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ABSTRACT

Exploring the Electrical Properties of Twisted Bilayer Graphene

Two-dimensional materials exhibit properties unlike anything else seen in con-
ventional substances. Electrons in these materials are confined to move only in the
plane. In order to explore the effects of these materials, we have built apparatus and
refined procedures with which to create two-dimensional structures. Two-dimensional
devices have been made using exfoliated graphene and placed on gold contacts. Their
topography has been observed using Atomic Force Microscopy (AFM) confirming
samples with monolayer, bilayer, and twisted bilayer structure. Relative work func-
tions of each have been measured using Kelvin Probe Force Microscopy (KPFM)
showing that twisted bilayer graphene has a surface potential 20 mV higher than

that of monolayer graphene and 35 mV below bilayer graphene.
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Chapter 1

Introduction

We live in a three-dimensional world. Everything we interact with has length,
width, and height. Some things might be thin enough for us to consider them to be
essentially “two-dimensional” such as sheets of paper, but an electron living in this
paper would consider it to be massively thick. Indeed, making a truly two-dimensional
structure in our world is impossible. The building blocks of our world, atoms, have
a volume, meaning that everything will necessarily occupy some three-dimensional
space. However, that did not stop scientists from trying to get as close as possible.

The idea of a material being only one atom thick has been around for quite some
time. Since the 1940’s people have theorized that it could be possible to create a
stable structure with a thickness of only one atom. One of the first of these materials
though to be a candidate for being “two-dimensional” was graphite.

While you may not recognize the name, graphite is a material that most people
have probably used in their life, as it makes up the lead used in pencils. As you write
with a pencil, layers of the graphite crystal flake off and remain behind on the paper
to leave a visible mark. The crystal structure of graphite and its ability to sheer off
into layers made it a prime candidate for being refined down to atomic thickness.

The problem was trying to determine how best to actually create the single atom

thick lattice. It is not as easy as taking a sharp knife to a piece of graphite and



cutting off a slice. The required layer is so thin that no conventional method could
be used to create it. In the end, an unexpected tool because the key to creating these
two-dimensional materials, Scotch Tape. [1] By placing a flake of graphite on a piece
of tape and repeatedly folding it back and forth one can slowly sheer off layer by layer
of graphite until you create an atomically flat surface which bonds more strongly to
a substrate than its neighboring layer.

Indeed, in 2004 Andre Geim and Konstantin Novoselov won the Nobel Prize in
physics for the synthesis of graphene using this method. [1] Graphene is a hexagonal
honeycomb lattice of carbon atoms only one layer thick. While bulk graphite is
a relatively weak material prone to breaking along crystal planes, graphite is the
strongest material ever created by man. [2] The electrical properties of graphene
are also different than those of graphite. In graphene, electrons are free to move in
three-dimensions, while in graphite they are only free to move in two. They are both,
however, conductors. [3] In fact, this is certainly not the only interesting thing about
two-dimensional materials.

The unique electric properties of these materials lead to exciting conclusions that
have never been seen before in conventional materials. For example, a stack of two
graphene layers twisted relative to one another can enter a superconducting state
which is absent in the individual graphene layers. [4] Superconductivity is something
that has only been observed in certain three-dimensional materials at extremely low
temperature, so this new two-dimensional form of superconductivity demonstrates a
new property that once fully understood could revolutionize electronics.

However, before we are able to create the next generation of super-conductive
graphene devices, preliminary research needs to be done. Similarly to how doctors
start by learning how each individual system in the human body works before de-
veloping new medicines, it is important to understand all of the properties of our

two-dimensional materials before any real progress can be made in creating new de-



vices.

One metric that is important to understand about a new material is its work
function. The work function of a material describes how difficult it is to remove
an electron from that material. Work functions are integral to understanding how
materials will act electronically, and especially in contact with other materials. For
example, if graphene was to be used as a contact to another part of a two-dimensional
device, one would need to have an understanding of the work function of both the
graphene and the other material to fully realize the energetics required for electrons
to move across the boundary.

For two-dimensional devices, these other components often come in the form of
other two-dimensional materials. It is possible to make small two-dimensional de-
vices by stacking layers of different two-dimensional materials on top of one another
to create what are known as van Der Waals heterostructures, so named because they
are held together by van Der Waals forces. van Der Waals forces are relatively weak
compared to the strong forces within the plane that hold two-dimensional materials
together, leading to a more sandwich type of structure rather than a block of dif-
ferent materials. Since these forces act ubiquitously on two-dimensional materials,
different materials can be stacked in any order you could imagine, leading to endless
possibilities for device fabrication. [5]

One example of a device that can be made with two-dimensional materials is a field
effect transistor, a device that allows current through based on the applied electric
field, shown in Figure 1.1. By stacking a two-dimensional semiconductor layer on
top of two separate graphene contacts, then placing an insulated graphene contact
on top, one can control the field applied to the semiconductor and thus the current
passing through the device. [6]

The order materials are stacked is not the only factor to consider. By placing

layers of graphene on top of one another with a slight relative twist, you can create a



Figure 1.1: An example two-dimensional device known as a field effect transistor.

super-lattice structure known as a Moire pattern which will be discussed in Section
3.1. These twisted bilayer graphene structures have their own special properties due
to the how the individual carbon atoms are positioned in relation to one another
between the layers.

In this paper, the work function of three different graphene regimes is studied using
Kelvin Probe Force Microscopy (KPFM). This was done using an Asylum Cypher
Atomic Force Microscope, pictured below in Figure 1.2 This form of microscopy works
by bringing a very small and sharp conducting metal tip close to the sample surface.
This tip is on a flexible cantilever, and as it moves and bends due to its interaction
with the sample surface a laser pointed at the tip is deflected, allowing measurements
to be made to determine both the topography of the sample and its surface potential.
In turn, the surface potential is directly related to the work function. The theory
behind AFM and KPFM are more extensively discussed in Section 3.2. The results we
measure for these samples match well with previous research and provide a promising
base on which future research could be conducted.

While this paper focuses on graphene monolayer and bilayer devices, many of
the techniques and results will be applicable to understanding other two-dimensional

materials and devices structures as well.



Figure 1.2: The AFM used to take measurements in this research.



Chapter 2

Methods

2.1 Fabrication

The fabrication process for twisted bilayer graphene begins with the exfoliation
of two-dimensional materials. A small number of crystallites composed of the desired
material were placed on a piece of Scotch Tape which was then mechanically exfoliated
by repeatedly folding it on itself to cover the tape. Each time the tape was peeled
apart, the crystallites were cleaved in half, slowly refining it down toward atomic
thickness. This piece of tape would be used as a “master tape”. Next, copies would
be made by adhering a second piece of tape to the first and slowly peeling it away. The
goal here is to create atomically flat regions of each crystal on the tape surface. This
would also allow us to use one tape’s worth of material to make multiple samples. [7]
Graphenium and hexagonal boron nitride (hBN) flakes were also used in this manner
to create master tapes.

To find the graphene pieces, material from the exfoliation process would be de-
posited onto a prepared silicon wafer. The silicon wafer chosen has an oxide layer
thickness of 270 nm. This was chosen as the thin film interference between the
graphene and the oxide layer at this thickness allowed for the best differentiation be-

tween various piece thicknesses under optical microscope. Before use, silicon wafers



would be prepared using a PE25 Plasma Etch system, where they would be placed
under vacuum and an oxygen plasma cleaned the surface for 5 minutes. This was
done to ensure the surface was as clean as possible before material was deposited.

Once a copy of a master tape was made it would be adhered to a previously
prepared piece of silicon wafer. The wafer would be blown off with nitrogen gas just
before adhesion to further ensure a clean surface was present. Plastic ended tweezers
were used to lightly press the tape down onto the silicon wafer to ensure strong contact
was made with the surface.

Once the copy of the master tape was pressed onto the silicon wafer, the wafer was
heated for two minutes before being allowed to cool on a cold metal surface for one
additional minute. Samples with graphene were heated to 90°C while hBN samples
were heated to 130°C.This process was done to promote the adhesion of graphene
flakes to the silicon wafer. Once cooled, the tape would slowly be pulled away from
the silicon wafer at as low an angle as possible. The tape would then be discarded

and the wafer inspected for usable pieces of two-dimensional material.

2.2 Sample Selection

Graphene samples were located optically using a microscope. Exfoliated wafers
would be placed under the microscope and scanned at 20x magnification for possibly
usable pieces of graphene. An example of a candidate graphene piece is shown below
in Figure 2.1. Ideally pieces of graphene would be approximately 40pum square, have
little to no contaminants present on or near the sample, and be in a relatively empty
area of the wafer. These graphene pieces could be identified as they had a distinctive
color due to the thin film interference with the oxide layer. In Figure 2.1 you can
see the blue area is bilayer and monolayer graphene while the yellow areas are bulk
graphite pieces. There are few enough bulk pieces for this piece to possibly be of use.

If one or two pieces of debris were found nearby a nice piece of graphene, a small



Figure 2.1: Example piece of graphene that may be of use in a device at (a) 20x and
(b) 100x magnification.

probe could be used to clear the space. This probe consisted of a sharp metal point
mounted to a micro manipulator to allow for fine movement. This point would be
brought down to be in contact with the surface then dragged across the wafer to move

unwanted pieces away from the sample.

2.3 Stamp Creation

In order to manipulate the two dimensional materials to make our devices, squishy
polymer “stamps” were created to stick to and pick up two dimensional materials.
The process by which a stamp is made is outlined in Figure 2.3, while the stamp itself
is diagrammed in Figure 2.2. A stamp consists of a glass slide onto which a small
block of polydimethylsulfate (PDMS) was placed. This block measured approximately
0.25 cm to a side. A thin film of polycarbonate (PC) was stretched over the PDMS
and adhered using two-sided tape. The PDMS provides a squishy base to be pressed
into the sample while the PC film bonded with the sample to lift it from the wafer.
The PC film also has a much lower melting point than the PDMS block, allowing us
to use heat to melt this layer off when we want to place down our sample.

In order to create a stamp, first a hole was punched into a piece of double-sided

sticky tape and then placed on the end of a glass wafer. A small block of PDMS



approximately 0.5 cm thick was then placed in the center of the hole punched into
the tape. The PC film was created by placing a few drops of PC solution onto a glass
slide and then quickly placing another glass slide atop the first and swiping away the
excess fluid to produce an even film. Once this film dried, a hole was punched into
a piece of Scotch Tape and placed on the PC film. Once lifted, the tape would have
PC film stretched across the hole punched in the tape. This hole would be lined up
with the hole placed in the double-sided sticky tape and placed firmly down so as to
stretch the PC film across the PDMS. A diagram of a completed stamp is displayed

in Figure 2.2. The stamp making process is then outlined in Figure 2.3.

Figure 2.2: Diagram showing the top (a) and side (b) view of the PDMS stamp
covered by a thin PC film.

2.4 Material Manipulation

Stamps were maneuvered using a TransferMan NK 2 micro-manipulator in order
to place them on top of desired samples. A picture of a mounted stamp is seen in
Figure 2.4. A plastic paddle was 3D printed on which glass slides could be mounted
so that the manipulator could be used. The glass slide and PDMS are transparent,
allowing for an un-obscured image of samples below the stamp. The printed paddle

is made of solid ABS plastic and was printed to have a 2 cm square end attached to a



Figure 2.3: Diagram showing the steps in the stamp making process. (a) Tape is
initially placed on the glass slide. (b) The PDMS block is then added in the tape
hole. (c¢) A thin PC film is next picked up with a piece of tape, as discussed in the
text. (d) Finally the PC is stretched over the PDMS to complete the stamp..

8 cm long arm. The paddle was created because the TransferMan NK 2 is a machine
created for precision pipetting, meaning the mount was created to hold pipettes not

glass slides.

Figure 2.4: Picture of a stamp mounted on the micro-manipulator. The heating stage
and microscope are also shown.

The procedure to move a piece of two dimensional material was adapted from

Pizzocchero, F. et al. and is as follows. [8] Firstly, the silicon wafer is mounted onto
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a heating stage using a piece of two sided sticky tape. Then, the target piece was
brought into view with our microscope. Once centered, the micro-manipulator would
bring in the PDMS stamp to line up the piece with PC film. The stage was heated to
70°C at a rate of 5° per minute before the stamp was slowly brought down onto the
sample. Once the desired area was overlapped by the stamp, the stage temperature
would be raised to 90°C and then lowered to 40°C before the stamp was slowly pulled
up. The temperature is lowered to encourage the material to adhere to the wafer
surface rather than the PC film.

For the creation of twisted bilayer devices, a piece of graphene would be ripped
by only partly covering the piece with the stamp before picking it up. This would
ensure that the resulting relative orientation of the crystal structures was unchanged,
allowing for more precise control of the twist angle. [9] The silicon wafer would then
be rotated a slight amount before the pickup process was repeated, as shown in Figure

2.5.

Figure 2.5: A piece of graphene being ripped and made into a twisted bilayer graphene
device. The ripping can be seen in (a) where the red piece is picked up. The piece is
then placed back down in on the yellow piece as seen in (b). The completed device is
shown on the stamp in (c).

After a twisted bilayer device was created, it was placed either on electric contacts
or a clean flat hBN surface, depending on the desired measurement. The electrical
contacts consist of about 70 nm of gold placed over a few nanometers of vanadium.
The vanadium layer helps the gold stick to the silicon oxide layer surface. It was then
possible to drape two-dimensional materials over the contacts to allow measurements

to be taken. The gold contacts are quite tall compared to the graphene layers, but
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this difference in height was not an issue.

To place a finished device on a wafer, the stamp was would be placed down so
that the device was in the desired position with the heating stage set to 100°C. Then,
the heating stage would be brought up to 180°C so that the PC film would become
pliable and begin to lose its structure. At this temperature, the micro-manipulator
would wiggle around slightly to attempt to separate the PC film from the stamp,

leaving the PC film adhered to the wafer covering the device.

2.5 Cleaning Samples

After the film was detached from the stamp, the wafer would be left to sit for
one hour before it would be placed in a chloroform bath to dissolve the PC film.
The device would be left in its first chloroform bath for around an hour before it
would be transfered to a fresh chloroform bath for three additional hours. While the
sample was moved between baths, isopropyl alcohol would be sprayed on the wafer
constantly, to prevent any solution from evaporating on top of the device and leaving
residue. The goal of this process was to completely remove the PC film from the
device, leaving as little residue as possible.

After a device was created it would be optically observed to determine if any
contaminants were present. If the device was sufficiently dirty, it would be annealed
to attempt to remove any remaining residue. This would be done by placing the
sample in a tube furnace with a constant flow of an argon-hydrogen gas blend across
the sample to carry away any evaporating material. The furnace would be brought to
400°C while this gas was flowing for a few hours before cooling to room temperature.
However, if gold contacts were present, this method was not used so as to not damage

the gold contacts.
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2.6 Data Collection

The surface potential of samples were measured using Kelvin Probe Force Mi-
croscopy (KPFM). A photo of the setup used is shown in Figure 2.6 below. When a
sample was going to be placed on gold contacts, these gold contacts were extended
using silver paint to ease in the grounding process. After the silver paint dried, silver
paint would also be used to adhere the wafer itself onto a magnetic puck that could
be mounted into the Cypher AFM. Conductive magnets were then placed on both
the silver paint leading to the gold contacts and also on the puck itself. These mag-
nets would then be attached to the ground so that any movement sustained while

measuring the sample would not disconnect the wires.

Figure 2.6: A labeled diagram of a sample mounted in an AFM prepared to take
surface potential measurements.

Once the sample was loaded into the AFM, tapping mode was used to gather
topography and surface potential data. The cantilever tip was automatically tuned
by the system with a target amplitude of 1 V. The trigger point for the electric tune
was set to 400 mV with the tip being at 3 V. A scan rate of approximately 0.5 Hz was
used as slower scan rates allowed for more accurate measurements. More information

about this mode can be seen in Section 3.2.
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Chapter 3

Theory

3.1 Moire Patterns

In normal bilayer graphene one expects to see two different types of stacking.
These modes are known as AA stacking and AB stacking. In AA stacking (Figure
3.1a), each carbon atom in one lattice is directly above another carbon atom in the
lattice below. It is as if each one lattice made a copy of itself directly above its
current position. AB stacking (Figure 3.1b) is slightly different, where the second
layer is shifted by one lattice position such that a carbon atom from one lattice lies
directly in the center of a hexagonal unit of a neighboring lattice. In AB stacking
only half of the carbon atoms are directly above one another.

These are the two types of stacking one might find occurring naturally as they are
both very regular and have stable lattices. However, each of them displays slightly
different electrical properties because electrons are more easily able to hop between
layers in AA stacked graphene. [10] One consequence of this is that AA stacked
graphene has a higher conductivity than AB stacked graphene. [11]

It is also possible to artificially stack graphene. Then the layers could theoretically
be stacking any way, including with a small twist angle between each layer. This

will generate what is known as a “Moire Pattern”, a super-lattice structure that is

14



Figure 3.1: Diagram showing AA (a) and AB (b) stacking types.

Figure 3.2: A diagram of a graphene bilayer displaying a Moire Pattern with a twist
angle of (a) 5°and (b) 10°. AA stacked regions are marked in green and AB stacked
regions are marked in yellow.

apparent when viewed from a distance. An example of this effect in graphene is shown
in Figure 3.2.

As you can see, when a Moire Pattern is created, the graphene bilayer exhibits a
mixing of AA and AB stacking. This mix of stacking occurs with its own hexagonal
crystal structure, and leads to unique behaviors. As shown in Figure 3.2, if the twist

angle increases, the period of the super-lattice structure of AA and AB regions gets

15



smaller. This size continues to decrease as the twist angle approaches 30°, where
the period is the smallest. By hexagonal the symmetry of graphene a 60°rotation is
equivalent to no rotation at all (0°),

This super-lattice structure affects not only the geometric properties of the graphene,
but also the electrical ones. The mixing of AA and AB stacking regions leads to inter-
esting electric properties that depend heavily on twist angle. For large twist angles,
there is little change from what is seen in AA stacking. This is because when the
twist angle is large enough, the two graphene layers “decouple” and begin to act as
two separate graphene sheets. However, at small twist angles new properties begin
to appear, such as the discovery of superconductivity at a “magic angle” of approxi-
mately 1.5°. [12] In general, small twist angles lead to the most interesting behavioral
changes.

Twist angle can be hard to determine as a device is being created. Precisely
controlling the angle is difficult to do in lab and even if you know the exact angle,
it is possible the graphene will shift slightly as it is placed down onto another layer
or during other processing steps. To solve this problem, the following equation could
be used to determine the twist angle from a two-dimensional image by measuring the

period of the Moire pattern L using an AFM. [13]

CLO\/g

= 25in(0/2) (3:1)

With ag = 1.1A and 8 < 30°.

The period of the Moire pattern can be determined by measuring the distance
between the AA stacking regions. It is possible to see the different stacking types
under electron or probe microscopy if the sampled region is quite clean and the

microscope is isolated from outside vibration.
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3.2 AFM Theory

In the Cypher AFM, tapping mode was used to gather all the necessary data.
In general, atomic force microscopy works by using a sharp probe on a cantilever
to measure the topography of the sample. A small diagram showing this probe is
shown in Figure 3.3. In tapping mode, this sharp point is made to resonate above
the sample before slowly being brought down toward the surface. As the tip begins
to engage with the surface, the amplitude and frequency of these oscillations changes
due to the force acting on the probe. A laser pointed at the back of the oscillating
cantilever can monitor this change in frequency and determine at which point the tip
actually makes contact with the sample, giving topography data. This tapping can
be rastered across a sample to get a full image of the topography.

Other measurements that can be taken in this tapping mode are phase measure-
ments and surface potential measurements. Phase measurements are taken by deter-
mining how the phase of the taps changes when the tip comes into contact with the
surface. If a tip comes into contact with a perfectly elastic surface the phase will not
change much. However, when the tip comes into contact with a more pliable surface,
it will shift in phase as it sticks to the surface each tap. These phase measurements
are useful in determining changes in material where the change in topography is more

difficult to see.

Figure 3.3: A schematic of the atomic force microscope cantilever motion and detec-
tion. Image used with permission.
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The surface potential of various samples can be measured using KPFM. By using
a conducting tip inside of an atomic force microscope, one can measure the potential
difference between the probe and the sample when the two come into contact. This

voltage is defined as follows. [14]

VCPD _ ¢tip - qbsample (32)

—e

Where ¢ represents the work function. This voltage is created when the tip comes
into contact with the sample and an electronic equilibrium is established between the
tip and the sample.

Previous research has shown that under atmospheric conditions, the difference in
surface potential between monolayer and bilayer graphene is approximately 35 mV,
though when the surface is cleaned and treated with N, gas no difference in work func-
tion was observed. [15] A difference was also observed between monolayer graphene
and twisted bilayer graphene, where it is theorized that the work function undergoes

changes of the similar magnitude as the relative twist angle is changed. [16]
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Chapter 4

Results and Analysis

4.1 Results

Surface potential measurements were taken for three different samples on an Cypher
Atomic Force Microscope using tapping mode KPFM. The first sample measured was
a twisted bilayer graphene sample placed on an hBN substrate. The surface potential
difference between the monolayer and twisted bilayer regions of the sample was found
to be approximately 21 mV, as displayed in Figure 4.1.

There is a clear boundary between the hBN and graphene layers visible in topog-
raphy, but the boundary between the monolayer and twisted bilayer sections of the
graphene is obscured by the imperfections in the surface. However, the surface po-
tential plot more clearly shows off the three regions. These three regions were used to
create the histogram in (c) which illustrates the difference in surface potential quan-
titatively. Each material has an average peak surface potential value, and comparing
them gives the aforementioned 21 mV.

The second sample measured was a bilayer piece of graphene placed on gold con-
tacts. The surface potential difference measured between the bilayer graphene and
the gold was approximately 20 mV as displayed in Figure 4.2. The area measured

for this sample’s histogram is also included in Figure 4.3. In order to make the best
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Figure 4.1: KPFM data for the twisted bilayer graphene sample on hBN. (a) To-
pography (b) Surface Potential, taken in parallel. Labeled regions are (i) hBN, (ii)
monolayer graphene, and (iii) twisted bilayer graphene. (c) Histogram of potential
values for each pixel overlaid with Gaussian fit.

possible comparison, only areas very close to the bilayer sample were considered for
the gold contact histogram creation. Likewise, only graphene on the gold contact was
considered for the creation of the bilayer histogram. However, when the entirety of
the available space is sampled, the results are not significantly different. This does
however reduce the height of the histogram when compared to the first sample.

Due to the horizontal nature of the scan, the boundary between the gold contact
and silicon wafer is somewhat obscured. However, the difference between the bilayer
graphene and gold contact is quite clear on both the topography and potential scans.

The final sample measured was a monolayer piece of graphene placed on a gold

contact. During the process of placing the piece down on the contact, it ripped into
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Figure 4.2: KPFM data for the bilayer graphene sample on gold contacts. (a) Topog-
raphy (b) Surface Potential, taken in parallel. Labeled areas are (i) bilayer graphene
and (ii) gold contact. (c) Histogram of potential values for each pixel overlaid with
Gaussian fit.

two pieces, splitting the monolayer. However, there is still monolayer graphene placed
down on the contact, as can be seen in Figure 4.4 below. The surface potential scan is
somewhat damaged by what seems to be contamination picked up during the scanning
process, there are some scan lines where there is consistent readings in which the gold
and monolayer surface potentials can be directly compared. A line cut of potential
has been taken in this region showing an approximate 30 mV difference. A line cut
was used as there was not enough area available to make a meaningful histogram.
For this sample, the phase is shown as the boundary between the monolayer
graphene and the contact is difficult to see. This is because in the topography scan

the image is scaled to best show the boundary between the gold contact and the silicon
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Figure 4.3: Diagram showing the different regions sampled to create the histogram
shown in Figure 4.2 highlighted in pink. Region (a) is the area sampled for the bilayer
region while region (b) is the area sampled for the gold contact region.

wafer which is much taller than the graphene height. The phase however is unaffected

by this large height difference and still clearly shows the two different region types.
An interesting phenomenon seen here is that the edges of the graphene sample

seem to have different potential values than the center. This is seen not only in the

graphene on the gold contact, but also on the graphene placed on the silicon wafer.

4.2 Analysis

From the data gathered, the difference between in surface potential of monolayer
and bilayer graphene is measured to be 50 mV. This can be calculated by using the
gold contact as a reference point. Note we add the two measured A¢ values because
the monolayer surface potential is below that of the gold contact but the bilayer
surface potential is above the gold contact zero point. This result is in line with
previous results, lying between previously measured values of 35 mV [15], 66 mV [17],
and 126 mV. [16] It is possible that the contamination of the probe in the monolayer
measurement may have had an overall effect on the measured surface potential in
some meaningful way. It is also possible that the devices constructed in other papers,

measuring the bilayer surface potential and monolayer surface potential on the same

22



Figure 4.4: KPFM data for the monolayer graphene sample on gold contacts. (a)
Phase (b) Surface Potential, taken in parallel. Labeled areas are (i) monolayer
graphene and (ii) gold contact. (c) Line cut of potential values across the region
shown in (b).
scan, could lead to different values than taking the two measurements separately on
gold contacts.

The other significant data point derived from these measurements is that the dif-
ference in surface potential between monolayer and twisted bilayer graphene 20 mV.
Previous results show that for a 16°twist angle there was a decrease from a 126 mV sur-
face potential difference between monolayer and bilayer graphene to a 91 mV surface
potential difference between monolayer graphene and the twisted bilayer graphene.
[16] These values are similar to what was observed in that a twist angle being intro-
duced reduced the difference in surface potential, but the magnitude of the change

is much larger in our observed data. This discrepancy may be in part due to our

sample being mechanically constructed rather than chemically grown as was done in
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the compared study. This difference may introduce more or fewer impurities and pos-
sibility for error. It also might result from a difference in twist angle, as we are unable
to determine what the twist angle of our sample is. Regardless, potential difference
between monolayer and twisted bilayer pieces matches with the accepted theory that
as twist angle increases, the graphene layers become decoupled and begin to act more
as two separate single layers, bringing the work function closer to that of monolayer

graphene.
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Chapter 5

Conclusion

In conclusion, our measurements of monolayer, bilayer, and twisted bilayer graphene
surface potentials are consistent with values obtained in previous experiments. [15,
16, 17] These results, showing differences in potential of 50 mV between monolayer
and bilayer graphene and 20 mV between monolayer and twisted bilayer graphene,
are promising first steps into future research with twisted bilayer graphene. Under-
standing the work function is a first step toward more complex analysis of graphene
and its potential uses. In the future, goals would be to understand the presence
and reduce the impact of contamination, determine how certain cleaning methods
effect the surface potential measurements, and develop a better relationship between

specific twist angles and surface potentials.
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