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ABSTRACT

Graphene is a two dimensional honeycomb structure of sp? hybridized carbon atoms that
has possibilities in many applications due to its excellent mechanical and electrical properties.
One application for Graphene is in the field of sensors. Graphene’s electronic properties do not
degrade when it undergoes mechanical strain which is advantageous for strain sensors. In this
thesis, certain properties, such as the piezo-resistivity and flexibility, of graphene will be
explored to show how they can be utilized to make a strain sensing device. Our original
fabrication process of patterning graphene and the transfer process of graphene onto a flexible
substrate will be discussed. The development of a stretchable and flexible graphene based
rosette strain sensor will also be detailed.

Developing a novel, reliable patterning process for the graphene is the first step to
manufacture a stretchable graphene based sensor. The graphene was patterned using a
photolithography and etching process that was developed by our research team, then it was
transferred to a flexible polymer substrate with the use of a combination of soft lithography and
wet etching of the Ni foil with ferric chloride solution. Graphene patterning is an essential step
in fabricating reliable and sensitive sensors. With this process, graphene can be consistently
patterned into different shapes and sizes. To utilize the graphene as the sensing material it also
needs to be transferred onto a flexible substrate. The innovative transfer process developed by
our research team consistently adheres graphene to a flexible PDMS substrate while removing
the original nickel substrate. In the end, the graphene was transferred from the metal substrate to
the desired flexible substrate. This process was repeated multiple times to create a stack and

multilayer device.



viii

While many graphene-based strain sensors have been developed, they are uni-directional
and can only measure the strain applied on the sensor in a principle direction. This issue was
solved in this thesis by arranging the graphene sensors in a rosette pattern which enabled for
multi-directional strain detection. The strain sensor was further improved by stacking the
graphene sensors in a rosette pattern; which was possible by leveraging the advantages of soft
lithography and bonding processes and the flexibility of graphene. Our final device was a
stacked rosette graphene strain sensor that was able to successfully measure strain in multiple

directions and magnitudes simultaneously.



CHAPTER 1: INTRODUCTION

Silicon is the most important material in modern semiconductor industries and is the
material used by semiconductors that are the foundation of modern electronic technology.
Research in semiconductor materials, fabrication, and other processes over the past decades has
generated a steady progress in semiconducting devices; this effect is known as Moore’s Law [1].
Two main factors have contributed to silicon’s dominance in semiconducting devices and
technologies: 1) the abundance of the element in the Earth’s crust, 2) the ease of tuning the
electronic, fabrication, and other properties of the material. However, due to graphene’s
exceptional mechanical and electrical properties, graphene has the great potential to replace
silicon [2], [3]. Silicon has limitations which will hinder its applications towards flexible and
large scale electronics, and this is where graphene has an advantage over silicon. Graphene also
shows great promise in composite and hybrid materials in which graphene is mixed with other
materials such as silicon.

Graphene is a material that has been generating interest in the microelectromechanical
systems (MEMS) field due to its thinness, high carrier mobility [4], high Young’s modulus [5],
and numerous other properties [3]. Graphene is a single layer of Carbon atoms arranged in a
hexagonal structure [2], [3] and these attributes contribute to the exceptional electronic and
mechanical properties of the material [5], [6].

The possible applications for graphene are being extensively researched [3]. The potential
applications are numerous from graphene replacing silicon to graphene hybrid materials.
However there are very few investigations in the MEMS field for using graphene as the strain

sensing material in a sensor. It has been reported that graphene has a piezo-resistance response



[7] and that it exhibits high sensitivity to strain [8]. Additionally, experiments have shown that
graphene has excellent stretch ability and repeatability of stretching [9]. These properties have
made graphene a good candidate for strain and strain sensing applications.

In this thesis, a Graphene-based MEMS pressure and strain sensor fabricated and
patterned using a standard lithography process will be first presented as background information.
The graphene strain sensor was transferred onto a thin, flexible plastic substrate after patterning.
In addition a relatively simple method of patterning graphene using a standard lithography
process and the method of transferring the graphene onto a flexible substrate of PDMS will be
discussed. Also, the process to manufacture a multi-directional strain sensor that eliminates the
limitations of a single strain gauge will be presented. The multi-directional strain sensor is
manufactured by aligning 3 single strain gauges in Rosette manner to allow for measuring strain
in multiple directions and magnitudes. Lastly, the consistency and repeatability of these strain

sensors that are produced will be demonstrated.

1.0.1 Motivation

Strain sensors are commonly built as MEMS devices. But these MEMS devices have
been limited by many factors from the rigidness of the material they are made up of, typically
silicon, and the sensitivity of such sensors, to the size and thickness of the device. However with
the discovery of graphene, it has opened up many applications that were not possible before.

The strain gauge has for many years been and still is the fundamental sensing element in
many different types of sensors: stress, strain, pressure, torque and many other sensors. By
incorporating graphene into a strain gauge, the aim is to show that graphene can be used as the
sensing element in the sensor. The purpose of our device is to show that graphene can be

incorporated into a strain sensor and that given its unique characteristics it can be used to



fabricate a stacked device in the shape of a rosette for improved minimization of size and
accuracy of strain sensing. The common single graphene based strain sensor is only capable of
detecting strain in a single direction. This problem is solved by using a rosette design to measure
strain in multiple directions, however a planar rosette covers a large area and lacks the accuracy
of a layered design. Our device solves both these issues by combining the rosette pattern and the
stack ability of graphene to create a stacked rosette pattern graphene strain sensor.  Given
graphene’s properties, it may replace silicon to improve the sensitivity, size, and robustness of
strain sensors.

The objective of this thesis is to develop an original graphene-based stacked rosette strain

sensor and to demonstrate the performance of a graphene based strain sensor.

1.0.2 Outline of Thesis

In chapter one, an introduction to the thesis and graphene will be introduced. This
chapter will cover important graphene properties related to the research. These properties are
presented to provide the necessary background to understand graphene-based sensors. Current
conventional MEMS strain sensors will also be discussed to provide the necessary understanding
of how strain sensors function. Lastly an overview of graphene based strain sensors will be
covered.

Chapter two will present an overview of the research. It will discuss decisions regarding
the initial graphene material, the steps in fabrication, and the final stacked rosette strain sensor.
CVD graphene has two common metal substrates, nickel and copper, reasoning will be discussed
as to why nickel was chosen as the initial substrate. This section will also discuss the rationale
behind the fabrication decisions that were made from the patterning to transfer of graphene. An

overview of the final stacked rosette strain sensing device will conclude this section.



Chapter three will detail the laboratory set up for each step of fabrication and device
development. A description of the lab equipment used and the set up for the equipment will be
detailed. Initial testing of materials and equipment will also be detailed in this chapter.

Chapter four will be split into multiple sections with each section covering each
important step of the developed fabrication processes. This will include details on the
lithography process that was developed to pattern the graphene. The developed method allowed
for micro-scale patterning graphene into a variety of shapes, patterns and sizes. This section will
also describe the graphene etching process and how oxygen (o,) plasma was used. The result of
this section is a patterning process that can be adapted to many different pattern designs and sizes
for graphene. This chapter also covers the transfer process of graphene onto a flexible substrate.
This section will also cover multiple methods of how other research groups are transferring
graphene and how | developed a unique method of transferring the already patterned graphene
onto PDMS. This section will also cover the use of Raman as a tool for characterizing the layers
of graphene. The last section of chapter four will discuss the stackable, multi-layered graphene
device that was developed. A brief introduction to graphene sensors and current devices will be
covered first to provide the necessary background information. Then the individual graphene
sensors and then how they were incorporated into one stacked device will be discussed.

Chapter five presents the results of our single graphene strain sensor and our stacked
rosette strain device.

In chapter six a conclusion and possible paths for future work are presented.



1.1 Introduction to Graphene

Graphene is a single layer of sp?-bonded carbon atoms that are arranged in a honeycomb
lattice as seen in Figure 1. In 2010, Andre Geim and Konstantin Novoselov were awarded the
Nobel Prize in Physics for the discovery of graphene [10]. The term “graphene” was first used in
1987 to describe singular sheets of graphite as a constituent of graphite intercalation compounds,
better understood as crystalline salt of the intercalant and graphene [11]. Graphene is the
combination of graphite and the suffix-ene, which is used in organic chemistry to form names of
organic compounds where the -C=C- group is present. It is also used in inorganic chemistry to
describe a one-atom thick two-dimensional layer of atoms. Hence graphene is defined as a one-
atom thick two-dimensional layer of carbon atoms. However this term has also been used in
early descriptions of carbon nanotubes [12], but true graphene really is a two-dimensional single
atom thick layer of carbon atoms. It is the first two-dimensional crystal structure available to us
and this opens up a lot of possibilities in the world of science and technology.

Graphene is a material that was argued it could not exist theoretically 70 years ago
because a 2D material is too thermodynamically unstable. Thermal fluctuations in such a low-
dimensional material would lead to too great of displacement of the atoms [13], [14]. This
theory by N. D. Mermin and H. Wagner was known as the Mermin-Wagner Theorem [15] and
was supported by experimental observations that showed the melting temperature of thin films
decreased as the thickness of the film decreased and the film became increasingly unstable.
However this “academic” material was discovered. That is why graphene is known as the
“miracle material.” When free-standing graphene became a reality, massive efforts toward its

research began in earnest [16].



The main reason there is an abundance of research going into graphene is its many
potential applications [17], [2]. In 2004, the Geim group reported that the carrier density in
graphene can be controlled by the application of gate voltage. Therefore in graphene based
electronic devices the concentration and mobility of the charge carriers can be manipulated with
the application of voltage [18]. Currently the miniaturization limit of silicon based electronic
devices is 50 nanometer long electrical channels for carrier transport [19]. Graphene on the other
hand has been successfully shown that the transportation of charge carriers occurs even in
graphene strips only a few nanometers long [2]. This means that the miniaturization of
electronic devices can be further improved by using graphene based electronic devices and

circuits.

Figure 1: Graphene Structures (Bucky Balls,
Nanotubes, graphene sheets). All these different carbon
structures come from graphene, a single sheet of
carbon atoms in a hexagonal pattern. [17]



1.1.1 Properties

1.1.1.1 Electronic

To understand graphene’s electrical properties one must first understand the importance
of the honeycomb lattice structure of the carbon atoms. Each carbon atom has 6 electrons, two
in the 1s2 orbital and the other four in the outer valence shell in the 3p states [20]. The
individual o bonds are at 120 degrees and this is the reason for the hexagonal structure of
graphene. The o bond is a strong covalent bond, and this bond strength is why graphene shows
excellent mechanical properties [5].

The linear E-k relationship in graphene leads to zero effective mass for electrons and
holes [21]. Therefore the carriers in graphene are essentially relativistic particles such as

photons and follow the Dirac equation instead of Schrodinger’s. Electron mobility at room-

2 2
temperature is 2.5x10° % with the theoretical prediction of (~2x105 %). Graphene in its

pure state has no energy band gap which is an issue if this material is to be used in transistor

applications, but there is research indicating a band gap can be induced. Electrons exhibit high

200000cm?

mobility at the range of with current densities of 2x101* cm™2. In comparison silicon

2
has an electron mobility of 15,000 —= [22]. However these properties are only maximized for

the highest quality of graphene, but as fabrication process improve, the characteristics will be

achieved with a variety of graphene.

1.1.1.2 Graphene compared to traditional materials

Band gap: Semiconductors traditionally have a finite band gap, hence the name semiconductor,
but graphene does not have any natural gap as shown in Figure 2. There has been research

showing that it is possible to induce a band gap in graphene that will be useful for the transistor



application. Typically the study of electron and hole motion of semiconductors is done with
different doping materials. However for graphene, the nature of the charge carriers changes at
the Dirac point from a hole to electron and vice-versa. The Fermi level of semiconductors often
fall within the bandgap, but in graphene the Fermi level is always within the conduction and
valence band.

Linear dispersion relation: Most semiconductors have a dispersion relation that is quadratic,
but graphene shows a linear dispersion relation near the Dirac points. Several important

electronic properties are explained by the electronic band structure of graphene.

Semiconductor Grapheng
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/" #—— Eloctrons are freg —————» &
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Figure 2: In a semiconductor, the electron can only break the band
gap if it gets enough energy from heat or a passing photon.
However in graphene the gap is nearly non-existent. This is why
the electrons in graphene exhibit such high mobility. [61]

1.1.1.3 Mechanical

Because graphene is a two-dimensional material, it is easy to change the distance and
angles of the carbon atoms that also induce changes in electron behavior in graphene. Therefore
graphene is an ideal material for sensing applications. Graphene is a two-dimensional film with

a thickness of 3 angstroms and, thus makes it the thinnest material which is vulnerable to



distortions caused by thermal fluctuations. These distortions occur because of the change in
distance and relative angles between the carbon atoms. Three dimensional materials do not
suffer from these kinds of distortions. Therefore to utilize the benefits of graphene to its fullest

extent, forming a 3D graphene structure is suggested.

1.1.2 Applications

The potential applications of graphene are being actively explored, and given the
phenomenal properties in the material the possibilities are very open. Graphene will garner even
greater interest outside of academia once mass-producible high quality graphene become

available. This thesis will discuss a few of the major areas that are currently being explored.

1.1.2.1 Graphene based electronics

Graphene shows great potential in the future of electronics from electrical circuits to
transistors. Because the conduction and valence bands are separated by zero band gaps, it makes
the electrical and structural properties extremely desirable. The zero band gap feature create

high mobilities and enables high frequency devices [3]. Carrier mobilities up to the range of

20000 % have been reported in single and multilayer graphene. Graphene films that are

- 200000cm? . .
suspended have reported mobility that exceeds — [22]. These extremely high carrier

mobilities mean that graphene transistors will have fast operating speeds. Graphene thin film

2x1084

cm?

transistors (TFTs) also show large current densities(~ ) [23] and high saturation

velocity( ~5x107 %) [24]. Experimental predictions show that graphene’s saturation velocity

can be twice as high as GaAs and possibly four times that of silicon. This is important because
as the sizes of the devices continue to shrink into the nanometer scale, the saturated carrier

velocity becomes a more important measure of the transport properties [25]. Graphene may be
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the next step in miniaturizing electrical devices and systems. However the fabrication of

graphene based devices is still an obstacle that must be overcome.

1.1.2.2 Flexible Electronics

Flexible electronics require low sheet resistance with high transmittance (>90%)
depending on the application. Graphene meets these electrical requirements and has excellent
mechanical flexibility and durability, which are also very important properties for flexible
electronic devices [26]. Traditionally indium tin oxide (ITO) is the material used, but it is
expensive. With the improvements in graphene fabrication and its quality, graphene has a good

chance of replacing ITOs in the future.

1.1.2.3 Transistor

Graphene is predicted to start having a major impact in the transistor industry after 2020.
Currently, the main issue is that graphene does not have a bandgap required in transistors. But
there is much research going into solving how to induce a bandgap in graphene by nanoribbons,
chemically modified graphene, and bilayer control. However currently these methods have been
unable to meet the required 10° on/off ratio needed in a bandgap. Worst of all is the fact that
these methods of inducing a bandgap leads to degradation of carrier mobility in graphene. The

transistor application with graphene still needs more research before it can be fully realized.

1.1.2.4 Composite/hybrid material

The mechanical, electrical, chemical, and barrier properties of graphene make it an ideal
material for composite material applications. Composite materials are becoming more
significant in the design of some future applications such as vehicles, infrastructure, and other
applications that require high strength with extremely light weight materials. Currently carbon

fiber is a popular material used in numerous applications such as sports cars because it is
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extremely light and strong. Carbon fiber is just a derivative of graphene in a less pure form.
Carbon fiber is the combination of carbon fibers mixed with polymers such as polyester or nylon.
The introduction of graphene to composite polymers could increase the temperature resistance of
the polymer, induce an antistatic behavior, improve compressive and tensile strength, reduce
moisture uptake, and give lightning protection. Graphene also offers better properties in certain
applications over carbon fibers given its excellent mechanical properties [27]. Currently in
polymer composites an important factor is the strength of the link between the polymer and its
additives. Due to the surface defects, the wrinkled surface of graphene makes for extremely
strong bonds with polymer materials. This will enhance the interfacial load transfer between the
polymer materials and graphene.

Even though graphene is regarded as a perfect 2D lattice of carbon atoms, there may be
many different applications for non-uniform or defected graphene. Research in graphene
continues to grow rapidly and as graphene is exposed to more disciplines, this will lead to faster

integration of graphene into many more applications.
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1.2 Microelectromechanical Systems (MEMS) Strain Sensor

A strain gauge is a device that measures strain and is commonly fabricated using various
materials and semiconductors. A strain gauge works by having a flexible backing that supports a
metallic foil pattern. This gauge is attached to an object and as that object is deformed, the foil
also undergoes deformation which caused the electrical resistance of the foil to change. The
resistance R can be written as

R = p*L/S Eq.1
Where p is the resistivity constant of material; L is the length; S is the average cross-sectional
area.

When strain is applied, the resistance changes and this effect is known as piezoresistivity.
The relation between the change in electrical resistance and the strain is represented by the
equation

GF (gauge factor) = (AR/R)/e Eq. 2
Where AR/R is the normalized resistance variation; € is the mechanical strain.

The first piezoresistive silicon pressure sensor and strain gauges which developed into
Micro-electromechanical systems (MEMS) was described by Charles Smith from Bell Labs [28].
Piezoresistance is the effect where the resistance change with the applied strain, this
phenomenon is fundamental in MEMS sensing. The term MEMS does not only describe
electromechanical devices nor does it only describe “systems”. MEMS is widely used to
describe all manner of miniaturized devices, most fabricated from silicon and using
microelectronic industry techniques. Today, many devices are all referred to as MEMS: silicon

microsensors, “Lab-on-chip”, or micro-total analytical systems.
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MEMS technology has been very successful in the field of physical sensing and has
yielded many small, robust, and inexpensive devices such as strain gauges, pressure sensors,
accelerometers and gyroscopes. MEMS piezoresistive strain sensors offer advantages such as
high sensitivity [29], good scaling characteristics, low cost, and the ability to have detection
electronics circuit on the same sensing board. Today’s devices can be exceedingly small and
most utilize piezoresistive effects for sensing. Since pressure sensors are in many applications
from medical, aerospace to automation and control, the impact of MEMS sensors is great.

Typical types of MEMS sensors include, but not limit to, the following:

Strain gauges: Strain gauges work by transducing a mechanical signal into an electrical signal.
This can be done by measuring the change in resistance of a metal conductor undergoing strain,
this is a piezoresistive strain gauge. Fiberoptic strain sensors sense the change in wavelength or
phase of light which is also a measure of strain [62].
Capacitive detection: Variation in capacitance caused by electrode motion changes the
mechanical signal to an electrical signal in capacitive detection. This method offers the
advantage of smaller size, higher sensitivity and lower power compared to piezoresistive
measurements [62].
Pressure sensor: By combining bulk micromaching and wafer bonding, small, robust micro
membranes can be produced. Pressure sensors can also be produced with surface
micromachining and capacitive detection to measure the variation in the small membrane [62].
There are many different types of MEMS strain sensors, shown in Table 1, each with

their own advantages and disadvantages.
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Table 1: Different types of MEMS strain sensors.

Strain gauges: Strain gauges work by
transducing a mechanical signal into an
electrical signal. This can be done by
measuring the change in resistance of a metal

conductor undergoing strain.

Common image of a MEMS strain gauge

structure [62].

Capacitive detection: Variation in
capacitance caused by electrode motion
changes the mechanical signal to an

electrical signal in capacitive detection.

Example of a capacitive sensor [62].
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1.2.1 Graphene Based Strain Sensor

1.2.1.1 Mechanisms of graphene strain sensor
A typical structure of a graphene strain sensor is depicted in Figure 3. When strain is

applied, a resistance change can be measured or as depicted in the figure, if voltage is applied
across the strain sensor, current change can be measured. The graphene device developed by our
research team can be categorized as a strain sensor that is based on
—@
structural deformations. The strain that leads to elongation of our ‘w3

graphene will cause a shifting in the electrical band structure and . i /'\

results in changes in the electrical properties. The change in

Figure 3: Typical structure
resistance is explained by the distortion of the hexagonal honeycomb  Of a strain sensor.
crystal structure of graphene, as strain is increased the resistance increased as well.

The strain sensing market is continually growing and there is a drive for miniaturized and
inexpensive devices. However traditional semiconductor devices are facing limitations and this
has driven research into other nanoscale materials. One material that has attracted a great
amount of attention is graphene. A major advantage of graphene sensors is their ability to be
multi-functional. It has been theorized that a single graphene device could be used to take
multiple measurements simultaneously, for example a sensor that can measure strain, pressure,
and electric field [3]. A device that is capable of multi-functionality will be very attractive to
industry and consumers alike. The multi-functionality is due to the fact that graphene as a 2-
dimensional material has properties that make it extremely sensitive to the environment [3].
Graphene is also the only crystal that can be stretched by 20%, thus making the working range of
a graphene sensor greater than any current material.

One of the promising applications of graphene is in microelectromechanical systems

(MEMS). The properties of graphene, specifically the high Young’s modulus of 1TPa [5],
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excellent electrical conductivity [30], extreme flexibility and stretch ability [7], are all crucial for
making a graphene-based flexible sensor. The fact that the resistivity of graphene changes

linearly with applied strain [31], [7] makes it an ideal material for sensing applications.

1.2.1.2 Flexible sensors
One property of graphene is that it is the strongest material ever measured, it can sustain

up to 25% in-plane tensile elastic strain [9]. This strain leads to a significant lengthening of
graphene, which is likely to cause a shift in its band structure and cause changes in the electrical
properties. Typically in a flexible sensing device, the semiconductor substrate is replaced with a
support that is softer and more flexible like plastic or steel. Even though there are well
established fabrication processes for thin-film devices, there are still several problems that need
to be solved regarding flexible substrate devices. When dealing with flexible substrates, the
process is very temperature dependent. Most approaches using amorphous silicon, organics, and
polycrystalline silicon are low temperature processes. However these materials usually have
high defect densities and low carrier mobilities. Graphene on the other hand is extremely
flexible and has an extremely high mobility and can withstand high temperatures.

Though graphene-based strain sensors have garnered much attention for their potential in
miniaturized and high-performance strain sensors, they still have a long way to go before a
commercial strain sensor is realized. Research in this field has been rapid and recently been
focused on creating a higher sensitivity and more stable graphene-based sensor. Such a sensor
has many potential applications such as touch screens or in biological applications as a bridge
from electrical to biological. However for an established material to be replaced, the properties
of graphene must be able to translate into applications that are competitive enough to justify cost

and change of existing processes.



17

CHAPTER 2: FABRICATION OF A GRAPHENE BASED STRAIN

SENSOR

Our initial research efforts were focused on developing a reliable patterning process for
the graphene. The graphene was patterned using a photolithography and etching process that
was developed by our research group. The next step is to develop a method of transferring the
patterned graphene onto a flexible substrate and remove the initial metal substrate. Once the
patterned graphene was transferred onto the flexible substrate, at this point a uni-directional
strain sensor was created. However the aim of this thesis was to create a strain sensor that could
measure in multiple directions, but instead of using a planar rosette design our sensor was a
stacked rosette strain sensor which gave our device added benefits.

First a decision had to be made regarding what kind of graphene was to be used in this

research.

2.1 Graphene Synthesis

There are four primary methods which are widely used to fabricate graphene, as shown in
Table 2: mechanical exfoliation, chemical vapor deposition (CVD) growth on a metal substrate,
high-temperature annealing of SiC, and chemical reduction of graphene oxide. The advantages

and disadvantages of each fabrication method will be summarized below to explain why CVD

Table 2: Comparison of Graphene fabrication methods.

Method Crystallite size (pm)  Sample size (mm) Charge carrier mability (at ambient Applications

tamperature) (cm®V—" 5™
Mechanical exfoliation  =1,000 =1 =2 % 10° and = 10%(at low Research

termperature)
Chernieal exfoliation =01 Infinite as a layer of 100 (for a layer of overlapping flakes)  Coatings, paint/ink, eomposites, transparent

overlapping flakes conductive layers, enargy storage, bisapplications|

Chemical exfoliationvia  ~100 Infinite as a layer of 1 (for a layer of overlapping flakes) Coatings, paint/ink, composites, transparent
graphens oxide overlapping flakes conductive layers, enargy storage, bioapplications
VD 1,000 -1,000 10,000 Photonics, nanoelectronics, transparent

conductive layers, sersors, bioapplications

SiC 50 100 10,000 High-freguency transistors and other electronic
devices




18

graphene was chosen by our research team as the base material to be used.

Mechanical exfoliation was the first successful method of producing graphene [10].
Graphene was first discovered by exfoliating graphite layers with tape and isolating these layers
until a single layer of graphite was left. This method became famously known as the ‘Scotch
Tape Method’ [10]. Other methods of mechanical exfoliation involve using tweezers to remove
layers of graphite from a bulk crystal source. In terms of structural stability, mechanical
cleaving of a graphite source provides the best quality of graphene. Using mechanical
exfoliation it is possible to obtain monolayer or multiple layers of graphene. The best quality of
graphene in terms of crystallite size and mobility is obtained using this method, but sample sizes
are typically small, less than Imm. This method was used at the start of the research to extract
graphene from the metal substrate it was grown on.

High-temperature annealing of SiC involves the evaporation of the silicon at extremely
high temperatures leaving only the carbon layers which forms graphene [32]. Silicon carbide is a
common material in high-power electronics. However this method is not widely used due to the
high cost of the initial SiC wafer and that high temperatures in excess of 1000 degrees Celsius
are needed. This technique may be limited for high frequency devices where excellent
performance of devices will offset cost.

Graphene Oxide (GO) can also be chemically or thermally reduced into graphene.
Graphene Oxide is made by oxidizing pure graphite powder with subsequent sonication [33].
This GO is then spin coated onto some arbitrary substrate to form a large scale continuous film.
However graphene oxide has a high concentration of oxygen defects making GO an electrical
insulator. Therefore graphene oxide must be reduced into graphene to restore the desired

electrical properties in graphene. GO can be thermally reduced at low temperatures in an argon
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flow or chemically reduced using hydrazine [34]. However this does not completely convert GO
into graphene, some oxygen remains in the graphene at a ratio of approximately carbon to
oxygen 10:1 [33]. Reduction of GO produces the largest area of graphene but the quality is also
the worst compared to the other fabrication methods.

Chemical vapor deposition (CVD) is a method of growing graphene that shows the most
promise, is relatively inexpensive and is a readily accessible approach of fabrication.
Reasonably high quality graphene is chemically vapor deposited onto a metal substrate such as
nickel or copper. Chemical Vapor Deposition works by having a carbon-bearing gas that reacts
to a metal catalyst in high temperatures (800-1100 degrees Celsius). The mechanism of
graphene growth on metal is influenced by several factors: carbon solubility, crystal structure,
lattice parameters, the metal and thermodynamic parameters such as pressure and temperature of
the system. Graphene growth on nickel (intermediate solubility metal) is a combination of
carbon atom diffusion into a metal at a specific temperature and carbon atoms segregation from
the bulk to the metal surface during cooling after the CVVD process. Graphene growth on copper
(low carbon solubility material, 0.001 atomic %), is limited to the surface of the metal; this is
why graphene on copper is typically limited to one or two layers. Copper has received more
attention compared to other metal substrates because of three main reasons: 1) it has very low
solubility with carbon, 2) if copper film is annealed around its melting temperature; the grain size
growth is that of large uniform graphene, 3) it is more flexible at low thicknesses.

In respects to graphene fabrication, the main goal is to find a method that is low cost and
able to synthesize high quality graphene on a large scale for industry uses. The decision was
made by the research team to use CVD graphene due to its ease of fabricating large scale,

multilayer sheets of graphene with good electrical and mechanical properties. Some of the
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different CVD graphene choices and an explanation why the final decision was to go with

graphene grown on a nickel substrate will be discussed below.

2.2 Single Layer versus Multi-Layer Graphene

It is possible to control how many layers of graphene are grown on the metal substrate
using CVD. Single layer to bilayer graphene is most commonly grown on copper using CVD,
the layers are limited because CVVD graphene is a self-limiting process and copper has a low
carbon solubility leading to only growing graphene on the surface of copper [35]. Single layer
graphene is almost 100% optically transparent and therefore Raman spectroscopy is needed to
test for the evidence of graphene, especially post-transfer onto a transparent substrate like
PDMS. Single layer graphene shows the best electrical properties compared to multi-layered
graphene, this is because single layer graphene is most similar to pristine graphene which
exhibits the best characteristics. However single layer graphene is difficult to work with in
respect to our research because the graphene undergoes many processing steps that weaken and
etch away graphene layers.

Nickel is a common metal substrate for CVD graphene when multiple layers are desired.
Graphene grown on nickel can reach layers numbering in 300 monolayers. Graphene has an
incredible absorption of incident visible light of 2.3% [36]. This makes graphene extremely
transparent and invisible to the naked eye, therefore by having many layers, this made graphene
less transparent and easier to manipulate and work with, while maintaining the phenomenal

properties of graphene.

2.3 Patterning Decisions

There is research in which groups have successfully used e-beam lithography to etch

graphene, for this reason the decision was made to try photolithography to achieve graphene
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patterning. However the use of photolithography dictated that an additional etching step would
be required to etch the graphene. Etching was done with an oxygen plasma etcher, these

fabrication steps will be further detailed in later chapters.

2.4 Transfer Decisions

Transferring graphene and maintaining the integrity of the material is a complicated
procedure. Adding to this already difficult process was the fact that our graphene was patterned
and not a solid sheet. Thus, a process of using a PDMS stamp for support and as the final
substrate combined with a chemical wet etch to remove the initial metal substrate was developed

to achieve a reliable, stable and robust transfer method.

2.5 Final Device Design Decisions

In the field of strain sensing, the rosette pattern is commonly used because it allows for
multi-directional strain sensing. A strain gauge rosette is an arrangement of two or more closely
positioned gauges. In common cases where the principal directions of strain are unknown, all it
takes is three independent strain measurements (all of different directions) to determine the
principal strains. Due to the flexibility of graphene, it is possible to stack our devices to form the
rosette pattern and this is advantageous over current planar rosette sensors. A stacked rosette
minimizes sensor size yet is still able to measure multiple directions and magnitudes of strain to

a very precise point.
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CHAPTER 3: EXPERIMENT SETUP

Our research lab is located in Coover Hall at lowa State University in Ames, lowa. Our
lab consisted of 3 different sections: a photolithography area, a chemical processing area, and a
main general lab area, all located on the 1% floor of Coover Hall.
The CVD graphene used by our research team was purchased from Graphene Supermarket, as
shown in Figure 4. It was about 300 monolayers of graphene at ~105 nanometer thickness on a

27x2” square nickel substrate [37].

Figure 4: CVD Multilayer Graphene
Purchased from Graphene Supermarket.

Photolithography: AZ5214 was the photoresist used for patterning and deposited on the
graphene. AZ 5214 is a positive photoresist that becomes soluble when exposed to ultraviolet
light exposure and thus can be removed using developer. The developer used was AZ 726, post
exposure the entire graphene/nickel sample was placed in the developer solution and soaked to
remove specific areas of photoresist. Photolithography was done with an OmniCure Series 1000,

as shown in Figure 5.

Figure 5: OmniCure Series 1000.
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Graphene etcher: Oxygen plasma etching, it involves producing plasma from a process gas, in
our case oxygen, and using a high frequency electric field to convert the gas into plasma. The
plasma is the etching element that etches away the exposed graphene. Our lab has a diener

electric Plasma cleaner Femto timer (version 1) as shown in Figure 6.

Figure 6: Diener Electric Plasma
Cleaner Femto timer (version 1) used
for graphene etching.

PDMS stamp: Sylgard 184 Elastomer kit was used to fabricate the PDMS stamp and the flexible
substrate for the graphene. The kit is a combination of Base and Curing Agent. The curing
agent is mixed with the Base so that the Base polymers cross-link and solidify creating a solid
polymer. The critical factor in the PDMS stamp is the ratio of Base to curing agent, it must be
15:1 Base to curing agent. The importance of this will be discussed later in this thesis.

Metal etching solution: The nickel etching solution was made with ferric chloride hexahydrate
and de-ionized water. The ferric chloride solution was prepared with 27 grams of ferric chloride
and 300 ml of DI water or (~0.1 g/ml).

An aqueous iron (1) chloride (FeCl3) solution (1 M) was used as an oxidizing etchant to
remove the nickel substrate. The net ionic equation of the etching reaction is:

2+ Fe3*(aq) + Ni(s) » 2+ Fe?*(aq) + Ni**(aq)
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CHAPTER 4: FABRICATION PROCEDURES

4.1 Graphene Patterning

When Andre Geim and Kostya Novoselov first isolated the atomically thin film of
graphene in 2004, by exfoliating monolayers of graphite with scotch tape [38], it was an un-
patterned sheet of graphene. Even then it was clear that graphene has immense potential in
future technological applications. This interest in graphene stems from the unique electronic
structure of the material. As a truly two-dimensional material, the electronic states of graphene
are different from conventional semiconductors. However by examining the evolution of
silicon based technologies, it can be seen that it is not just the intrinsic semiconducting properties
that drive progress into the industry sector, but more importantly it is the control of the properties
and shape. The ability to fabricate high quality complex patterns at an affordable cost is an
essential driving factor. The fact that a flat wide sheet of graphene is intrinsically a semimetal,
which is difficult to directly apply to semiconducting devices, means that graphene must be
patterned. The ability to pattern graphene into finite structures with nanometer-scale
confinement is important for tuning the transport properties of graphene-based devices.
Therefore it is essential to learn how to create patterned structures in graphene, in doing so it
allows for the control of graphene properties.

The research of patterning graphene is a new field that has not been heavily explored.
Most current methods of patterning graphene involve breaking the C-C bonds, whether by
chemical reactions, high temperature treatments, or irradiation with high-energy electrons. For
this reason most research in graphene still use graphene sheets as the sensing device, the
graphene is typically suspended over a cavity or made into nanoribbons. However, for a device

to be made up of graphene, it needs to be patterned instead of just being a sheet. A review of
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recent progress in patterning graphene will be presented first and then our method of patterning

will be detailed.

4.1.1 Review of Conventional Patterning Processes

Direct cleavage is a process of directly carving mono or multilayers of graphene.
However in order to create patterns on graphene by cleaving the carbon bonds, high energy
energetic cleaving tools are needed. The energy it takes to cleave an atom from a graphene lattice
is estimated to be ~ 17 eV [39], so the energy required to cleave a single carbon bond is about 5
to 6 eV. These processes include mechanical cleavage, probe lithography, ion beam lithography,
plasma etching, chemical etching, and nano-imprint lithography [17], [40], [41]. However such
a process leaves unwanted defects because of the high energy required.

Lithography methods have been used to successfully create graphene structures with pre-
designed patterns. These methods can be used to create nanoribbons of graphene (GNRs). This
method uses e-beam lithographical negative resist to form a protective pattern on graphene; it is
then exposed to oxygen plasma which chemically removes the unprotected parts of graphene
[42], [43]. Using this method it is possible to modify the band gap of graphene nanoribbons by
fabricating them into different widths [44]. Such methods have a high degree of control over the
“printed” patterns. The feature size and edge resolution of these methods are only limited by the
instruments, and e-beam resolution depends on the e-beam size and the scattering and
propagation of the electrons in the resist. Feature sizes as small as 10 nm can be achieved [43].

There are varying methods for patterning graphene depending on what kind of graphene
patterning is desired. Our research team conducted an investigation into patterning methods to
determine what kind of pattern was needed, equipment and resources on hand, and the final

device that we are fabricating.
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4.1.2 Graphene Patterning Steps

The following sections detail the steps required to pattern a graphene based strain sensor.

The processing diagram of our graphene fabrication method is show in Figure 7 and 8.

Initial CVDr
Graphene/Mickel

Etch Graphene for 1
hour in Plasma
Etcher

PreBake: 90°C for 15mins

Dl water rinse and PostBake:
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Figure 7: Overview of Fabrication Process.
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Figure 8: Fabrication Process Overview.

4.1.2.1 Step 1: Patterning Graphene using Photolithography

Photolithography, also known as optical lithography or UV lithography, is a typical
process in the semiconductor industry and used in microfabrication to pattern parts of thin films
or the bulk of a substrate. There is some literature in which e-beam lithography is used as a
method of etching graphene; therefore the decision was made to utilize this photolithography to
pattern the graphene for the device. There were many adjustments that needed to be made to the
conventional lithography process to make it suitable for our process. The main obstacle was how
to coordinate the lithography patterning process with the graphene transfer process. Should the
graphene be transferred first onto the flexible substrate then patterned or should the graphene be
patterned first then transfer the patterned graphene onto the flexible substrate. To answer this
question, a determination of the transfer process had to be made first. The transfer process will

be discussed more in a later section, but it was concluded that patterning graphene first then
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transferring the pattern graphene had the highest rate of success after many experiments and
trials.

The photolithography process begins by depositing a photoresist to form and protect the
desired pattern on the graphene. The initial CVD graphene on nickel was spin coated with the
photoresist AZ5214 at a rate of 500 rpm for 25 seconds, this spin speed ensured a layer of ~10
um of photoresist that will be used to protect the graphene during the etching process. A thick
layer of photoresist was needed because graphene is a tough material to etch due to the strength
of its carbon bonds, therefore etching was a long process and the photoresist needed to resist
through the etching process to protect our pattern graphene. After the thick layer of photoresist
was spin coated onto the graphene a pre-bake process followed; the sample was baked at 90
degree Celsius for 15 minutes to drive off excess photoresist solvent and to harden the
photoresist.

The next step the photolithography process is ultraviolet (UV) light exposure of the
photoresist. There are two different kinds of photoresist and they have different behaviors when
exposed to UV light. AZ5214 is a positive resist; this means the exposed parts of the photoresist
become soluble to photoresist developer after exposure. Negative photoresist behaves in the
opposite manner; the exposed parts of resist become insoluble in developer. The use of a mask,
such as the ones shown in Figure 9, determines which parts of the resist are left exposed and
which parts are left unexposed during the UV exposure. The mask also determines the desired
pattern that will be etched into the graphene. The mask is aligned with the graphene and places
everything in the UV exposure area. The photoresist covered graphene is then exposed to
intense UV light for 90 seconds at 2mW/cm”2, this causes a chemical change in the exposed

areas of photoresist so that is becomes soluble to be removed by the developer solution. The
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graphene is then submerged into photoresist developer, to remove the exposed areas of
photoresist, and developed for 2 minutes and 30 seconds. The development time is determined
by the thickness of the photoresist and due to the thick layer of photoresist, a long developer time
is needed to ensure complete removal of photoresist for etching process. Post-bake or hard-
baking process of 120 degrees Celsius for 10 minutes reinforced the photoresist to make it more

resistant to the 0, plasma etching process used for etching graphene.

'

Figure 9: Different Mask Designs.

4.1.2.2 Step 2: Etching of the Graphene

Early studies into graphene etching used chemical wet etching, the graphene surface was
coated with zinc and dissolving the zinc with dilute acid, this removed layers of graphene [45].
However this chemical etching created many defects in the graphene and was incompatible with
the other microelectronic fabrication processes. Al-Mumen in [46] reported that by carefully
tuning certain variables (power, oxygen flow rate, pressure, and time) of oxygen plasma etching,
they were able to achieve layer by layer etching of graphene. They were also able to etch
graphene using both oxygen reactive ion etching and oxygen plasma etching. However a smaller
amount of defects are introduced to the graphene when using oxygen plasma as opposed to

reactive ion etching [46].
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For the fabrication procedure, detailed in Figure 10, the graphene etching is done with an
0, oxygen plasma etcher Diener electric. Plasma etching is commonly used in semiconductor
fabrication; it involves producing plasma from a process gas, in our case oxygen, and using a
high frequency electric field to convert the gas into plasma. The graphene is placed in the
plasma etcher, the air is vacuumed from the chamber, and then oxygen is flowed at a low
pressure into the chamber and excited into plasma through dielectric breakdown. Process
settings for the plasma etching were: 100% power, 8sccm (standard cubic centimeter per minute)
oxygen flow rate, oxygen pressure of 8Pa. The graphene etching process took 1 hour.
Following the etching process, the photoresist had to be removed from the graphene and the
graphene was also removed from the silicon wafer base that it was attached to during this
process. The use of acetone stripped away the photoresist on the graphene pattern and the resist
holding the graphene to the silicon base. After a rinse to clean the surface of the graphene, it is

now ready for the transfer process.
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Figure 10: Graphene Patterning
Process.
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The unique aspect of our patterning process is that with a change of the mask it is
possible to create different patterns, sizes, and shapes on the graphene. Research focused on
graphene patterning, the patterns are typically micron to millimeter sized feature sizes, and it is
easier to pattern on a bigger scale for large-scale graphene work. This makes our patterning
process adaptable to many research applications. Our method makes vast improvements to
current methods of patterning graphene. It is completely adaptable to desired patterns, great

resolution of feature sizes, and incorporates a common process semiconductor process.

4.2 Graphene Transfer

4.2.1 Introduction to Transfer Methods

Graphene has attracted much attention for flexible electronics due to its high flexibility
and electrical conductivity properties. Recently methods for fabricating large scale, layers of
graphene using chemical vapor deposition (CVD) have been successful. But for graphene to be
integrated into practical flexible electronics, the graphene must be transferred to an appropriate
flexible substrate. Most degradation in graphene quality occurs during the transfer process, this
is when tearing and ripping of the graphene typically occurs. A reliable graphene transfer of a
small graphene pattern was needed for our research and this presented a multitude of problems
that had to be solved.

When Andre Geim and Kostya Novoselov first isolated the atomically thin film of
graphene in 2005, it was by mechanical exfoliating a thin piece of graphite from highly oriented
pyrolytic graphite with Scotch tape [18], as shown in Figure 11. Because graphite is just
graphene layers stacked into a 3-dimensional structure, peeling layers with scotch tape

repeatedly will eventually lead to a very thin piece of graphene. However mechanical
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exfoliation does not quite constitute transfer since it is more of a method of obtaining graphene,
but it does lead to the roll-to-roll transfer method.

Roll-to-roll is a process seen in the paper or metal
rolling industry where two rollers spin together while ' | &=

applying pressure and heat to the material in-between.

This process is easily scalable and allows for the Figure 11: Scotch tape method of

) _ ) ) obtaining graphene.
continuous production of the desired material. A CVD
graphene is grown on a rounded copper foil, and is attached to thermal release tape. A Cu
etchant is used to remove the copper, leaving the graphene on the thermal tape. The graphene is
transferred onto a flexible substrate by simply moving it between two rollers that are heated at
120 degrees Celsius. The heating removes the adhesiveness of the thermal tape and the released
graphene adheres to the flexible substrate shown in Figure 12. Using this method it is possible to

accomplish layer-by-layer stacking of graphene.

Graphene on
polymer support Released
/ ‘\ polymet support

_~ Polymer support

Target substrate

Graghene on l.m;‘c(

Figure 12: Roll to Roll transfer. (26)

As mentioned previously, the transfer process is where graphene incurs the most damage.
The roll-to-roll method can leave residues and any physical transfer can cause ripping or tearing.

Because of these issues, development of a transfer-free process is generating much interest. The
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idea is to grow graphene directly on the desired substrate that the graphene would have been
transferred onto after synthesis. Different target substrates dictate a different method of transfer.
While each technique differs in details, they all try to solve the problems of transferring
graphene.

Polymer support transfer methods are closely tied with CVVD graphene. The metal
substrate that the graphene is grown on is unwanted after successful synthesis and is removed.
Common metal substrates, nickel and copper, can be etched with FeCI3 (ferric chloric acid) [9].
The Hong group reported a wet etching transfer method of CVD graphene onto a silicon oxide
substrate [9]. However the graphene was very thin and therefore tore and ripped easily during
the transfer and etching. For this reason many researchers also report a dry transfer method.
[26]. Polymer support has made large scale graphene transfers possible. PDMS
(Polydimethylsiloxane) was one of the first polymers to be used for CVD graphene transfer.
PDMS is a moldable, durable, unreactive, hydrophobic, and solvent resistant material that is
commonly used in soft lithography [47]. The most significant characteristic is the low surface
free energy, between 20 and 30 mN/m [48]. In a soft lithography process, the material to be
lithographed, “stamped”, onto a substrate is applied to PDMS cast into desired pattern and shape
[49]. PDMS maintains a low adhesion force with the stamped material, this means when the
material comes into contact with the target substrate, it will adhere to the substrate rather than the
PDMS, therefore the material is released from the PDMS and stamped onto the substrate. This is
the working mechanism for graphene transfer [9]. The PDMS acts as a support to the graphene
during the metal etching. After this the freed graphene on PDMS is brought to contact with the
target substrate, and soft lithography occurs and the graphene is released from PDMS and

transferred to the substrate with the higher surface free energy, as shown in Figure 13. However
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the metal etching process is extremely slow, this is because only a thin layer of metal is exposed
to the etchant.

PDMS has also shown success in the usage of graphene device manufacture. PDMS
stamping nano fabrication has made the process of not rupturing patterned graphene relatively
simple. Kang et al. has shown successful device fabrication by molding PDMS with the desired
pattern [50]. After etching away the metal, only the graphene that was adhered to the PDMS

pattern remain. The graphene was then stamped onto a target substrate.

Graphene Graphene

Comtact with
graphene on copper foil

Coatact with
desired substrate

Figure 13: Dry Stamp Transfer Method. (50)

PMMA (polymethyl methacrylate) is another common polymer used in CVD graphene
transfers. PMMA is spin coated onto CVD graphene grown on a metal [51], the metal is then
etched away freeing the PMMA with graphene. This PMMA/graphene layer is deposited on a
desired substrate, and the PMMA layer is removed with acetone. However PMMA is likely to
cause cracks and rips in the graphene and PMMA is not always completely washed away with

acetone and leaves residue, making this not an ideal method for obtain good quality graphene
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transfer. Even with all the drawbacks of PMMA and PDMS transfers, they are still heavily used
because of their reliability and familiarity.

There are many ways of transferring graphene to the desired substrate, and while each
method is different, they all try to reduce physical damage and minimize the disturbances of the
electrical properties from the transfer. However each method has its advantages and
disadvantages. Mechanical exfoliation may avoid etchants and polymers but induces heavy
physical damage; transfer-free methods are very substrate specific and difficult to adapt; and
polymer support leaves unwanted residues.

Determining the flexible substrate to be used for our sensor was the first crucial step.
PDMS (Polydimethylsiloxane) was selected mainly because it has strong Van der Waal forces;
this ensured good transmittance of the strain through the PDMS to the graphene and good
attraction of graphene to PDMS. PDMS was also attractive as a choice due to its availability in
the lab, ease to work with, and various other properties [52]. While not an initial consideration,
but PDMS can be bonded easily and this was an important factor in the ability to stack single
graphene sensors.

Graphene transfers can be done by two major techniques: wet transfer or dry transfer.

Wet method involve the use of a liquid solution to remove the initial substrate that
graphene is grown or deposited on [53]. The substrate etching solution has no effect on the
graphene, therefore only the initial substrate is etched away leaving only graphene on the PDMS
substrate. A liquid mixture of PDMS and curing agent (PDMS: curing agent = 15:1) was poured
on the surface of the graphene-Ni foil. This PDMS: curing agent ratio was determined to have
the maximum efficient bonding force to graphene and cured percentage of PDMS for ease of

workability [52], [54]. The PDMS mixture next was placed into a vacuum chamber for 60
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minutes to remove the air bubbles trapped in the PDMS and then cured on a hot plate at 90
degrees Celsius for 1 hour. Next the PDMS-graphene was placed in a metal etching solution,
FeClI3 (~0.1 g/ml) was used to etch the nickel substrate, and the etching process typically took 24
hours. Once the nickel was etched away this left the graphene on the flexible PDMS substrate.
However this wet transfer process has a major issue, the PDMS would undercut the graphene and
cover the underside of the graphene preventing metal etching, as shown in Figure 14.

Dry method involves the use of a PDMS stamp to lift off a layer or layers of graphene
from its initial substrate shown in Figure 14. This method uses the attraction forces and cross-
linking properties of graphene and PDMS to separate the graphene layers, however this method
can only be used on multi-layer graphene as the graphene to PDMS force is greater than the
graphene to graphene attraction forces [53]. A PDMS stamp was made by mixing PDMS and
curing agent with a ratio of 10:1, as mentioned above this ratio was determined to have the best
characteristics needed for graphene transfer. The liquid mixture was then put into a vacuum
chamber for 60 minutes to remove any air bubbles trapped in the PDMS. Next the PDMS was
cured on a hot plate for 1 hour at 90 degrees Celsius to create the PDMS stamp. The stamp was
then attached to the graphene and slowly peeled off from the nickel substrate. This resulted in
graphene layers being transferred onto the PDMS stamp surface because the adhesion force of
PDMS-graphene is higher than the force between the graphene layers. By adjusting the ratio of
PDMS and curing agent, it was possible to determine the adhesion force between the PDMS and
target substrate, meaning it was possible to control how many layers of graphene were

transferred onto the PDMS [55].
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Figure 14: Result of a Wet Etch transfer and A Wet Peel Transfer.

4.2.2 Step 1: PDMS Graphene Transfer

A transfer method that combined both wet and dry methods was developed, and this
allowed for the utilization of the advantages of both methods as shown in Figure 17. The use of
a PDMS stamp was used as a substrate and a nickel etching solution of ferric chloric acid was
used to etch away the initial nickel substrate in a wet transfer.

A PDMS stamp was made by mixing PDMS and curing agent with a ratio of 15:1, as
mentioned above this ratio was determined to have the best characteristics needed for graphene
transfer. The liquid mixture was then put into a vacuum chamber for 60 minutes to remove any
air bubbles trapped in the PDMS from the mixing process. By removing any air bubbles it
ensured that the fabricated PDMS stamp would be smooth for best surface adhesion to the
graphene. Next the PDMS was poured on a glass slide to create a flat smooth surface and then it
was cured on a hot plate for 1 hour at 75 degrees Celsius to create the PDMS stamp. At this
temperature and time period, it ensured that the PDMS stamp was cured enough to work with as
a stamp yet maintained enough tackiness to adhere to the graphene [56]. If the PDMS was cured
at too high of a temperature, this decreased the cross-linking of PDMS to graphene and the

flexibility of the stamp is decreased. If the PDMS was cured at too low of a temperature, the
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PDMS would under-cure and formed a gel instead of a stamp. These effects also occurred at a
time period that is too long or too short. The flat smoothness of the PDMS stamp is of crucial
importance to ensure good surface to surface bonding between the graphene and the PDMS. The
PDMS stamp was fabricated on a glass slide to make sure the stamp was a smooth flat surface.
Once the PDMS stamp was created, it needed to be attached to the patterned graphene.
Make sure the graphene is flat and on a solid flat surface, slowly attach PDMS stamp smoothly
onto the graphene. Apply pressure on the PDMS stamp to ensure good adhesion to graphene and

to remove any air trapped between the two. Once the PDMS stamp was well attached to the

patterned graphene it was then placed into the metal etching solution, as shown in Figure 15.

10mm

Figure 15: Graphene/Ni in metal Figure 16: Graphene successfully
etching solution. transferred onto PDMS.

4.2.3 Step 2: Etching Initial Nickel Substrate

The nickel etching solution was a ferric chloride solution that was prepared with 27
grams of ferric chloride and 300 ml of DI water or (~0.1 g/ml). The PDMS/graphene/Ni slab
was placed into the etching solution for 24 hours until the Ni was etched completely away, as

shown in Figure 16.
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An aqueous iron (1) chloride (FeClI3) solution (1 M) was used as an oxidizing etchant to
remove the nickel substrate. The net ionic equation of the etching reaction is:

2 xFe3*(aq) + Ni(s) » 2 * Fe?*(aq) + Ni**(aq)

Graphene Transfer Process

|Post Etch, transfer ready
graphene Example of different patterns successfuly

transferred

Placein Metal Etching
Solutlon Nickel successfully

etched away

—

Graphene Transfer
Complete

PDMS graphene
transfer

Ni etch
=3
T ‘

&

Feld3 i etching soluthon

16mm

2.25mm

10mm

Figure 17: Images showing the transfer
process and the different patterns that
could be fabricated.
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4.2.3 Raman Spectroscopy Tests

Raman spectroscopy is an important part of graphene research. It can be used to
determine the number of layers of graphene present, the quality and type of graphene, and the
effects that strain, doping, stress, electric and magnetic fields have on graphene [57]. Raman
spectroscopy is the ideal tool that provides fast, high resolution, non-destructive characterization
of graphene [58]. The use of Raman was used in our research to confirm the successful transfer
of graphene and to obtain an estimation of how many layers of graphene were transferred.

Raman spectroscopy is a spectroscopy method that uses the inelastic scattering of
monochromatic light, typically from a laser light source. This technique is named after Professor
C. V. Raman, who discovered the Raman Effect in 1928 [59]. This technique is used to observe
rotation, vibration, and other low frequency modes in a system [60]. The principle is based on
the interaction of monochromatic light with a given sample. The sample absorbs the photons of
the laser light and then reemitted. Frequency of the reemitted photons are shifted up or down
compared to the original monochromatic frequency. This shift, the Raman Shift, provides
information about the aforementioned frequency transitions in molecules. The Raman Effect is
based on molecular deformations in the electric field E which is determined by, the molecular
polarizability.

Raman scattering on phonons is determined by the movement, interference, and
scattering of the electrons. Variations in the electrical properties due to doping, edges, defects,
or magnetic fields will affect the positioning, width, and intensities of the Raman peaks.

There are three main peaks of phonon scattering in graphene that detail important
properties. At a frequency around 1550 cm ™! there is a peak called the G peak which is

observable in all carbon materials, and only the optical phonon with zero momentum is present at
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this specific frequency. A 2D peak with frequency around 2700 cm ™1 is indicative of second
order Raman scattering. This 2D peak is the resonant scattering in which the incident photon
energy coincides with the real energy band. The fewer layers of graphene that are present, the
sharper the 2D peak will be at 2700cm™1. The sharpness of the 2D peak for our graphene
indicates there are at most 10 layers of graphene present. If defects are present in the graphene,

this may lead to the “D” peak. Figure 18 provides the plots detailing these peaks.

Nickel/Graphene sample Wet Transfer Graphene
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Figure 18: Comparison of the peaks, providing
evidence of successful graphene transfer.
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4.4 Flexible Graphene Sensors

4.4.1 Single Graphene Sensor

A strain gauge is a device that measures strain. It works by having a flexible backing that
supports a metallic foil pattern. This gauge is attached to an object and as that object is
deformed, the foil also undergoes deformation which caused the electrical resistance to change.
Instead of a metal foil, the patterned graphene is the resistance changing element in the sensor.

A single graphene sensor consisted of a pattern graphene resistor attached to a PDMS substrate.
As strain is applied with a tensile bench to the graphene, the resistance can be measured with a
multi-meter. Results show that as strain is applied, the resistance shows a linear trend of increase
with the strain applied. However a single resistor is limited in its real-world applications.

To improve the robustness and stability of our graphene contacts during strain testing,
liquid metal was injected to reinforce the contact areas. This prevented the graphene contacts
from deteriorating when strain was applied during testing. The liquid metal also had the added
benefit of enabling our device to maintain flexibility and made measurements of the different

layers of the device easier.

4.4.2 Stacked Rosette Strain Sensor

In the field of strain sensing, the rosette pattern is commonly used because it allows for
multi-directional strain sensing. A strain gauge rosette is an arrangement of two or more closely
positioned gauges. In common cases where the principal directions of strain are unknown, all it
takes is three independent strain measurements (all of different directions) to determine the
principal strains or vice versa. However where most devices have a planar rosette pattern, due to
the flexibility of graphene, it is possible to stack our devices to form the rosette pattern and this

is advantageous over current planar rosette sensors. A stacked rosette minimizes sensor size yet
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is still able to measure multiple directions and magnitudes of stress to a very precise point. In
traditional MEMS sensor fabrication with silicon, a stacked device is infeasible due to the

rigidness of the material. Graphene on the other hand is as flexible as the flexible substrate is it
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Figure 19: Final Design: Stacked Rosette
Graphene Sensor.
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CHAPTER 5: DEVICE PERFORMANCE AND RESULTS

5.1 Piezoresistive Effect

To test the theory that graphene will change resistance when strain applied and it is a
consistent and repeatable method for measuring resistance changes, our device was put on a
strain stage that enabled us to apply controlled strain. Also required was to test whether this
fabrication and transfer process produces a graphene pattern that will perform as expected. First
to check the graphene pattern for completeness of patterning, transfer and connectivity, strain
was applied to the graphene using a tensile stage and resistance change was measured using a
multimeter. As can be seen in Figure 20, there is a linear correlation between the applied strain
and change in resistance in the graphene. Deviations from this linear pattern occur when the
graphene in the sensor is stretched past a certain point in which the graphene starts to break and
tear.

The piezoresistive properties of graphene were tested by applying strain to a single
graphene resistor. The van der Waals force between PDMS and graphene provide a strong
adhesion and therefore the strain experienced by the PDMS is also experienced by the graphene.
To measure the piezoresistivity, the PDMS with graphene sensor is stretched along a uniaxial
direction at small increments 0.1mm (~0.01%). During the stretching, a multimeter was applied
to the graphene strain sensor to measure the change in electrical resistance. In a neutral, no
strain, position the distance between the two fixed ends was 10mm (0%) and at max strain the
ends was measured at 11mm (10%). Throughout the test, the electrical resistance was
continuously measured as a function of applied strain. As shown in Figure 20, as the strain
applied increased, so did the resistance in a linearly fashion. The graphene sensor does show

good repeatability, the sensor underwent multiple trials of stretching and un-stretching and the
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electrical resistance was continuously measured. Figure 20 shows that the sensor showed good
consistency in measuring the relationship of applied strain to electrical resistance and through
that the relationship of applied strain and current. Typical electrical resistance of a commercial

semiconductor strain gauge is 1kOhms.

Strain Test of Single Graphene Sensor
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Figure 20: Strain Test of a Single Graphene-based Sensor

5.2 Rosette Design for Multi-Directionality

A single graphene based strain sensor is only capable of detecting strain or deformation
in a singular direction. This limits the usefulness of the sensor in real-life applications. For
characterization of complicated multi-directional deformations on a surface, it is necessary to
measure strain in three dimensions, eX, eY, e©. To accomplish this, three of the same strain
sensors are arranged to form a rosette, each sensor oriented at 120 degrees from each other
forming an equilateral triangle formation. The placement of three equally spaced strain sensors,
each with a fixed 60 degree angle from each other, is called a planar 60-delta rosette gauge

system, as shown in Figure 21 and 23. The strain sensors in the rosette arrangement are named
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X, Yy, and z and their corresponding strain values ¢x, ey, and ez. By using the measured
magnitudes of strain and the directions of the gauges, it is then possible to determine the full
strain on the surface of the sensor location. The Mohr’s circle, better known as the “strain
transformation method”, can graphically illustrate the surface state of strain Figure 22 (noting
that the angles in Mohr’s circle are double the physical angles on the test surface). The strain at
any angle © from the major principal axis can be expressed as:

Strain = (eX+eY)/2 + (eX —eY)/2 *cos (20) Eq. 3
The strain on each rosette gauge can be represented in terms of principal strain on x and y axis

with corresponding rotation angles ©, © +60 degrees, and © +120 degrees. Using the following

strain transformation equations it is possible to determine the directionality of the strain applied.

eX+ey eX—eY

EX =——— +———x cos(26) Eq. 4
ey = eX-;-eY + eX;eY * c0s2(0 + 60°) Eq.5
£z = eX:eY + eX;eY x c0s2(0 + 120°) Eq. 6

We can measure the strain values of ex, ¢y, and ¢z, and with those values it is possible to

calculate the principal strain values x and y, and their orientation 6 with the following equations.

eX,Y = @ +/—\/3—E s V((ex —ey)2 + (ey —e2)?+ (ez—ex)?) EQ.7
_ (N1 (VBey=e2)
b = (2) tan (ng—gy—gz) Eq' 8

[64]
The “+/-*“in EQ. 7 is used to calculate the maximum and minimum principle strain, respectively,

in Mohr’s circle.
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5.3 Stacked Multi-Layered Device

Additionally, the rosette-type strain sensor was made up of 3 stacked devices instead of
planar devices arranged in a rosette shape. The major disadvantage to a planar rosette is the
larger surface area covered. Whereas a stacked rosette will occupy the least amount of area and
has the center of all the gauges lying over the same point on the surface. Therefore a stacked
rosette has better accuracy on strain measurements. The strain sensing device combines the
multi-directional measuring abilities of a rosette pattern and it also improves upon this design by
stacking the devices for better size management and signal resolution.

The strain sensing characteristics of the rosette shaped stacked device was investigated by
the same method as that of the single graphene strain device, however now the resistance change
of the three strain sensors was measured. Figure 24, 25, and 26 shows the measurement of the
resistances as a function of the applied strain for all three strain gauges. The stretching was
applied along the x-axis, such that the ‘x” gauge and the other two gauges were positioned at the
same distance and oriented at the same angles with respect to the ‘x’ gauge. It was measured
that as the strain was increased to the sensors, the resistances measured also increased. As
previously discussed, with the values of the strain on the three strain sensors known, the
principal strain and their orientation with respect to the rosette axis can be estimated. The
robustness of the device was tested by performing the strain test several times. Figure 25 shows
the measurements of the three strain sensors, and it shows the change in the resistance repeated
in the repeated strain tests. This verified that the fabricated rosette graphene strain device has a

very robust capability of sensing strain.
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LRC Meter for
resistance

Figure 24: Strain Testing Setup.

The plots, shown in Figure 25 and 26, show the relationship between resistance and
strain. As strain is increased, the resistances of the strain sensors linearly increase. Variations in
the linear relation are due to breakage in the graphene and uneven stretching of the PDMS
substrate. If there is a slight drop in resistance this is due to ripples in the graphene that are
evening out as strain is applied. The stacked design of the sensor also contributes to the slight
variations in resistance responses to the strain. But as the resistance plots shows, the sensors
show similar and consistent responses to the same applied strain.

Each individual sensor was characterized, shown in Figure 25, a constant and consistent
application of strain was applied to the device and the resistance for each sensor was measured.
Strain values for sensors 1, 2, and 3 from this resistance-change data is calculated to 10%,
2.67%, and 2.67%, when the principal strain of about 10% is applied in the X-direction. As
previously discussed, when the values of the three independent strains from the three sensors is
known, the principal strains and their orientations with respect the rosette axis can be estimated.
The principal strains eX and eY and their angle of orientation are calculated by inserting the three

stain values of the three sensors into Eq. 7 and 8 and are found to be 10%, 0.22%, and 0°,
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respectively. The calculated value of 10% for maximum principal strain (eX) matches the
applied strain value, and this is indicative of good accuracy and sensing capability of the stacked
graphene rosette strain sensor. The change in resistance characteristics repeated multiple times as
the gradual increase and decrease of applied strain, and this verified that the fabricated stacked

rosette graphene sensor showed a stable capability of sensing strain under repeated

measurements.
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Figure 25: Sensor Characterization.



R-Ro/Ro %

0.6

R-Ro/Ro %

51

Sensor 1

y =0.0455x - 0.0407

Strain %

Sensor 2

R-Ro/Ro %
o

Strain %

Sensor 3

y =0.1554x - 0.0777 T

Strain %

Figure 26: Multi-layer rosette strain plots measuring strain
applied in Sensor 2 direction.
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The angle of the direction of applied strain was also varied to test the ability of the sensor
to measure the directionality of our graphene sensor. The device was rotated so that the direction
of applied strain was in the same line as sensor 2 and the resistance was measured as strain was
applied like before, shown in Figure 26. The strain values for sensors 1, 2, and 3 were measured
as 2.67%, 10%, and 2.67% respectively. Using these strain values and Equations 7 and 8, the
principal strains eX and eY and their angle of orientation are calculated to be 10%, .22%, and -
30°, respectively. The calculated value of 10% for maximum principal strain (eX) matches the
applied strain value, however the angle was different from the expected value. Possible
explanations for this is that during set-up the device was not rotated fully and so strain was not
perfectly in-line with sensor 2, another explanation is that the calculations are correct and that
our expected value is incorrect. This test does show that the strain sensor can detect variations of
direction of applied strain and that it still accurately measures the principle strain values.

Our tests show that graphene is a viable material to be used in strain sensors, but how
does it compare to the current material standard of silicon. Typical silicon based commercial
strain sensors have an electrical resistance of 1 ohms; our sensor had an electrical resistance of
about 1.5 ohms. Gauge factor indicates the relation between the change in electrical resistance
and the applied strain: as shown above in equation 2. The resistivity change for a metal is
typically of the order of 0.3, which is smaller compared to a semiconductor such as silicon which
is 50-100 times larger. For graphene the gauge factor is approximately 1.4-2.0. Lastly the
measure of cross-sectional area of material reduces in proportion to the longitudinal strain is
Poisson’s ratio. For most metals Possion’s ratio ranges from 0.20 to 0.35, for silicon it is about

0.28, and for graphene it is about 0.165.
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Table 3: Graphene versus Silicon

Single graphene
sensor electrical

Gauge factor

Possion’s ratio

resistance
Graphene ~1.5 kohms 1.4-2 ~0.168
Silicon ~1 kohms -125 - +200 ~0.28

The sensitivity per unit area of graphene sensors is about 20 to 100s of times higher than

that of conventional piezoresistive pressure sensors. These results show that graphene is a viable

replacement for silicon in strain sensors.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Conclusion

This thesis presented methods of patterning and transferring graphene and demonstrated
the successfulness of these methods by fabricating a stacked graphene rosette strain sensor. We
have shown that the properties of graphene are useful for electronic and sensing applications.
Both theoretical and experiment reports indicate that graphene is a viable candidate for flexible
sensor applications. A graphene based piezoresistive strain sensor was fabricated by integrating
graphene resistors on a flexible PDMS substrate. A reliable method of patterning graphene into
a desired pattern and a method for transferring that graphene onto a flexible substrate was also
developed. The use of graphene for high performance pressure sensor applications was
demonstrated by the characteristics of the piezoresistive effect of graphene and the sensitivity of
graphene to strain and pressure. Graphene’s intrinsic flexibility, it allows for successful
fabrication of a stacked device in a rosette pattern. Therefore a strain device in this configuration
is able to detect magnitude and direction of principal strains in three dimensions and in a small

device.

6.2 Future Work
The development of a reliable method of graphene patterning and transfer, this allows for
stable isolation of graphene on a flexible substrate. These methods can be utilized in the
fabrication of different types of graphene sensors and in the field of wearable electronics.
Sensitivity of the graphene sensor can be further improved by integrating a full Wheatstone
bridge into the graphene based sensing device. A Wheatstone bridge will increase the

sensitivity of the graphene resistor allowing it to detect even smaller changes in strain.
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