideal for the quantum Hall effect because it is perfectly
two dimensional. Depending on applied electric fields it can also have positive and negative
charge carriers which are Dirac fermions (i.e. their mass vanishes). As such, graphene
exhibits a FQHE, but instead of the usual random fractions, only the 2h/e? Hall resistance
is measured[4]. Graphene is such an excellent material for this purpose that the QHE was
observed at room temperature! This is astonishing because the QHE is normally associated
with fractions of a Kelvin in order to minimize electron scattering. Figure 1.4 shows the
data for the room temperature experiment. This is observable because the scattering of the
effectively massless charge carrier remains small even at such high temperatures[5]. Before
attaching the appropriate electrodes to the graphene many groups use standard processing

techniques to shape the graphene into a Hall cross as depicted in figure 1.5[15].

(a) This is a graphene Hall cross on 300nm (b) This is a schematic of what a graphene Hall
of Si0,. Each terminal is connected to a cross would look like when connected to gold elec-
gold electrode. This image is taken from trodes and resting on top of Si0Os. This image is
Novoselov’s paper on the room temperature taken from Novoselov’s paper on the electric field
observation of the quantum Hall effect[5] effect in graphene[3].

Figure 1.5: An optical image and schematic of a graphene Hall cross connected to gold electrodes.
The size of the Hall crosses are on the order of a few microns.
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1.2.3 Nano-ribbons: Optical and Electronic Effects

Before graphene was discovered carbon nano-tubes(CNTs) were an example of a reduced
dimensional world. The single walled tubes (SWCNTs) with diameters below a nanometer
are essentially one dimensional and also bestow their electrons with interesting properties.
It turns out that SWCNTSs can be metallic or semi-conducting depending on the orientation
of the hexagons that make up the tube. If you consider a SWCNT to be a rolled up sheet of
graphene, then there are many ways to create a cylinder so that the bonds seamlessly match
up. Figure 1.6(a) shows the possible rolling vectors. If the correct vector is used the tube
will be metallic; otherwise it will exhibit a band gap[16]. Interestingly, if pieces of graphene
are somehow etched down to a width comparable to the SWCNTs, then they exhibit many
of the the same properties, including band gaps and optical exciton spectra. The specific
properties of SWCNTs will be discussed in a later chapter when we consider the importance
of graphene alignment.

Figure 1.6(b) shows how the band gap in nanoribbons starts to become significant com-
pared to random thermal excitations at room temperature as the width of the ribbon drops
below 10nm. Other predictions of confinement effects include interesting optical spectra[14];
careful alignment allowing for circuit elements such as resistors, capacitors, transistors, and
splitters[7]; quantum dot transistors[17] and much, much more. People are constantly gener-
ating new calculations that predict wonderful and interesting properties for graphene, many
of which we could test right here at Pomona if we develop the capability to finely shape the

material.

1.3 Alternative Shaping Methods

We have recently acquired an extension to our scanning electron microscope (SEM) that

allows us to perform e-beam lithography and with some optimization might also allow us to
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(a) This image is adapted from Odom’s re- (b) This image is adapted from Han’s paper
view of nano-tube structure[16]. The (n,n) on band-gap engineering in graphene nano-
and (n,0) vectors are called the armchair ribbons[18]. The inlay examines the band
and zig-zag vectors because of the shape gap as a function of the orietation of the
they cut out of the lattice. crystal lattice.

Figure 1.6: A schematic of the graphene lattice, and a graph of band-gap as a function of width
for graphene nanoribbons.

generate feature sizes down to 30nm. We also have access to both negative and positive tone
resist, so that with some optimization and experimentation we can generate useful masks.
There are two sticking points in this process. First, because the graphene is randomly
deposited, it will be tricky to locate it in the SEM so that a mask can be written on it
without randomly exposing many places of the chip with the e-beam that are irrelevant and
maybe even detrimental to the experiment.

The second problem we run into is with the Reactive Ion Etching (RIE). For various
reasons including cost, safety, and high maintenance we do not own a machine that is designed
for creating oxygen plasmas. Despite not having access to an oxygen plasma we have tried
several methods that we thought would etch graphene in a controlled manner. One of the
simplest possibilities to try was to burn it off. In Millikan there are a few chemical vapor
deposition (CVD) furnaces that are capable of heating up to over 1000°C. If we have Oy

running through the furnace while it is hot, or even just leave it open to the atmosphere, it

12



may be that the exposed graphene will combust. While this would almost certainly succeed
if we were able to raise the temperature much higher, given the limitations of the material
used for the mask this may not be viable.

A second method we examined was using ultraviolet lamps to generate ozone a highy
reactive gas. There are several uv-lamps on campus, and in some instances they are designed
to clean surfaces. We hoped that if our graphene samples were placed within a chamber full
of uv-ozone, the gas would act analogously to the aforementioned oxygen plasmas.

A third technique we tested was to use a small plasma sputter-coater/cleaner located
in Millikan, so that instead of generating a plasma in air, a DC Argon plasma would be
formed. With the correct biasing of the sample this would cause heavy, non-reactive Argon
ions to crash into the surface of the sample, physically sputtering away any feature that is
left unprotected by a resist mask. While none of these methods turned out to be ideal, we

did manage to get working results from two of them.
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Chapter 2

Background Information

2.1 Previous Research

This project was not my first exposure to carbon related research. Over the course of two
summers spent with the McEuen group at Cornell, and related research that I carried out
here at Pomona, I have gained considerable experience in this field. I started out developing
recipes for carbon nanotube growth, and later I moved onto fabricating and characterizing
suspended few-layer graphene devices that were used as electromechanical resonators[6]. 1
also did some work where, instead of resonating the suspended graphite, I pushed down
on the suspended sheets with an Atomic Force Microscope (AFM) tip in order to extract
information about their physical properties[13]. These last two projects were published.
Prints of these papers are in Appendix A and B. Because of my background in carbon

related research I was interested to continue down this avenue for my thesis project.

2.2 Equipment

14



One of the factors in deciding to take on this project was the availability of many of the
resources required to carry out any lithography or graphene deposition we might need.
Although this equipment was not always in working order, fundamentally we had all the
components we would need to deposit graphene, image and and characterize it, and then
lithographically create an etch mask. The keys to these processes are in order: Pure flakes of
graphite that we have previously used to make suspended few-layer graphene pieces, an opti-
cal microscope that we have previously calibrated to the color, and therefore the thickness, of
the thin pieces of graphite, an Atomic Force Microscope allowing us to obtain detailed topo-
graphic maps of the fabricated devices, and finally a Scanning Electron Microscope equipped
with a Nanometer Pattern Generation System (NPGS) that would allow us to easily generate
masks at the micron scale using e-beam lithography. On top of these existing capabilities
we also had three different potential methods for etching the graphite once the masks were
in place, even if the most common method of an oxygen-plasma etch was not available.
Another tool that we did not anticipate using but turned out to be very useful was our
maskless photolithography system that utilizes a modified DLP projector that can be used
in conjunction with a computer to expose just about any pattern you could generate on
screen. While it is simple to use and inexpensive it does have many limitations, mainly in
its resolution. It is very difficult to expose any features under 20um and therefore would be
useless for the purposes of creating etch masks for our comparatively tiny pieces of graphene,
but as a tool for creating the alignment markers in the SiO, substrate it turned out to be

invaluable. In particular, because it is such a simple tool it is quite robust and reliable.

2.3 Lithography

2.3.1 Optical Lithography

15



Over the course of this project we made
extensive use of both optical and electron-
beam lithography. These are highly devel-
oped methods that are at the core of the
semiconductor industry and a staple for any
person who wishes to engage in nanoscale
research. The fundamental idea behind the
techniques is to focus some sort of chemically
disruptive effect down to tiny areas so as to
locally affect a surface. We then take advan-
tage of this highly localized variation to pro-
duce features that are readily reproducible.
Optical lithography has a huge advantage in
that it has an extremely high throughput
and is therefore used by the semiconductor

industry to mass produce chips. Given the

correct equipment one can expose the entire

Figure 2.1: Our maskless lithography system.
& grapny sy surface of a 12”7 wafer within a few minutes,

The projection lens of the DLP projector has been
while if one were to attempt to individually

reversed and then mounted onto the microscope so
draw out the features it could take days or
that the image is projected into the focal plane of

even weeks.
the microscope. Notice the amber overhead lights.
The key to the process is a polymer called
“photoresist.” This special polymer can be “spun” onto the surface of a substrate in an in-
credibly uniform manner. The photoresists, as implied by their name, are extremely sensitive

to light. In particular they are often engineered so that they have high sensitivities to cer-

tain wavelengths. Historically these wavelengths have corresponded to the spectral lines of

16



mercury because mercury discharge lamps were an easy way to get uniform, intense light
in an extremely narrow bandwidth. As such, most photoresists used are susceptible more
energetic photons, usually in the UV. For this reason there will always be amber overhead
lights in rooms where photolithography is carried out. These are specially filtered so that
the photons illuminating the room have a minimal interaction with the resist.

When the resist is exposed to light of the correct wavelength a few different things can
occur. The effects of the exposure depend on whether you have a negative or a positive tone
resist. With a positive tone resist the photons break up the chains that form the polymer,
often by releasing acid groups. While this has very little noticeable effect, when the sample
is placed in a special developer the areas on the surface that have been altered by exposure
to light will dissolve much more easily than the intact chains of the polymer surrounding
them. This means that after exposure to the developer the areas of the resist that had been
affected by the light will have disappeared, revealing the substrate beneath in exactly the
pattern you tailored. You can now run any process that you wish on only the exposed areas,
such as depositing metals, or etching away any exposed materials.

Negative tone resist, as suggested by its name, is the opposite of positive tone resist.
Instead of removing the light-exposed pattern, the developer leaves behind the pattern while
removing the rest of the polymer. There are a few different mechanisms for this but one
way to think about it is that the light is so intense that it goes beyond breaking up the
chains, and actually fuses them together, forming cross links. This means that these areas are
actually harder to dissolve than the surrounding unaffected polymer, and after an appropriate
development the exposed pattern remains behind as a mask.

While photolithography has been pushed to its natural limits by ingenious methods such
as submerging the setup inside of a liquid with a higher index of refraction than air and
taking advantage of induced phase differences in coherent light, the pitch of the pattern is

fundamentally diffraction limited. That is while very smart tricks can be used to obtain

17



minuscule features it is very hard to have them repeat with a pitch smaller than /2. There
are currently efforts to use Extreme Ultra Violet (EUV) radiation so as to minimize the
wavelength, but if you want to make extremely small features you need change the paradigm
and switch from photons to energetic electron or ions whose wavelengths, as determined by

the De’Broigle relation, are tiny in comparison to even x-rays.

2.3.2 E-Beam Lithography

While e-beam lithography is somewhat of an art form, it is a very well established one.
Research groups across the world use it in order to create features down to the nanometer
scale. The idea is that the process of photolithography is duplicated but photons are replaced
by energetic electrons. Instead of using a mask to determine which areas are exposed and
which are not, a well focused electron beam, whose spot size can be less than a nanometer,
is scanned over the resist in the desired pattern resulting in a change in the chemistry of
the polymer. The sample can then be developed in the same manner as with a photoresist.
Unlike photolithography the main mechanism for exposure is not the incident particles, but
rather the much less energetic secondary electrons that are expelled by the collisions of the
high energy e-beam with the surface of the sample. This means that while the beam is
focused down to spot of a nanometer or less the actual minimum resolution that we can
achieve is roughly 30nm. This resolution can be lowered by varying the beam energy, and
dedicated e-beam writers are able to go to line widths of under 10nm. Like many e-beam
writers in the world ours is not dedicated to this purpose. NPGS is an add-on to our
Scanning Electron Microscope (SEM). While this means that the operating parameters of
the instrument are not optimized for the purposes of beam writing, the reproducibility and
resolution is still far better than what we could hope to achieve optically in our setup. There
are several drawbacks to this method, so it is only used when the resolution required does not

allow the use of optical methods. First of all it has a much lower throughput. The e-beam

18



needs to operate in a vacuum, so sample preparation becomes an issue. It also takes more
time to expose features, particularly if you wanted cover the entire surface of a wafer with
fine features. What might take optical systems a few minutes can take hours, or even be
unfeasible due to the drift of the system over time. Therefore it is not used in a “production”
mode but is an R&D tool. Another drawback is that you have to bombard your sample with
electrons. This can be detrimental, particularly if you are attempting to build electronically

sensitive devices.

2.4 Electronic Structure in a Honeycomb Lattice

The importance of the alignment of the crys-
Un-,it Cell Brillouin zone tal lattice of graphene has been known for
LU DI 11 (b) i years. Before graphene was the hot topic

for carbon researchers there were nanotubes,

and before that the Buckminsterfullerene

(affectionately nicknamed the Buckyball).
As previously discussed, single walled car-

bon nanotubes (SWCNTSs) can be thought
Figure 2.2: Depictions of the honeycomb lattice

- of as merely a rolled up sheet of graphene.
and its reciprocal lattice in k-space. As you can

, The manner in which this rolling occurs de-
see the hexagonal symmetry is preserved, although

the orientation is rotated. This image was taken termines the electronic properties of the nan-
from [19] otube. When rolled in certain way it is

metallic, and in some other orientation it be-
comes a semiconductor. The physics behind this transition is well understood, and it will be

beneficial to introduce some of the basic concepts here. While these effects do not matter in

a large sheet of graphene that locally appears to be an infinite plane, in experiments where
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the graphene is cut down to small dimensions that approach SWCNT diameters people have
found that the orientation begins to matter. While the immediate future of this experiment
will not require an implementation of this knowledge, any advanced experiments that we
attempt will require a careful determination of the lattice orientation of any graphene sheet
we attempt to use. This will require the use of scanning tunneling microscopy (STM) which

can be carried out here on campus.

2.4.1 The Band Structure of Graphene

Even though graphene is a better conductor than just about any other material, it is not
in fact a metal: it is a zero band gap semiconductor. This means that the valence and
conducting bands are degenerate at the fermi level but they do not actually overlap, which
means in turn that electrons in the lattice are not allowed to occupy such a state. In
bulk graphite the interlayer interactions cause the two bands to overlap making it a metal;
however these interactions are impossible in an isolated 2-D sheet. In order to understand the
electronic properties it is necessary to think not in position space, but in momentum space.
The representation of the electrons in the honeycomb lattice retains a hexagonal symmetry
when we look at the “reciprocal” lattice in momentum space. The individual hexagons in
the reciprocal lattice form what are called Brillouin Zones (See figure 2.2). Because of the
periodic structure of the material a large portion of the electronic structure can be described
simply by examining the first Brillouin zone.

Using what is called the tight binding method one can actually calculate the dispersion
relation for graphene, that is, the relationship between the electron energies and wave-vectors
(related to the momentum and represented as k). Equation 2.1[19] gives the result of this
calculation, and figure 2.3(a) is a wireframe representation of the resulting equation. In
equation 2.1, a is a constant related to the dimension of the graphene lattice while ¢ is the

result of what is called the transfer integral. The points where the 7 and 7* bond meet are

20



labeled as the K points. This is where there is a degeneracy between the two states and is
the fermi energy, i.e. the energy level that the electrons fill up to at 7" = 0. Because the
density of states is zero at these points, graphene is not a metal; it is a semiconductor which

happens to have a zero band gap.

1
3k, k. kya\ |
1 +4cos (\/_2 a) cos (;a) + 4 cos® (;a)] (2.1)

2.4.2 Transitioning to 1-D

—

E(ky, ky) = £t

Because of the large numbers of symmetries of the structure of graphene, if we attempt to
roll a sheet into a nano-tube there are many possibilities for the bonds to match up and allow
for a seamless transition to an infinite cylinder. The specific manner in which a nanotube
has been rolled is characterized by the chirality vector (Cy,). As you can see in figure 2.3(b),
5h is a linear combination of the unit vectors of the honeycomb lattice (@;,d;. When the
tube is rolled éh becomes the circumference, and f, the vector perpendicular to it, follows
the length of the tube. It turns out that the band structure of a tube is entirely determined
by its chirality, which can be thought of as a measure of how “twisted” the tube is.

The unit vectors of the lattice are known as “zig-zag” (a; or ag), and “arm chair” (a,
and as) If in figure 2.3(b) you follow the vectors d@; and @, in the correct manner, they will
trace out a zig-zag and an armchair pattern respectively. From here on out we will label Ch,
by (m,n), where m,n are integers with m < n, and they are the scalars that multiply the
unit vectors to form the linear combination that determines the circumference of a rolled
up tube. A (0,n) tube is one extreme and is called a zigzag tube, while (n,n) is the other
extreme condition which is the armchair tube.

If you consider that when the sheet of graphene is rolled up the boundary conditions
change considerably it should not be surprising that we begin to see quantized behavior.

Our boundary conditions require that any electron wave function should be periodic as we
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(a) A 3-D wire map of equation 2.1. The dark (b) A nice graphical representation of what the
areas are the allowed energies for the electrons. T and éh physically represent in the honeycomb
Below the 3-D graph are two possible results of the lattice. This image was adapted from [19]

quantization of the bands by rolling the graphene
into a nanotube. One of the 2-D images has the
white cuts crossing K-points the result: a metallic
nanotube. This image was adapted from [16]

Figure 2.3: Figures relating to the physical and electronic structure of nanotubes and nanoribbons.

travel around the circumference of the tube. That is being “single valued” requires that
as we rotate the tube through 27 radians the wave function should match up with itself.
This leads to N distinct allowed 1D bands , where /N is the number of graphene unit cells
contained in the nanotube unit cell swept out by T and C,. These 1-D bands are simply
crossections of the graphene dispersion relation in figure 2.3(a). If these 1D cuts happen to
pass through the K-Points of the graphene relation then the obtained tubes are metallic,
and otherwise they have a band gap determined by the energy difference between the 7
and 7* bonds at that point. Figure 2.3(a)(b and c) shows two examples of such 1D cuts
through the Brillouin zone of graphene. It turns out that if n — m is an integer multiple

of three then the conditions for a metal tube are met. This implies that 1/3 of all tubes
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should be metallic. Another result is that the size of the bandgap in semiconductor tubes
is inversely proportional to the diameter. Because the bandgap is determined by the energy
difference between the m bonds at the point of the 1-D cut, having an allowed state closer
to the K-points will result in a lower band gap. Because the number of 1-D cuts depends on
the number of graphene unit cells contained in the unit cell of the tube, the larger diameter
tubes will have more allowed states and therefore more states closer to the K points resulting

in a lower band gap.

2.4.3 Unrolling a Nanotube

Instead of rolling up a sheet of graphene
into a tube, consider cutting it down into
strips with widths comparable to the diam-
eters of the tubes. Even though this setup

does not have the same boundary conditions

as that of a nanotube, it amazingly still re-

tains many similar properties. Depending

Figure 2.4: A model of what graphene cut at o, whether the edges follow the zig-zag or

different angles in order to induce metallic or armchair vectors we experimentally observe

semiconducting properties might look like. The that the sections of the graphene are metal-

two horizontal sections would be metallic while
lic or semiconducting, and the bandgaps of

the center, diagonal section is designed to have ] ) _
the semiconductor sections continue to vary

a bandgap; effectively creating a transistor. This

inversely with the width of the ribbon. Be-
image was adapted from [17]

cause the periodicity of the bonds are broken
at the edges, the way that the bonds are terminated becomes important. If they are hydro-

gen terminated then everything behaves well; however “dangling” bonds can cause problems.

They are not “complete” and therefore cause scattering and charge trapping. Almost all nu-
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merical models of graphene transistors and the therefore assume that the edges are hydrogen
terminated.

This means that if in the future we attempt such experiments we will have to use Scanning
Tunneling Microscopy (STM) in order to accurately determine the lattice orientations of our
samples. We would also have to take measures to ensure that the edge effects are minimized

by facilitating hydrogen termination of the dangling bonds.
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Chapter 3

Experimental Procedure

3.1 Preparing the Substrate

There are certain oxide thicknesses corresponding to the illumination wavelength that max-
imize the visibility of graphene[2]. We had previously been using 280nm of oxide, however
we switched to 100nm, which gives the oxide a different hue; however, the thin pieces of
graphite are still visible with white-light illumination. The advantage of the 100nm oxide is
cost, as it is easy to commercially obtain these wafers, where as the 280nm oxide is more
of a customized thickness that is only convenient if you have the furnaces required to grow
your own thermal oxide or are prepared to pay for a customized batch of wafers. Our next
step was to create patterns on the surface of the substrate that would allow us to locate
any thin pieces of graphite that were deposited near them. This is a method of indexing
that is analogous to the way that parking lots at stadiums and amusement parks are broken
up into labeled (e.g. 1A) sections so as to be able to find your car in the sea of vehicles.
We accomplished this using our maskless lithography system previously developed by former
Pomona student David Musgraves [20]. Using the optical lithography we exposed a pattern

in Shipley 1813 resist. The resist was “spun” on at 4000rpm for 45sec and had a thickness of
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roughly 1.3um. Prior to spinning the resist the

surface of the wafer was primed by spinning

on organisilane which improves the adhesion of the resist to the surface. The exposure was

carried out using the 5z microscope objective, and the timing of the exposure was controlled

through the use of a Microsoft PowerPoint© presentation. The vertical and horizontal lines

are 1pt thick and were exposed for 65s, while the dots are 27pt and were exposed for 75s.

Figure 3.1: An extremely thin piece of graphite
on 100nm of ozxide. The circled piece is 1lnm thick
as measure by Tapping Mode AFM and is still

visible.

After a chemical developing step in which
the sample was dipped in Tetramethylam-
monium hydroxide (TMAH) for 90 seconds,
the exposed polymer was washed away, leav-
ing the oxide under the pattern exposed,
as can be seen in figure 3.2(a). We then
used 6:1 Buffered Oxide Etch (BOE) to etch
away the exposed oxide. BOE is 49% Hydro-
fluoric acid that is buffered with Ammonium
Fluoride[21]. Since the HF by itself would
attack not only the SiOy but also the pho-
toresist, the ammonium in the buffered so-
lution protects the photoresist while leaving

the oxide susceptible to the fluorine ions, al-

lowing for extremely selective etches of the Si0Oy. After removing the remaining photoresist

we were left with 100um scale patterns that could be used for alignment and location in the

SEM and the AFM. Figure 3.2(b) is an example of an array of boxes that will be easily iden-

tifiable because of the patterns of dots inside and out of the boxes. The dots were specially

designed so that an inverting microscope would not confuse the issue.
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(a) One of our alignment markers that has been (b) This is a group of 4 alignment markers. You

exposed and developed. At this point the oxide can see that the patterns of the dots will allow
is still intact and the pattern is only in the pho- for finding a piece of graphene near these marks
toresist. while avoiding issues with inverted images. The

purple/gray hue of the SiO; is characteristic of
100nm of thickness.

Figure 3.2: 2 stages of the optical lithography and etching process that results in our alignment
marks.

3.2 Depositing Graphene: The Miracle of Scotch Tape

The method for actually depositing graphene is so rudimentary as to be amusing. The trick
is finding the thin flakes of it after deposition. Very simply: we take a 6in long piece of
scotch tape, place a flake of Kish graphite (see figure 3.3(a)) on it and fold the tape over the
graphite multiple times until the entire surface is coated with very thin flakes of graphite.
An example of such a piece of tape can be seen in figure 3.3(b). A suitably homogeneous
section of the tape surface is then pressed onto the SiOs; substrate and the back side is
rubbed with tweezers, or a pen; anything to apply localized pressure. This then transfers
some of the graphite flakes, hopefully very thin ones, to the surface of the substrate. The
graphene is very effectively stuck to the surface due to the van der Waals interaction, which
due to the size scales and relatively large surface area to mass ratios involved is dominant
over other forces that might displace the sheets.

Subsequent examination with an optical microscope, and the incredible image processing
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power of the human brain, then allows us to locate the very thin pieces. We can then use
AFM to determine the actual thickness down to the the level of a bi-layer, however, once
your eyes become calibrated the step with the AFM starts to lose its significance. In order
to find the sample in the AFM it is very useful to have the alignment marks we etched into
the oxide; otherwise, finding a sample that was found in a dedicated optical microscope is

virtually impossible.

(a) Two flakes of kish graphite next to a ruler. (b) A piece of standard scotch tape that has been
almost completely covered by flakes of graphite
after repeated folding.

Figure 3.3: The mysteries of Kish graphite revealed.

In order to determine if an extremely thin piece of graphite is in a fact a single atomic
layer, i.e. graphene, there are some techniques required that we do not have access to here.
One would assume that given the topographic sensitivity of an AFM you would simply be
able to determine the thickness of one layer, measure any sample you have and divide by the
thickness of a single layer to get the number of stacked sheets. Unfortunately this method
does not work for few-layer graphene sheets. The predicted thickness of a single layer is 3A;
however, due to the different tip surface interaction while the tip is over the graphene or the

oxide you can never measure a step height lower than about 9A. This means that in order
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to get a definitive reading on whether you have 1 or 2 layers of graphene, either Raman
Spectroscopy or observation of the Quantum Hall effect is required[22, 23, 24].

One drawback of this method of exfoliation is that it leaves behind large amounts of
tape residue. This residue is inert; however, it does clutter the surface of the substrate and
may conceal good samples as well as making AFM difficult. Therefore after deposition we
have found that it is good practice to heat up the sample to 450°C' in a furnace open to the
atmosphere in order burn of all the tape residue, while leaving the graphite on the surface

unaffected. This makes searching for and characterizing suitable samples much easier.

3.3 E-Beam Lithography

Once we have located a suitable piece of graphene or few-layer graphene piece, our next
step is to create an etch mask for it. To this point the steps have been fairly rudimentary,
however this next step requires sub-micron alignment because while writing the pattern with
the electron beam in the SEM we will be “blind.” The reason for this is that when the sample
has been coated with our resist, in this case a spin-on glass, if we attempt to image it with
the electron beam we will simply expose the resist. Therefore before we coat the sample
with resist we need to take an image of it in relation to the alignment markers we created
in the first step of our process. NPGS will then allow us to import this image into AutoCad
and label parts of the image as alignment markers.

The resist that we used was Hydrogen-Silsesquoxane (HSQ), a spin on glass. This is a
negative tone resist, so in contrast to our optical lithography the exposed areas will remain
after development while the unexposed areas are washed away. This effect is due to the fact
that the exposed glass polymer strands get cross linked. This allows for the unexposed areas
to be dissolved much more easily by the developer. Once the sample has been coated with

HSQ we can carefully approach the alignment marks with electron beam. Once NPGS has
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found these alignment makers it can then appropriately move the stage or just the beam to
write the pattern in the precise position and orientation that we want. As a demonstration
of our capability we would like to write a simple hall cross which is a common application
as well as a fairly simple pattern. Because NPGS is designed to be able to write 30nm line
widths we should be able to very easily write a micron scale pattern on our graphene layers.
Once the exposure has been completed we will then develop the chip in TMAH. After this
step we should be ready to somehow etch the pieces of graphite not protected by our HSQ
mask.

The following chapter deals with the various methods we attempted for etching. Unfor-
tunately due to technical difficulties with the SEMs automated stage we are at this point
unable to complete this portion of the experiment. Fortunately, due to the independent na-
ture of the processes, we were able to characterize various methods for etching the graphene.
Figure 3.4 is a graphical representation of the various steps with the lithography and etching

and how our final sample will emerge.
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Figure 3.4: A graphical representation of the various stages of lithography and processing.
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Chapter 4

Methods for Removing Graphene

4.1 UV Ozone Etching

One of the methods we attempted to use
that would remove any exposed graphite was
Ultra-Violet Ozone Etching. The idea be-
hind this method is that very high energy
photons that collide with the oxygen in the
atmosphere cause some of the Oy molecules
in the air to form Os, which is highly re-
active. If there is a high enough density of
ozone we would expect that it would react
with any exposed carbon to form C'O,. Un-
fortunately for the intensity of lamps we had
available, including a commercial UV ozone
cleaner, were unable to make a visible im-

pact on graphene samples, even after tens of

Figure 4.1: An image of a small UV-Penlamp
taken while it is on. Obviously the wavelengths
that generate the ozone are mot wvisible, but the
emitted spectrum extends into the violets. These

lamps should never be viewed with the naked eye.
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minutes of exposure. We therefore abandoned this idea, particularly as we were receiving

much more promising results from the other methods that we were pursuing.

Figure 4.2: (a) An optical micrograph of an SiOy substrate with graphite of various thicknesses
on the surface. The thinner pieces are characterized by their purple color. The white rectangles are
trenches that have been etched down to the silicon below the oxzide. (b) This image is of the same
area as part (a) after it has been sputtered by a DC Argon plasma for 5 minutes. The thinner pieces
of graphite have disappeared and considerable amount of violent damage has occured.

4.2 Argon Sputtering

One of the easiest methods of etching the thin graphite layers was through the use of a DC
Argon Plasma. We are able to generate an Argon plasma where an Oxygen plasma would be
impossible because Argon is inert and therefore does not require any special vacuum pumps
or safety precautions. Using our Hummer II Sputter Coater/Etcher we were able to create
DC Argon plasmas that very effectively removed graphite on the surface of an SiO chip. In
figure 4.2 we show a selected sample of very thin graphite pieces, less than 5nm in places,
that have been etched by the argon plasma. While this method does remove the exposed
graphene layers it also has some deficiencies in that it is very violent, and in many places

the substrate’s surface oxide has been cratered and destroyed by arcing. It also slowly etches
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away the underlying substrate. While this is much slower than the rate at which carbon
material disappears, it can still become an issue, particularly in that material under a sheet
of graphite is shielded and thus ends slightly raised above the remainder of the substrate.

Typically the etches were carried out at an Argon pressure of 100mT orr, with the high
voltage adjusted so that the ion current was 10 — 15mA. It is impossible to give an accurate
number for what this voltage is because the dial is not calibrated but simply shows arbitrary
units. If the voltage is raised much higher, then the arcing on the chip becomes a considerable
factor. At this etch rate it typically takes 3 — 5min for the thinner pieces of graphite to
disappear. This number is not exact, and it does not appear that the surface is uniformly
etched, so some pieces of similar thicknesses will survive while other thin sheets of graphite
are etched. If the etching continues for too long the oxide substrate becomes degraded,
and its thickness can be changed significantly enough that then thin pieces of graphite on
its surface start to lose their contrast. Therefore it is inadvisable to etch for more than
10 minutes, so this is not a viable option to remove thicker pieces of graphite. As can be
seen from the color of the oxide in figure 4.2, the thickness of the tested oxide was 280nm.
However, we have subsequently switched to oxide thicknesses of 100nm, which could be a
problem if the thinner oxide results in greatly increased arcing, because the thinner layer
will breakdown more easily due to the voltage buildup between ions on the surface and the
silicon that the oxide covers.

This method does, however, have the advantage being extremely quick, and easily con-
trolled. The Hummer is able to pump down to its operating pressure in a matter of minutes,
and we can then precisely control the flux of ions to the surface of the sample, and thus the
rate at which we expect material to be etched away. All in all it takes roughly 10-15 minutes

to perform a run.
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4.3 High Temperature Furnace

The method of placing the graphene inside a
high temperature furnace also yielded some
promising results. As can be seen in fig-
ure 4.5 almost all of the carbon on the sur-
face of the substrate was removed while the
S105 remained relatively unharmed. Some
of the exposed silicon in the trenches was
discolored, however, compared to the effects
of the argon etch it seems benign. We are

still in the early stages of testing this tech-

nique so we may yet get better results, al-
though there are many drawbacks. First of

Figure 4.3: The Hummer II DC Plasma Etcher

1l these f t ly slow t -
a C56 TUINALES are extremely SIow Lo opet that we used. The purple color of the plasma in

ate. They take tens of minutes to heat up to the chamber at the top of the machine is charac-

their operating temperatures, and then they ... of Argon.
take about an hour to cool back down once

the run is complete. This makes for not only time consuming operations but also difficulty
in controlling the exact amount of heat that the graphene will be exposed to. Currently
we are simply leaving the furnace open to the atmosphere for an hour at 1000°C', and the
process completely removes any traces of graphene from the surface. However, we may be
able to vary this time scale, and more precisely control the temperature exposure, by sliding
the sample into and out of the furnace while the furnace is hot. Another possibility is that

instead of heating the sample in the ambient atmosphere we were to flow pure oxygen over

it. This would almost certainly allow us to operate at lower temperatures, meaning there
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would be less stress placed on any mask we would choose to use, as well as faster operating

times.

In order to be able to use this to not
just remove all graphite from the surface,
but to only remove the exposed areas of a
sheet of graphene we have to find a suitable
material for the mask. A possible candidate
for the high temperature masks is hydro-

gen silsesquioxane (HSQ), which is a nega-

tive tone e-beam resist, that can maintain its
h t 1000°C ing that it
Figure 4.4: This furnace is normally used in shape ab over » Meaning that 1t can

the growth of nanotubes. It is capable of reaching easily withstand the temperatures at which

over 1100°C, which is well above the temperature V¢ observe the graphite burn.
at which the graphite we use combusts. However, this material has its own draw-
backs. After it is baked in the furnace it will
essentially become glass. While removing glass is not very difficult, our problem arises from
the S10Oy that the graphene needs to be on top of to be visible. Since this material is also
essentially glass and any chemical that etches the HSQ will also etch Si0,. If this etching
is isotropic, as most wet-etches are, then the areas covered by the mask will be undercut,
and if the features narrower than the thickness of the resist they will be cut off and float
away in the etchant. This will not however be a problem in with the feature sizes and resist
thicknesses we plan to operate at.
Another unknown is whether such a mask actually will protect the graphene below it.
In the case of the argon etching the effect is top down, and any layer covering the graphite

will prevent it from being attacked. However, in a furnace operating at several hundred °C

we do not know if the graphene under the mask will not simply burn away along with the
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Figure 4.5: (a) Some trenches in SiOq with graphite of varying thicknesses. (b) The graphene
has been burned off at 1000°C. Notice that only some glue residue is left behind.

exposed areas. Logically the aspect rations involved and the difficulty any oxygen would
have in reaching under the mask to burn the carbon seem fairly negligible. Unfortunately
we will not know if this will be an issue or not until after we test the process, when our

e-beam capabilities are in order.
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Chapter 5

Conclusions

Despite many promising results we have not yet been able to attain our final goal of creating
a Hall cross from graphene in order to demonstrate our capability of shaping graphene. We
have however found that we could remove any exposed graphene, and even larger pieces of
graphite, by either a DC Argon plasma or a high temperature furnace run. We have also
modified S10, substrates so that they are equipped with alignment markers that allow us to
find the pieces of graphene we mechanically exfoliate in both the AFM and SEM. Therefore,
once the SEM stage is fixed we should be able to expose a micron scale mask on our graphene
samples through the use of the excellent NPGS alignment system. We could then test how
our various methods for removing graphene are compatible with the HSQ masks we plan to
use.

We are extremely confident that the e-beam lithography step will work. This is because
it is a well established technique. In comparison we really do need to test if burning the
samples in the furnace will be a viable method for shaping graphene. We definitely know
that the high temperatures effectively remove all graphene, but we simply cannot know a
priori whether or not the HSQ will protect and preserve the parts of the graphene under the

mask. However, even if this method is unsuccessful we have shown that the argon plasma
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will also remove exposed graphite, and because of the “top down” nature of the process this
method will almost certainly leave behind a shaped piece of graphite.

Overall we have taken many positive steps towards developing a complete process for the
shaping of mechanically exfoliated graphene. We have developed an alignment system which
will allow us to carry out the e-beam lithography with precision placement. We have also
demonstrated two different methods for removing graphene from the surface of a substrate,
and we are extremely confident that once some preliminary technical issue are resolved we
will be able to quickly complete any necessary e-beam lithography. All that remains to be
tested is whether or not an HSQ mask will act as desired and protect a defined piece of
graphene, and then finally we will need to remove the HSQ mask after the exposed graphene
has been etched away. This final step should not be too difficult but will require some testing

and experimentation.
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Electromechanical Resonators from

Graphene Sheets.
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small bending and then must break, whereas
columns with an aspect ratio of 80 can fully bend
to touch the surface without breaking. An aspect
ratio of at least 20 is needed for sufficient
bending of each beam to touch its neighbors to
obtain the structure shown in Fig. 4, C and D.
This mechanical assessment makes it possible to
design a hydrogel/nanocolumns combination that
enables a desired degree of directed actuation.
We have developed hybrid architectures in
which arrays of high—aspect-ratio silicon nano-
columns, either attached or free-standing, are
embedded into a hydrogel film and are actuated
into highly controlled, complex microstructures
upon contraction and/or swelling of the polymer.
The actuation is fast, reversible, reproducible,
and robust. We believe that these architectures
may lead to a variety of applications, including
actuators, controlled reversible-pattern forma-
tion, microfluidics, reversible switching of the
wetting behavior, tunable photonic structures,
artificial muscles, and release systems (25).
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Electromechanical Resonators
from Graphene Sheets

]. Scott Bunch,* Arend M. van der Zande,* Scott S. Verbridge,* lan W. Frank,?
David M. Tanenbaum,? Jeevak M. Parpia,* Harold G. Craighead," Paul L. McEuen*

Nanoelectromechanical systems were fabricated from single- and multilayer graphene sheets by
mechanically exfoliating thin sheets from graphite over trenches in silicon oxide. Vibrations with
fundamental resonant frequencies in the megahertz range are actuated either optically or
electrically and detected optically by interferometry. We demonstrate room-temperature charge
sensitivities down to 8 x 107 electrons per root hertz. The thinnest resonator consists of a single
suspended layer of atoms and represents the ultimate limit of two-dimensional

nanoelectromechanical systems.

vices promises to be as revolutionary in

the coming decades as the miniaturization
of electronic devices was in the previous ones.
Devices ranging from nanoscale resonators,
switches, and valves have applications in tasks
as diverse as information processing, molecular
manipulation, and sensing. The prototypical nano-
electromechanical system (NEMS) is a nanoscale
resonator, a beam of material that vibrates in
response to an applied external force (7, 2). The
ultimate limit would be a resonator one atom

The miniaturization of electromechanical de-

Cornell Center for Materials Research, Cornell University,
Ithaca, NY 14853, USA. 2Pomona College, Department of
Physics, Claremont, CA 91711, USA.

*To whom correspondence should be addressed. E-mail:
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thick, but this puts severe constraints on the ma-
terial. As a single layer of atoms, it should be
robust, stiff, and stable.

Graphite consists of stacked layers of
graphene sheets separated by 0.3 nm and held
together by weak van der Waals forces (3). It has
extremely high strength, stiffness, and thermal
conductivity along the basal plane. In addition,
graphite can be exfoliated onto an insulating
substrate, producing micron-sized graphene
sheets with thicknesses down to a single atomic
layer (4-8). Thus far, research on these thin
graphene sheets has focused primarily on their
electronic properties. We demonstrate a method
of suspending single- and multilayer graphene
sheets over trenches and show that such sheets
can be mechanically actuated. This work also
makes a detailed study of the mechanical proper-

ties of these graphene resonators, including
resonance frequency, spring constant, built-in
tension, and quality factor.

Suspended graphene sheets are fabricated with
a peeling process similar to that reported previ-
ously (5-7). In our case, the graphene sheets are
mechanically exfoliated over predefined trenches
etched into a SiO, surface (Fig. 1) (9). The result
is a micron-scale doubly clamped beam or
cantilever clamped to the SiO, surface by van
der Waals attraction. Some devices have prepat-
terned gold electrodes between the trenches to
make electrical contact (Fig. 1, A and D).

A noncontact mode atomic force microscope
(AFM) was used to quantitatively measure the
thickness of the sheets on the substrate next to the
trench, as shown in the inset in Fig. 1D. However,
for sheets thinner than 2 to 3 nm, such mea-
surements are unreliable (/0—12). For these we
used spatially resolved Raman spectroscopy to
determine the number of layers (Fig. 1C) (10-12).
The graphene sheet in Fig. 1B has an AFM-
determined height of 0.9 nm. By comparison
with previous results (/0—12), the shape of the
Raman peak near 2700 cm™ ' suggests the sheet
is two layers thick over the area lying on the
SiO, substrate (Fig. 1C), whereas the section
suspended over the trench is a single graphene
layer.

All resonator measurements are performed at
room temperature and a pressure of <10~ torr
unless otherwise indicated. The resonators are
actuated by using either electrical (Fig. 1A) or
optical modulation. In the case of electrical
modulation, a time-varying radio frequency (rf)
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Fig. 1. (A) Schemat-
ic of a suspended
graphene resonator.
(B) An optical image
of a double-layer
graphene sheet that
becomes a single
suspended layer over
the trench. Scale bar,
2 um. Each colored
circle corresponds to
a point where a
Raman spectrum was
measured. (C) Raman
signal from a scan on
the graphene piece.
Each colored scan is
data taken at each of
the matching colored
circles. The top scan
is used as a reference
and corresponds to
the Raman shift of
bulk graphite. (D)
An optical image of
few-layer (~4) gra-
phene suspended
over a trench and
contacting a gold
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electrode. Scale bar, 1 um. (Inset) A line scan from tapping mode AFM corresponding to the dashed line in the optical image. It shows a step height of 1.5 nm.
(E) A scanning electron microscope image of a few-layer (~2) graphene resonator. Scale bar, 1 um.
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Fig. 2. (A) Amplitude versus frequency for a 15-nm-thick multilayer graphene resonator taken with
optical drive. (Inset) An optical image of the resonator. Scale bar, 5 um. (B) Amplitude versus
frequency taken with optical drive for the fundamental mode of the single-layer graphene
resonator shown in Fig. 1B. A Lorentzian fit of the data is shown in red.

voltage 8V, at frequency fis superimposed on top
of a constant voltage and applied to the graphene
sheet. The result is an electrostatic force between
the suspended graphene sheet and the substrate

Fu= 12 Gy +Cv% v, ()

where C,' is the derivative of the gate capacitance
with respect to the distance to the gate, and ngc
and 87/, are, respectively, the dc and time-varying
rf voltages applied to the gate (/3). For optical
actuation, the intensity of a diode laser focused
on the sheet is modulated at frequency f;
causing a periodic contraction/expansion of

the layer that leads to motion. In both cases,
the motion is detected by monitoring the re-
flected light intensity from a second laser with a
fast photodiode (9).

Figure 2A shows the measured amplitude
versus frequency for a 15-nm-thick sheet sus-
pended over a 5-um trench. Multiple resonances
are observed, the most prominent one at the low-
est frequency. We associate this dominant peak
with the fundamental vibrational mode; its
detected intensity is largest when the motion is
in-phase across the entire suspended section. We
will limit our discussion primarily to this fun-
damental mode. A fit to a Lorentzian yields a
resonant frequency f, = 42 MHz and a quality

factor O = 210. Figure 2B shows similar results
for the single-layer graphene resonator from Fig.
1B; fo = 70.5 MHz and Q = 78. Figure 3 shows
the results of measurements of 33 resonators with
thicknesses varying from a single atomic layer to
sheets 75 nm thick. The frequency f; of the fun-
damental modes varies from 1 MHz to 170 MHz,
with quality factor Q of 20 to 850.

For mechanical resonators under tension 7,
the fundamental resonance mode f; is given by

Jo= A4 ERP)? ¢/ 1P +

A20.57T / pLPwi} ' ©2)

where E is the Young’s modulus; p is the mass
density; ¢, w, and L are the dimensions of the
suspended graphene sheet; and the clamping
coefficient, 4, is 1.03 for doubly clamped beams
and 0.162 for cantilevers (/4). In the limit of
small tension, Eq. 2 predicts that the resonance
frequency f; scales as #L>. Figure 3A shows the
resonant frequency of the fundamental mode for
resonators with ¢ > 7 nm as a function of #/L’
plotted as filled squares. Also plotted is the
theoretical prediction, Eq. 2, in the limit of zero
tension, for both cantilevers and beams, where
we have used the known values for bulk graphite
p = 2200 kg/m’® and E = 1.0 TPa (3). This is a
valid comparison considering the extensive
theoretical and experimental work that shows
the basal plane of graphite to have a similar value
for E as graphene and carbon nanotubes (3, 15).
To account for possible errors in E, we plot
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dashed lines that correspond to values of £= 0.5
TPa and 2 TPa. The data follow the predictions
reasonably accurately, indicating that thicker
resonators are in the bending-dominated limit
with a modulus £ characteristic of the bulk
material. This is among the highest modulus
resonators to date, greater than 53 to 170 GPa in
12- to 300-nm-thick Si cantilevers and similar to
single-walled carbon nanotubes and diamond
NEMS (13, 16, 17). In contrast to ultrathin Si
cantilevers, the graphene resonators show no
degradation in Young’s modulus with decreasing
thickness (/7).

The resonant frequencies versus #/Z* for the
resonators with 7 < 7 nm are shown as open
squares in Fig. 3A. The frequencies of these
thinner resonators show more scatter, with the
majority having resonant frequencies higher than
predicted by bending alone. A likely explanation
for this is that many of the resonators are under
tension, which increases f; (see supporting online
text). The tension likely results from the fabrica-
tion process, where the friction between the
graphite and the oxide surface during mechanical
exfoliation stretches the graphene sheets across
the trench.

The single-layer graphene resonator shown in
Fig. 1B illustrates the importance of tension in
the thinnest resonators. It has a fundamental fre-
quency f, = 70.5 MHz, much higher than the 5.4
MHEz frequency expected for a tension-free beam
with 7=0.3 nm, L= 1.1 um, and w = 1.93 pm.
From Eq. 2, this implies that the graphene
resonator has a built-in tension of 7= 13 nN.
From the expression AL/L = TAEA), this corre-
sponds to a strain of 2.2 x 103%.

An important measure of any resonator is the
normalized width of the resonance peak charac-
terized by the quality factor O = f,/Af. A high O
is essential for most applications because it in-
creases the sensitivity of the resonator to external
perturbation. A plot of the Q versus the thickness
for all the graphene resonators (Fig. 3B) shows
that there is no clear dependence of Q on
thickness. This contrasts with results on thicker
NEMS resonators fabricated from silicon (/8).
The quality factors at room temperature are lower
than diamond NEMS (2500 to 3000) of similar
volume and significantly lower than high-stress
Si3N, nanostrings (200,000), yet similar to those
reported in single-walled carbon nanotubes (50 to
100) (13, 16, 19). Preliminary studies on a 20-
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nm-thick resonator found a dramatic increase in
QO with decreasing temperature (Q = 100 at 300 K
to O = 1800 at 50 K). This suggests that high O
operation of graphene resonators should be pos-
sible at low temperatures.

Even when a resonator is not being driven, it
will still oscillate due to thermal excitation by a root
mean square (RMS) amount xy, = [ksTlcer] ",
where ke = Mo 0p° = O.735Lwtpm02 is the
effective spring constant of the mode (2). An
example is shown in Fig. 4A, where a 5-nm-thick
resonator with f; = 35.8 MHz and ;= 0.7 N/m
has a room-temperature thermal RMS motion
of xg, = 76 pm. For resonators for which the
thermal vibrations can be measured, we use this
thermal RMS motion to scale the measured
photodetector voltage with resonator displace-
ment (see supporting online text). Figure 4B
shows such a rescaled plot of the displacement
amplitude versus rf drive voltage. The resonator
is linear up to displacements of 3 nm, or on the
order of its thickness, where nonlinearities asso-
ciated with additional tension are known to set in
(2). This nonlinearity is characterized as a de-
viation from a linear increase in amplitude with
driving force and accompanied by a decrease in
O (Fig. 4B).

Two applications of nanomechanical resona-
tors are ultralow mass detection (see supporting
online text) and ultrasensitive force detection.
The ultimate limit on the force sensitivity is set by
the thermal fluctuations in the resonator:

dF/ = 4 kegr (ks T)Q o] ()

For the resonator in Fig. 4A, this results in a force
sensitivity of 0.9 fN/Hz”. From Eq. 1, this cor-
responds to a charge sensitivity of d0/ = dF’
d/V;:,dC = 8 x 10* ¢/Hz” where d is the
distance between the graphene sheet and the
gate electrodes. This is a high sensitivity dem-
onstrated at room temperature; at low temper-
atures, with the onset of higher quality factors, it
could rival those of rf single-electron transistor
electrometers (1 x 10> ¢/Hz") (20, 21). The high
Young’s modulus, extremely low mass, and large
surface area make these resonators ideally suited

C " "
_40p
£
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3
° 2
B 20t J
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<
thermal
o A A
0.0 0.4 0.8
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Fig. 4. (A) Noise power density versus frequency taken at a resolution bandwidth of 1 kHz. (Inset) An optical image of the resonator. The resonator has
dimensions t =5 nm, L = 2.7 um, and w = 630 nm. Scale bar, 2 um. (B) Amplitude of resonance and quality factor versus 5V, for Vgdc =2 V. (C) Expanded view of

(B) for small 8V,
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for use as mass, force, and charge sensors (22-28).
The application of graphene NEMS extends
beyond just mechanical resonators. This robust
conducting membrane can act as a nanoscale
supporting structure or atomically thin membrane
separating two disparate environments.
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Improved Oxygen Reduction
Activity on Pt3Ni(111) via Increased
Surface Site Availability

Vojislav R. Stamenkovic,* Ben Fowler,® Bongjin Simon Mun,? Guofeng Wang,*
Philip N. Ross,? Christopher A. Lucas,® Nenad M. Markovi¢*

The slow rate of the oxygen reduction reaction (ORR) in the polymer electrolyte membrane fuel cell
(PEMFQ) is the main limitation for automotive applications. We demonstrated that the Pt3Ni(111)
surface is 10-fold more active for the ORR than the corresponding Pt(111) surface and 90-fold
more active than the current state-of-the-art P/C catalysts for PEMFC. The Pt3Ni(111) surface has
an unusual electronic structure (d-band center position) and arrangement of surface atoms in the
near-surface region. Under operating conditions relevant to fuel cells, its near-surface layer
exhibits a highly structured compositional oscillation in the outermost and third layers, which are
Pt-rich, and in the second atomic layer, which is Ni-rich. The weak interaction between the Pt
surface atoms and nonreactive oxygenated species increases the number of active sites for

0, adsorption.

hen a polymer electrolyte membrane

\}s’ fuel cell (PEMFC) is used in a de-
manding application such as an auto-

mobile, it must overcome the kinetic limitations
on the oxygen reduction reaction (ORR), which
have led to three fundamental problems (/-5).
First, the substantial overpotential for the ORR
(6-10) at practical operating current densities
reduces the thermal efficiency well below the
thermodynamic limits, typically to about 43%
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at 0.7 V [versus the theoretical thermal efficien-
cy of 83% at the reversible potential for the
ORR (1.23 V)]. Second, an approximately five-
fold reduction of the amount of Pt (platinum-
loading) in current PEMFC stacks is needed to
meet the cost requirements for large-scale auto-
motive applications (/0). Finally, the dissolu-
tion and/or loss of Pt surface area in the cathode
must be greatly reduced.

These limitations could be eliminated if stable
cathode catalysts, with an order of magnitude
increase in the specific activity over that of state-
of-the-art Pt/C catalysts, can be developed (/0).
In the hope that a combination of different metals
would have improved catalytic activity and sta-
bility relative to those of a pure metal, the ORR
has been studied on numerous bi- or multime-
tallic alloys (6, 8, 1/—17). These studies have led
to incremental improvements to catalyst perform-

ance, but large increases in activity have yet to
be realized.

Rather than use a trial-and-error or combi-
natorial approach, we have examined selected
cathode materials with well-characterized sur-
faces so that the mechanism of action can be at-
tributed to a specific property (at the atomic and
molecular level) of the surface under study. In
this way, we can determine (i) whether the
kinetics of the ORR are structure-sensitive, (ii)
the composition of the topmost surface atomic
layers (the segregation profile), and (iii) how
alloying [usually described in terms of the li-
gand effect or/and ensemble effect (78-20)]
alters the chemical properties of the surfaces.
Similar approaches are commonly used in gas-
phase catalysis (2/) under ultrahigh vacuum
(UHV) and near-ambient conditions, but alloy
surface chemistry on single-crystal surfaces at
electrochemical interfaces is relatively unex-
plored. These aqueous interfaces are more com-
plex in that they necessarily contain solvent and
electronic/ionic charge, and (experimentally) it
is very challenging but still tractable to use in
situ surface-sensitive methods to characterize
potential-induced changes in the surface prop-
erties and reactivity.

‘We have used a combination of ex situ and in
situ surface-sensitive probes and density func-
tional theory (DFT) calculations to study the ORR
on P;Ni(hkl) single-crystal surfaces, identify
which surface properties govern the variations
in reactivity of PtNi catalysts, and determine how
surface structures, surface segregation, and inter-
metallic bonding affect the ORR kinetics. Well-
characterized PtNi single-crystal electrode surfaces
were formed and characterized with UHV methods
for surface preparation and surface analysis. These
surfaces were transferred into the electrochem-
ical environment without airborne contamina-
tion, and the stability of the UHV-prepared

www.sciencemag.org SCIENCE VOL 315 26 JANUARY 2007

47

493

Downloaded from www.sciencemag.org on January 26, 2007



Appendix B

Mechanical Properties of Suspended

Graphene Sheets.

48



Mechanical properties of suspended graphene sheets
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Using an atomic force microscope, we measured effective spring constants of stacks of graphene
sheets (less than 5) suspended over photolithographically defined trenches in silicon dioxide.
Measurements were made on layered graphene sheets of thicknesses between 2 and 8 nm, with
measured spring constants scaling as expected with the dimensions of the suspended section,
ranging from 1 to 5 N/m. When our data are fitted to a model for doubly clamped beams under
tension, we extract a Young’s modulus of 0.5 TPa, compared to 1 TPa for bulk graphite along the
basal plane, and tensions on the order of 1007N. © 2007 American Vacuum

Society. [DOI: 10.1116/1.2789446]

I. INTRODUCTION

Nanoelectromechanical systems (NEMSs) have many ap-
plications in fundamental science and engineering, such as
the study of quantum limited motion," mass detection,” and
force detection.” In all of these applications, it is extremely
beneficial to have the active element have as low of a mass
as possible and as high of a quality factor as possible.5 Ma-
terials such as Si, SiO, SiN, SiC, diamond, and GaAs have
been studied with the prototypical resonator consisting of a
nanoscale beam clamped on one or both ends.® Graphite ap-
pears to be an excellent material for the fabrication of NEMS
resonators. Its makeup of strongly bonded planar sheets held
together by weak van der Waals interactions makes it rela-
tively simple to fabricate extremely thin resonators, even
down to the natural limit of one atomic layer. Graphene, like
carbon nanotubes, is extremely strong and stiff compared to
silicon based materials. Beyond its material strength,
graphene is advantageous due its tunable electronic proper-
ties, chemical inertness, and high thermal conductivity.7

Before suspended graphene sheets can become the basis
for any practical NEMS sensors, their mechanical properties
must be measured as they may deviate from the known prop-
erties of the bulk graphite. Using atomic force microscopy
(AFM), we are able to accurately measure the length, width,
and thickness of suspended stacks of graphene sheets. By
pressing on the suspended sheets with AFM tips with cali-
brated spring constants, we are able extract the spring con-
stants of the sheets. By examining how the spring constants
vary with the size dimensions of the suspended sheets, we
are able to extract built-in axial tensions and the Young’s
modulus of the graphene layers.

Il. BACKGROUND

We have previously reported that suspended graphene
sheets can be resonated in vacuum® with an optical detection
setup using either a modulated blue laser that locally heats

YElectronic mail: dtanenbaum @pomona.edu
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the sample,” or a capacitive drive using a varying potential
between the silicon backplane and the suspended graphite.g
This dynamic method allows for highly accurate measure-
ments of the resonant frequencies, but it is nontrivial to de-
termine the absolute amplitude of the motion. While this can
be accomplished by examining the thermal noise, it is not a
direct measurement and the calibration is different each time
a sample is mounted in the detection system. In contrast,
static AFM deflection measurements provide a simple and
direct measurement of both displacement and force for the
determination of spring constants.

In our previous work on dynamic measurements, we mod-
eled the resonators as doubly clamped beams in the limit of
small tension.® As was noted in this work, it is likely that
tension matters, particularly for the thinnest samples. The
equation determining the fundamental natural frequency
(hertz) of a doubly clamped beam under tension is

Er? T

=1.034/—+—,
f pL* " 3.4mL

1

where T is the tension in the beam, E is the Young’s modu-
lus, p is the density of the material, m is the effective mass,
and ¢ and L are the thickness and length of the beam, respec-
tively. The numerical constants are determined by clamping
conditions.'™!" Using the relation f=(1/2m)\k/m, where k is
the effective spring constant of the beam, we can solve for k.
The resulting equation is

k=30.78Ew(t/L)* + 12.32(T/L), 2
where w is the width of the beam.

In the case of static deflection measurements, the distri-
bution of the load is from a point contact rather than along
the beam as in the dynamic measurements of resonators.
Thus, while the functional form is the same with contribu-
tions from both bending and tension, the constants are not.
For a doubly clamped beam in equilibrium with a static force
applied at the center of the beam and under axial tension, the
resulting equation is

©2007 American Vacuum Society 2558
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FIG. 1. (a) A SEM micrograph of a graphene sheet suspended above a trench
(horizontal stripe) etched in silicon dioxide. The sheet measured 7 nm thick
by AFM. (b) An optical micrograph of a different suspended few-layer
graphene sheet measured to be 2 nm thick by AFM.

k=16.23Ew(1/L)* + 4.93T/L. (3)

This expression holds until the deflection moves beyond the
linear regime in Hooke’s law due to the stretching of the
beam. 213

lll. FABRICATION AND YIELD

Suspended stacks of graphene are obtained by mechani-
cally exfoliating kish graphite14 across photolithographically
patterned trenches that act analogous to a cheese grater and
shear off thin sheets of the graphite.g’ls'18 The graphite
sheets can be up to 50 nm thick and as thin as a single layer
of atoms. Their length and width are largely determined by
the size of the trenches and are generally between 0.5 and
5 pm. Kish graphite comes in flakes that are a few millime-
ters on a side. These flakes are then attached to a probe
which acts as a “pencil.” The graphite is cleaved, exposing
an atomically smooth surface on the tip of the pencil. The
pencil is then rubbed across the silicon oxide substrate, me-
chanically exfoliating pieces of graphite onto the surface.

The key to this production technique is in selecting the
thickness of the dielectric that the sheets of graphite are rest-
ing on. With the correct thickness of the oxide (280 nm as
measured by thin film interferometry), the very thin sus-
pended graphene sheets show up in vivid shades of purple in
an optical microscope.]9 The hue of the graphite can be cor-
related with its thickness and allows for a quick determina-
tion of graphene sheets, meriting further characterization
with an AFM. Figures 1(a) and 1(b) are a scanning electron
microscope (SEM) and an optical micrograph of suspended
graphene sheets, respectively.

Once the desired pieces have been selected optically,
more accurate measurements are performed with an AFM
(Ref. 20) in ac mode to provide the width and length of the
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FIG. 2. A schematic of an AFM tip that is deflected while pushing down on
a suspended graphene sheet. 7yrpnene 15 measured by the AFM and Azgryphene
is calculated using Eq. (4).

suspended graphite with nanometer resolution. AFM was
used in ac mode to image the suspended graphene sheets as it
is less likely to cause damage than contact mode. For sheets
thinner than 2—3 nm, the measurement of the thickness with
AFM is unreliable for determining the number of graphene
layers so Raman spectroscopy is used to get an accurate
count.”"

In contrast to the fabrication of oscillators made from sus-
pended carbon nanotubes that display significant slack,” all
the suspended graphene sheets made via exfoliation appear
to be under tension. This tension can be increased by apply-
ing a dc bias between the suspended graphite and the silicon
backplane which can be used to tune the resonance fre-
quency of the suspended graphene layers.x’9

IV. STATIC DEFLECTION MEASUREMENTS

Static deflection measurements are made by acquiring
force distance curves with an AFM. Once the dimensions of
the suspended graphene layers have been measured by AFM,
the tip is pushed down in the center of the beam in ac mode,
and both amplitude and deflection signals are recorded ver-
sus Zpiem_z4,25 Figure 2 is a schematic of an AFM tip pushing
down on suspended graphene layers. From the deflection of
the tip as it pushes down on the suspended sheet, we are able
to extract the effective spring constant (k) of the suspended
graphene layers. It is important that the spring constant of the
tip be close to that of the graphite sheets or an accurate
measurement becomes impossible. If the tip is too stiff in
comparison to the graphene layers, it will not deflect a de-
tectable amount. If the tip is too soft, the sheets will appear
to be rigid and no meaningful information can be extracted
from the measurement. We used tips with a nominal spring
constant of 2 N/m.”® These are 240 um long silicon canti-
levers designed for ac mode. Each tip’s spring constant is
individually calibrated using a reference cantilever with a
known spring constant.”” The calibration process involves
comparing the results of pushing the AFM tip against an
immovable surface and the reference cantilevers, following
the approach of Tortonese and Kirk.?® Once the spring con-
stant of the tips are known, the suspended graphene sheet’s
spring constant can be measured. The tip is pushed slowly
(~100 nm/s) against the sheets in order to minimize damage
to the tip and the graphite, and a curve of the tip displace-
ment versus the position of the piezo is obtained [see Fig.
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FIG. 3. (a) On the left axis is the curve obtained by the AFM while pushing
down on a suspended graphene sheet. The right axis is the corresponding
force. (b) Graph of force vs displacement of the suspended sheet. The spring
constant of the sheet is the slope of these data.

3(a)]. As the AFM tip comes into contact with the suspended
graphene device, the free amplitude of the ac motion of the
tip cantilever goes to zero, and the cantilever is pulled down
onto the surface, resulting in the initial dip in the deflection
seen in Fig. 3(a). Using our measured spring constant of the
tip, we are able to extract a graph of the force exerted on the
tip versus the displacement of the graphene sheets [see Fig.
3(b)]. We calculate the displacement using

Zpiezo = Mgraphene T AZgraphene’ (4)

where 7g4phene 18 the deflection of the tip measured by the
AFM, Zzpie,o is location of the piezos moving the tip, and
AZgraphene 18 the deflection of the suspended layers of
graphene. In the regime of small displacements—on the or-
der of the thickness of the layers—this curve will be linear
[see Fig. 3(b)] and through Hooke’s law the slope will yield
the effective spring constant of the suspended graphene
sheets. Using this technique, we measured spring constants
of 1-5 N/m in suspended sheets with thicknesses from
2 to 8 nm.

It is an interesting question how the spring constant
changes over the length and width of the sheet, and what can
be termed the center of the beam, especially since many of
the sheets are of trapezoidal shape with slightly varying
thicknesses across the suspended portion. Some spatial scans
of the sheets, an example of which is displayed in Fig. 4(a),
measuring the spring constant at various points, show that
the spring constant of the suspended sheets rises by over a
factor of 2 nearer the clamped edges and falls of slightly
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FIG. 4. (a) A surface plot of the spring constant of a suspended graphene
sheet vs the location of the AFM tip. (b) An amplitude AFM micrograph of
the suspended sheet measured to obtain (a) and imaged in by SEM in Fig.
1(a). Each data point was taken at the intersection of the grid located on the
suspended portion of the graphene. The trench etched into the silicon diox-
ide is seen as a vertical stripe.

nearer the free edges, making a saddle point of the spring
constant in the center. However, in the center, the effect is
fairly small; so long as the tip is within 100 nm of the center
of a 1 um long suspended sheet, the spring constant is set
within the reproducibility of the measurements.

V. DISCUSSION

In Fig. 5 we plot spring constants for eight different sus-
pended graphene sheets versus the quantity w(z/L)?, the de-
pendence of the directly measured quantities in the bending
term, from Eq. (3). Although the tension term in Eq. (3) is
important for our suspended graphene sheets, we note that L
was similar in all the sheets we measured and the w(z/L)?
term is expected to vary much more than the 7/L term. As a
result, in our analysis we model the 7/L term as a constant
offset to a linear fit of k vs w(¢/L)>. This assumes that all the
sheets have similar tensions; however, given the linear nature
of our data, plotted in Fig. 5, this appears to be a good
approximation.

Figure 5 shows that one of our 2 nm thick graphene
sheets does not fall near our linear fit of all the data shown as
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and tensions of hundreds of nanonewtons. For one of our
eight sheets, the behavior is erratic and is only a loose fit to

ACKNOWLEDGMENTS

The authors would like to thank the NSF for support
through the Cornell Center for Materials Research, the Cor-
nell Center for Nanoscale Systems, and the Cornell Nano-
Scale Facility, a member of the National Nanotechnology
Infrastructure Network. Additionally the authors would like
to thank Leon Bellan, Scott Bunch, Scott Verbridge, Scott
Berkley, Jeevak Parpia, and Harold Craighead for helpful
discussions and support.

2561 Frank et al.: Mechanical properties of suspended graphene sheets
6 T T T T
© A t<5mm .
® t>5nm .
: - 7 nm
54 i~ - --Fit [R = 0.959] 1
" Fit for 7/8 data [R=0.996] our model.
4 3 -
— 34 7 nm 4
E
=
= 24 ]
5 nm g
14 : g
2nm
0 ; il
-1 r
0.0

T T T T T
0.1 0.2 0.3 0.4 05 0.6

w.f‘th)3 (picometers)

FiG. 5. A plot of the spring constant as measured in the center of the sus-
pended region of the graphene sheets, vs w(t/L)? for eight different samples.
From the linear fit, we are able to extract an average tension and a Young’s
modulus. The dashed line is the fit to all the data points, whereas the solid
line is the fit for 7/8 of the data.

a dashed line in Fig. 5. This could be due to many factors
including the unusually high tension, loss of rigidity in the
beam, or different clamping conditions. As a result, we focus
our discussion on the measurements made on the remaining
seven data points fitted as the solid line in Fig. 5. The slope
of this solid line suggests an E of 0.5 TPa, compared to the
1 TPa value for bulk graphite.7 Using the offset of the linear
fit and an average L, we obtain a tension of 300 nN, suggest-
ing that the tension in all the sheets is on the order of hun-
dreds of nanonewtons. Calculations with each individual de-
vice’s length suggest this to be accurate.

VI. CONCLUSION

We have performed static and dynamic measurements of
the mechanical properties of nanometer-thick suspended
graphite sheets made by exfoliating thin layers of graphite
over trenches patterned in silicon dioxide films on a silicon
substrate. We present a simple, direct, and nondestructive
approach for obtaining the mechanical properties of atomi-
cally thin membranes with AFM. In contrast to other tech-
niques, this approach has spatial resolution on the nanometer
scale and can map properties across a membrane. In contrast
to NEMS based on molecules such as DNA and carbon
nanotubes, membranes of graphene can be used as barriers
between different environments, and the technique presented
can be adapted to work in vacuum or fluid cells. Spring
constants ranging from 1 to 5 N/m were observed for sus-
pended graphene sheets less than 10 nm thick. Fitting to the
model of a doubly clamped beam in equilibrium with a static
force and under axial tension, we extracted a Young’s modu-
lus of 0.5 TPa, significantly below the bulk value of 1 TPa,
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Appendix C

Recipes & Process Flows

C.1 Optical Lithography

Figure C.1: The pattern we used to create our alignment marks.

1. Clean a 100mm silicon wafer with polished, thermally grown oxide, by spinning on

Acetone and Isopropanol (in that order) at high speed.
2. Spin on organisilane primer at 4000rpm for 45s.

3. Use a dropper to cover roughly half the surface of the wafer with Shipley 1813 pho-

toresist. The resist should be dropped in the center of the wafer so that it spreads out
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10.

in a disc.
Spin the wafer at 4000rpm for 45s. This should result in a resist thickness of 1.3um.
Bake the wafer at 115°C' for 90s.

Expose your indexing pattern by placing the pattern in blue on a red background which
will react minimally with the photoresist (White and Black colors on the screen are
projected with some blue light in them.) The timing can be easily controlled using a

Microsoft PowerPoint© presentation.

In order to achieve good uniformity over the area of the exposure you should place the
image at the bottom center of the slide. This is the area where the projector lamp

exhibits the highest uniformity.

If you choose to use the pattern in figure C.1 the ideal settings are: the lines are 1pt
and exposed for 65s, while the dots should be placed on a separate slide so that they

can be exposed for 75Hs at a size of 27pt through the 5z microscope objective.

Repeat the patterns as necessary on the surface of the chip. An effort should be made

to group together 4-6 rectangles so as to allow for a more macroscopic indexing.

Develop the substrate in TMAH for 90s.

C.2 Buffered Oxide Etch (BOE)

This recipe was developed by Mark Bachman [21] at UC Irvine. Hydrofluoric acid (HF)

is extremely dangerous and should be treated with caution at all times. That said, this

substance is widely utilized and when treated with proper caution is incredibly useful. HF

will quickly eat at any glass therefore it needs to be stored in a Teflon or polypropylene
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container. The following recipe will result in 160ml of 6:1 BOE. This mixture is extremely
useful because the buffering ammonium ions prevent the HF from attacking photoresist. The

resultant mixture will etch SiO, at a rate of approximately 2nm/s.

1. Make sure you are wearing gloves, protective eye-wear, and an apron.
2. Weigh out 80g of N H,F', which is a solid salt, and pour it into a beaker.

3. Pour 120ml of DI water into the salt. The solid will not dissolve immediately, however

with stirring over a hotplate at 40°C' it should be completely dissolved in 20 minutes.
4. Transfer the mixture to a polymer beaker and add 20ml of 49% HF

5. Transfer the resultant mixture to a polymer bottle and label it with “6:1 BOE. Danger:
HF!”

6. Thoroughly rinse all beakers and graduated cylinders used in the process.

C.3 Argon Sputtering

1. Connect an Ar bottle to the fixture at the back of the Hummer II and allow Ar to flow.
2. Place your substrate on the sample area of the chamber at the top of the Hummer.
3. Switch the polarity to “etch” by turning the knob to the right of the chamber.

4. Power the rotary pump and make sure the “vent” and “leak” valves are fully closed.

5. Allow the chamber pressure to fall below 100mTorr, then open the leak valve so that

the pressure builds up to over 300m7T'. Allow the Ar purge to continue for 5 minutes.

6. Adjust the leak valve so that the pressure falls back down to just over 100m7T and

stabilize it there.
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7. Turn on the high voltage and turn the knob up until the current reads 15mA.

8. After 5 minutes all the thinner pieces of graphite should have been etched away. Turn

off the high voltage, then the vacuum system, and finally open the vent valve.

9. Once the chamber has been vented remove your sample and examine it under an optical
microscope to check if the graphene layers have been etched away. If they remain repeat

as necessary. After 10 minutes of etching the oxide will become significantly thinner.

C.4 High Temperature Furnace

1. You will need to dice the chip your sample is on so that it can fit in the quartz tube

of the furnace you are using (The quartz tube in figure 4.4 is 1lin).

2. Using a long rod push your substrate into the center of the tube, so that it is right

next to the thermocouple.

3. Close up the furnace, and program the temperature controller. I have been ramping
up to 1000°C' in 20 minutes, leaving it at that temperature for half-an-hour to an hour,

and then turning off the heater.

4. Once the temperature falls below 500°C' you can open up the furnace (carefully!) which

will allow it to cool down much faster.

5. When the temperature drops to a few hundred degrees you can remove you substrate
from the quartz tube and handle it with tweezers. If you then place it on a metal

surface it will very quickly cool down to room temperature.

6. If you want to try for shorter times you can slide the quartz tube in and out of furnace

so that you do not have to be limited by the cooling rate of the furnace.
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7. One of the furnaces in Millikan is equipped to allow for oxygen flow during the run.
This will allow you to operate at lower temperatures, but it will be much harder to

slide the quartz tube.
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