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ABSTRACT

This project addresses the fabrication and characterization of a graphene field effect
transistor (GFET) for use as a biological sensing device. The graphene used in these
experiments was grown via chemical vapor deposition (CVD). The CVD method is a
cost and time effective technique to produce graphene, and can satisfy the needs for
the commercialization of a portable biological sensing device. We demonstrate a
fabrication method for developing a label-free aptamer modified CVD graphene-based
field effect transistor (FET) biosensor. These devices were used to detect thrombin
protein using a microfluidic mass flow system. The thrombin biological sensing
experiment showed a measurable change in resistance in our device when thrombin
protein was added to the system. The resistance increased after the addition of a buffer
solution suggesting that thrombin protein was bound to the aptamer modified graphene
surface, and was removed by the buffer solution. This experiment suggests that a
label-free aptamer modified CVD graphene-based FET biosensing device can be used

for accurate protein detection.
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without your assistance and support.
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now works for Nanotechnology Biomachines, Inc. grew and supplied the graphene for
the biosensing devices. Jenna Wardini assisted with the growth of the graphene used
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CHAPTER 1

Introduction



1.1 Graphene

Graphene is a two-dimensional mono layer of carbon atoms. Six electrons surround
the nucleus in the carbon atom and are arranged in the electron configuration 1s? 2s?
2p?. In graphene the outer 2s, 2px and 2py orbitals combine or hybridize to form sp?
hybrid orbitals. The sp? hybrids form three planar orbitals. These planar orbitals form
sigma bonds between adjacent carbon atoms oriented at an angle of 120° with respect
to each other and are responsible for the hexagonal structure of a graphene lattice. The
p. orbital lies perpendicular to the three sp2 orbitals and contains the remaining

electron which is responsible for the unique electronic characteristics of graphene.'

Figure 1.1 (a) Hybridization of a sp? orbital and (b) graphene lattice.

Recently, the desire for the large scale production of high quality defect free
graphene has increased in the scientific community because of graphene’s scalability,
high carrier mobility and chemical stability at room temperature in air.> Carbon is also
one of the most abundant elements on earth which makes graphene cost effective and
plentiful.

In 2004, a group at the University of Manchester was able to produce single layer
graphene using a technique called mechanical exfoliation which entails the repeated
pealing of pyrolytic graphite.®> Mechanical exfoliation is a reliable method for
producing high quality defect free graphene, however it can only cover very small

areas’ and is therefore not suitable for the large scale production of graphene. There



are several other methods for producing graphene.* A process that is cost and time
effective and also able to produce large scale defect free graphene is desired to take
advantage of carbon’s abundance and graphene’s unique electrical properties.

Chemical vapor deposition (CVD) is a cost and time effective method for
producing high quality graphene in large quantities. A typical CVD process for
graphene is performed under vacuum and uses heat to break apart the atoms in a
gaseous hydrocarbon such as methane. The remaining carbon atoms then align
themselves atop a high purity copper film in the distinctive hexagonal structure of
graphene (Fig 1.2). The graphene film can then be transferred to the desired substrate
through various techniques.

A disadvantage of the CVD process is that the growth and transfer process which
can produce defects in the graphene lattice. Perfecting the CVD process is an ongoing
goal and is necessary for the commercialization of the many useful applications of

graphene.

Figure 1.2 Drawing of the CVD process. The orange substrate is copper foil.

Graphene transistors are a promising candidate to replace traditional silicon
semiconductor devices in integrated circuits® due to their high carrier mobility’ and

ability to maintain performance low temperatures.® Graphene exhibits a high optical



transmittance which makes it a possible alternative to conventional transparent
conductive electrodes such as indium tin oxide.” Graphene’s extraordinary electrical
properties are also presenting new prospects as electrical based chemical and

biological sensors.®

1.2 Biosensors

A biosensor is a device that is capable of detecting specific biological molecules. A
blood glucose monitor is an example of a commercially available biosensor. It is an
accurate and invaluable tool for diabetics who need to monitor their glucose levels.
Other types of biological sensors are used to detect protein,’ antibodies,'® and DNA.!!
The motivation to create accurate biosensing devices is fueled by their valuable
applications in gene analysis,!! detection of biological warfare agents,!' and the
detection of potentially life threatening diseases like prostate cancer.'” In gene
analysis, the detection of genetic mutations can allow medical professionals to identify
diseases even before any symptoms appear.'!

Biosensors can be simplified into two categories, label and non-label based. Label
based technologies chemically modify a biological molecule with a fluorescent tag
that can be seen with a fluorescent microscope, however this method requires a

lengthy labeling process and expensive detection equipment.'?

Label-free technologies
do not require any tagging to identify specific molecules and are ideal for quick and
accurate diagnosis. Surface Plasmon resonance,'* carbon nanotube (CNT),!
graphene,'® and silicon nanowire!® biological sensors are examples of label-free
technologies that are currently under development.

The early detection of certain diseases such as prostate cancer is imperative to
increase a patient’s likely hood of survival. Label-free technologies are able to satisfy
the need for a timely method of biological detection by providing real-time, accurate,

specific detection of biological diseases.!%!>!7



1.2.1 Graphene Biosensors
A point-of-care (POC) biological sensor is a technology that has recently received a
lot of attention because of their ability to process several biological markers
simultaneously.!® POC systems will also allow technology and information to be
available to a much wider population, which in the past has only been accessible to
leading cancer centers.!® Biosensors which incorporate nanomaterials such as CNTs,
nanowires and graphene are able to satisfy the needs of a highly accurate and portable
POC biological sensor. Graphene is of particular interest for use in POC biosensors
because of its nanoscale dimensions, large surface area, and high carrier mobility.
There are many graphene biosensing technologies currently being investigated. A
group at Fuzhou University has shown that graphene oxide (GO) is a potential
platform for the selective detection of DNA and proteins, and compared to CNTs,
GO’s low cost and large production scales make it a promising candidate for
biosensing devices.!® Recently, a graphene based fluorescence resonance energy
transfer (FRET) sensor was developed and reported to have detected thrombin to
limits as low as 31.3 pM, which is two orders of magnitude lower than CNT based
fluorescence sensors.’ Other biosensing technologies incorporate graphene into a field

effect transistor for use as a biological sensing device.!%2%-%!

1.2.2 Graphene Field Effect Transistor Biosensors

A field effect transistor (FET) is a voltage-controlled device which is capable of
varying a current across a semiconducting channel by the application of an electric
field. In a graphene field effect transistor (GFET) the graphene sheet acts as the
semiconducting channel between two metal source and drain electrodes which lie atop
an electrical insulator such as SiO>. When charged biological molecules bind on the
surface of the semiconducting graphene sheet in the GFET there is a measurable
change in resistance. The GFET device is able to act as a real-time all electronic

biosensor based on this detection principle.



Figure 1.3 A graphene field effect transistor.

Ohno et al. successfully used a label-free GFET device to detect bovine serum
albumin 2!, Immunoglobulin E,'° and show that GFET’s have sensitivity under several
hundred picomoles per liter.> This recent work has shown that GFET biosensing
devices are promising candidates over CNT devices, however the graphene used in
these experiments was obtained through mechanical exfoliation. As discussed
previously, this method is not practical for cost and time effective production of a
GFET biosensing device.

The need for a cost effective POC graphene based biological sensor will require
the use of a GFET device which uses CVD graphene. Several groups are currently

6,23,24 and

experimenting with label-free GFETs which incorporate CVD graphene,
have successfully detected DNA hybridization,>* glucose oxidase,>* and glutamic
dehydrogenase.?? The detection limits of the glucose and glutamate sensors are
comparable to CNT,” and graphene based electrochemical biosensors which use
methods to obtain graphene other than mechanical exfoliation,”® however are still
inferior to nanowire,”’ and CNT?® based electrochemical biosensors. The recent
attention and work dedicated to the large scale production of high quality graphene

will likely show that graphene is a practical and superior alternative to other

nanomaterials which are incorporated into biosensors.



1.3 Thrombin Protein

Thrombin protein is produced by the body and has an important role in the blood
clotting or coagulation process,?’ and the regulation of tumor growth.° The selective
and sensitive detection of thrombin may be useful in surgical procedures and
cardiovascular disease therapy.? There have been many efforts to produce a sensitive
biological sensor for the detection of thrombin.?! In the past, thrombin has been
optically detected using a fluorescence based tag,! which we have previously
discussed as a slow and costly method for detection. In this paper we will address the
feasibility of a CVD graphene-based label-free FET biosensor to accurately detect

thrombin.



CHAPTER 2

Graphene Characterization Theory



2.1 Electrical Characterization

2.1.1 Drude Model for Metals

Three years after the discovery of the electron by J.J. Thomsen in 1897, P. Drude
constructed a theory of electrical and thermal conduction which applied the kinetic
theory of gases to metals.>*> The kinetic theory applied to metals assumes that electrons
behave classically, i.e., they can be treated like solid spheres which travel in straight
line paths until they collide with each other or imperfections in the solid. Drude’s
model can used to describe and quantify some of graphene’s unique electrical
characteristics.

Ohm’s Law, which can be explained using Drude’s model, states that the potential

Vacross a conducting wire is proportional to the current I flowing through the wire, or

V=IR 2.1)

where R is the resistance of the conducting wire, and is measured in Ohms or
equivalently Volts/Ampere. The resistance is independent of the magnitude of the
current or potential drop but depends on the wire’s dimensions.

If we assume that the current [ is distributed evenly over the cross sectional area
A of our conducting wire, then the current density is/ = I/A. If there exists an
electrical field E, it will exert forces on the moving charges and hence there should be

some functional relationship between E and J. This relationship can be expressed as

E = pJ 22)

where p is a proportionality constant called the resistivity. This constant eliminates the
dependence on the dimensions of the wire and is a measure of how well a conductor is
able to oppose the flow of an electrical current. Equation (2.2) is typically expressed in

terms of the inverse of the resistivity, or the conductivity o as
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] =0E (2.3)

This relationship is the macroscopic equivalent to Ohm’s law for a linear isotropic
homogeneous conductor and is often referred to as the microscopic form of Ohm’s
law. 3

If we again consider the case where there exists an electrical field E, there will be a
mean velocity directed opposite to the applied field. This average velocity is called the

drift velocity and is related to the electric field by

Vg = —leE (2.4)

where pu, is called the electron mobility and tells us how fast electrons can travel
through a conductor when an applied electric field E exerts a force on them.

Let us consider n number of electrons per unit volume all traveling at velocity v,
through a cross sectional area A. The electrons will move a distance v dt in time
dt and nvAdt electrons will pass through the cross sectional area A. The charge

passing through A in time dt will be —nmevAdt and the current density is

] = —nevy (2.5)

Using equations (2.3), (2.4), and (2.5) we can now relate the conductivity to mobility
by

o = ney, (2.6)
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2.1.2 Drude Model for a Semiconducting Sheet

Note that the equation for conductance is only valid when the conductivity is only due
to electrons. In a p-type semiconductor the conductivity is due to holes, in which case

the conductance is given by

o = peup (2.7)

where p is the hole density and p; is the hole mobility. In a semiconductor which

conducts by electrons and holes the conductivity is

o = e(nye + plp) (2.8)

Another useful quantity for describing the electrical properties of graphene is sheet
resistance, which is a measure of resistance of very thin films which are uniform in
thickness. Let’s consider a current I flowing uniformly through a wire conductor of
length L. The potential across that length will be V' = EL, and from eq. (2.2) gives V' =

pIL/A. Therefore, the resistance and resistivity are related by

L
R=p> (2.9)

If we now consider the cross sectional area A to have some width W and thickness ¢

then (2.9) becomes

L ol L
_ _pL_ L 2.10
R=prye=tw =By 2.10)

where R = p/t and is called the sheet resistance.
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2.1.3 Band Structure of Graphene
Free electron theory is an accurate model to predict the electrical characteristics of

graphene and other materials however it fails at describing the differences between

metals, semimetals, semiconductors, and insulators.

(a)  AEnergy
Conduction Band
Fermi level
A
- Fem_n level % &
O Conduction Band
5o
, =
C’S Unoccupied Orbitals
Valence Band Valence Band Occupied Orbitals
Insulator Semiconductor Conductor
Energy
A
(b)
ky
Conduction Band
Dirac Points

r M ,

|
K, \
% Valence Band

Figure 2.1 Energy Diagrams. (a) Insulator, semiconductor, and conductor energy
bands. (b) First Brillouin zone of a graphene lattice (left) and 3-dimensional
representation of graphene’s conical energy bands plotted as a function of
wavevector Kk (right). The Dirac points are located at the six K points in graphene’s

unit cell.

Band theory is able to provide an explanation of these differences. Electrons in the
free electron theory have discrete energies however in band theory the available
energy states form bands which are separated by regions in which no electron orbitals
exist. These forbidden regions are called band gaps. In insulators, the band gap

between the valence and conduction energy bands is very large. In conductors, the



13

valence and conduction bands overlap, and in semiconductors there is a small band
gap between the valence and conduction band which allows for unique thermal and
optical excitations. The band structure of graphene is very unique because its valence
and conduction band are symmetrical shaped cones which connect at a Dirac point.

This point subsequently means that graphene does not contain a band gap.

2.1.4 Graphene Field Effect Transistors

The Fermi energy level is an important consideration when discussing band theory and
GFET devices. The Fermi level quantifies the highest occupied electron energy level
at absolute zero temperature. The Fermi level can lie inside a band gap (where no
energy levels exist). In this case the Fermi energy, Er, is used in the Fermi-Dirac
distribution to calculate the probability that nearby energy levels are thermally

populated.

2.11)

F(E) = S@Fmimar 31

The quantity kp is Boltzmann’s constant, T is the absolute temperature, and E is the
energy level of the particle. For E — Er < 0, in the limit T — 0, the argument in the
exponential becomes minus infinity and makes the exponential term zero. Hence the
probability, f(E), that nearby energy levels less than the Fermi energy are thermally
populated is 1 at T = 0. For E — Er > 0, in the limit T — 0, the argument in the
exponential becomes infinity and makes the exponential term infinite. Hence the
probability, f(E), that nearby energy levels greater than the Fermi energy are
thermally populated is zero at T = 0.

In an intrinsic semiconductor like undoped silicon, the Fermi level is halfway
between the valence and conduction bands. This means that at absolute zero
temperature there are no electrons in the conduction band however at finite

temperatures some electrons have energies higher than the Fermi level and can reach
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the conduction band. The Fermi level in a GFET device can essentially be shifted by
applying a bias across one of the electrodes and the back gate.

As we have addressed previously, the graphene in a GFET device acts as the
semiconducting channel across two electrodes which all lie atop an electrical insulator
such as Si0,. When a bias is placed across the back-gate and the source electrode, the
device behaves like a parallel plate capacitor (Fig 2.2). For a device with parallel

plates both of area A and separated by distance d, the capacitance is

A
C = ereoa (2.12)

In the GFET device, A is the area of the electrode, d is the thickness of the SiO;
dielectric, €, is the relative static permittivity or the dielectric constant, and €,is the

permittivity of free space.

Bound charge in
polarized SiO,

Figure 2.2 Schematic of a GFET acting as parallel plate capacitor.

When we apply a back-gate voltage we are effectively creating a potential drop
between the graphene and the substrate. This results in a tunable shift in the Fermi
level of our device and allows us to dope the graphene without physically altering the
sample. This Fermi level shift dopes the graphene and is able to change it from either
p-type or n-type. This shift also leads to a very interesting and unique current vs. back
gate voltage curve (Fig 2.3). When the Fermi level coincides with the energy of the

Dirac point the graphene is neutral and conductivity is a minimum. If the Fermi level
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is greater than zero the conduction is by electrons, or n-type. If the Fermi level is less
than zero the conduction is by holes, or p-type. Doping can also occur as a result of
impurities such as oxygen or nitrogen present in the graphene lattice. Importantly for
this project, doping can also be induced by surface contaminants. These impurities
make the graphene n-type or p-type and shift the charge neutrality point or Dirac point

away from zero.

(b)

p-type conduction n-type conduction

f >
Vin Vg

Figure 2.3 (a) Schematic of a GFET device. (b) /-V; curve showing regions of hole
and electron conduction. The voltage threshold (V) is the charge neutrality point or
Dirac point, where the conductivity in the graphene sheet is a minimum.

2.1.5 Graphene Field Effect Transistors as Biosensors

By applying a liquid-gate voltage to an electrolytic solution in contact with the surface
of graphene, we can essentially make a GFET device behave as it does in open air.
Depending on the electrochemistry of the reference electrode, a certain applied voltage
will put graphene in the neutral charge state. If the liquid-gate voltage is greater than

or less than the charge neutrality point then positive or negative ions are concentrated
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at the sample surface and we are able to create a potential drop across the graphene
surface and the liquid-gate electrode, effectively producing a liquid-gated capacitance.

The total capacitance can be modeled as two capacitors in series

—+— (2.13)

where €, is the quantum capacitance and C; is the geometrical capacitance. The
geometrical capacitance is given by eq. (2.12) where d is a new quantity called the
Debye length. The quantum capacitance is related to the Fermi level shift and
subsequently, the potential drop across this capacitance controls the Fermi level
shift.3*

The GFET biosensor’s capabilities are limited by a few factors. One of those
factors is the Debye length. This is the distance away from the graphene surface for

which the GFET device is able to screen a charge. The Debye screening length in an

_ ’eeOkBT (2.14)
A= 2nZ%e? ‘

where n is the bulk concentration of ions in the solution, Z is the charge of the ion,

electrolyte is

and e is the charge of an electron. The Debye length can be approximated as

0.1M
[c]

1~ 0.96 nm (2.15)

where [ c ] is the molar concentration of the salt solution. In this project we are non-
covalently binding a pyrene linker molecule to the graphene surface. The pyrene linker

then binds to a thrombin aptamer molecule which specifically binds to thrombin
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protein. The pyrene and aptamer together are approximately 3-5 nm, so we essentially
need a solution of concentration which gives a Debye length greater than 5 nm so the
GFET device can screen and detect a charge when the thrombin protein binds to the

aptamer.

Vi
I
—TI—_I e Debye Layer

Figure 2.4 Schematic of a liquid-gated GFET device. Positive (or negative
depending on the applied liquid-gate voltage) ions near the surface of the graphene
make up the Debye layer.

The GFET biosensing device is highly sensitive to any fluctuations in local charge
distributions. It has been shown that charge trapping in GFET devices can be
detrimental to its performance.>> Charge trapping occurs when charges migrate into
the dielectric substrate. This results in a loss of mobility in the graphene sheet and
creates unwanted low frequency noise. Recently, Heller et al. have shown that for low
carrier densities the noise in a liquid-gated GFET device is dominated by charge
fluctuations near the graphene sheet and that the power of the charge noise in these
devices scales inversely with the device area and number of graphene layers.*®

Another factor that limits a GFET biosensing device is Faradaic currents. These
currents are created by the reduction or oxidation of molecules at the liquid-metal
interface. The result is a charge transfer occurring at the electrode surface creating
unwanted currents in the device. A measurement of these currents in the window of

the liquid-gate voltage is necessary to make sure that they are not dominant over
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currents associated with the graphene sheet. In general, Faradaic currents should be
less than 1 nA. For the experiment presented in this paper, Faradaic currents of 1 nA
are approximately 3 orders of magnitude smaller than currents in the graphene, and
therefore negligible. Faradaic currents can be alleviated by passivation, which entails
coating the top of the electrodes with a layer of oxide to reduce the interaction

between the electrode surface and the solution.

2.2 Raman Spectroscopy

The carbon atoms in a graphene lattice can be modeled as masses on springs where the
mass is the mass of the carbon atom and the spring is the bond between atoms. When
an incident photon strikes the graphene lattice an inelastic collision occurs and energy
is lost from the photon and transferred into the vibration of the lattice. This amount of
energy lost into the vibration of the graphene lattice can be quantified by calculating
the energy difference between the incident and reflected photon. This process is called
Raman spectroscopy and can tell us specific information about the structure of a
graphene lattice by simply observing the energy(ies) of reflected photons.

A Raman spectral analysis of a graphene lattice can reveal information about the
number of graphene layers present,?’ defects in the lattice,*® the amount by which the
graphene may be doped,*® and the angle at which double stacked graphene is rotated.*
There are three main peaks in the Raman spectra of graphene which are typically

labeled D, G, and 2D (Fig 2.5).
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Figure 2.5 Raman spectrum of graphene on a Si/SiO; substrate.

2.2.1 The G Band

The G peak or band is derived from the motion of two adjacent carbon atoms in the

plane of a graphene lattice,?’

and is a doubly degenerate phonon mode with Exg
symmetry at the Brillouin zone center.* When carbon bonds are stretched by strain
induced from interactions from a substrate or other graphene layers, graphene’s
hexagonal structure becomes asymmetrical.*> This G band is therefore highly sensitive
to strain effects in sp? carbons. The G band is observed both in graphene and in planar
lattice vibrations in highly ordered pyrolytic graphite which exhibit an optical
response at 1582 cm™!.*® In single layer graphene the G band is shifted up in frequency
to approximately 1580 cm™.3743

Recent studies using GFET devices have shown that Raman spectroscopy is a
valuable tool to characterize doping levels by observing the frequency and width of

the G band.***® These studies induced electron and hole doping in graphene by
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varying the gate voltage and observing the corresponding Raman spectra for each gate
voltage. Shifting the Fermi energy level from induced doping results in a change in the
equilibrium lattice parameter, and the excess charge results in an expansion or
contraction of the graphene lattice.** As we discussed previously, the G band is
sensitive to any strain induced on sp? carbons and subsequently results in a shift in
frequency and width.*> Other groups have discovered similar shifts in frequency of the
G band due to doping from aromatic molecules,*’ and from doping along the edges of

graphene.®

2.2.2 The D Band

The edges of graphene typically contain defects and are characterized by a D band in
the Raman spectrum around approximately 1350 cm™'.* Disorder induced Raman
features can also appear as a second band typically labeled D’ and occur around
approximately 1620 cm™'.*! D and D’ bands have been observed on graphene lattices
after inducing defects by the deposition of SiO,,*® and also by bombardment of the
lattice with electrons,* and Ar* ions.>® The causes of D and D’ bands are theorized to
be from vacancies, dislocated or dangling bonds in the graphene lattice,*® and from
certain crystallographic orientations of the graphene edges.’! Raman spectroscopy has
been valuable in characterizing defect and edge features in graphene as well as
graphitic materials in general.*!->%->2

In 1970, Tuinstra and Koenig quantified the evolution of disorder in crystalline sp?
clusters by using a ratio of the intensities of the D and G bands.> They found that the

ratios of the intensities of the D and G bands follow the relationship

Ip C)
Ig L

(2.16)

where L, is the crystalline size, and C(A) is a proportionality constant which depends

on the excitation laser wavelength.’> A new model proposed by Lucchese et al. uses
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the ratio I, /I; to quantify the density of defects, or the average distance, L, between
defects in graphene.’® This model shows that the ratio Ip/I; increases with increasing
Lp up to approximately 4 nm then decreases exponentially for L, > 4 nm.’° This
behavior is explained by the competition between two disorder mechanisms, and their

model can be used to quantify the relative importance of each mechanism.*°

2.2.3 The 2D Band

Similar to the G band, the 2D band is present in all types of sp? carbon materials and
displays a strong feature in the Raman spectra around approximately 2700 cm ! 373843
The D and 2D bands are activated by a double resonance (DR) process which involves
the coupling of two phonons with opposite wavevectors.>”>* This DR process results
in a dispersive relationship which consequently causes the 2D band to be dependent on
perturbations to the electronic and/or phonon structure of graphene and exhibit a
strong frequency dependence on the excitation energy from the laser.’734

Recent work has shown that the 2D band can be used to identify the number of
layers present in AB stacked graphene.*»>* As the number of layers increases the DR
processes increase until the shape of the 2D band eventually converges to that of bulk
graphite which results in two peaks.* It should be noted that this method for
identifying the number of layers is only well established for samples made from
mechanical exfoliation of HOPG which predominately have AB stacking, however
this is not necessarily the case for graphene obtained from other methods which may
have layers that are rotationally random with respect to one another.**->*

A common misconception is to assume that a large ratio between the intensities of
the 2D and G bands is a good method to distinguish between single or multilayer
graphene. Recent reports have observed the Raman spectra for SiO> doped single layer
graphene,* double-stacked rotated graphene,*’ and single layer graphene that has been
doped via a gate voltage,*> which show that the I,, /I, ratio and the position of the G

peak should not be used to estimate the number of graphene layers. This is contrary to

what was previously suggested by Gupta et al.,>® and Graf et al.”’
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The 2D band, like the G band, is sensitive to doping,**® however the bands
show different dependencies on doping levels.*>*¢ These dependencies show that the
ratio I,p /1 is a strong function of doping induced by a gate voltage and is therefore

an important parameter to estimate doping densities in graphene.*
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3.1 Graphene Growth

CVD grown graphene was used for the experiments performed in this paper and was
obtained via a CVD system at Oregon State University and from Nanotechnology
Biomachines, Inc.

The CVD growth of graphene at Oregon State University was performed under
vacuum in a 4 inch furnace. A high purity (99.8% trace metals basis obtained from
Alfa Aesar) copper foil was used as a substrate for the deposition of graphene. The
copper foil was prepared by a “standard” and “pita-pocket” method. The standard
method is simply a square or rectangular section of copper small enough to be inserted
into the 4-inch quartz tube. These squares were typically 2 x 2 inches. The pita-pocket
method uses a rectangular piece of copper that is folded and sealed on all but one side
creating a pocket for a second piece of copper to be inserted inside of it. The
remaining side is then sealed enclosing the copper foil.

Before inserting the copper foil, the furnace pressure was pumped down to ~107°
Torr and flushed with a mixture of Ar and H». This ensures that the system is free of
contaminates and leaks before the growth process. We then raised the growth chamber
pressure to atmospheric pressure and inserted the copper foil into the center of the
quartz tube. The system was sealed and the pressure inside the growth chamber was
pumped down to ~107° Torr. All three stages of the growth process are done under
high vacuum at ~107® Torr. A typical anneal was performed at 1000 °C while flowing
~30-70 SCCM of H> for 60 minutes. This removes oxygen and other contaminates
from the growth chamber and copper foil before the growth process. The growth stage
was performed at 1000 °C while flowing ~50-70 SCCM of H; and 2 SCCM Methane
for 20 minutes. The furnace was then cooled to 200 °C while flowing the same growth

gases.
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Figure 3.1 SEM image of graphene on copper foil. This graphene was obtained from
Nanotechnology Biomachines, Inc.

3.2 Fabrication of Graphene Field Effect Transistors
3.2.1 Graphene Transfer Process

After the growth process the copper foil was cut into 2 x 2 cm squares. One side of the
copper was spun coated at 4000 rpm for 1 minute with 2% polymethyl methacrylate
(PMMA) in a solution of Anisole. The samples were then placed into a copper etchant
(type CE-200) bath with the PMMA side facing upward for at least 12 hours. The
etchant removes the bottom layer of graphene and copper foil, leaving the top layer of
graphene and PMMA. A diluted hydrochloric acid bath was also used as an etchant.
Graphene samples were placed a bath consisting of DI water, HCI, and H,O, with a

45:5:1 ratio for 12 hours. This etchant resulted in tearing a majority of the graphene
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samples. A shorter time period, or a more diluted concentration of HCl and H,O;
might result in less tears.

After etching, the samples were transferred to 3 separate deionized (DI) water
baths for approximately 30 minutes each, then to a final DI water bath for at least 12
hours. A fresh silicon wafer was used to transfer the samples. After each transfer the
silicon wafer was cleaned with acetone, isopropyl alcohol, DI water, and then dried
with ultra-high purity N». All glassware used in the transfer process was cleaned using
the same process.

The silicon substrates used in the biosensing experiments were obtained from
WRS Materials and were p-doped with a 500 nm top layer of thermal oxide. The
Si/Si0, wafers were cut into 2 x 2 cm squares, large enough to accommodate the
metal electrode pattern. The Si/SiO, wafers were cleaned with acetone, isopropyl
alcohol, DI water, and then dried with ultra-high purity N> before the transfer process.
The graphene with PMMA was then transferred to the Si/Si0, wafer. The wafer was
dried from the center of the graphene outward, using low pressure ultra-high purity N
to aid in the adhesion of the graphene to the substrate. The samples were placed in a 1
inch furnace in open air at 30 °C for 4 hours before the removal of PMMA to ensure
that the graphene was properly adhered to the substrate. PMMA was removed in the

same | inch furnace in open air at 350 °C for 4 hours.
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(c)

Figure 3.2 Graphene transfer process. (a) Graphene is grown via CVD on copper
foil. (b) PMMA is spun on top of graphene. (¢) Copper foil is removed with an
etchant bath. (d) Graphene with PMMA is transferred to Si/SiO, substrate. (e)
PMMA is removed.

3.2.2 Device Fabrication

The scale of the devices required the use of alignment marks to ensure that graphene
would be properly aligned across the electrode gaps. Alignment marks were pattered
onto the Si/Si0; substrate using photolithography and a metal deposition. The samples
were spun coated with LOR3A at 4000 rpm for 45 seconds then baked on a hot plate
for 4 minutes at 190 °C. The LOR3A under layer aids in the process of metal lift off.
S1813 photoresist was then spun coated at 4000 rpm for 30 seconds and baked on a
hot plate for 90 seconds at 115 °C. A contact aligner was used along with an
appropriate alignment mark mask to expose the samples for 4.5 seconds. The samples
were developed in AZ-726 for 90 seconds and rinsed in a short DI bath. 20 nm of
chrome was deposited using an electron beam (e-beam) metal evaporator. The samples
were then placed in PG remover for at least 12 hours at 70 °C to remove any

photoresist and excess metal. Each sample was cleaned with PG remover, isopropyl
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alcohol, DI water, and then an ultra-high purity N> blow dry after they were taken out
from the PG remover.

The second step in the process is to etch away all of the graphene from the
substrate except where it is located across the electrode gaps. The photolithography for
this step is identical to the alignment mark procedure except for the under layer, and
the type of mask used. In lieu of LOR3A, P20 primer was spun coat at 4000 rpm for
30 seconds. An appropriate mask that was designed to etch away the graphene was
used in the contact aligner during the exposure. After developing in AZ-726 for 90
seconds and rinsing in a short DI bath, the samples were ready to be placed in an O,
plasma etcher. The plasma etching chamber was cleaned by running the system empty
for 4 minutes. The samples were then placed in the plasma etcher for 4 minutes.

The last step in the fabrication process is the deposition of the metal electrodes.
The photolithography and metal deposition procedures for this step are identical to the
alignment mark procedure except for the type of mask and metal used. An appropriate
mask designed for electrodes was used in the contact aligner. During the e-beam metal
deposition a 1.5 nm layer of chrome was deposited first and acted as the sticking layer.
30 nm of gold was then deposited on top of the chrome to create the bulk of the metal

electrodes.
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Figure 3.3 Device fabrication process for biosensing devices. (a) Photoresist is spun
onto Si/SiO; substrate. (b) The photoresist is patterned for alignment marks and
developed. (¢) Chrome alignment marks are deposited via e-beam metal evaporation
and remaining metal and photoresist are stripped. (d) Graphene is transferred to
Si/Si0, substrate, PMMA is removed, and photoresist is spun on top of graphene. (e)
Photoresist is patterned and developed for graphene etching. (f) Graphene is removed
via O plasma etching, and remaining photoresist is stripped. (g) Photoresist is spun
onto sample. (h) Photoresist is patterned for electrodes and developed. (i) Gold
electrodes are deposited via e-beam metal evaporation and excess metal and
photoresist are stripped.

A preliminary and secondary set of devices were fabricated for the experiments
performed in this paper. The secondary sets of devices were used in the biosensing
experiments. In the preliminary set, alignment marks were patterned after graphene
was transferred to the Si/SiO; substrate. The graphene used for the preliminary devices
was grown via CVD at Oregon State University, and the graphene width across the 4
um electrode gaps was 32 um. For the biosensing devices, contamination of the
graphene surface through an extra photolithography step was avoided by patterning
alignment marks on the Si/SiO, substrate before the graphene was transferred. The
graphene used for the biosensing devices was obtained from Nanotechnology
Biomachines, Inc., and the graphene width across the 4 pum electrode gaps was

reduced to 3 um.
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3.3 Functionalization of Thrombin Aptamer

Amine reactive 1—-pyrenebutanoic acid succinimidyl ester (PBASE) was obtained from
Invitrogen and functioned as the linker molecule between the graphene surface and
thrombin aptamer. PBASE has been used in the past for both carbon nanotube'® and
graphene!® functionalization. The PBASE non-covalently binds to the graphene
surface via m stacking. GFET devices were immersed in a methanol solution of SmM
PBASE for 1 hour at room temperature to achieve functionalization with the graphene
surface. The devices were rinsed with methanol then immersed in a 20 mM 2—
morpholinoethanesulfonic acid (MES) solution with 1 nM thrombin aptamer for 12
hours at room temperature. The custom synthesized thrombin aptamer DNA
oligonucleotide was obtained from Integrated DNA Technologies and the base
sequence was 5’—/5SAmino C6/GGT TGG TGT GGT TGG-3’. The oligonucleotide
came synthesized with an amine group which reacts with the amine-reactive PBASE
molecule. A final rinse with 20 mM MES solution at room temperature was performed
to remove any reactive groups that may have remained on the graphene surface. The

thrombin protein from human plasma was obtained from Sigma—Aldrich.
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Figure 3.4 PBASE (green) on graphene sheet, thrombin aptamer (middle) and
cartoon rendering of thrombin protein (top).

3.4 Electrical Measurements and Microfluidics

Electrical measurements were performed inside a Faraday cage for the reduction of
noise. All probe needles were insulated and had their shielding grounded to a common
point. This common point was also the location for all other ground connections. The
source-drain voltage was supplied by a Stanford Research Systems (SR570) pre-
amplifier. The source-drain voltage for all measurements performed in this paper was
25 mV. The current was measured with the SR570 current pre-amplifier which

converted the current to a voltage and output the signal to a National Instruments
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DAQ (NI USB 6251) analog to digital converter. Liquid and back-gate voltages were
supplied with a Yokogawa GS200 DC voltage/current source.

Thrombin protein was delivered to the GFET device via a microfluidic mass-flow
system. The microfluidic channel was made from polydimethylsiloxane (PDMS) and
created a temporary seal which enclosed the electrode gaps. An N> gas cylinder
provided pressure to a syringe full of solution which pushed the fluid through the
microfluidic channel. The PDMS stamp and Ag/AgCl top-gated reference electrode

were held in place with an acrylic fixture.

Pressure
Regulator

pDMS StamP

Figure 3.5 Microfluidic experimental setup.
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4.1 Preliminary Devices

Electrical measurements were taken on the preliminary set of devices to observe their
electrical characteristics in both open air and liquid environments, and to determine if
they were suitable for a biosensing experiment.

All measurements taken in open air were back gated. Initial -electrical
measurements showed a back gate response in open air. The charge neutrality point
was beyond Vg = +200 V, which suggested that the device was heavily p-doped. The
anomaly in the transistor curve shown in Fig 4.1 (a) around the range of 180-200 V
was believed to be an effect of the voltage amplifier and not related to the device’s
electrical characteristics. The open-air gate response also shows evidence of hysteresis.
Hysteresis phenomena are thought to be the result of charge trapping,* or altering the
surface dipole moment near graphene which may occur from tape residues,®

6061 o e-beam resist.>® In later AFM scans we observed a residue

atmospheric water,
on the surface of our graphene which was believed to be from the photolithography
processes. The hysteresis we observed may therefore be a result of that residue, or
from charge trapping near the graphene.

To measure devices in liquid, a PDMS stamp was fitted to the GFET device as
described in section 3.4. The device was flushed with ethanol, and then a PBS buffer
(pH 7) was added to observe the liquid gated response. Faradaic currents were
measured and were less than 1 nA. The Faradaic currents dictate the range of the
liquid gate voltage. Beyond these ranges, Faradaic currents are greater than 1 nA and
can no longer be neglected in comparison to the current in the graphene channel. The
charge neutrality point was outside the range of the liquid gate voltage, suggesting that

our device was heavily p-doped. Compared to the open-air measurements, there was

higher conductance, and a larger on/off ratio (data not shown).
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Figure 4.1 Electrical characteristics of a preliminary GFET device in open air (a) and
in a PBS buffer (b). The blue arrows indicate the direction the gate voltage was
swept.

4.1.1 Effects of an Anneal Process

A preliminary GFET device was annealed to clean the graphene surface and observe
any changes in its electrical characteristics. The GFET was annealed at 500 °C while
flowing 1 SLM Ar and 0.45 SLM H> for 20 minutes. A gate response was observed in
open air before the anneal (Fig 4.2a). We observed a lower on/off ratio compared to
the open-air gate response of the GFET in the previous section. The charge neutrality
point was outside the range of the gate voltage, suggesting that the device was heavily
p-doped. After the anneal, the device was fitted with a PDMS stamp, flushed with
ethanol, and immersed in a PBS buffer (pH 7). Faradaic currents were measured and
were less than 1 nA. The GFET device exhibited a gate response, however, the charge
neutrality point was beyond the range of the liquid gate voltage. The on/off ratio of the
liquid gated annealed device was much smaller compared to the open-air electrical

response.
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Figure 4.2 Electrical characteristics of a preliminary GFET device in open air before
anneal (a) and in a liquid environment after an anneal (b).

Based on these results it was difficult to say whether an anneal improved the
electrical characteristics of our devices. An important factor in a biosensing
experiment is to the see the shift in the charge neutrality point before and after a
molecule has bound to the surface of the graphene sheet. Therefore, it was
disappointing that we could not access the charge neutrality point in our preliminary
devices.

We were unable to see a charge neutrality point in a liquid environment in all the
experiments performed on our preliminary devices. Therefore, we decided to make a
second set of devices, revise the photolithography process, and modify one step in the
process. In this second set of devices, the alignment marks were deposited on the
Si/S10, substrate before transferring the graphene. This limited the graphene’s
exposure to photolithography steps. Photoresist only contacts the graphene twice
instead of three times, thus limiting the amount of residue that may contaminate the

graphene surface.

4.2 Biosensing Devices
Electrical measurements were taken on the second set of GFET devices to observe
their electrical characteristics and determine if they were suitable for biosensing

experiments. The GFET device was back gated and showed a response similar to what
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we observed previously. The charge neutrality point was still beyond the range of the
gate voltage; however, the on/off ratio was twice as high as observed with the
preliminary set of GFET devices (Fig 4.3a). There was evidence of hysteresis,

suggesting that the graphene may have had residue on its surface.>’
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Figure 4.3 Electrical characteristics of a biosensing GFET device in open air (a) and
in a PBS buffer (b). The blue arrows indicate the direction the gate voltage was
swept.

The device was annealed before it was immersed in a liquid environment. The
GFET was annealed at 400 °C while flowing 0.85 SLM Ar and 0.95 SLM H; for 1
hour. The GFET was then fitted with a PDMS stamp, flushed with ethanol, and
immersed in a PBS buffer (pH 7.2). Faradaic currents were measured and were less
than 1 nA. The liquid gated GFET device exhibited a gate response with a charge
neutrality point within the liquid-gate voltage range. This data suggested that these

devices were suitable for a biosensing experiment.

4.2.1 Effects of an Anneal Process

A fresh device from the same batch was chosen to attempt a thrombin biosensing
experiment. First, the GFET was annealed at 400 °C while flowing 0.85 SLM Ar and
0.95 SLM Ho> for 1 hour. The intention of this anneal was to improve the thrombin

aptamer functionalization scheme by cleaning the surface of the graphene.
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An AFM image of the graphene channel in the GFET device before the anneal
shows that the average height of the graphene surface above the substrate is ~2—3 nm.
The corresponding height profile shows that there are large ~1—4 nm structures on the
graphene surface. There is also a fencing like structure ~4 nm in height which can be
observed on the edges of the graphene in the AFM image. This fencing structure is
believed to be from a combination of the graphene plasma etching, and electrode

photolithography processes.
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Figure 4.4 (a) AFM image of graphene channel in GFET before anneal and
corresponding height profile marked by blue line. (b) AFM image of graphene
channel in GFET after anneal and corresponding height profile marked by blue line.
The electrodes are located in the top and bottom ~0.5 pm portions of both AFM
images. A color map of the height range is located at the left of each AFM image.
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The AFM image of the graphene channel after the anneal shows a drastic
improvement in height characteristics. A height profile was taken at the approximate
location of the height profile from the pre-anneal AFM image and shows that the
average height of the graphene surface above the substrate after the anneal was
reduced to ~0.5 nm. The height profile also shows that the fencing structure
surrounding the graphene edges was reduced by as much as 3 nm. Comparing the two
AFM images we can see that there was a thin coat of residue on the graphene surface
before the anneal, and that most of this residue was removed after the anneal.

Raman spectra were attained for the graphene channel in the GFET device before
and after the anneal. A 532 nm laser with an excitation energy of 2.33 eV was used to
record the spectra in ambient light conditions. The laser was positioned in the same
spot in the graphene channel before and after the anneal. The Raman spectra suggest

that the graphene in the GFET channel is most likely double or multi-layer.*’->2
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Figure 4.5 (a) Raman spectra of graphene channel in GFET device before (blue) and
after (red) an anneal. (b) The G and 2D band shifts resulting from the anneal process.

Recent studies performed on electrochemically top gated GFETs have shown that
the positions of the G and 2D bands, as well as their FWHM exhibit clear
dependencies on hole and electron doping.*® The Raman spectra for the graphene
channel in our GFET device show that there was a significant shift in the positions of
the G and 2D bands. The G peak position in our Raman spectra increases from 1588
cm™! to 1597 cm™', and the FWHM decreases in line width from 26 to 24 after the
anneal process. This shift in the position and stiffening of the G peak are characteristic
of doping effects,* however cannot be used alone to distinguish between electron and

hole doping.*
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As experimentally determined by Das et al., the position of the 2D peak decreases
for an increasing electron concentration and therefore allows the 2D peak position to
distinguish between electron and hole doping.*> The 2D peak position in our Raman

spectra increases from 2684 cm™ to 2690 cm!

, suggesting that the electron
concentration decreased, resulting in a device that was more p-type after the anneal.
The ratio of the 2D and G peak intensities also show a clear dependence on
electron concentration.*> This ratio decreases from 0.88 to 0.61 after the anneal and
suggests that the anneal was responsible for changing the doping level of the device. *°
The ratios of the D and G peak intensities only varied slightly from 0.30 to 0.37,
suggesting that no significant defects were introduced into the graphene lattice during

the anneal process.>

4.2.2 AFM Observation of Thrombin Aptamer Functionalization
After the anneal of the GFET as described in section 4.2.1, PBASE and thrombin

aptamers were functionalized on the graphene surface using the methods described in

section 3.3.
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Figure 4.6 (a) AFM image of bare graphene channel in GFET and corresponding
height profile marked by blue line. (b) AFM image of aptamer modified graphene
channel in GFET, and corresponding height profile marked by blue line. The
electrodes are located in the top and bottom ~0.5 um portions of both AFM images.
A color map of the height range is located at the left of each AFM image.

An AFM image of the bare graphene channel before functionalization shows that
the height of the graphene above the substrate is ~0.5 nm. There are particles on the
graphene sheet which are present in both the AFM image and height profile, however
the average height of the graphene surface is ~0.5 nm. After functionalization of the
PBASE and thrombin aptamer the height profile of the graphene surface increased to
~3 nm, suggesting that the thrombin aptamer was bound to the PBASE on the
graphene surface. The AFM image of the aptamer modified graphene shows that some

thrombin aptamer and other particles were introduced to the left and right of the
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graphene channel on the bare substrate. This is most likely a result of the

functionalization process contaminating the surface.

4.2.3 Thrombin Biosening

A microfluidic channel was fitted to the aptamer modified GFET and the flow system
was set up according to Fig 3.4. Before the biosensing experiment was performed, the
device was flushed with ethanol for 20 minutes to check for leaks, clean the
microfluidic channel, and remove any air that may have been in the flow system.
After flushing the system, a ImM MES buffer (pH 7.21) was added and we searched
for a device with ideal sensing characteristics, i.e., a device which had a steep current
(/) vs. liquid-gate voltage (V)z) curve. When the protein binds to the aptamer on the
graphene surface it is essentially shifting the Fermi energy and hence changing Viz. On
the steepest part of the / vs. Vjg curve, any small change in Viz will result in a large
change in / and allow us to observe a measurable change in current when the protein
binds to the aptamer during the sensing experiment.

Faradaic currents were measured and were less than 1 nA. The aptamer modified
device was p-doped with a charge neutrality point at approximately 200 mV prior to
the sensing experiment (Fig 4.7a). The source-drain voltage was set at 25 mV. Vi, was
fixed at 50 mV and the current was observed over approximately 5 minutes to make
sure there were no transient currents or excessive noise. 100 nM thrombin in a 1 mM
solution of MES buffer was then added to the system. Approximately 13 minutes after

the addition of thrombin there was a significant change in current (Fig 4.7b).
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Figure 4.7 (a)  vs. Vi, curve of the GFET device in a MES buffer. Positively charged
thrombin protein causes the threshold voltage to shift in the negative direction,
making the device more n-type. (b) Current vs. time for the aptamer modified GFET
device during the thrombin biosensing experiment. The sharp spikes around the
introduction of thrombin and the MES buffer are noise associated with switching of
the syringes.

This change in current can be partially attributed with the positively charged
thrombin protein attaching to the thrombin aptamer. The solution of thrombin protein
also contained a small concentration of the protein Bovine Serum Albumin (BSA).
The total change in current may therefore be attributed to BSA, thrombin and other
materials in the thrombin solution binding to the substrate surface, as well as thrombin
protein attaching to the thrombin aptamer. The positively charged thrombin is
expected to repel positive carriers from the p-type graphene, thereby reducing the
current in the channel.

Immediately after the detection event there was a sharp decrease in current which
eventually tapered off after approximately 5 minutes. This sharp decrease in current
can be associated with the rapid delivery of thrombin protein to the bare aptamer
modified GFET device. After the binding sites began to be filled, fewer vacant sites on
the aptamer modified graphene surface were available and the rate of binding slowed.
At approximately 55 minutes the device was near saturation, i.e., there were no more
binding sites available for the thrombin protein. A 1 nM MES buffer was then added
to the system. The introduction of the MES buffer caused a sharp increase in current

which can be associated with thrombin protein being removed from the aptamer
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modified graphene surface. The signal stabilizes again at approximately 70 minutes,
i.e., all the protein that was bound to the aptamer modified graphene surface had been
removed.

In Figure 4.7b it is apparent that after the device was saturated at approximately 70
minutes the current did not increase to the initial current before the addition of the
thrombin. We should expect the current to increase to its initial value after the addition
of the MES buffer if the total change in resistance is attributed entirely to the thrombin
protein binding to the aptamer modified graphene surface. The overall change in
current from ~4 pA to ~3.5 pA may be attributed to BSA, thrombin, and other
materials present in the thrombin protein solution that were tightly bound to the

substrate surface near the graphene channel and were unable to be removed by the

MES buffer.
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5.1 Conclusion

The main objective of this project was to address the development of a fabrication
method for CVD graphene-based FET biosensors. The successful development of
these devices was demonstrated by the detection of thrombin protein. It was found that
an initial device fabrication process was not suitable for biosensing applications due to
heavy p-doping and surface contamination. These problems were mitigated by using a
new source of CVD graphene, limiting graphene’s exposure to photoresist, and an
annealing process before the aptamer functionalization scheme. Future work could be
performed to observe specific detection, and to determine the detection limits of the
device by modulating the concentration of thrombin protein in the mass transport
system. The successful detection of thrombin protein with these devices shows that
CVD graphene-based FET devices may be promising candidates for the

commercialization of a portable and accurate POC biosensing device.
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