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Graphene has gained much attention as a biosensing material since its discovery and
characterization due to its highly sensitive electronic properties. Reported work on graphene as a
biological sensor has focused on solution-gated graphene transistors (SGGFETS) that can
measure the perturbed channel conductivity in response to environmental changes in the
proximity of the graphene surface. Electrodes present a simpler method of biological detection,
both from the operation and the fabrication standpoint. Investigation of graphene’s
electrochemical properties has reported higher electron transfer Kinetics occurring at the edges
than at the basal plane of the carbon allotrope. Yet, inconsistencies in sample preparation impede

an accurate comparison of electrode performance.

This thesis examines the fabrication and characterization of graphene microelectrode arrays
made with a variety of graphitic materials that exhibit differences in the number of layers,
domain size, defects and substrate. We examine, for the first time, the electrochemical properties
of Van der Waals CVD graphene grown on sapphire substrates and electrode arrays made on
epitaxial graphene grown on silicon carbide. We find no significant performance differences
with mono-, bi- and multilayer graphene, but do observe microelectrode edge effects becoming
more dominant in multilayer devices as they are scaled down. CVD graphene on sapphire, with
domain sizes as small as 100-200 nm, show higher sensitivity and epitaxial electrodes display the

lowest detection limit (1uM) and fastest electron transfer kinetics, with the latter presumed to be



effect of the high degree of corrugation in the material and consistent with reports that higher
curvature leads to faster kinetics [1]. To further examine the effect of the edges, we patterned
electrodes of the same area varying only the perimeter. For clean electrodes, the perimeter to
area ratio had little effect on the electrode sensitivity. However, after exposure to a low-power
30-second ozone plasma, the electrode sensitivity and electron kinetics improved, increasing by
almost by two-fold with increasing electrode length. This result is consistent with the graphene
edges becoming more electroactive through functionalization and result implies that graphene
electrode sensitivity can be increased by functionalization and optimization of the electrode

geometry.
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CHAPTER 1

INTRODUCTION

Graphene has come to the forefront of semiconductor research due to its highly cited and
impressive list of electrical, mechanical and optical properties, which are far more remarkable
than silicon. As the physical limits of downscaling have hindered Moore’s Law, widespread
resources have been allocated to alternative materials innovation and novel device designs to
sustain trends in the industry. It doesn’t come as a surprise that since its isolation in 2004 and
the discovery of its outstanding electrical and mechanical properties, graphene has become a
promising contender for the replacement of channel material in conventional field effect
transistors. As such, the literature has exploded in a plethora of studies detailing everything from
its conductance modulation to its charge transfer properties. The latter have received vast
interest, as there is enormous potential for the material to work as an electrode material, with
energy storage/conversion, biodetection and electrochemical applications in mind. To this end,
the electron-transfer characteristics of graphene have been studied. Yet, to this date, complete
understanding of the electrochemical properties of the two-dimensional carbon allotrope has not
been gained. Much controversy still remains in regards to the relative electrochemical activity of

the edge planes and basal plane of graphitic samples [1-5].

Much of the reported inconsistencies in the electrochemical behavior of graphene stems from
irregularities seen in sample and process preparation [6]. The introduction of defects, dopants,

cracks and event substrate choice can and will largely shift the properties of the material, as its



two-dimensional lattice is easily and strongly perturbed with small changes. Regardless, its other
intrinsic  properties, such as transparency, flexibility, Dirac-point modulation and
biocompatibility, among others, have made it a front runner for biosensing applications,
particularly electrochemical detection. Graphene is the first truly 2D crystal ever observed in
nature. The existence of 2D crystals had often been doubted in the past. It has defied the
Mermin-Wagner theorem which states that a 2D crystal loses its long-range order, and thus

melts, at any small but non-zero temperature, due to thermal fluctuations [7].

1.1 Carbon versus Silicon and Other Materials

Most of the electrodes used in electroanalytical chemistry are based on metals, such as gold,
platinum, bismuth, palladium, rhodium, copper, nickel, ruthenium and silver. These materials
have a broad potential range, are readily produced, have low background current, low cost, rich
surface, are suitable for various sensing and detection applications, and provide robust

reproducible results [8, 9]. They can also be easily functionalized to add selectivity.

Despite their advantages, these materials are limited by their rather low hydrogen overvoltage for
Pt, Au, Ru, Ag and others [8-12] (given a metal electrode and a reversible hydrogen electrode in
the same solution, the hydrogen overvoltage is the potential difference between the hydrogen’s
equilibrium reactions in a solution and the hydrogen itself present in the solution when it begins
to form a corrosive reaction with the metal electrode- a higher overpotential implies a slower
corrosion reaction). Some of these materials also have the tendency to form surface oxides or
readily dissolve. Oxides will generally interfere with the electron transfer reaction while
dissolution of the metal in fluid may react with the analyte and give rise to unexpected behavior.
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Of the noble metals, gold and platinum are the most commonly used, usually in the form of a
wire or planar disc. Both materials exhibit a rather large anodic potential (potential at which the
metal electrode starts to oxidize or break down into its ions, accepting its negative ions) range
and very favorable electron transfer kinetics, but they also both display a cathodic potential
(potential at which the metal electrode starts to reduce, or accept its own positive ions) range that
is limited in the presence of aqueous solutions as compared to mercury electrodes [9, 10, 12]. Pt
is advantageous due to its corrosion resistance and very clear separation of the potential regions
for oxygen and hydrogen, but Au is more inert, and hence less likely to bear oxide formation or
surface contamination, both important factors in the validity, reproducibility and stability of a

measurement.

Carbon has several advantages over its solid-state electrode counterparts. Generally, it has
slower electron transfer kinetics [12-14], but this also grants the material a wider potential
window of operation (window at which electrode is not oxidizing or reducing into its constitutive
ions). Other advantages include low cost, relatively inert electrochemistry, low background
current and electrocatalytic activity for a variety of redox reactions [15]. Specifically, the
oxidation and reduction of organic and biological molecules has been shown superior on carbon-
based materials to those found in noble metals [16]. All carbon-based electrode materials exhibit
the traditionally seen six-atom aromatic ring and sp? bonding with differing ratios of the edge to
basal planes. The edge plane has been experimentally found to display faster electron transfer
kinetics than the basal plane, as the high degree of delocalized m electrons, the weak Van der
Waals forces and unterminated dangling bonds provide better electrical conductivity than the

basal plane. Thus, the transfer kinetics for a specific redox analyte have been found to change



with different edge-to-basal plane ratios, with the edge plane carbon-based electrodes showing
nearly reversible reactions (and voltammogram) and most basal plane electrodes depicting
irreversible behavior [17-19]. One major advantage of carbon-based electrodes is that they do not
interact with analytes or deposited compounds during electrolysis, eliminating errors derived

from such reactions.

Carbon’s diversity as an electrode material is rooted in its structural polymorphism [16]. Carbon-
carbon bonds are extremely strong and chemically stable both inter-atomically and with other
surface modifiers. The type of bond dictates not only the type of carbon material, but also its

dimensionality.

There have been extensive studies and reviews of carbon electrode materials such as graphite,
glassy carbon and carbon black [20]. However, recent years have brought on a new wave of
essential innovations that have significantly enhanced the application of this excellent electrode
material in organic and biological electrochemistry. Carbon nanotubes electrode arrays,
fullerenes, carbon films deposited via chemical vapor deposition, boron-doped diamond,
graphene and other microfabricated structures have enabled novel applications in electroanalysis

and electronics.

1.2 Forms of Carbon

Carbon is the elementary unit of graphene and other carbon allotropes, such as diamond, graphite
and fullerenes. This element has 6 protons, 6, 7or 8 neutrons and 6 electrons. Carbon isotropes
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with 6 or 7 neutrons are stable whereas those with 8 are radioactive. Most importantly, carbon is
the building block of all organic molecules and responsible for life on Earth. It is hence,

inherently, a biocompatible material in of itself.

In its ground state, the 6 electrons are in the 1s*2s°2p? configuration. Two electrons fill the
innermost orbital 1s and the other 4 occupy the 2s and 2p orbitals. As an isolated system, it is
energetically favorable to put 2 of the electrons in the 2s orbital and 2 in the 2p orbitals.
However, in the presence of other carbon, oxygen or hydrogen atoms, it is energetically
favorable to excite one electron from the 2s into the 2p orbital and form covalent bonds with the
other atoms; as such the bonds are very strong. The gain in energy from this covalent bond is

larger than the required energy of excitation. This is depicted in figure 1.1.

6 protons +
6 neutrons

' T 2p, 2p, 2p, 1 T T

F 3 ’ N ’ '
1L 2 1
%% o @ protons

Q neutrons |‘ | ls ‘I |
° @ electrons

Carbon atom

Figure 1.1 Representation of the carbon atom (left) electron arrangement of isolated carbon atoms (center) and in
the presence of other atoms (right)

There are four energetically equivalent quantum-mechanical states, |2s), |2p,), |2py> and |2p,).

A quantum-mechanical superposition of the state |2s) with a |2p) state is called sp"

hybridization and it is critical for covalent bond formation.



1.2.1 The sp* hybridization
In the sp* hybridization, the |2s) state hybridizes or mixes with one of the |2p) (let’s say, 2py)

orbitals. The other 2p orbitals (2p, and 2p,) remain unaffected. The symmetric and anti-

symmetric combinations of these states produce a new hybrid state.

Isp+) = 5 (125) + [2px) , Isp-) = = (125) — 12py) (1)

The sp* orbitals overlap to form the covalent ¢ bond of the acetylene molecule. The remaining 2p

orbitals form two additional = bonds, which are weaker than the ¢ bond. This is depicted in

figure 1.2.
®© 9  Soe®-
2s! 2p,! -
H—C - C —H
m -bonds
©® oo OO v+ <P
’ ¢ -bond H

\/ 1800

Figure 1.2 sp* hybridization and representation of the acetylene molecule, with one covalent bond and two
additional = bonds

1.2.2 The sp® hybridization: Graphitic allotropes

In the sp? hybridization, the |2s) state hybridizes with two of the |2p) orbitals to form 3

hybridized orbitals. The sp? hybridization is planar in the xy-plane and the orbitals are oriented
6



120- from each other. The benzene molecule is an example of sp® hybridization. Six carbon
atoms form a hexagon, with each carbon atom bonded to two others and to a hydrogen atom
through a o bond. The remaining 2p, orbitals are perpendicular to the plane and form 3 = bonds.
The resulting double bonds alternate with single bonds. The quantum-mechanical state of the
benzene ring is depicted in figure 1.3. It is a superposition of the two possible arrangements of

the single and double bonds around the benzene ring which differ by the position of the & bonds.
\ | p
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f |
|
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2 20! 2p,’ " : > < :
b d »

Figure 1.3 Depiction of the sp? hybridization and formation of a 6-carbon ring typically seen in graphitic allotropes

The quantum-mechanical states given by the hybridized |2s) state with two of the |2p) orbitals

are given by:

Isp?) = = (125) — =2p,), (1.22)
2 1 2 (V3 1

598 = 2 (129) + [2(Z[2pa) +2[2py) ) (1.20)

|sp3) = —=(125) + \E(—?Pm) +3]2p,)) (1.20)

Graphene can be thought of as a collection of benzene rings that have been tiled next to each

other. The hydrogen atoms, however, have been replaced by carbon atoms from the neighboring
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hexagons and the « electrons are now delocalized over the whole lattice.

A graphene sheet is the building block of all graphitic compounds. Theoretically, it has existed
for a very long time, but experimentally has gained most momentum since 2004, when it was
successfully isolated [21]. Graphite, a stacking of graphene sheets has been around much longer.
The sheets stick together through Van der Waals forces which are weaker than the in-plane
covalent bonds. Graphite is considered the 3D graphitic allotrope, whereas graphene is

considered the 2D. Figure 1.4 depicts graphene and graphite.

@, OO Q
O :
' OO Q. d
A L 7 = 4
L 7 p°
-
OO o) O,

Figure 1.4 (left) A single layer of graphene composed of a honeycomb arrangement of carbon atoms. The solid lines
represent the sigma bonds between carbon atoms (right) Graphite viewed as a stack of graphene layers. The dashed
lines represent the m — 7 stacking between graphene sheets.

Fullerenes, discovered in 1985 by Robert Curl, represent the 0D graphitic allotropes. C60 is the
most common 0D allotrope. In it, some carbon hexagons have been replaced with pentagons. In
planar graphene the sp?-hybridized carbon atoms are at their energy minimum at 120° from each
other. To form a sphere, the angle in planar graphite must be bent, or strained. This is possible by

creating 2 o-bonds from one m-bond, namely a double bond. This changes the sp*hybridized
8
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carbons into sp-hybridized ones, causing the angles to decrease to 109.5°. As a result, the
typical graphene sheet collapses onto itself and forms a sphere or “buckyball”, as illustrated in

Figure 1.5.

Figure 1.5 A “buckyball” or C60 molecule is a graphene sheet that has collapsed onto itself by straining the angle
between carbon atoms to form a double bond from a mt-bond.

Carbon nanotubes (CNT) constitute the 1D allotrope. CNTSs are rolled up graphene sheets. The
edge termination defines whether these are metallic or semiconducting, depending on whether
the edges have a zigzag or armchair atomic placement on the carbon lattice. This is depicted in
Figure 1.6. CNTs have gained tremendous popularity in the last few years due to their unique
conducting and sensing properties. They were first reported in 1952 by Soviet Scientists
Radushkevich and Lukyanovich, but formerly described by Sumio lijima in the early 1990°s [22-

23].

alitssedits

Zigzag

Armchair

Figure 1.6. Armchair and zig-zag CNTSs differ by their termination, leading to either semiconducting or metallic type
properties, respectively.



1.2.3 The sp® hybridization: Diamond

If the |2s) state hybridizes with all three of the [2p) orbitals, the resulting four sp® hybridized
orbitals form a tetrahedron. The angles between these orbitals are 109.5 (Figure 1.7). Diamonds
have sp* hybridization. Its lattice consists of two intercalated face-centered-cubic (fcc) lattices.

This is also shown in figure 1.7.
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Figure 1.7 (left) Diamond sp? hybridization. (right)The carbon lattice is composed of two intercalating FCC carbon
lattices.

Despite being made of the same constituent atom, namely, carbon, graphite and diamond are
very different from one another. While graphite is soft due to the weak Van der Waals forces
between the layered graphene sheets, diamond is extremely hard, as all the bonds are covalent ¢
bonds. This is because all of the 4 valence electrons in the outer atomic shell are used (all 2p
orbitals are hybridized) in the formation of ¢ bonds. Because there are no delocalized (and thus
conducting) electrons forming any = bonds in diamonds, the latter is generally a wide band gap

semiconductor.
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1.3 Types of Graphene

The theory of graphene was pioneered by P. R. Wallace in 1947 as an attempt to explain the
electrical properties of three-dimensional graphite [24]. Since its discovery in 2004 by the
conventional “scotch tape” method, which, namely, peels layers of graphene off 3D graphite,
there have been substantial advances made in the growth of graphene via chemical vapor
deposition (CVD) and epitaxial growth on silicon carbide (SiC). The resulting graphene types
exhibit similar, yet not identical properties. In addition, the substrate on which the graphene is
grown and/or transferred to may critically perturb the two-dimensional lattice, and thus the
electronic properties, which, as we will see in the next section, are strongly linked to the

geometrical properties of the two-dimensional allotrope.

1.3.1 Exfoliated Graphene

Attempts at isolating single graphene sheets date back to the 1990’s. Single layer graphene,
however, wasn’t realized until 2004 by Andre Geim and Kostya Novoselov at the University of
Manchester [25]. They were able to “peel” it off bulk graphite and transfer to an insulating
substrate, silicon oxide. The later provided enough contrast to allow the graphene to be visible

and electrically isolated to explore its properties.

In the exfoliation method thin samples are peeled off a graphite crystallite with scotch tape. Each
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time the tape is peeled away the graphite piece is separated into two parts, each time being
thinner. The process is iterated for several cycles until only one to a few layers of graphene
remain stuck to the scotch tape. At this point, the scotch tape is adhered to a SiO, substrate. The
tape is carefully peeled away and the graphene sheets remain glued to the substrate. Figure 1.8

shows a TEM image of exfoliated graphene adhered to 300 nm SiO, substrate.

Figure 1.8 Graphene flakes a) as prepared on an oxidized silicon wafer, b) after transfer onto a TEM grid,;

c¢) magnified optical image of the green square indicated in (b) illustrating how suspended single layer regions are
not easily visible; d) low magnification TEM image of a single layer area. Broken flakes and rolled up regions
produce some visible contrast and hint at the presence of the single layer graphene sheet [25].

Despite it producing some of the best quality materials in regards to its electronic properties,
there are a few drawbacks to the exfoliation method. For one, it is incredibly difficult to produce
large scale area single layer graphene mainly because of the nature of exfoliation. Hence, it is
unlikely to be a method implemented for industrial production. Also, the identification of the few
single graphene layers, which are randomly distributed on the substrate, becomes cumbersome if

not impossible.

Another type of exfoliation is liquid phase exfoliation. With this method the graphene flakes
12



float in solution and/or mixed with other chemicals that add specific functions, and then
dispersed onto the substrate of interest. While the quality of this graphene is not as high as that
made with other methods because of all the processing steps, it can potentially be scalable

enough to yield well in the industry.

1.3.2 Epitaxial Graphene

The epitaxial growth of graphene by a thermal decomposition reaction through which the layers
are immediately provided on a large scale on a semiconducting surface is an attractive alternative
to other conventional methods of graphene production. [27-31]. While the quality is high, the
high cost and limited size of the substrate prevent it from being a scalable method of graphene
mass production. Annealing of SiC basal plane substrates yields to graphitization of the surface
due to the enhanced sublimation of Si atoms [32, 33] and it is this technique that been utilized
the most to produce epitaxial graphene monolayers on the Si-face of SiC (0001 plane) , at
temperatures at or above 1200°C. While graphene can also grow on the C-face, it is less

preferred for most applications because it is much harder to control the number of layers.

The homogeneity of graphene layers has been better controlled by annealing the SiC samples at
temperatures above 1600 -C in an Argon atmosphere.[30,34]. More recent attempts of growing
epitaxial graphene have made use of an additional carbon supply similar to molecular beam

epitaxy (MBE) at lower temperatures of about 950 °C.

Growth of graphene on SiC (0001) is mediated by a covalently bound carbon intermediate
interface layer. The strong interaction yields a well-ordered epitaxial relationship between the
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substrate and graphene, but also dopes the graphene n-type. To this end, several methods have
been explored to reverse the Fermi-level shift and obtain charge neutrality. Transfer doping by
Sb or B deposition has been found to reduce the n-doping to a degree, although not completely
eradicate it [35]. Deposition of tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) molecule has,

however, been found to achieve charge neutrality [36].

Hydrogen intercalation, a method by which the dangling bonds of the SiC substrate are hydrogen
passivated so that the interfacial carbon layer between the substrate and the graphene is
decoupled from the substrate, can eliminate interface bonding [37] and has become widely
popular in recent years. Figure 1.9 shows the typical AFM image of epitaxial graphene on the Si-

face of SiC.

10.93 nm

0.00 om|

Figure 1.9 AFM Images of Epitaxial Graphene grown on 6H-SiC by silicon sublimation at 1600C at an Argon
ambient of 750 Torr for 15 minutes
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1.3.3 CVD (Chemical Vapor deposition) Graphene

The growth formation of graphene layers on metal surfaces has been around for almost 50 years.
The formation of graphite from the combination of carbon with other materials was first put
forward in 1896. In fact, graphite was first observed on Ni substrates when the films were

exposed to carbon in the form of hydrocarbons or evaporated carbon [38, 39].

Generally, in chemical vapor deposition, growth takes place by surface segregation of carbon.
That is, graphene is allowed to grow from carbon atoms that diffuse to the free surface sites of

transition metals. These carbon atoms are introduced by chemical vapor deposition.

CVD growth offers a good compromise between film quality, size, and cost. The method is a
chemical process that occurs in a well-controlled furnace, yielding layers of graphene up to 100
meters long, and of a solid quality. The films are usually grown on thin metal substrates, for
example copper. The copper is later etched away and the graphene transferred onto any other
substrate, depending on the application. The CVD method is versatile and the most commonly
used method of making graphene films today. CVD graphene films that have been grown on

copper and nickel substrates and subsequently transferred to SiO, are shown in Figure 1.10.
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From Cu foil

Figure 1.10. TEM micrographs of transferred graphene from different arbitrary growth substrates. Panel (a) shows
the overview image of bi-layer graphene transferred from a Cu growth substrate. (b) The corresponding HRTEM
image of the bi-layer graphene with rotational stacking (note the Moire pattern indicating a rotational stacking fault).
Panels (c) and (d) respectively show the corresponding overview and HRTEM images of monolayer graphene
transferred from MoNi.[40]

In addition to electrodes prepared with graphene grown via conventional CVD, we examine, for
the first time, the electrochemical response of electrodes fabricated with graphene grown via a

two-step CVD method on sapphire. We will examine this material in detail in Chapter 3.

1.4 Electrical Properties of Graphene

Graphene has captured the attention of the semiconductor industry and scientific community
because of its unique electrical properties. Amongst them is its remarkably high electrical
conductivity as well as the voltage modulation of its Dirac point. In graphene, the electron

velocity has been found to be independent of energy; hence, the electrons move as if they were
16



light waves—that is, they behave like massless particles, even though it is known to contain
particles known as massive chiral fermions, and particle theory has previously maintained that

any particle with chirality must have mass [41].

1.4.1 Band Structure of Graphene

The electrical properties of graphene can be understood from its distinctly unique band structure
rooted in its two-dimensional crystalline structure. As discussed before, carbon atoms form a
hexagonal lattice made possible with the sp? hybridization of the 2s and 2p orbitals. Each carbon
atom is roughly 1.42A away from its nearest neighbor. Of its six electrons, 2 of them are in the
ground state, or the 1s orbital. Three of them participate in covalent bonding with the 3 nearest
neighboring atoms. These electrons occupy the hybridized orbitals. The remaining single
electron occupies the 2p, orbital, yielding the =-bond, which lies perpendicular to the plane of
the carbon lattice (xy-plane). All the 2p, orbitals from all neighboring atoms are hybridized to
yield the = and z* bands, which are responsible for graphene’s unique electronic conduction
properties. These bands, thus, have the conduction electrons in graphene, and hence, those near
the Fermi level. The other three electrons that participate in covalent bonding do not contribute

to conduction but rather give graphene’s its trademark honeycomb lattice structure.

The hexagonal structure in graphene is not in itself a Bravais lattice, as every atom does not “see
the same surrounding”. Rather, we can think of it as the superposition of two triangular Bravais

lattices, where we can classify carbon atom as type A or type B depending on which lattice they
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belong to. Figure 1.11 shows a representation of the graphene lattice. Notice the difference in the
nearest neighbors surrounding atoms of type A from those of type B. We will refer to this figure

in our derivation and calculation of the band structure and dispersion relationship for graphene.

Figure 1.11 Hexagonal Arrangements of Carbon Atoms in Graphene. Lattice vectors a; and a, denote a triangular
Bravais lattice with two atoms A and B per unit cell. Each atom in sublattice A has three nearest neighbors in
sublattice B and vice versa.

A unit cell is thus constituted by both an atom A and an atom B, that is, 2 atoms per unit cell,

with cell lattice vectors given by:

(1.3)

Each of these atoms has four valence electrons that participate in ¢ or @ bonds, however, 3 of
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these are tied up in covalent ¢ bonds and do not contribute to conduction, in other words they are

not near the Fermi level or the electrochemical potential, u.

By defining the basis functions for each of the atoms in the unit cell of graphene and solving the

Schradinger equation we can obtain a solution for the energy dispersion relationship.

2
EW = (- v2 +U)® (1.4)
2m

Elv)=[H]iv}

(1.5)

The Hamiltonian, H, is a matrix with dimensions NbxNb, where N is the number of unit cells
and b is the number of basis functions per unit cell. This is a pretty big and complex matrix even
for a small sample size. Fortunately, we can reduce this by taking into consideration that the

lattice structure repeats itself in units of 2.

Edg.} =2 [Hunlidn} (1.6)

.} =1g, )" (L7
[h}g,} = Elg, } (1.8)
h(k) = > [H,, B (1.9)

m
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In graphene, any given unit cell composed of one A and one B type atom has four nearest
neighbor unit cells. To find h(k) we only need consider the self-interacting and neighboring

atoms. The Hamiltonian can be written as:

t] [0 0],, [0 0]., [0 t] .. [0 t] .,
h(k) = |:i° j|+ |:t 0:|e|k.a1 n L: Oi|e|k~a2 + |:O Oi|e—|k‘a1 n |:0 0:|e—|k-a2
" (1.10)

& ho ik-a ik-a
h[k]= where h, =t(l+e"™ +e"™)
h,* ¢
(1.11)

£ =y (1.12)

Where ¢ is the overlap integral, or ease with which one electron can go to an adjacent orbital. For
graphene this is roughly 2.5-3eV. We care only about the eigenvalues right at the chemical
potential, p, more precisely, at ¢,, when the system is at equilibrium, alternatively when 4, is 0.
Only electrons around the chemical potential contribute to conduction. The problem then

simplifies to one where we find the values of k that make converge h, to 0. Solving for £:

k=k&+K,y (1.13)

_ 3 3 3 J3
=aX+hby=—a xX+—a_y, a=aX-by=—ax——ay 1.14
al + y 2 0X+ 2 oy 2 y 2 oX 2 oy ( )
h, =t(1+ 2™ (cosk b)) (1.15)
(k.a, kyb)z(o,i%”), (k.a, kyb):(ﬂ,i%) (1.16)
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The values around k,a,k b represent the valleys, or points near the electrochemical potential. A

Taylor series expansion around these point yields:

o, (0,+ 2—”) = iat, aayho (0,+ 2?”) =/3bt = at (1.17)

OX 3

Allowing us to express the Hamiltonian as:

2z

h, (k,.k,) = -fat[k, ~ib,].b, =k, ~

(1.18)

where +/3b=a. We can write our dispersion relationship for graphene near the Dirac points

(Fermi level):

—~ 3K k.a k.a
e(k)=¢, tat k> +b* =¢, it\/1+4cos[ ZXaJcos(%j+cosz[%j (1.19)

The dispersion relation is linear with £. It is depicted in Fig. 1.12.
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Figure 1.12 Dispersion relationship of monolayer graphene. The E -k relationship is linear around the conical
points.

1.4.2 Massless fermions

We can take a look at the dispersion relation of graphene to extract the velocity and the mass

from the first and second derivatives of the E-k relationship, respectively. From this analysis we

can see the particles behave as massless fermions.

10E O©E
2
=];2k§ =%=0 (1.21)
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1.4.3 Density of States

To calculate currents we need to convert our E(k) relationship to a density of states. There are

several ways to do this but all use the number of available states N(E).

& |E|2 x Area

2\ 27 2,,2
oz 22 /Y4

N(E) = (1.22)

The density of states calculates the number of available state per unit of energy and is given by:

dN dk, dk

(E) > , B,
D(E)=?:;5(E—g(k))—>ﬂZﬁ.zﬂé(E—g(k)) (1.23)
L W
Using the relationship:
j dxs(x—a)f(a)= f(a) and 5(x—a)=a5(a—x) (1.24)
We obtain:
LW % -
e ! kdo [ dks(z(k) - E) (1.25)

Using our expressions for the linear -k dispersion relationship:

de(k)

g(lZ):iat\IZ\ and dk = -

(1.26)

23



We can arrive at an expression for the density of states:

g,-9,-Area [E| _2-Area-|E|
27 a’t’ m(hv. )’

D(E) = (1.27)

The DOS is important because, as we will see in section 1.6, it contributes directly to the overall
electrode performance. A higher DOS increases the probability that an electron of the correct

energy is available for the electrodes to transfer. The D(E) is plotted in figure 1.13.

x10°

Density of States [states per unit cell per t]

Energy [t]

Figure 1.13 Density of State diagram for Graphene
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1.4.4 Limitations on the Conductivity of Graphene

The carrier mobility in graphene is limited both by intrinsic and extrinsic factors. It is important
to distinguish between these two, as these affect the overall device performance. Extrinsic
mechanisms include charged impurities, neutral defects, interface roughness and graphene
ripples. With proper materials growth and transfer controls these can be eliminated. The limiting
value of the intrinsic room-temperature graphene mobility is therefore, of far more interest to the

scientific community.

One of the dominant low-temperature extrinsic scattering mechanisms in graphene is due to
Coulomb scattering by charged impurities present in the substrate, particularly in SiO, substrates
used to transfer graphene and at the substrate-graphene interface. Short-range scattering
mechanisms by neutral defects also have an impact on the overall carrier mobility, particularly at

high carrier densities.

The scattering rate due to charged impurities present in the graphene-dielectric interface is given
by [42]:

1 nimp( e2 )2F(a) = ma?F () 2t (1.28)

Timp h \2& Kavg) €(k) k

where nimp is the sheet density of impurities at the interface, a = a(k—kF) is a dimensionless

parameter where « is the effective fine-structure constant defined as a = e? [2T€oKqpghVE, Vp

is the Fermi velocity, ke is the Fermi wave vector, and the dimensionless function F(a) is defined

as in [43]:
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F(x) _m _ 3mx? | x(3x2-2)arcos(1/x)
z — 3 + 3x 5 + o (1.29)

Kavg 1S given by the average relative dielectric constant of the two regions sur- rounding
graphene: kgyg = (KeoptKportom)/2. IN typical cases, it is SiO and air, implying kg, = (1+ksio2

)2 =2.45.

Intrinsic factors that affect the mobility are polar optical phonons and acoustic phonons. Unlike
2D GaAs systems, graphene lacks the strong long range polar optical phonons that limit the
mobility in GaAs. Most of the intrinsic factors are really contingent on the weak deformation
potential scattering from thermal lattice acoustic phonons. Chen et al showed that the acoustic
phonon scattering is independent of the number of carriers and can place an intrinsic limit of the
graphene resistivity of only 30 ohms at room temperature [44]. They also reported that extrinsic
scattering by SiO, surface phonons can add a strong temperature dependent resistivity above

200K.

Low field mobility values for graphene are as high as 4000cm®/V- s at room temperature and the
highest value at greater than 10" cm™ carrier concentration is roughly 9000 cm?’/V- s, as reported
in the literature [45]. The electron-ionized charged impurity interaction varies with K2, where k
is the dielectric constant of graphene’s environment. Use of high- « dielectric materials instead of
SiO; can improve mobility at low fields, but it does at the cost of an extra scattering mechanism-
the remote interface-phonons or surface optical phonons. The large electronegativity of its
constituent atoms gives these high-k materials high polar natures, which in turn create an electric

field with vibrating dipoles. Such field decays exponentially away from the graphene-dielectric
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interface. Graphene is an atomically thin material, thus sensitive to any kind of perturbation.
Such decaying surface-phonon field will scatter carriers and limit the low-field mobility of
carriers in graphene.(Jena reference) Thus, while with increasing dielectric constant damps out
impurity scattering, SO phonon scattering increases. Figure 1.14(left) depicts the expected
mobility for particular dielectrics in the absence of SO scattering. The filled circles show the
degradation due to SO phonon scattering. The latter is independent of impurity concentration.
Figure 1.14(right) plots the conductivity in SiO, and ZrO, The solid lines correspond to
conductivity due to impurity scattering alone, while the dashed lines incorporate the effect of

both impurity and surface-optical phonons [42].
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Figure 1.14. (left) Electron mobility in graphene as a function of the gate dielectric constant. High-k dielectrics
reduce Coulombic impurity scattering, but strong SO phonon scattering by them reduces the RT mobilities to ~10*
cm?/V-s. (right) Electron and hole conductivity as a function of carrier concentration for graphene on SiO, and
ZrO, [42].
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1.5 Raman Spectroscopy of Graphene

Perhaps the most integral and versatile characterization technique of graphene to date has been
Raman spectroscopy. It offers a quick, robust and fairly simple method of detecting graphene on
a surface. It does not destruct samples, offers high resolution, quality control and can convey
both structural and electronic information. This all comes at the expense of data interpretation,
which has evolved substantially over the last 6 years with new results on the effects of doping,
edges, defects, chemical functionalization, electron-phonon and electron-electron interactions,

interlayer coupling and many other phenomena found in graphene.

Raman spectroscopy, named after Sir C. V. Raman, is a spectroscopic technique that details the
vibrational, rotational and other low frequency modes of a system [47]. It uses the inelastic
scattering of monochromatic light as it interacts with vibrations of molecules, phonons or other
excitations in the system. As a result of this interaction, the energy of the photons in the light,
namely a laser, is shifted up or down. It is this shift in the energy that gives insightful

information about the vibrational modes in a sample.

A Raman spectrum is distinguished by the positions of the measured peaks (wavelength), the
peak area, A, the peak height or intensity, I, the full-width half maximum FWHM and the peak
dispersion. The latter reflects the shift in the peak position with changing excitation energy.
Single layer graphene (SLG) has a distinct Raman signature. The phonon dispersions of SLG
comprise three acoustic (A) and three optical (O) modes. Out-of-plane modes (Z) are much

softer than in-plane longitudinal (L) and transverse (T) modes. In the presence of defects,
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additional peaks are observed. Figure 1.15 shows the Raman spectra for pristine SLG and

defected MLG. The latter has observable defects.
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Figure 1.15 Raman spectra of single layer pristine (top) and defected multilayer (bottom) graphene.

The G peak seen in the Raman Spectra, at around 1582 cm™ is due to the high frequency phonon
at the Brillouin zone center. It is the primary mode in graphene and graphite and representative
of the sp? configuration found in graphitic allotropes. The position of the G peak is independent
of the laser excitation frequency, but not independent of the number of graphene sheets. As the
layer thickness increases, the band positions shift to lower energy. The position of the G-band is
also sensitive to doping and even strain in the graphene, so one must be careful when using this

as a measure of graphene layer thickness.

The D-peak is otherwise known as the defect peak. It results from lattice vibrational processes
from the breathing modes of the carbon rings and is usually seen around 1350 cm™. A strong d-
peak indicates there are a lot of defects in the material, as its intensity is directly proportional to
the level of defects in the sample. This could be due to dislocations, impurities or holes in the
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material, but it is also correlated to domain size; as the domains get smaller, the number of edge
defects increase. The D-band is a resonant band, exhibiting dispersive behavior. Generally this
translates to position and shape dependence with excitation frequencies. In this work, the same
laser, a 488 nm wavelength laser was used throughout all sample analysis. While the D peak
represents intervalley scattering (double resonance, defect assisted), the D’ peak represents

intravalley scattering.

The 2D-band is often referred to as the G’ band. It is the second order of the D band, or its
overtone. The 2D band results from lattice vibrations that involve two phonons. In 2D and 2D’
processes (intervalley and intravalley) two phonons with opposite wave vectors are scattered,
momentum is conserved and no defects are needed. Thus, it does not need to be activated by a
defect and is always present in graphene. Like the G-band, this band is used to estimate sample
thickness. There is a general shift to higher wavenumbers with increasing layers. This

relationship is seen in figure 1.16.
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Figure 1.16 (Left) Peak as a function of layers. (Right) Fitted C- and G- peak position as a function of inverse
number of layers [48].
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More importantly, there are changes in the shape of the band with increasing number of layers.
These changes are associated with the active components of the vibration. With single-layer
graphene, there is only one component to the 2D band, whereas with bilayer there are four [48].
Like the D band, it exhibits dispersive behavior with changes in excitation frequency. Figure
1.17 shows the different type of one and two phonon processes responsible for the G, D and 2D

bands and their overtones.
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Figure 1.17 Raman Processes — Reproduced from Nature Nanotechnology, Ferrari and Basko, April 4 2013 with
permission [48]. Electron dispersion (solid black lines), occupied states (shaded areas), interband transitions
neglecting the photon momentum, accompanied by photon absorption (blue arrows) and emission (red arrows),
intraband transitions accompanied by phonon emission (dashed arrows), electron scattering on a defect (horizontal
dotted arrows). A. One-phonon processes responsible for the G peak. B-F, I, In the presence of defects, the phonon
wave vector need not be zero, producing the D’ peak for intravalley scattering (B, C, 1), and D peak for intervalley
scattering (D-F). G. For two-phonon scattering, momentum can be conserved by emitting two phonons with

opposite wave vectors, producing the 2D’ peak for intravalley scattering and the (H, I, G) 2D, D + D” peaks for
intervalley scattering.
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1.6 Electrochemical Properties of Graphene

Graphene has received much attention in the area of electrochemistry, where it could be rather
advantageous in a vast plethora of applications ranging from sensing to energy storage. The
primary purpose of this thesis is to examine the electrochemical properties of a wide range of
graphitic materials to determine the detection and sensitivity limits of its performance as an
electrode sensor. In addition, we seek ways of improving upon such sensitivity. There have been
many studies of single, bilayer and multilayer graphene reporting that there are no substantial
differences in the electrochemical properties regardless of the number of layers [49]. Other
studies have focused on the charge transfer kinetic differences between the edge and basal planes
of graphene, mostly concluding that charge transfer is predominantly dominated at the edges [50-
52]. Most recently it has been shown via scanning electrochemical cell microscopy (SECM) that
the basal plane sites are highly time-dependent electroactive, with decreased electron transfer

rates at the basal surface after one hour of cleaving [53].

1.6.1 Graphene as an Electrode Material

Graphene is an ideal electrode material for electrochemistry because it has the largest 2D
electrical conductivity found in any organic material, and electrodes, in particular those for
biodetection, are sought to be biocompatible, namely, made of carbon. It is robust, has a wide
potential window and low electrical noise. In addition, it is transparent and flexible, hence being
incredibly mechanically versatile for non-planar surfaces, such as those found in tissue and cell

walls. Recently, it has been found that, through proper patterning, the elastic modulus can be
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modified, rendering stretchable structures [54]. The latter could function as electrodes that could
wrap around cells, thus circumventing the problem of being unable to make good close contact
proximity and promote larger signal-to-noise ratio at lower concentration of measurable analyte

or weaker action potentials.

Graphene is incredibly inert in its basal plane as compared with other solid-state electrodes and
oxide interfaces, making it a model interface for biological fluids. The latter are usually saturated
with molecules that can nonspecifically adsorb to sensor surfaces. Graphene is stable in both air
and fluid, is nonreactive with biological species and has a relatively low cost as compared with
its solid-state counterparts. Since its discovery in 2004 and further materials characterization in
2005, it has surfaced as a clear contender for choice of electrode material in applications

pertaining to electrochemical analysis, biodetection and energy storage.

1.6.2 Graphene Charge Transfer Kinetics at the Edge vs. the Basal Plane

Electron transfer kinetics are measured with rate constants, often termed k,. In a redox reaction
couple, the rates at which the reagent A can oxidize (donate electrons) into B and B can reduce

(gain electrons) back into A are related by the following expression:

k _
A=)B+e (1.30)

where the rates of oxidative and reducing electron transfer, ks and ky, respectively can be much

faster as compared to the rate of mass transport, depending on the electrode size, preparation and
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surface characteristics. We will expand on this more in Chapter 2. It is important to note that
throughout this thesis we will consider the oxidation step from reduced species (from A to B+e-)
as the forward reaction and the reverse as the backward reaction, with transfer rate constant are

given as defined above.

While there have been several efforts to study the electrochemical properties of graphene,
definitive conclusions about charge transfer kinetics of the material have been hindered by the
vast differences in sample preparation. There has been much speculation about charge transfer
being more dominant along the edge sites of graphene than along the basal plane; however, few
recent studies have revealed fast electron transfer kinetics at the pristine basal plane as well

[53c].

At the molecular level one can identify two distinct regions in a graphene sheet: (1) the basal
planes, consisting of two-dimensional conjugated sp? carbon atoms and (2) the edge regions,
atom-thick line of carbon atoms with dangling bonds and other functional groups (hydrogen,
hydroxyl, carbonyl and carboxyl). The two distinct regions can be seen in Figure 1.18. It has
been reported by Yuan et al. [55] that the graphene edges show 4 orders of magnitude higher
specific capacitance, much faster electron transfer rates and stronger electrocatalytic activity than
the graphene basal plane [56-59]. It has also been reported that the surface defects of highly
oriented pyrolytic graphite (HOPG) in the form of exposed edges exhibit a seven-fold increase in
the transfer-rate constant as compared with the basal plane [60]. It is reasonable to think
convergent diffusion is dominant at sub-nanometer graphene edge electrodes, whereas linear

diffusional transport governs at the basal planes. However, very recent studies have shown that

34



the basal plane is not as inert as it has been thought to be and that electron transfer could also

occur at the basal plane [61, 62].

Basal Plane

/

Edge Plane

S
S\

Figure 1.18 Schematic representation of graphitic surface showing the basal and edge plane islands

An important parameter of graphene as an electrode material is its Density of States (DOS). A
higher DOS increases the probability that an electron of the correct energy is available for the
electrodes to transfer. The DOS of gold is around 0.28 atom™ eV, Gold’s high conductivity
stems from the combination of many atomic orbitals to form bands with a high density of states
[16, 63]. HOPG (graphite) has a lower DOS than metal, being very low at the Fermi level, but
can be increased through disorder; disorder increases the charge transfer rate by modifying the
structure of carbon. A pristine basal surface area of HOPG has no edge planes, and thus no
locations for functional groups nor dangling bonds. With disorder, such as roughening of the
graphene surface to introduce holes or defects, the carbon symmetry is perturbed creating edge

plane sites where electrochemical reactions can take place [63].

In terms of the DOS, HOPG can shed some light into understanding its electrochemical behavior.
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For diffusional outer-sphere electron transfer processes, such as those explored in this thesis, the

standard rate constant, ke, can be defined as [64, 65]:

o _ (2n)2pH°p4* -A
ke = ﬁexp [T]I(H,A) (1.31)

where p is the density of electronic states in the electrode material, H°p,%is the electronic
coupling matrix at the closest distance of approach, 4 = (F/RT) A, where A, is the reorganization
energy, S is the corresponding electronic coupling attenuation coefficient, h is Planck’s constant,
F is Faraday’s constant (96485 C mol™), R is the gas constant (8.314 J mol™K™) and T is the

absolute temperature. 1(6, A) is an integral given by [65]:

4/1] (1.32)

where 8 = F/RT(E — E})), and E}’ is the formal potential. There is a direct relationship between

the DOS and the electrochemical rate constant.

It has been reported that the DOS is 0 at the Fermi level for the basal plane of a pristine graphene
sheet, and that the DOS increases with edge defects [66, 67]. Edge plane sites, thus, have been
reported to have high DOS [67]. A variable DOS has been reported depending on the termination
[68, 69]. This would imply pristine graphene with no defects would exhibit poor electrochemical
performance and that with large number of defects would exhibit improvements in the transfer

rate constant.
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Calculations reported by Strano et al [70] suggest that double layer graphene is more reactive
than single layer graphene as given by the DOS (1.6 times more reactive). However,
experimental results confirm otherwise [71]. Those presented in this study show no significant
difference at the macro-electrode scale. Higher electrode sensitivity, however, is observed in bi-
layer and multi-layer electrodes that have been scaled down enough below 50 um. This can be

attributed to a “microelectrode edge” effect.

At a macroelectrode, electrolysis takes place across the entire electrode such that the diffusion is
planar. Such current response is coined as “diffusion-limited”. At the edges of the
macroelectrode, diffusion is no longer onto a planar surface, but rather converges around a point,
namely, the edge. Consequently, the flux and rate of mass transport are much larger at the edge.
Such effect is negligible at larger electrodes because the contribution due to this type of
“convergent diffusion” is small compared to the of planar diffusion activity. But as the electrode
scales down to a few micron (~ < 30 microns or so), convergent diffusion becomes more
significant and changes in the voltammetric response are noticeable, such that the traditional
“peak” observed in diffusion-limited cyclic voltammetry is lost, and is replaced by a sigmoidal
type of behavior. The different diffusional processes are depicted in Figure 1.19. We will

examine the differences between linear and spherical diffusion in the Chapter 2 and Chapter 4.
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Figure 1.19 Depiction of radial diffusion processes (left) occurring in a spherical ultramicroelectrode versus linear
diffusion of a planar large electrode.
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Compton et al succeeded in fully characterizing HOPG [72, 73] confirming edges play a larger
role than basal regions in the total electron transfer kinetics. They compared the responses to a
simulated electrode assuming linear diffusion only, assuming all surface areas are uniformly
electrochemically active. As expected, their findings show that the peak-to-peak separation is
much greater for the simulated linear diffusion profile of Basal Plane Pyrolitic Graphite (BPPG)

electrodes than for the edge plane pyrolitic graphene (EPPG) electrode.

Brownson et al. simulated HOPG as a heterogeneous surface consisting of basal plane islands
and surrounding edge-plane bands, treated as a disc-shaped region of edge-plane graphite. Each
island and its respective band is surrounded by other islands (and bands) and little to no net flux
is assumed to take place from one island to the adjacent one [72, 74]. Thus, each island and edge
bands are treated as an independent unit cell and the total voltammetric response it the sum all of
all domains. Figure 1.20 illustrates this single unit diffusion domain in detail. The radius of the
whole unit cell is termed R,. It includes the width of the edge plane. The radius of the basal
domain is Rp. Thus, the edge bands only occupy a fraction of the total surface coverage. This
allows them to compute the effect of varying the edge planes, while keeping the total coverage

constant.
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Figure 1.20 Schematic showing the approximation of a graphitic island and edge as a disc with the same area

They found that the peak-to-peak separation is strongly correlated to the edge plane coverage,
independent of domain size for smaller domain sizes (<1 mm). This is expected, as the effect of
convergent-diffusion plays less and less of a role as the domains increase. Their analysis
concluded that most of electrocatalytic activity took place at the edge nanobands and that the
basal islands were relatively inert to electroactivity for the redox of ferrocyanide. It is important
to accurately define the meaning of the word “inert” in this context. Given that there are separate
heterogeneous rate constants for basal and edge plane site reactions, it is expected that the
voltammetric profile be the superposition of the voltammetry of the edge band and that of the
basal plane. If these rate constants are similar in magnitude, two peaks at close enough potential
would be observed such that they would merge into a larger peak. However, two separate peaks
have never been observed. Thus, it has been concluded that the basal plane constant doesn’t have
measurable activity, that is, it is much slower than that of the edge plane and therefore,
considered inert. Davies et al. and Ward et. al have examined this concept [72, 75]. Davies’

work in particular [76] blocked the basal plane of HOPG and obtained identical voltammograms
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to that obtained with the unmodified electrode.

1.6.3 Advantages of Carbon Electrodes over Solid State Electrodes

Carbon electrodes are preferred over solid-state electrodes for a variety of reasons. The single
most important advantage is biocompatibility. Carbon is the unit cell of all organic compounds,
and as such, is a preferred interface for biological specimens. It also has a wider potential
window and is relatively nonreactive to measurements. In addition, it is robust, lower in cost and
more readily available than it solid-state counter parts. Over the last 20 years carbon electrodes
have seen extensive development, production and utilization for the same types of applications as

their solid-state counterparts. These will be discussed in more detail in Chapter 2.

1.6.4 Advantages of Graphene Electrodes over other Carbon Electrodes

Graphene has several advantages over other carbon-based electrodes. Mainly, it’s two-
dimensional one atom thick hexagonal lattice structure grants it with flexibility and the largest
2D conductivity of any organic material. In addition, it doesn’t require a metal catalyst for
growth as do carbon nanotubes. Metal catalyst residues, such as iron, are cytotoxic to cells, and
thus, undesirable in the fabrication process of any sensor whose intended use is to interface

biological species.

40



1.7 Selection Criteria of Carbon Electrodes

The selection criteria of carbon-based electrode depend on the specified needs of an application.
One of the most important criteria is that an electrode has low background noise, or namely,
background currents. Like other electrode materials, carbon-based electrodes exhibit a small
capacitive or charging current. Any excess currents over a given potential range are result of
redox processes. Large capacitive currents can obscure any observable reactions taking place on

the electrode surface [14, 77, 78].

A second critical performance criterion is the potential window. The potential window must be
such that allows for a specific reaction to be observed without -electrode
oxidation/corrosion/degradation, etc.. Carbon has a competitive advantage over its solid-state
counterparts because of its larger oxidation window, which comes at the cost of slower transfer

kinetics, our third performance criterion [14, 77, 78].

An electrode must also be able to yield reproducible and stable results. Surface preparation and
fabrication protocols play a major role in the latter. Lack of careful graphene transfer, adsorption
of surface contaminants, or insufficient passivation can lead to false positive results and ghost
currents, resulting from conductive electroactive impurities on the electrode surface or leakage

currents through pores in the passivation layers on contact lines.

Lastly, and perhaps most important are the criteria of electrode performance are sensitivity,

detection limit and linear range of detection. An electrochemical electrode’s ultimate goal 1S to
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detect miniscule quantities of an analyte linearly over a given range, and with sufficient signal

amplification to detect small changes, regardless of background noise currents [79].

1.8 Organization of Thesis

This dissertation presents the design, fabrication, packaging and testing of a graphene
microelectrode array on multiple substrates/graphene types for neurochemical detection. Chapter
one has outlined some of the necessary background information for this work, starting from the
different properties of carbon, specifically graphene, all the way to its inherent advantage as an
electrode material. Chapter 2 will focus on the electrochemical properties and requirements of
electrodes, focusing on the techniques for analyte detection and on the fundamental
understanding of their respective reactions at the electrode-electrolyte interface. Chapter 3
describes the design, fabrication, packaging and testing protocols for the different microelectrode
arrays. It also details the different obstacles associated with fabrication, device parasitics
associated with materials and geometry and improvements to be made upon for future generation

devices.

Chapter 4 describes the performance across all different types of devices, making a cross
comparison across devices of 1, 2 and multiple layers on SiO,, epitaxial material and CVD
material grown on sapphire. The sensitivity, detection limit, effective electrode areas and
electron-transfer kinetics are examined across the different types of graphene. Chapter 5 details
the optimization of device performance through the increased exposure and functionalization of
edges. Finally, Chapter 6 examines the potential use of such electrodes against neurochemical
probes such as dopamine. We conclude with suggestions for future directions of this research.
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CHAPTER 2

OVERVIEW OF ELECTROCHEMICAL SENSING

2.1 Electrochemical Sensors

Electrochemical sensors and sensing is an interdisciplinary subject that lies at intersection of the
fields of physical and analytical chemistry, biochemistry, materials science, micro- and
nanofabrication, solid-state physics, electrical engineering, signal processing, and even noise and
statistical analysis. An electrochemical sensor is defined as a device or platform that is able to
selectively and reversibly convert or transduce chemical or biological information in the
proximity of its interface to the environment into an analytically relevant and useful signal. This
is done by studying the phenomena that occur at the sensor surface with the passing of current

through a solution electrolyte.

Chemical sensors target the measurement of a specific chemical or molecule, whereas
biosensors, being a subset of the latter, are defined as sensors that use biomolecules and/or

structures to measure something biologically significant.

Within the field of sensors, optical, thermal and mass-based sensors have also been well
characterized and fully implemented [80-87]. Electrochemical sensors, however, are more
desirable from the analytical perspective due to their ability of directly converting chemical
information and events into an electrical signal in a robust, highly sensitive, inexpensive and

experimentally simple way. Unlike their optical counterparts, electrochemical sensors do not
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make use of complex instrumentation such as optics. Also important is the fact that detection
depends on the activity at the electrode surface. Consequently, sample volumes can be fairly

small and this lends itself to their miniaturization.

The widespread use of electrochemical sensors depicts the strong bearing they have cast in daily
life, the industry and the academic sciences, where they have continued to be studied, improved
thereupon and miniaturized to meet the demands of highly effective, fast, reproducible, portable
and relatively low cost determination of analytes. Electrochemical sensing has been widely
implemented in many different branches of the automotive, hygiene, process and quality control,
environmental, clinical diagnostic, homeland security, and medical industries, among others
[88]. Specific species, such as PO2, H,O,, CO, and pH can be traced purely through
electrochemical methods [89]. Enzymatic sensors, a type of biosensor, are functionalized with
enzyme catalysts alongside the electrochemical sensing element.[90-99] In neurophysiology,
some electrodes can detect up to picomolar (pM) quantities of neurotransmitters [100-101],
while others can track changes in ionic currents across the cell membrane of specific neurons. In
all, electrochemical sensing is a robust and well-developed technique to gain real-time

information by in situ measurements of chemical composition without sampling®.

With the advent of photolithography and other nanofabrication techniques, the discovery and
synthesis of new materials and the refinement of existing sensing techniques, instrumentation
and data analysis, the path has been paved for the creation of new generations of electrochemical

sensors with improved overall performance and biocompatibility.
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2.1.1 History of Electrochemical Sensing

Electrochemical sensing dates back to the 1800’s, when English chemists William Nicholson and
Johann Wilhelm Ritter were able to separate water into its atomic components, hydrogen and
water, by electrolysis. The first glass electrode was developed by Cremer in 1906 [102]. Glass
electrodes are commonly used for pH measurements. There are also ion sensitive glass electrodes
used for the detection of concentration of lithium, sodium, ammonium, and other ions. Haber and
his student Klemensiewicz took up Cremer’s idea and made the basis for analytical applications
[103], publishing the results of their research on 28 January 1909 in The Society of Chemistry in
Karlsruhe. While Cremer should be given full appreciation of the invention of the glass

electrode, Haber dominates the literature [104].

By the early twentieth century, the concept of electroanalytical chemistry had also emerged as
electrocapillary measurements were conducted with dropping mercury electrodes, otherwise
known as polarography. Such technique enabled the beginning of voltammetry and granted
Jaroslav Heyrovsky the Nobel Prize in Chemistry [105]. Early voltammetry techniques suffered
from many limitations, restraining their viability for everyday use in analytical chemistry. In

1942 Hickling designed and implemented the first three-electrode potentiostat [106].

Historically, the very first amperometric sensor was the oxygen electrode developed by L.C.
Clark [107]. In his design, oxygen was allowed to enter through a gas-permeable membrane, and
was then subsequently reduced to water at a noble metal cathode. Using his oxygen electrode

design to determine the depletion of oxygen by the action of glucose oxidase on glucose [108],
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Clark also put forward the designs for the first glucose biosensors in 1962.

With the invention of computers, many advances in the instrumentation of controlled systems in
the 1960s and 1970s were possible. These, in turn, improved sensitivity and created new
analytical methods. Since then, the industry has responded with the production of cheaper
potentiostats, electrodes, and cells that could be effectively used in routine measurement work.
Today, about 50 years after Clark invented the first oxygen sensor electrode, Hu et al. [109] have
reported an oxygen sensor based on an inkjet-printed nanoporous gold electrode array on
cellulose membranes using ionic liquid as electrolyte. The sensor looks like a piece of paper but

possesses high sensitivity for O; in a linear range from 0.054 to 0.177 v/iv%.

2.1.2 Principles of Electrochemical Sensing

An electrochemical cell is comprised of at least two electrodes separated by, though making
contact to, a conducting (electrolyte) solution. An electrolytic cell is one in which reactions
change in response to an applied external potential greater than the open-circuit potential of the
cell. This applied potential drives chemical reactions at the electrode surfaces, mainly redox
reactions, where sample analytes (usually the species of interest) found in the electrolyte oxidize
(donate an electron) or reduce (accept an electron) with an applied potential. The electrode at
which reductions occur is called the cathode, whereas the electrode at which oxidations occur is
the anode. Cathodic currents are produced when electrons cross the electrode-electrolyte
interface from the electrode to the species in the solution. In the opposite scenario, where

electrons flow from the solution species to the electrode, an anodic current is produced.
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The overall chemical reaction taking place in a cell is made of two independent half-reactions
that describe the chemical changes at the two electrodes. Generally we only care about the
reactions occurring at one of the electrodes, the working electrode (WE). To do so, the other
electrode must be standardized by using an electrode of constant composition, the reference
electrode (RE). At this electrode, the potential is fixed, and hence any changes observed in the
cell can be attributed to chemical reactions taking place at the working electrode. It is thus said
that the potential of the WE with respect to the RE is the one being changed. Lastly, there is an
auxiliary electrode (AE) to supply current to the WE without changing the potential of the RE. In
a two-electrode setup, the RE is also an AE, but it is harder to maintain a constant potential while
supplying current. Therefore, three-electrode setups have become more popular in

electroanalysis.

The electrolyte solution is the medium between the electrodes. Its main goal in controlled-
potential experiments is to decrease the solution resistance, reduce or eliminate electromigration
phenomena, and maintain a constant ionic strength. Typically, it consists of solvents with a high
concentration of an ionized salt as well as the electro-active species being studied (termed the
analyte). The choice of solvent depends of the solubility of the analyte and its oxidation (and
reduction) activity, as well as the inherent solvent properties such as electrical conductivity. The
solvents should be inert to the analyte (not react with it) and show stability over time. It can be
an inorganic salt (potassium chloride), a mineral acid or a buffer (phosphate sodium
bicarbonate). Figure 2.1 depicts a typical experimental setup in an electrolytic potential cell,

both for a two- and three- electrode setup. A potentiostat is used to control the cell potential.
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Sometimes a Faraday cage is used to reduce induced noise currents from other electromagnetic
field sources in the laboratory. It is usually constructed form stainless steel and is designed to
enclose the electrochemical cell and electrodes. When connected to the potentiostat ground it

forms an extended electrical shield around the experimental setup.

O I
Working Electrode u Reference Electrode Working Electrode Auxiliary Electrode

G

Reference
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Figure 2.1: (Left) Two-electrode electrochemical cell. (Right) Three-electrode electrochemical cell.

2.1.3 Types of Electrochemical Sensors

Electrochemical sensors can generally be categorized as potentiometric, voltammetric, or
conductimetric sensors. Their high selectivity, simplicity and low cost make potentiometric
sensors desirable in field operations. However, their voltammetric counterparts have proven to be
faster and more sensitive. An increasing amount of research being carried out on amperometric
sensors has also shadowed the development and use of potentiometric devices. Other sensors rely
on conductivity changes in ions, while others work by monitoring resistivity and impedance,
such as chemiresistors and capacitive sensors. Conductimetric sensors do not really operate on an

electrochemical reaction or basis and are thus usually referred to as chemical electrical sensors as
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opposed to electrochemical sensors [110].

Electrochemical sensors are simply an electrochemical cell which makes use of a two or three-
electrode setup. One electrode serves as a working electrode while the other is a reference
electrode with respect to the fluid potential. It may also be used to supply electrons to the
electrochemical reaction. However, in three-electrode setups an auxiliary electrode is also used
to support the latter function, without perturbing the fixed potential of the reference electrode.
Measurements can be made at steady-state or transient. The applied current or potential for
electrochemical sensors may vary according to the mode of operation, and the latter is often

chosen to improve the sensitivity and selectivity of a particular sensor.

2.1.3.1 Potentiometric Sensors

Potentiometric sensors work by converting the chemical reaction into a potential signal, which is
logarithmically proportional to the concentration (activity) of species generated or consumed in
the chemical reaction. The electrode potential is related to the concentration of species through
the Nernst equation (as it relates to equation 1.30).

RT @

E=E%+—In=
nr Ca

(2.1)
Where E® is the standard electrode potential (relative to the Standard Hydrogen Electrode, SHE)
and C, and Cg are the respective concentrations of the reduced and oxidized species in the

electrolyte at the bulk, R is the universal gas constant; T is the absolute temperature; F is the
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Faraday constant; n is the number of electrons exchanged in the electrochemical reaction. We
will derive the Nernst equation later in this Chapter. For now we will make note that the Nernst
equation is usually written with forward reduction processes in mind and we have written it to

conform to the experimental procedures in this thesis.

The most well-known potentiometric sensor is the ion selective electrode [111-118]. The ISE can
selectively measure the concentration of a particular analyte ion. An ion-selective membrane at
the tip of the electrode sensing surface measures a potential signal that is selective for the target
ion. This potential signal is generated by a charge separation at the interface between the ion-
selective membrane and the solution due to selective partitioning of the ionic species between

these two phases.

2.1.3.2 Voltammetric Sensors

The current-potential (I1-V) relationship of an electrochemical cell provides the basis for
voltammetric sensors. Specifically, voltammetry examines the effect the concentration of the
species of interest has on the current-potential response as it is oxidized or reduced in the vicinity
of the electrode surface. The current-potential properties are directly affected by the rate of mass
transfer of the detecting species in the reaction onto the electrode surface and the kinetics of the

faradaic or charge transfer reaction at the electrode surface.

Amperometric sensors are a subset of voltammetric sensors. Unlike voltammetry, where the
applied potential is increased (or decreased) linearly, the potential applied to the working

electrode is held constant while the current is monitored.
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The described voltammetric and amperometric sensors are very effective and robust to
qualitatively and quantitatively detect and analyze chemical and biological species. The
techniques are very well established. The main, yet exciting, challenge that remains is their
applicability in complex and practical environments, such as tissue or blood. The measurements

in this dissertation are voltammetric in nature.

2.1.3.3 Conductimetric Sensors

Conductance electrochemical sensors monitor changes in the conductance of an electrolyte,
which changes as the specific conductivity changes in response to the concentration and

magnitude of the charges in the ionic species in solution.

2.1.3.4 Other types of Electrode Sensors

In addition to the standard electrochemical sensors there are other classes of sensors that can
transduce a biological or chemical signal without carrying out any electrochemical reactions.

These include, but are not limited to:

= Optical/infrared: Monitor biological activity with light diffraction patterns. This sort of
scheme is coupled with nanophotonics. For instance, by functionalizing nanopores or
nanocavities with a target biological entity, it can then be identified through a signature

diffraction pattern [119].
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Piezoelectric: Can monitor activity through changes in strain, pressure or acceleration.
Makes use of a piezoelectric (PZT) material such as ceramics and single crystal materials

that are sensitive to slight perturbations (i: mass changes) on the surface [120-127].

Impedance: The working principle of this type of sensor is that the resistance of the
sensor surface changes in response to chemical or biological activity [128-137]. The most
prominent example of this is the semiconducting oxide sensor. When exposed to a target
gas, it reacts with the metal oxide surface and changes its electronic properties. Such

devices are sometimes called chemiresistors [88].

Capacitance: These are usually integrated with Micro-Electrical-Mechanical Systems
(MEM). Slight changes in mass on a cantilever beam can induce changes in the
capacitance of a parallel plate capacitor defined with the cantilever. Other methods make
use of a chemically sensitive polymer as a dielectric [138]. This polymer will swell and

change the capacitance of the sensor element in presence of the analyte of interest.

lon-selective: lon-selective electrodes (ISE) belong to the group of potentiometric
sensors. They measure the change in interfacial potential at the electrode surface caused

by an ion selective reaction [88].

Solid-state electrodes: These types of electrodes replace the liquid electrolytic interface
with a solid one, and are convenient for many high temperature type measurements. They

are effective in the detection of liquid or gaseous analytes [88].
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2.1.4 Applications of Electrochemical Sensors

Electrochemical sensors can be employed for the detection of solid, oxygen, hydrogen, carbon
monoxide (and dioxide) and nitrogen oxides been have put forward in the steel, automotive,
military and aerospace industry. Sensors to trace bacteria, fungal toxins, pH and humidity are
prominent within the food industry as well as in environmental applications. Indoor air quality,
toxic and combustible gases are detected with sensors in the industrial safety sectors and
chlorine, lead and other mineral trace materials are constantly monitored with electrochemical
sensors in water treatment processes. Table 2.1 summarizes the main applications and markets

for chemical sensors to date [88].

Market/Application

Automotive

IAQ
Food

Agriculture

Medical

Water treatment
Environmental

Industrial Safety

Utilities (gas, electric)
Petrochemical

Steel

Aerospace

Military

Example of Detected Chemical
Compounds

CO, O; ,H; ,NO;, HC3

CO, CHyg, CO,, humidity, VOCs
Bacteria, fungal toxins, biologicals,
chemicals, humidity, pH, CO,
NHgs, CO,, amines, humidity,
pesticides, herbicides

Glucose, urea, O,, CO,, pH, CI', K*,
Na*, Ca®*, infectious disease, bio-
molecules, anesthesia gases

pH, C|2, COy, Oy, 03, H,S

pH, COZ, HZS, HC3, NH3,heavy
metal ions

Indoor air quality, toxic gases,
combustible gases, O,

O,, CO, HCy, NOy, SOy, CO,

HC,, conventional pollutants

0,, Hy, CO, conventional pollutants
02, H,, COz, humidity

Agents, explosives, propellants
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A subset of electrochemical sensors is biosensors. These aim to use electrochemical techniques
to detect biological processes using immobilized biomolecules as recognition elements on the
surface of the electrode transducer. The specificity and selectivity that a biosensor delivers is
due to this immobilized biological recognition group. To date, there are hundreds of different
kinds of biosensor electrodes to detect glucose, cancer biomarkers, DNA and many other

proteins of interest.

2.2 Kinetics of Electrode Reactions

This thesis examines the electrochemical response of graphene electrodes using cyclic
voltammetry. In this section we want to quantitatively describe the electrode surface Kinetics
with respect to the electrode potential and concentration to then later arrive at a derivation of

current with respect to these two experimental controls.

2.2.1 Essentials of Electrode Reactions

Electrode reactions are more complex than those occurring in solution or gas phase because they
do not occur at the same rate everywhere within the medium. Such reactions are termed
homogeneous. An electrode process is a heterogeneous reaction that occurs only at the electrode-
electrolyte interface. Its rate is dependent on mass transfer to the electrode and surface effects, in
addition to the typical kinetic parameters involved. Reaction rates are usually described in terms

of mol/s per unit area:

Rate(mol s71cm™2) = ;TIZ = # (2.2)
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Here i is the current, A is the area, F is Faraday’s constant and n are the number of electrons
consumed in the electrode reaction. Here we are letting the current i = dQ/dt and the number of

moles electrolyzed is given by N = Q(coulombs) /nF (coulombs/mol).

It is often useful to express electrode reactions as a function of the applied potential. The term to
describe the departure of the electrode potential from its equilibrium value upon passage of
faradaic current is coined polarization. The extent of polarization is measured by the

overpotential, n.
n=E-—E, (2.3)

Where E,, is the equilibrium potential and E is the electrode potential.

2.2.2 Potential Barriers

If we consider the redox process given by equation (1.30) (A ;‘Z B + e~ ) we can relate the rate

of the forward and reverse processes as:
Uf = kaA and Vp = kbCB (24)

Where the rate constants kr and k; have units of s and the concentration of species A and B is
given by C, and Cg, respectively. These are the reciprocals of the mean lifetime of the species

A and B. Rate constants of solution-phase solutions vary with temperature, with In k being linear
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with 1/T. The Arrhenius relationship allows us to express such rate constant as the probability of
surmounting an energy barrier, the activation energy, Ea, time the number of attempts on it,

otherwise known as the frequency factor, A.

The activation energy is the standard internal energy in going from initial reactants to a transition
state or activated complex, prior to arriving to the final products of the reaction. It is often
designated as the standard internal energy of activation, AE*. The standard enthalpy of
activation, AH* would then be given by AE* + A(PV)*, but A(PV)*, is usually negligible so
AE* ~ AH*. The frequency factor can be expressed as the product A’exp(AS*/R), which
involved the standard entropy of activation AS*. We can now rewrite our transfer rate constant

as:

k = A'eAH*-TAS*/RT _ 41 ,0G#/RT (2.5)

Where AG* is the standard free energy of activation.

The total reaction rate, as expressed in Equation 2.2 is the sum of the forward current and the
reverse current. Throughout this thesis we define our forward current as the oxidation of species
onto the electrode surface and thus, anodic. The backward reaction is a reduction process, thus
yielding a cathodic current. In many texts the forward current can be defined as the cathodic

current, whereas the anodic is considered the reverse current. The net reaction rate is then:

Vnet — vf —VUp = kaA(O' t) - kbCB(O' t) = (26)

i
nFA
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and we can express the current as:

i =i, —i. =nFA[ksC4(0,t) — kyCp(0,1)] (2.7)

Reaction velocities in heterogeneous systems refer to unit interfacial area and have units of mol
s cm™. Thus heterogeneous rate constants must carry units of cm/s if the concentrations are
expressed as mol/cm®. The interface can only respond to its surroundings and the concentrations
entering rate expression are always surface concentrations, which may differ from those of the

bulk solution.

When the potential is changed to a new value by AE, the relative energy of the electron on the
electrode surface changes by -F AE=-F(E-E°). The barrier for oxidation under no applied bias,
Afoa is lowered (less energy required to donate an electron) and the barrier for reduction

processes, AG(fC increases, as depicted in Figure 2.2, by a fraction of the total energy change.

(1-a)F(E-E*)

Standard free energy
Standard free energy

Figure 2.2 Effect of potential change on the standard free energies of activation for oxidation and reduction. The
frame on the right is a magnified view of the boxed area on the frame on the left.
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We call that fraction 1- a and a, respectively for the oxidative and reduction barriers (the barrier
for a reduced species to oxidize to donate an electron and the barrier for an oxidized species to
reduce by gaining an electron). « is the transfer coefficient and can range from 0 to unity. More
specifically, it is a measure of the symmetry of the energy barrier between reactions. We can
write the standard free energy for the anodic (oxidation process) and cathodic (reduction process)

barriers as follow:
AGE = AGE, — (1 — a)F(E — EY) (2.8)

AGH = AGE, + aF (E — EY) (2.9)

The transfer rate constants as given by equation 2.5 then become:

kp = Arexp(—AGE, /RT)exp[(1 — a)f(E — E®)] (2.10)

ky, = Apexp(—AGE,/RT)exp[—af(E — E®)] (2.11)

Where we have let f=F/RT. Do note that the first 2 factors for a product independent of the
potential and equal to the rate constant at E=E” . In the special case in which the interface is at
equilibrium with a solution where the bulk concentrations, Ca and Cg are equal, E=E”, and
k¢C, = k;,Cp, the rate constants are also equal to one another. That value is called the standard

rate constant, k. The rate constants at other potentials can then be expressed in terms of k°.

ke = koexp[(1 — a)f (E — E*')] (2.12)
ky = koexp[—af (E — E®)] (2.13)
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Insertion of these relations into equation 2.7 yields the complete current-potential equation:

i =i — i = nFAko[C4(0,)exp[(1 — ) (E — E® )] — C5(0, t)exp[—af(E — EY)]] (2.14)

2.2.3 The Standard Rate Constant

The transfer rate constant has a very straightforward interpretation. It is but a measure of how
easy a redox couple can react from and oxidized to a reduced state and vice-versa. A large value
of K will achieve equilibrium on a short time scale, whereas a system with a low value of k° will
be sluggish. The range of values for k° vary between 10 cm/s down to 10 cm/s/. Therefore, in

electrochemistry there is a range of more than 10 orders of magnitude in kinetic reactivity.

2.2.4 The Transfer Coefficient

As mentioned, the transfer coefficient is a measure of the symmetry of the energy barriers. It can

be understood by examining the geometry of the intersection region as depicted in Figure 2.3.

Standard free energy

Standard free energy

Figure 2.3(Left) Relationship of the transfer coefficient to the angles of intersection of the energy barrier curves.
(Right) Transfer coefficient as an indicator of the symmetry of the barrier to reaction.
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If the curves are locally linear, then the angles 8 and ¢ can be expressed as:

tanf = aFE /x (2.15)

tang = (1 — a)FE/x (2.16)
Thus

a = tanf /(tang + tanf) (2.17)

If the intersection is symmetrical then ¢ = 6 and a=1/2. Otherwise 0 < a <1/20or 1/2<a <
1/ This is also depicted in Figure 2.3. In most systems a turns out to lie between 0.3 and 0.7 and
it can usually be approximated by 0.5. In must be noted that the energy profile are not likely to
be linear over large ranges of the reaction coordinate, that is ¢ and 6 can be expected to change
with shifts in potential. Even though o is potential-dependent, it has found to be constant over

the narrow potential range over which experiments take place.

2.2.5 Equilibrium Conditions: The exchange current

At equilibrium the net current is zero and the electrodes adopt a potential based on the bulk
concentration as described by the Nernst equation. At equilibrium the bulk concentrations are
also found on the surface of the electrode. Even though the net current is zero at equilibrium
there is still a balance of faradaic activity that can be expressed in terms of the exchange current,

Io, at the interface. The exchange current is equal in magnitude to the anodic or cathodic current.

i, = FAkOC;e(1~®)f (Beq=E®) (2.18)
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We can rearrange the Nernst equation in exponential form and raise it to the 1-a power to obtain:

! x\ 1—a
(1-a)f (Eeq—E®) — (CB
e a"E%) = (c};) (2.19)
Substitution of 2.19 into 2.18 gives:
i, = FAK°C;ocy ™ (2.20)

The exchange current is proportional to k°and can be substituted for k° in kinetic equations.

2.2.6 The Current-Overpotential Equation

We can express the current as a function of the overpotential rather than the formal potential, E” .

i = i |00 p-a)fn _ LBOD p-afn (2.21)
°La s '

The first term on the right is the anodic current and the second term is the cathodic current.
Equation 2.21 can be interpreted as follow. For large positive overpotentials the cathodic
component is negligible. Similarly, for large negative overpotentials, the anodic current is
negligible. In going in either direction from E.q, the magnitude of the current rises quickly due

to the exponential nature of the behavior, but levels off at extreme 7.

For well-stirred solutions at which the surface concentrations are not that different from the bulk

concentrations equation 2.21 becomes:
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i=i, [e(l—a)fn — e—afn] (2.22)

Equation 2.22 is known as the Butler VVolmer equation. It is in good approximation of 2.21 when
the current is less than 10% of the smaller limiting current (ic or i,). Since mass transfer is not
involved (no concentration gradient), the overpotential only provides the activation energy to
drive the kinetic heterogeneous reaction. The lower the exchange current the more sluggish the
system is.

In the small limit of the overpotential, where 7 is still very small around Ee, €* can be

approximated by 1+ x and the current becomes

i =—iofn (2.23)

The net current is then linearly related to the overpotential in a narrow potential window around

Eeq.

For large values of n one of the terms of 2.22 becomes negligible and the current can be

expressed as:

i =i,e=OM  or i=i,e” M (2.24)

In the mass-transfer limited regime the approximate forms of the i —n relationships outlined
above are not valid. For large n species at the electrode surface are depleted and hence a
concentration gradient drives the reactions at the surface. Usually plots of log i vs.n are useful

for examining the kinetics of slower reactions. These plots are known as Tafel plots and are
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useful in examining the kinetics of systems with sluggish kinetics or large activation potentials.
Such systems are usually irreversible. The Tafel plots for the cathodic and anodic branches are
depicted in Figure 2.4. The slopes of these branches are given as —aF/2.3RT and as 1 —

aF /2.3RT for the cathodic and anodic currents, respectively.

3.5

-200 -150 -100 -50 50 100 150 200
n, mV

Figure 2.4 Tafel plots for the anodic and cathodic branches of the current-overpotential curve with a=0.5, T=298K
and j,=10° A/cm?.

On the other hand, for very fast kinetics, the exchange current increases and the ratio of i/i,

approaches 0. The overpotential equation given in 2.21can be expressed as:

CB(Ot) _ CB ,f(E—Eeq)
a0 — . e q (2.25)

And by substitution of the Nernst equation we obtain:
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Cg(0,t) _ f(E_EOI)
0D e (2.26)

Which is nothing more than:

RT 1. G500

— [or
E=E"+ F €40,

(2.27)

Thus for reversible reactions the electrode potential and surface concentrations are related by an
equation similar to the Nernst equation. No Kinetic parameters are present because the kinetics
are too facile. A system at equilibrium is considered reversible and hence, when the charge

transfer interface is always at equilibrium, it is called reversible.

2.3 Transport in Electrochemical Processes

The current response related to the redox analyte concentration is achieved by monitoring the
electron transfer of electrons during the oxidative and reduction processes. Specifically, the case

of ferrocenemethanol as seen in 1.30, can be written as:

FcMeOH < FctMeOH + e~ (2.28)

Where FcMeOH and Fct*MeOH are the reduced(R) and oxidized(O) forms of the redox couple.
This reaction will be carried out in a potential region that makes the electron transfer favorable.
The resulting current is the faradaic current because it obeys Faraday’s law and it is a direct
measure of the rate at which the reaction is occurring. Will we be using the A and B subscripts
to denote the reduced and oxidized forms of ferrocenemethanol throughout this section, to keep

consistency with the notation in section 2.2.
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2.3.1 The Electrical Double Layer

At the electrode surface there is an electrical double layer of charged particles/oriented dipoles.
This occurs at every surface in contact with electrolyte solutions. This layer is an ionic region
that compensates for any charge on the electrode. A negatively charged electrode will attract
positive ions while a positively charged electrode will attract negative ones. Because the
interface has to preserve charge neutrality, a counter layer of ions or dipoles of the opposite sign
are attracted to the surface. Any charging background current that results from the charging of
the double-layer is coined non-faradaic or capacitive and along with the faradaic component,
represents the total current, seen in the current-voltage response, or voltammogram. A schematic
representation of the electrical double layer is seen in Figure 2.5. We will revisit the effects of

the EDL and its effects on charging currents in Chapter 4.

Surface 1

Diffuse Layer

Electrode |HP OHP
1
1
1
1
1

Solvated lon

J Solvent Molecule

Figure 2.5 Representation of the model for the double layer region under conditions where anions are specifically
adsorbed
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2.3.2 Mass transfer in the Diffusion-Limited Regime

With large overpotentials, reactions take place in the mass-transfer controlled regions for
oxidation and reduction of species. The potential on the electrode surfaces changes as species
are reduced and oxidized according to Equation (2.1). The reactions at the electrode surface can
be quite complicated and take several steps, but simplistically one can say the steps are 1) mass
transfer of the electroactive species to the electrode surface, 2) electron transfer across the
interface and 3) transfer of the product back to the bulk solution. This mass transfer happens
through a) a diffusion gradient due to a chemical potential difference or a concentration gradient,
b) ionic migration resulting from a potential gradient or ¢) bulk transfer happening from natural

or forced convection. The three modes of mass transport are depicted in figure 2.6.

-/) \ rﬁ}\,_ A m )
H —0 0 — o0~ ©®
@ ® - ® ® o
(= Ly S =t/ S/ _/
N\ O <O @ N
A B C

Figure 2.6 A) Transport due to diffusion. B) Transport due to a potential gradient. C) Transport due to agitation or
convection.

Mass transport is measured with the correct flux (J) and it is described mathematically by the

Nernst-Planck equation, given for one dimension by [139]:

J@,t) = =D 0C(x,t) = Z-DCAP(x, t) + C(x, )V (x, 1) (2.29)
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Where D is the diffusion coefficient (cm?/s), 6C(x, t)/8x is the concentration gradient (distance
X at time t), d¢(x,t)/6x is the potential gradient, z is the charge of the electroactive species
transferred, F is Faraday’s constant, R is the gas constant, T is the temperature in Kelvin and
V(x,t) is the hydrodynamic velocity. Values for D in fluids usually range between 10° and 10°
cm?s (ref). The right hand side of equation 2.29 represents the contribution of diffusion,
migration and convection, respectively, to the total flux. The current is proportional to the flux

and given by:

i = —nAF], (2.30)

where n is the number of electrons transferred per molecule, A is the area, F is Faraday’s

constant and J is the current flux as defined in equation 2.29.

If we suppress electromigration (by using inert salts) and effects of convection, mass transfer
will only be limited by diffusion. In the proximity of the electrode a concentration gradient is
created as species react and deplete on the electrode relative to the bulk solution. The rate of

diffusion is proportional to the concentration gradient. This is given by Fick’s first law:

J(x,t) = —D dC(x,t)/dx (2.31)

We can hence rewrite 2.30 as:

i =nFAD 0C(x,t)/0x (2.32)
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Diffusional flux is time dependent. Fick’s Second law describes this relationship as:

ac(x,t) D 9%C(x,t)

” %2 (2.33)

The change in concentration at a location x is given by the difference in flux into and flux out of
an element of width dx:

oC(x,t) _ J(x,t)—J(x+dx,t)
ot dx

(2.34)

J/dx has units of (mol s cm™)/cm or change in concentration per unit time. The flux at any point

Xx+dx can be written as:

JGe+dut) = J(xt) + 25D gy (2.35)

5]

And from equation 2.31 we obtain:

_aj(x,t) _ iD aC(x,t)

ox 0x dx (2.36)

Combining equation 2.33 through 2.36 we get:

e (2)]p (220) o

The general formulation of Fick’s second law for any geometry is given by:

ac _
at

DV2C (2.38)

Where V2 is the Laplacian operator. Forms of V2 for different geometries are given in Table 2.2.
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Type Variable V2 Example

Linear X 62/ Shielded disk
0x? electrode, planar
electrodes
Spherical r 02 Hanging dro
P [or2+ 2/1)(0/07) elecgrodges P
Cylindrical r 0?2 Wire electrodes,
(axial) /arz +A/m/om) micro-pillar
electrodes
Disk r,z 02 02 Inlaid disk
[or2+ A/MQ@/0T) + /5,2 ultramicroelectrode
2 2 H
Band X, Z 0 /ax2 +0 /azz Inlaid band electrode

Consider the reaction given by 1.30 where A, the electroactive species is transported purely by
diffusion to the electrode surface (x=0). If no other electrode reactions occur, then the current is

related to the flux of A at the electrode surface (x=0) by the equation:

aCa(x,t)
dx x=0

~0a(0,6) = 2= D | (2:39)

This is because the total number of electrons that are transferred in a given unit of time must be
proportional to the quantity of species arriving at the electrode surface. Da and Ca are now used

to denote to designate the diffusion coefficient and concentration of reduced species A.
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2.3.3 Diffusion Control at Electrode Surfaces under an Applied Potential

We have expressed the current potential characteristics in section 2.2. The first work put forward
in this thesis has been done on planar electrodes (and ultramicroelectrodes) using cyclic
voltammetry. We also assume kinetics for ferrocenemethanol are much faster at the electrode
surface, and thus most reactions are limited by mass-transport. Thus, the derivations and analysis
are examined using boundary conditions pertinent to such systems. Later in Chapter 4 we will
discuss electrode voltammetry in more detail as it pertains to the specific experimental setup

employed for measurement of the microelectrode array.

2.3.3.1 Qualitative Analysis

To qualitatively understand what happens at the electrode surface under an applied potential lets
first consider the case where a step potential is applied to the electrode as seen in Figure 2.7a.
Our analyte is species X that will oxidize at sufficiently large potential. At no applied potential it
exists in its reduced form. In general, there is a potential region where faradaic processes do not
occur, E; (ie. no oxidation). Consider E; to be the region at which faradaic processes do occur.
At this more positive potential the kinetics for the oxidation of species X happen so fast that the
reduced form of species X becomes instantaneously depleted at the surface as it reacts to donate
electrons to the electrode. Because this event happens instantaneously, it requires a lot of current.
Current flows subsequently to maintain the fully oxidized condition at the electrode surface. The
initial oxidation has created a concentration gradient that in turn produces a continuous flow of

the reduced form of the species X from the bulk solution to the electrode surface. The flux is thus
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proportional to the concentration gradient. This is depicted in figure 2.7b. With time, the
depletion zone thickens decreasing both the slope of the concentration profile and the current at
the surface, as seen in Figures 2.7b and 2.7c. This kind of experiment is called

chronoamperometry, because current is recorded as a function of time.

0

(a) (b) (c)

Figure 2.7 (a) Waveform for a step experiment where the species of interest is not electroactive at E1, but | oxidized
at a diffusion-limited rate at E2. (b) Concentration profiles in the vicinity of the electrode surface for various times
into the experiment. (c) Current flow with time. (ref from Faulkner et al)

Consider step potentials that are applied discretely over time, increasing the total applied voltage
with every step, as seen in figure 2.8a. At lower voltages, namely experiment 1, the species is not
yet electroactive. At steps 2 and 3, species X is oxidized but no so effectively that its surface
concentration is entirely depleted. The step potentials in 4 and 5 occur in the mass-limited
region. While experiment 1 yields no faradaic currents, steps 4 and 5 yield the same current. In
these cases the surface concentration of reduced species X is 0; hence it arrives as fast as
diffusion can bring it and the current is limited by this factor. In case 2 and 3there is still
diffusion, as the number of reduced species decreases at the electrode surface as they oxidize,
creating a diffusion gradient toward the electrode. However, because the gradient is less than in

the mass-limited cases (4 and 5) the current is smaller. The current-time plots are depicted in
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Figure 2.8b whereas a sampled-current voltammogram (I-V curve) is show in Figure 2.8c. With
a linear potential sweep we can expect the current to increase as more species are readily
oxidized or reduced on the electrode surface, with a limit on the peak current place on how

readily species can diffuse towards the electrode surface from the bulk solution.

i(1)

Sampling time

b9 W2

) A |

\
0 t 0 T t

(a) (b) (c)

Figure 2.8 Sampled Current Voltammetry. (a)Step waveforms applied in a series of experiments. (b) Current curves
observe at each potential step vs. time. (¢) Sampled-current voltammogram.

2.3.3.2 Solution of the Diffusion equation for a Planar Electrode

Depending at the rate at which reactions occur on the electrode surface, we can think of 3 ways
to classify a reaction: reversible, irreversible or quasi-reversible. In the reversible regime the
kinetics and transfer rate constant is typically neglected as reactions occur very fast. As the
electrode surface depletes with an applied potential, current is dominated and limited by mass-
transfer. In the quasi-reversible regime, kinetics are much more sluggish, and thus make part of
the solution to the diffusion equation. In the irreversible regime the very displacement in the
potential that activate ks also suppresses ky, making the backward component of the electrode

reaction to become less important. We can further distinguish between Kkinetics soon after an
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applied potential or in the steady-state regime. The former is more typical of linear diffusion
mechanism (planar electrodes), whereas steady state kinetics are more typically seen in small

electrodes where convergent diffusion dominates the electrode response.

2.3.3.2.1 Reversible Kinetics

To quantitatively understand mass transfer for a planar electrode we must first understand the
solution for the diffusion equation at a planar electrode. The calculation for the diffusion-limited
current ig, and the concentration profile Ca(x,t) involves the solution of the linear diffusion

equation.

dC4(x,t) _ 6ZCA(x,t)
o - Da——H o (2.40)
Under the boundary conditions:
Ci(x,0)=C; (2.41)
lim,_ C4(x,t) = C; (2.42)
C,(0,t) =0 fort>0 (2.43)

Condition 2.41 expresses the homogeneity of the solution before the experiment starts at t=0 and
the semi-infinite condition 2.42, reflects that far away from the electrode surface electrolyte
conditions are not perturbed by the experiment. The third boundary condition reflects the state of
the electrode surface after the potential is applied and the species are depleted at the surface.
After a Laplace transformation of (2.40) and applying conditions (2.41)-(2.43) we can rewrite the

flux expression (2.39) as:
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1
acA(x,s)] __ MFAD3Cj
x=0

= =% (2.44)

i(s) = nFAD, [

52

Where s= mt. The time-current response can thus be re-written as:

nFAD,C,

iq(t) = o (2.45)
Expression (2.45) is known as the Cotrell Equation. In practical measurements, it must be noted
that the Cotrell equation is subject to instrumental and experimental limitations such as
limitations in the recording device, limitation imposed by the electrical double layer and the
uncompensated resistance (more in Chapter 4) and limitations due to convection, which can

cause disruptions to the diffusive layer, resulting in larger currents than those predicted [139].

The concentration profile at the electrode surface, at x=0, can be written as:

Cax,0) = Cerf |2 (2.46)
Figure 2.9 shows the concentration profiles for several times after the start of a Cotrell
experiment. While there is no definite thickness for the diffusion layer near the electrode surface,
it is useful to think of it in terms of (D,t)*/2. The argument for distance, x, in the error function
has units of length and is usually expressed in units of 2(D4t)%/? because it is given in units of
length and denotes the distance the species has diffused in a given time, t. One can, thus, see that
the diffusion layer is contained within a distance of 6(D,t)/2. At much greater distances than

the diffusion layer thickness, the electrode has no significant effect on the species concentration,
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whereas in regions that are smaller or within the diffusion layer, the electrode is very dominant.
It can be observed that with increasing time the depletion region grows and the concentration
gradient drops, and hence, the redox processes at the surface slow down, leading to an eventual

decay in the current response [139].
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Figure 2.9 Concentration profiles for several times after the start of a Cotrell experiment. D, = 1x10° cm?/s.

We can expand the solution to 2.40 to both oxidative and reduction currents at the specific time
at which a large potential is applied, namely at t=0. Assuming the kinetics to be very fast the
electrode potential is just given by Equation 2.27 (the form of the Nernst equation). We can

express the flux balance as:
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aC4(x,t) aCg(x,t) _
Dy—5— o +Dp—— e 0 (2.47)
Where boundary conditions may be now expressed as:
Ca(x,0) = C; Cz(x,0) =0 (2.48)
limy e Cq(x,t) = C, lim,_ . Cg(x,t) =0 (2.49)
The Nernst relationship is expressed as:
_ Ca0) _ nE oo ool
6 = 40 = —exp 5 (& — B (2.50)

We do a similar Laplace transformation as we did to equation 2.40 and account for the boundary

conditions given in 2.48 and 2.49 to get:

Cu(x,s) = %A + A(s)e~Vs/Pax (2.51)

Cp(x,s) = B(s)e Vs/Psx (2.52)
0C4(x,s) 0Cp(x,s) _

Dy=5— _ *De—g— =0 (2.53)

Equation 2.53 can be simplified using the derivatives of 2.51 and 2.52:

1, 1,
—A(s)D%sz — B(s)DZsz = 0 (2.54)

Thus B =-A(s)é where &€ = (D,/Dg)"/?. If we invoke reversibility (that the electrode potential is
given as 2.27) and do a Laplace transform on equation 2.50 we can show that C,(x,s) =
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0Cz(x, s) and thus:

5+ As) = £0A(s) (2.55)
As it turns out, the Cottrell equation given by 2.45 can be rewritten as:

, nFADY?c
(mt)2(1+£6)

(2.56)

Equation 2.45 is a special case of 2.56 in the diffusion-limited region where the applied
potentials are much more positive (or negative) than E® such that 8-> 0.We can express the

Cottrell current given by 2.45 as ig(t) and rewrite 2.56 as:

i(t) = % (2.57)

We see now that for a reversible couple, the current-time curve has similar shape but the
magnitude is scaled by 1/(1 4+ &8) according to the potential. For very negative potentials
(relative to E?), this scaling factor is close to 0, whereas at positive potentials it is close to unity.
From 2.57 we can extract the “reversibility” of the reaction by rewriting it at a fixed sampling

time, 7, as:

1/2 , .
D};/z n RT In ig(t)-i(7) (2.58)
D, nF

E=E"+%n ,
nF i(t)

When i(t) = iz(t)/2, the current ration becomes unity and the third term disappears. The
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potential at which this happens is the half-wave potential:

1/2

, . RT, D
This allows us to write 2.58 as:
_ RT ,  ia(D)=i(1)
E=E,+ — In = (2.60)

For a fully reversible system, the plot of E vs. log [i;(t) — i(7)/i(7)] should be linear with a
slope of 2.303RT/nF or 59.1mV/n mV. This is important and we see later in Chapter 4 smaller

electrodes exhibit such response. As this slope increases, the system becomes less reversible.
2.3.3.2.2 Quasireversible Regime

In the quasi-reversible and reversible regimes, the slope is no longer linear. For the latter 2 cases,
the Kinetic parameter plays a role as it is not so fast to be transparent. The system must now be
treated with semi-infinite linear diffusion where both the mass transfer and charge-transfer
kinetics limit the reaction. The concentrations are now scaled with the kinetic rate constants. For

reversible systems they are given by the Nernst potential [139].

The a quasi-reversible system the current flux is now expressed as:

1 9CH(xt)
72 = Da(%572) _ = kyCa(0,) ~ Ky Cp(0,0) (2.61)

We have defined the forward and reverse rate constants in section 2.2.
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We can do a Laplace transform of equation 2.61 as we did in the reversible case and define:

_ kr
H = D12 + Y (2.62)
We can express the solution for the current as:
1
i(t) = FAk;C, exp(H?t) erfc(Ht2) (2.63)

For the case of when the oxidized species, Cz, is initially present equation 2.63 becomes.

i(t) = FA(k;C; —k,C5) exp(H2t) erfc(Ht?) (2.64)

Just as we did for the reversible case, we can express this current relationship as a function of

overpotential:

i = i,[e™®IN — e=aIN| exp(H?t) erfc(Ht?) (2.65)

It is important to note that the forms of equation 2.64 and 2.65 are in the form of:
i=[i in the absence of mass transfer effects]x[f(H,t)]

where f(H,t) accounts for the effects of mass transfer.

If we recognize that’;—i = 0 = —exp[f(E — E°")], we find that:

H="(1+¢0) (2.66)

2
DA

Now the current can be expressed in a form that includes the Cotrell current, which is the
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diffusion limited current:

1/2 101 1
i = nFAlD—ACA [mzHtz exp(H?%t) erfc (Hti)]
(mt)2(1+860)

Which we can rewrite as:

. g
i = (ng)F(A)

Where

F(d) = ) exp(A?) erfc(A)

and

A= Ht'/? = (1 +£0)

2.3.3.2.3 The Irreversible Regime

The irreversible regime is defined by the condition that ky/ki = 0 (8 = 0) over the whole

voltammetric wave. The current expression then becomes:

£1/2

i(t) = FAksC, exp( )erf (kf ——7)

2.3.3.3 Semi-Infinite Spherical Diffusion: Steady State Regime

If the electrode is spherical as opposed to planar, one must solve Fick’s second law for a

spherical system. This is the kind of system seen at the edges of graphene. The boundary

conditions are now given by:

(2.67)

(2.68)

(2.69)

(2.70)

2.71)
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Ca(r,0) = Ci(r > 1p) (2.72)
lim,_ C4(r,t) = C, (2.73)

Co(ro,t) =0 fort>0 (2.74)

Where r is the radial distance from the electrode center and r, is the electrode radius. The Cotrell

diffusion current is now given by:

ia(t) = nFADAC; (== + =) (2.75)

(D)2 " 1

which can be written as:

nFAD ,C )
T

iq(spherical) = i;j(linear) + (2.76)

For a purely planar electrode then, the spherical current would be O as time approaches infinity.
However, in the spherical case, the limit would approach the constant term on the right of
equation 2.66. This nonzero limit happens because the growth of the depletion region does not
interfere with the concentration gradients at the surface as it does with planar electrodes. The
diffusion field is able to draw reactants from a continually larger area at its outer limit and hence,

the current reaches a steady-state value quickly.

The constant term of Equation 2.75 can be rewritten to account for reversibility and rewritten as:

__ FAD4C)

L= eorr, (2.77)

This relation is the general steady-state (or ultramicroelectrode) response for a reversible system
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response to an applied step potential. In the case for the diffusion-limited region, in can be

rewritten as:

— _la_
=55 (2.78)

Where iy is the limiting current, & = (D,/Dg)"/? and 6 = —exp[f(E — E°)].

2.3.4 Diffusion Analysis at Ultra Microelectrodes

We now consider the case for very small disk electrodes (r < 25um). Diffusion at very small
electrodes (ie: the edge plane of graphene sheets), is spherical or radial. At short times, where the
diffusion-layer thickness is small compared to the size of the electrode, the current follows the
Cotrell expression defined by 2.75 and semi-infinite spherical diffusion is applicable. However,
within the context of longer times, the steady state current would be governed by the constant

term from equation 2.75. For a disk microelectrode this is given by [140]:

i, = 4NFAD(C 2.79)

ro

We will find this relationship useful in our analysis of smaller electrodes in Chapter 4.

Figure 2.10 illustrates the response of a large planar electrode versus that of a microelectrode in
response to the same applied forward and reversed potential. For larger electrodes, the I-V
response shows a peak at the potential, E,, where the oxidation or reduction of the species takes

place. The peak height of the IV curve scales with the concentration, area, and the square root of
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the scan rate, as defined by Fick’s second law of diffusion, indicating that transport is, indeed,
governed by diffusion of the electroactive species to a planar electrode surface. The rate of the
reaction is diffusion limited, and thus, species cannot continue to oxidize fast enough to support

more current, which is why the current falls off after reaching an oxidation peak.

3
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Figure 2.10 Traditional peak-shaped voltammogram(left) usually seen an large planar electrodes with linear
diffusion-limited reactions versus sigmoidal response(right) observed in ultramicroelectrodes

When the electron transfer rate is fast enough, the Ep value will be independent of the scan rate;

indicating a reversible electrode reaction. The potential at the electrode surface is described by
the Nernst equation, and the Kinetic parameters associated with the current potential
characteristic, k, and a, are not involved. If the electron kinetics are slow enough, the electrode
reaction is irreversible. In the quasi-reversible limit, even though fast electron-kinetics are still at

play, they are still slow enough that the Ep values will change as a function of the scan rate. Both

the charge transfer and the mass transport determine the current. The Nernst equation is only
approximately satisfied and the scan rate can have a considerable effect on the nature of the

observed cyclic voltammogram. At sufficiently slow scan rates, quasireversible processes may
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appear to be fully reversible. However, as the scan rate is increased, the kinetics of electron

transfer are not fast enough to maintain (Nernstian) equilibrium

In the case of an ultramicroelectrode, given that experimental conditions do not change, a
sigmoidal (without a peak) rather than a peak-shaped voltammogram is observed. The current is
also much smaller (as the electrode is smaller), but much higher per unit area for the same
concentration. In the steady-state condition, the rate of diffusion matches the rate of electron
transfer, and thus, the current reaches a constant value. Because the size of the electrode is much
smaller than a typical microelectrode (one greater than ~30 pum in radius) the contribution to the
current by diffusion from the edges of the electrode now becomes relevant with respect to the
total mass transport of electroactive species. In larger electrodes, this edge effect is small relative
to the linear diffusion. However, for microelectrodes, the flux per unit area now becomes greater

due to the radial diffusion component.

Microelectrodes are advantageous because the low currents make iR losses negligible. More
importantly, smaller electrodes can make measurements in small areas, such as cell cavities,
dendrite or synapses. Because the electron transfer kinetics are faster as the electrode scales
down, smaller electrodes have better sensitivity per unit area. Smaller electrodes, however
useful, come at the cost of many fabrication and production obstacles. As electrodes get smaller
they are less tolerant to defects, have higher uncompensated resistance (See chapter 4), larger

contact resistance and becomes harder to pattern with standard lithography techniques.

84



2.3.5 Derivation of the Nernst Planck Equation

One can arrive at the Nernst equation by making use of the chemical potential, which is the
difference between the energy barriers of gaining an electron and that of giving one on the
working electrode. The ratio of oxidized to reduced species then becomes the ration of the

probability of being oxidized to the probability of being reduced:

c exp( [barrier for losing electron]
B _ kT = He

— exp(—|[barrier for gaining electron]) ~— exp ( ) (280)
Ca o kT

Taking the natural logarithm of both sides and accounting for the fact that u,. # 0 when g—“ =1,
B
we write:
He = 1® + kTIn 2 (2.81)
A

To convert from chemical potential to electrode potential we divide by g, and remembering that

kT/q=RT/F we obtain the Nernst equation for the one-electron process given in Equation 2.2:

RT

E=E+—InZ (2.82)

Ca

2.4 Standard Electrode Materials

The materials chosen for an electrochemical cell must comply with the desired performance as
well as the specific safety and toxicity guidelines. The cost, robustness, and reusability of the
materials also play a vital role in the development of electrochemical cells, and hence, cannot be

chosen arbitrarily.

85



2.4.1 Working Electrodes

The working electrode (WE) is the most important component of an electrochemical cell. The
electron transfer reactions monitored occur at the interface between the WE and the solution.
Therefore, the selection of a working electrode material is important to the sensitivity, linearity

and effectiveness of the electrochemical cell performance.

Designs of working electrodes for laboratory measurements are vast and diverse. Typically, it
can be a small sphere or disc, or a short wire, but it can also be a metal foil, a single crystal of a
semiconductor or metal, an evaporated thin film, or a powder pressed as discs or pellets. There
are several considerations to take into account when choosing a WE material. To begin with, the
material must favor redox behavior with the analyte of interest. This must be done ideally fast, in
a reproducible fashion without the electrode fouling. Secondly, the potential window over which
the electrode can perform without oxidizing should be as wide as possible to permit the largest
range of analyte detection. Other factors to consider are the cost, its ability to be used in

fabrication, toxicity and how easily it can be “cleaned” after it is used.

The most common WE materials used are platinum, gold, carbon, and mercury. Platinum is
likely the favorite amongst experimentalist, as it has very robust electrochemical inertness and
can be easily fabricated [14] . However, it has a high cost and can easily reduce hydrogen ions on
its surface in the presence of small amounts of water or acids, leading to the formation of
hydrogen gas at negative potentials. Such reaction can obscure analytical signals from the

analyte.
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Gold is also very commonly used, but it is limited in the positive potential range due to the
oxidation of its surface. Regardless, it has been extensively used to make modified electrodes
containing surface structures known as self-assembled monolayers (SAMs) that can enhance the

selectivity of the electrodes by targeting one specific molecule.

Mercury has an excellent potential window in the cathodic direction, but can easily oxidize in the
anodic direction. Due to its toxicity, its use has become more limited these days. The use of
mercury films formed on the surface of solid electrodes rather than the pure metal has become

more popular as an alternative to a pure mercury electrode.

Carbon electrodes have become popular because they allow scans to more negative potentials
than platinum or gold, and have good anodic potential windows. The most common form of
carbon electrode is glassy carbon, which is relatively expensive and difficult to machine.
Regardless, the majority of most successful electrochemical sensors, including the blood glucose
biosensor strip, to date, employ a screen-printed carbon-paste as the working electrode [141,

142].

The use of new materials in conjunction with standard electrode materials, specifically
nanomaterials, has become increasingly attractive in the area of research in electrochemical
sensors. Zhong et al. [142] reported a non-enzymatic hydrogen peroxide amperometric sensor
based on a glassy carbon electrode modified with an MWCNT/polyaniline composite film and
platinum nanoparticles. Guo et al. [143] also made use of CNTS to make an amperometric
sensor for tryptophan by modifying a glassy carbon (GC) electrode with gold nanoparticle

decorated CNTs. The advantages and limitation of the most commonly used WE materials are
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listed in Table 2.3 [216].

Material
Platinum

Gold

Carbon

C-paste

Mercury

2.4.2 The Reference Electrode

Advantages

available wire, flat plate &
tube;

large range of sizes;

Pt-Rh alloy for rigidity

configurations same as Pt;
larger cathodic potential range

many types and
configurations;

good cathodic potential range
wide potential range;

low background current;
inexpensive

excellent cathodic window;
easy to “refresh”

Limitations

Low hydrogen
overvoltage so
cathodic potential
range limited;
expensive

anodic window
limited by surface
oxidation;
expensive

quality varies greatly;
hard to shape

unstable in flow cells;
cannot be used in
organic solvents
Limited anodic
window due to
mercury oxidation;
forms amalgams;
toxic

Electrochemical sensors make use of a reference electrode. The reference electrode is used in
measuring the working electrode potential. A reference electrode should have a constant
electrochemical potential as long as no current flows through it. Reference electrodes should be
constructed using components that are stable over time and with changing temperature. In
general, the voltage of the reference electrode should be stable and reproducible; this voltage is
determined by the chemistry taking place between it and the electrolytic solution around it. To

keep any potential changes negligible, even in the presence of small currents, the potential of the
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electrode, as given by the Nernst equation, must not fluctuate. To do this, a redox system with
constant (buffered or saturated) concentrations of each participants of the redox reaction are used
and redox reactions must be occurring very fast (completely reversible and very low impedance).

That is why often saturated calomel or Ag/AgCI materials are used.

In electrochemistry, the hydrogen electrode is universally accepted as the primary standard with
which other electrodes are compared. Hence, the hydrogen electrode serves quite appropriately
as a standard reference. While a hydrogen reference electrode is relatively simple to prepare, it is
too cumbersome for practical applications. Therefore, the most common lab reference electrodes
are the saturated calomel electrode (SCE) and the silver/silver chloride (Ag/AgCl) electrodes. In

field probes, a pseudo-reference (a piece of the working electrode material) is often used.

2.4.3 Auxiliary Electrodes

The counter, or auxiliary electrode (AE), is the conductor that completes the cell circuit. It
supplies enough electrons to sustain the electrochemical reaction taking place at the WE without
passing significant current through the reference electrode. To this end, it is usually chosen to be
as much bigger than the WE. There are no specific material requirements for the electrode
beyond it not adversely influencing reactions occurring at the working electrode (WE) surface
and, hence, is usually an inert conductor like platinum or graphite. If a reduction occurs at the
WE, there must be an oxidation that takes place at the AE. One should verify that the products
formed at the AE do not interfere with the WE reaction. The most commonly used material for
the auxiliary electrode is platinum, due to its inertness and the speed with which most electrode

reactions occur at its surface. Other, less expensive materials may also be used as auxiliary
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electrodes. These include carbon, copper, or stainless steel if corrosion is not an issue for a

particular electrolyte solution or reaction.

2.5 Biocompatible Electrodes

Vast efforts have been made to adapt electrochemical sensors to meet the demands of biological
detection. Doing so has called for new materials and material modifications to standard electrode
materials. The use of nanosized scaffolds such as spheres, fibers and tubes have all recently been
reported [92-94]. The aim of using such nanostructures is to reduce diffusion limitations and
maximize the functional surface area to increase enzyme loading. Also, the superior diffusion
and particle mobility can impact the catalytic activity of attached enzymes [96]. Enzyme stability
improvement has also been reported. Nanoparticles have also yielded better electrochemistry,
due to their ability to reduce the distance between the redox center of enzymes and the electrodes

[110].

2.5.1 General Considerations

Within the realm of electrochemical electrodes it is important to highlight the development of a)
sensors with increased specificity and b) sensors capable of simultaneous determination of
species. The ability to operate in complex biological environments is critical to electrode
performance. To that end, the properties that must be considered when designing and developing

chemical and biological sensors include:
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Biocompatibility: First and foremost the electrode design must be biocompatible with the system

of interest to prevent unwanted reactions, cell death (if applicable) or false positives.

Cost: Electrochemical sensors are for the most part a low cost analytical tool. Moreover, sensors
must be produced in large numbers as many applications aim single use to avoid cross-
contamination and integration with disposable packaging. Hence, being able to mass
manufacture sensors is critical. The state of the art manufacturing is the commercial glucose
sensor test trip. It is produced in quantities of billions every year, costing a fraction of a cent for

Sensor.

Miniaturization: Many applications require high-resolution detection, in which the electrodes
need to be very small, densely packed, and capable of measuring localized potentials or small
quantities of neurotransmitter release between cells. Amongst the advantages of miniaturization
are the reduction of transport times, sample volumes, reagent and energy consumption, time
expenditure and cost. Coupled with portability, miniaturization has become a major incentive in
sensor research, both in the scaling of already established sensing devices [78], but also in the
development and application of novel sensing materials such as graphene and carbon nanotubes

(CNTSs).

Sensitivity: The sensitivity of a sensor is the slope of the analytical calibration curve for a given
analyte. A sensor is said to be very sensitive when a small change in analyte concentration
causes a large change in the response of the sensor. Sensitivity is one of the most important

performance metrics of a sensor and it is highly desirable. It is often confused or interchanged
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with the detection limit. The latter, however, is the smallest detectable concentration.

Sensor reproducibility: A sensor process must be easily reproduced for manufacturing purposes.

For measurement consistency, it must also be able to reproduce its intended response.

Selectivity/Specificity: Selectivity is the ability of a sensor to detect one specific species in the
presence of other species or interferents. A higher degree of selectivity can be achieved by
immobilizing species specific to the analyte of interest, or conversely, by immobilizing species

that block the detection of unwanted analytes that may also be found in the matrix.

Multi-analyte detection: Simultaneous detection of various analytes in solution is also a highly
desirable feature of any sensor, as more than one analyte is usually found in a biological matrix.
In the case of dopamine, for instance, uric acid and ascorbic acid are also present in solution and
will oxidize with an applied potential, nearly around the same oxidation potential of dopamine. It
becomes important to then have ways of having specificity and/or selectivity for one detection

element.

Stability: A sensor must be able to operate over extended periods of time. For mass production
purposes, its “shelf life” must be significantly longer than its predicted time frame for intended
use. Moreover, stable sensors are those than can keep their properties even after tested or used

under varying conditions and harsh environments.

Mechanical Safety: Sensors must be robust enough to withstand harsh sensing conditions, but
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they must be designed gently enough to avoid hurting the tissue or cells it is coming in contact
with, especially for implantation purposes. Sharp electrodes can perforate cells and evoke cell
death. Flexible and soft surfaces are preferred to avoid damage to the interface. However, this is

often a trade-off with stability.

Electrochemical Safety: The stimulation current or the application of a potential should not cause
corrosion (oxidation) of the electrode, nor should it produce reaction products that are toxic or

intolerable to the surrounding tissue.

It is unlikely that any one sensor exhibits optimal performance for all properties. Usually, in
biological detection, sensing selectivity is compromised if higher value is placed on cost or
response time. Similarly, mechanical flexibility is compromised when selectivity or cost are
prioritized. Properties should always be prioritized depending on the final application of the

electrode.

2.5.2 State of the Art Electrodes

Electrodes for biosensing are vast in the literature. Glass, liquid membrane and solid-state ion
selective electrodes are able to detect up to a few tenths of micromolar of species in the presence
of interference [14]. Biosensors take full advantage of electrochemical techniques to quantify
biological processes and transduce biosignals into electrical ones. This usually entails using
immobilized biomolecules that give it specificity and selectivity. lon-selective electrodes (ISES),

particularly, have been extensively developed for the recognition of active chemical species.
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Table 2.4 lists commercially available ISEs along with their interferences [139]. The latter can
often prevent, obscure or mask the detection of the target species by occupying binding sites, by
having similar redox potentials or simply by eliciting side reactions. Some species can be
detected up to saturated concentrations, as such is the case of sodium. Most, however, exhibit a

detection range from a few molar to a few micromolar.

Species Type Concentration Range(M) pH Range Interferences
Ammonium L 107 to10°® 5-8 K*, Na*, Mg**

Barium L 10" t010™ 5-9 K*, Na*, Ca**

Bromide S 10107 2-12 I, $*, CN’

Cadmium S 10" t010”’ 3-7 Ag', Hg®*, Cu®*, Pb**, Fe**
Calcium L 1t010” 4-9 Ba’*, Mg**, Na*, Pb**
Chloride S 1t05x10” 2-11 I, $*, CN’, Br

Copper S 10" t010”’ 0-7 Ag*, Hg®*, 8%, Br,CI
Cyanide S 10 t010™® 10-14 s*

Fluoride S 1t010° 5-8 OH

lodide S 1t010° 3-12 s*

Lead S 10" t010® 0-9 Ag', Hg®*, Cu®*, Cd**, Fe**, 5%
Nitrate L 1 t05x10™° 3-10 CI', Br, NO,, F, SO~
Potassium L 110107 4-9 Ca**, Na‘, Mg**

Silver S 1t010° 2-9 S* Hg**

Sodium G Sat’d to10® 9-12 Li*, K, NH,",

Sulfide S 1t010” 12-14 Ag', Hg*

Noble metal electrodes are also robustly employed in the detection of selected biological species
and drug screening procedures. The noble metals such as Pt, Au, and Pd are commonly
considered to be inert, and have high conductivity. However, they can become extremely
reactive under certain electrochemical conditions. Table 2.5 lists some of the more common

noble metal electrodes and their intended applications as biological sensors.
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Drugs
Tetracycline
Dopamine

Nicotinic acid
Vitamin By,
Ethamsylate
Doxycycline
Monosaccharide

Tetracycline
Isosorbide
dinitrate

Thiram

Ascorbic Acid
Guanifensesin
Naproxen
Doxazosin
Trazodone
Vitamin C
Droperidol
Fluphenazine
Imipramine
HCI
Dopamine
Serotonin
Atenolol

Electrode
Type
Gold

mGold

Gold
mGold
mGold
Gold
mGold

Gold
Gold

Gold

mGold
Pt
Pt
Pt
Pt
Pt
Pt

Pt
Pt

m-indum
tin oxide
m-indum
tin oxide

Method
CVv
CV, SWv

cv

SWvV

FIA with PAD
LSV,
amperometry
FIA with PAD
LSV

CvV, SWv

Fl1A/amperometry
CV, LSV, DPV
DPV

DPV

DEP/FIA

Ccv

Ccv
Ccv

DPV

DPV

LOD

0.35umL-1

27uM
10°M
6x10°M

1um
aao*

*

0.084pgmlL*

4.3x107'M

*

*

0.24ugmL'1
1.0x10°M
2.5x10°M
8.0x10°M

*

0.5nM
3.0nM

0.13uM

Potential
V)
1.2

.20
21

1.15
0.30

K

0.92
1.15
.30

1.45
1.35
1.20

0.07
24

*

Application

Dosage forms,
foods

Dosage forms,
foods

Dosage forms
Dosage forms
Dosage forms
Dosage forms
Dosage forms

Dosage forms
Dosage forms,
arterial plasma,
synthetic serum
Dosage forms,
spikes grapes
Dosage forms
Dosage forms
Dosage forms
Dosage forms
Dosage forms
Dosage forms
Dosage forms

Dosage forms
Dosage forms

Human serum,
urine
Dosage forms,
urine

Ref
[145]
[146]

[147]
[148]
[149]
[150]
[151]

[152]
[153]

[154]

[155]
[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]

[164]

[165]

Carbon-based electrodes have also achieved excellent LOD and sensitivity compared to their

solid-state counterparts; with the added benefit of being biocompatible, generally nonreactive

and cheaper [166]. The most popular carbon-based electrodes involve glassy carbon, carbon

paste, carbon fiber, screen printed carbon strips, carbon films, diamond, pyrolytic graphite,

fullerenes, wax impregnated graphite, Kelgraf, carbon nanotubes, and reticulated vitreous carbon
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[79]. Within the group of organic electrodes, glassy carbon stands out because of its excellent
electrical and mechanical properties, wide potential window and reproducible performance. [14,
79, 167, 168]. Carbon-paste electrodes have become widely popular for their wide-potential
window, robustness, low cost and feasibility. In addition, they can easily be modified, which is
desirable for enhanced selectivity and specificity. During the early 1980s, the integration for
carbon-paste-based amperometric biosensors had a significant impact on biosensor
commercialization. Carbon-nanotube functionalized electrodes have also had some success in
enhancing detection limit and sensitivity response of various analytes and biomarkers, such as
hemoglobin, glucose and folic acid [169-171]. Carbon nanotubes have some advantages over
other electrode materials: they have a small size with larger surface, very high sensitivity, fast
response, enhanced electron transfer kinetics when used in electrochemistry [23, 167, 172, 173,
174]. They have also been used as a new support material to tether DNA molecules in the
detection of hybridization events [79]. Table 2.6 lists some of the more commonly used carbon-

based electrodes and their applications.
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Drugs
Melatonin
Ascorbic Acid

Tryptophan
Dopamine
Quatiapine

Salicylic acid
Catecholamines

Vitamin C

Histamine
serotonin

Cytochrome C
Nicotine
Estradiol
Creatinine
Hemoglobin
Uric Acid
L-Histidine

Dopamine

Folic Acid
Glucose
Naproxen

Myoglobin

Electrode
Type
CPE

CPE
mCPE
mCPE
mCPE
GCE

GCE
GCE

GCE

DE

DE
DE
SPE
SPE
CNT
CNT
CNT

CNT

CNT
CNT
GE

GE

Method

Flow
amperometry

cv
Amperometry
CV, DPV
F1A/amperometry
DPV, SWV

DPV

CV, Coulometric
titration
Amperometry

Cv,
hydrodynamic
voltammetry
cv

CV, SWvV
LSV

SWv

CV, DPV
LSV, SWv
Potentiometry

DPV

Ccv
Ccv

Potentiometric
sensor
Ccv

See list of abbreviations for further reference

2.6 Summary

LOD
9x10™M
1.2x10°M

1.5x10™M
4x10°M

1.3x10"'M
1.04pg/mL

1uM

0.50mg/L
1.0x10°M
8.6uM
~10°M
0.12uM
~10"M

200 uM

1.0x10°M
2.5 mM
3.9x10°M

2.98x10°M

Potential
V)
.79

0.1

0.1
1.0

1.09
.58

1.4

0.1
1.2
0.92
1.8
-0.60
0.35

0.31

-0.71
0.45
-0.90

0.64

Application
Dosage forms
Dosage forms

Clinical prep
Dosage forms
Dosage forms
Serims
Dosage forms
Dosage forms

Dosage forms,
food samples
Bulk

Bulk

Cigarette tobacco
Biosensors

Urine

Bovine blood
Human urine

Dosage forms
Food and drinks

Brain
homogenate
Dosage forms
Raw material

Dosage forms

Real Samples

Ref
[175]
[176]

[177]
[178]
[179]

[180]
[181]

[182]

[183]

[184]
[185]
[186]
[187]
[169]
[188]
[189]

[190]

[170]
[171]
[191]

[192]

e We discussed the main techniques tor electrochemical sensing, including voltammetric,

potentiometric, conductimetric as well as other types of sensing techniques such as
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capacitive, impedance and ion-selective electrodes. The type of sensing technique is
highly contingent on the type of reaction being monitored and in such a way that doesn’t

obstruct it as it occurs.

We overviewed transport in electrochemical processes and arrived at the solution of the
diffusion equation, as well as its solution pertaining to planar and spherical electrodes.
We introduced voltammetry and its expected response. These concepts will be key in
understanding and interpreting the response of our fabricated microelectrode array, as we

will see in Chapter 4.

We reviewed the electrode requirements and materials for the different terminals of an
electrochemical cell. The materials are chosen primarily to satisfy the requirements
imposed by the electrode application (such as biocompatibility), to prevent material
corrosion and false positives. We also took a look at the existing and most commonly

utilized electrode materials, along with their advantages and disadvantages.

Lastly, we reviewed the criteria for biocompatible electrodes. These include
reproducibility, miniaturization, stability, cost and possible multi-analyte detection. We
also took a look at the different state of the art types of solid state and carbon-based

electrodes for chemical and biological sensing electrode stability.
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CHAPTER 3

DESIGN, FABRICATION AND INTEGRATION OF GRAPHENE MICROELECTRODE

ELECTRODE ARRAYS

The graphene microelectrode arrays made for this dissertation were made using conventional
silicon-based micro-fabrication techniques. The main goal of the process was to prevent
contamination of the graphene by photoresist residues. The most challenging aspect of the
process was fabricating devices on sapphire substrates, as the graphene was very barely adhered
to the substrate through weak dispersion forces [193] and easily came off even just with
photoresist spinning. The graphene active areas were patterned, with metal leads interconnecting
the latter to contact pads placed on the perimeter of the chip, and passivation layers separating
the interconnects from active biological fluids. Chips were manufactured on randomly shaped
pieces and then diced into chips before being mounted on quartz-made PCBs. There were 4
generations of devices, each one being an improvement upon the previous one. In all, around 80
chips were manufactured in 3 years, each being handled individually, as process integration was
limited by sample size and number, prohibiting the use of stepper lithography to make multiple
chips in one run. All fabrication and integration was carried out in the Cornell Nanofabrication

Facility (CNF).

99



3.1 Basic Scheme

The work examined in this thesis focuses on the design, integration and testing of graphene
microelectrode arrays on a diverse number of graphene substrates. The design and selection of
materials wasn’t straightforward, and each step had to be carefully evaluated to allow for process
limitations, biocompatibility issues, testing considerations, robustness, and a limited budget. In
all, the work presented is the result of over 20 process iterations, ~90 chips, tens of intermediate

troubleshooting steps, lost samples, patience and hard work.

The basic circuit topology of the microelectrode array in electrolyte is depicted in Figure 3.1.
The interfacial impedance at the electrode-electrolyte interface (between the working electrode
and the reference electrode) includes a solution resistance, Rsq , the uncompensated resistance,
Ru, the quantum capacitance, Cq, the double layer capacitance, Cq, and the electrode-electrolyte
intrinsic charge transfer resistance, Rin.. We will examine these values in greater detail later in
chapter 4, as they vary greatly with the experimental conditions. In addition to the impedances at
the solution-graphene interface, there are other resistances associated with making contact to the
graphene and its sheet resistance post fabrication. We will examine these in detail in this section.
Rc is the contact resistance of the metal-graphene junction, Rsy is the sheet resistance of any one
electrode and Ry is the resistance of the metal lines. Other capacitance parasitics are the
passivation capacitance between the interconnects and the electrolyte (C,), the capacitance
between neighboring interconnect traces (Cheign), and the capacitance between the interconnects

and the substrate (Cs,n). We will describe these in detail is section 3.4.
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Figure 3.1 Circuit schematic of electrode parasitics associated with the device structure, intrinsic graphene
properties and experimental methods.

3.1.1 General Considerations

A microelectrode’s intended use must be considered prior to device design and integration. The
electrodes presented in this thesis were intended for biological detection of neurotransmitters
released from neural cells. Even though all experiments were carried out in an ex vivo aqueous
environment, electrodes were designed as they would be for implantable devices, with materials
and structures chosen and designed accordingly. The devices needed to perform in a fluid and be
resistant to physiochemical processes, such as corrosion. For testing purposes and experimental
consistency, we wanted devices that could be used several times. In addition, because we were

not using a probe station to test chips, these had to be mounted on printed circuit boards and wire
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bonded. The general consideration guidelines for biosensing electrodes were put forth in section
2.4.1 and are the same for the design and fabrication of our electrode array. The 1% generation

devices are not part of this work as they exhibited considerable leakage currents.

3.1.2 Mask Design

There were four generations of devices. All four generations had a similar layout. The active
graphene areas (electrodes) were always placed in the center of the chip, with contact pads for
probing placed at the perimeter of the chip, making contact to the graphene active areas through
metal leads. An insulation layer covered these lines, isolating the graphene from the contact pads
and also preventing any signal to come from false positives due to exposure of metals to the
ionic liquid interface. Chip size was limited due to sample availability and cost. Silicon carbide
for epitaxial graphene growth is expensive, and thus limited the sample size to ~ 1cm?. Growth
on sapphire was also carried out on small sample sizes, as constrained by growth chamber
conditions. This resulted in our masks being limited to a 1cm?. A top down view of the electrode
design can be seen in Figure 3.2, which is not drawn to scale. The second and third generation

masks are also depicted in Figure 3.3.
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Graphene

Gold
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Substrate

Figure 3.2 Top-view depiction of graphene microelectrode mask. The graphene areas are kept in the center and are
isolated from the contact pads with silicon oxide. Devices are not drawn to scale.

Figure 3.3 Mask layout of the second and first generation mask. Graphene active areas are patterned in green. Metal
lines and contacts are in purple and insulation layer is represented in pink.
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Also, to prevent false positives coming from leakage redox reactions taking place on the metal
interconnects, the devices were designed to keep the lines at least 200 micron away from the
exposed active area, such that fluid never sat directly on the lines, even when separated by the
passivation layer. While the first generation design had very little overhead between the
insulation layer and the metal lines (< 20um), this was corrected in subsequent mask designs.
Later designs also incorporated the design of serpentine electrodes, to examine the effect of

exposed edges had on the electrochemical properties. We will examine these in Chapter 5.

3.1.3 Materials Selection

There are three major points to consider when selecting the materials for the microelectrode
arrays. To begin with, all materials chosen must be biocompatible. This means they may not be
toxic to biological fluids and cells. Second, all materials must be thermally stable at 300 °C , as
this is the temperature at which plasma SiO; is deposited in the final passivation step. Lastly, all
materials must not leave a residue that might degrade the electrode performance or produce false
positives. Finally, materials must be chosen as to minimize circuit parasitics while maintaining

proper device operation.

3.1.3.1 Substrate

Being one layer thick and high sensitive to small perturbations, the choice of substrate is critical
to device performance. Many studies [42, 43, 46] have revealed that the intrinsic mobility of

graphene is limited by its underlying substrate. There were 3 different substrates used, each with
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its inherent advantages and disadvantages. Graphitic materials grown via CVD were transferred
to 300 nm of SiO,. The substrate is not only 100% biocompatible, but, in addition, offers high
contrast to graphene, rendering it visible on the substrate even under the naked eye, unlike
material grown on sapphire and silicon carbide, where there is little to no contrast. This made it
particularly hard to visually monitor the material through an optical microscope during
fabrication, calling on more robust techniques like Raman spectra to ensure the stability of the
material. Unlike sapphire and silicon carbide, SiO,/Si substrates were also readily available at a
low cost. On the other hand, material on sapphire and silicon carbide had the advantage of being
clean of PMMA and ferric chloride ion residues, inherent with the transfer process from copper
and nickel surfaces to SiO,. Direct growth, without the use of a metal catalyst, on an insulating

substrate is ideal for device fabrication.

3.1.3.1.1 SiO, on Silicon

The most widely used substrate for graphene device fabrication to date is silicon oxide on
silicon. It is highly compatible with fabrication, but the rough surface and charged impurities in
the oxide limit the intrinsic graphene mobility and shift the Dirac point by creating electron—
hole charge fluctuations (or ‘puddles’) in the graphene, which scatter charge carriers. However, it
does offer a wide range of other advantages, such as a stable surface for transfer, the ability of
easily back-gating graphene and high contrast to enhance the visibility of the one-atom-thick
carbon allotrope. As mentioned, silicon-oxide-on-silicon substrates are cheap and readily

available. More importantly, they are biocompatible with our electrode array process.
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3.1.3.1.2 Sapphire

Sapphire is otherwise known as aluminum oxide, a chemical compound of aluminum and oxygen
with the chemical formula Al,Os. It is commonly known as alumina or sapphire. Despite being
an electrical insulator, it has a relatively high thermal conductivity (30 Wm K ™&) for a ceramic

material and is insoluble in water.

The ability of growing graphene directly on an insulating material at a large scale would
aggressively accelerate the integration of graphene with other materials, leading to new types of
electronic devices based on hybrid multilayers of graphene with other semiconductors,

ferromagnets, controlled-growth thin films, metal oxides and ferroelectrics.

Sapphire was chosen for a variety of reasons. Mainly, it has hexagonal symmetry, thus
increasing the likelihood of lattice-matched epitaxial growth [the in-plane lattice constant of
(0001)-oriented sapphire, 4.75 A, is about twice the graphene lattice constant, 2.45 A]. Also, it
has a very high melting point (>2000-C) which is beneficial considering that most graphene
formation via MBE or CVD processes is favored at high temperatures. Its biocompatibility and

insolubility in water make it an ideal substrate for a biosensing electrode surface.

3.1.3.1.3 Silicon Carbide

Silicon carbide (SiC) is a semiconductor made up of silicon and carbon atoms in equal

stoichiometric ratios. There are two different surface terminations: the Si-terminated SiC(0001)
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Si-face and the C-terminated SiC(0001) C-face. While monolayer graphene growth is easily

controlled in the Si-face, it is harder on the C-face, leading to multiple layers.

SiC is chemically inert, physically robust, has a large bandgap, a high breakdown voltage, a high
thermal conductivity and a high saturation electron drift velocity [35-37]. Consequently, it is
commonly used in power applications. Recently, it has been found to be very biocompatible, and

used in medical implant devices.

More relevant to this work, it is a viable substrate for epitaxial graphene growth. Due to the
higher vapor pressure of Si, silicon atoms on the Si-face of SiC can evaporate away at high
temperatures and leave a surface of graphene, under the right conditions. SiC is a well-adapted
wide band-gap semiconductor (2.2eV - 3.3eV),, and as such, like SiO;, on silicon, is readily

available, although a lot more costly.

3.1.3.2 Sacrificial Layer

The choice of a sacrificial layer stemmed primarily from the desire to keep graphene clean from
photoresist (PR) residues. It has been reported that PR residues are unlikely to be removed once
they make contact with graphene. To that end, we sought to design a fabrication protocol that
could prevent any type of contaminant used during fabrication from coming in contact with the
top surface of the graphitic material. It would also prove useful later on as a seeding layer was
needed to passivate the electrodes via atomic layer deposition (ALD). We explored the feasibility

of utilizing oxides from thermal ALD reactors as well as evaporated porous oxides deposited
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through e-beam techniques. Figure 3.4 shows the Raman spectra of graphene on sapphire before
and after deposition of ALD Al,O3 and e-beam SiO,. Sapphire was chosen as the test substrate
because it has the weakest interaction with graphene of all the other materials used. The surface
tension of the sacrificial layer should not remove the graphene off the surface. 20 nm of e-beam
SiO;, proved to be porous enough to not strain the underlying graphene, but dense enough to keep
PR contaminants from depositing on the graphene, while ALD and e-beam Al,O3 proved

problematic in keeping the graphene

" Before ALD Alzq3 " Before e-beam SiO,
2 - 8 } e e
3 3
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Figure 3.4: (left) Raman spectra of graphene on sapphire before and after atomic layer deposition of alumina as a
sacrificial layer. Graphene comes off the surface. (right) Raman spectra of graphene on sapphire before and after an
e-beam SiO, sacrificial oxide layer. Graphene remains on the surface.

3.1.3.3 Interconnects and Contact Pads

The materials chosen for the interconnects had to be biocompatible, be stable in fluid
electrolytes, exhibit high mobility and make good contact to graphene. Generally speaking,

making a good contact to pristine graphene is hard due to its inert nature. Later in this chapter we
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discuss in more detail several of the technique used to enhance the contact resistivity. Chrome is
toxic to cells, so it was disregarded as an adhesion layer and titanium was chosen instead. Gold is
biocompatible and the preferred material for interconnects and particularly contact pads, as these
will be wire-bonded thereafter. Due to the latter, the thickness of the gold layer had to be at least

100 nm with an adhesive titanium layer 10nm thick.

3.1.3.4 Insulation Layer

The insulation material was chosen as per 3 requirements: (1) It had to be a biocompatible
interface; (2) it had to be dense enough to prevent any ions in the electrolyte from migrating
across it and coming in contact with the underlying metal lines connecting the active graphene
areas to the contact pads; and (3), it has to minimize any parasitic contribution to the overall
measurement due to any capacitive effect with underlying metal lines. Silicon dioxide has a
lower relative permittivity (e = 3.9) than any of the other insulating oxides. Thus, a thick silicon
dioxide layer (100 nm) effectively reduces any capacitive current between the interconnects and
the electrolyte. It may be permeable to sodium ions, but a dummy chip without any graphene
active electrodes areas was tested without leakage currents, due primarily to the use of a plasma
ALD material. The silicon dioxide also provides a top hydrophilic surface which is ideal for cell

adhesion.
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3.1.3.5 Packaging

Chips were tested using a potentiostat. Such setup prohibited the use of a probe station, and so,
all measurements had to be conducted via alligator clips. As such was the case, chips had to be
mounted and wire-bonded onto a printed circuit board. Even though the PCB would not
ultimately be part of an integrated solution, we decided to make it biocompatible as well. For this
reason quartz was used as the primary substrate and gold was used to make the printed circuit

lines onto which to wire-bond.

3.2  Graphene Synthesis and Transfer

We will now describe the different protocols utilized for sample preparation. It is important to
once again highlight the fundamental role sample preparation has over overall device
performance. Sample preparation contributes to the total number of ripples, crack, holes, defects

and charged impurities (dopants) that affect the electrochemical response of graphene electrodes.

3.2.1 Epitaxial Graphene

Epitaxial graphene has attracted the interest of the graphene community for a variety of reasons.
First and foremost, it presents a way of producing graphene at a large scale on a metal-catalyst
free substrate. Most importantly, the contact resistance to epitaxial graphene has been reported to

be lower than that of CVD graphene. Section 3.4 will explore this more in depth.
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3.2.1.1 Growth Methods

Growth of graphene on 6H-SiC (0001) was carried out in the vertical cold walled chamber. The growths
were performed at temperatures of 1500- 1650 °C under Ar pressure of 600-700Torr. A picture of the

chamber is shown in lllustration 3.1. The process is similar as that described in [194].

Ilustration 3.1 Chamber were epitaxial graphene growth was carried out.

3.2.1.2 Materials Characterization

Epitaxial material was characterized both with Raman Spectra and Atomic Force Microscopy
(AFM). Raman Spectroscopy, seen in Figure 3.6, indicated 1 to 2 monolayers of graphene were

formed. An AFM image of a typical layer is also shown below in Figure 3.5. The AFM images
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also depict the typical step bunching that is often observed in SiC and that often is responsible

for corrugations observed in epitaxial graphene.

Counts

Raman Shift (cm )

Figure 3.5 (Left) AFM image of graphene grown epitaxially on Si-face of silicon carbide. (Right) Raman spectra of
epitaxial graphene reveals 1-2 layers on the surface. The background SiC signal has been subtracted.

3.2.2 CVD Graphene on Sapphire

In this thesis we present the first characterization of graphene grown via high temperature CVD
on sapphire as an electrode material. Therefore, we will briefly outline the growth mechanisms,
physical and electrical properties of such material. Realizing the full potential of 2D materials
calls for a practical, catalyst-metal-free growth method that avoids transfer on an insulating
substrate. While there have been efforts to grow graphene on sapphire and other substrates with
low temperature processes (450°) or conventional CVD (950-1000°) [195] these have not yielded
material competitive enough with materials grown on nickel or copper substrates or epitaxial

material on SiC [193].
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3.2.2.1 Growth Methods

This material was grown in a conventional vertical cold wall CVD system. Graphitic filaments
located below the wafer carrier were heated by a DC power supply. Argon was the carrier gas ay
roughly 10,000 sccm. Methane and hydrogen were introduced separately. Methane flow was
between 5 and 200 sccm. It was used as a primary carbon source. Hydrogen flow was 5-15 times
greater than methane, and is the first source of carbon etch through the formation of hydrocarbon
gases. A growth process was optimized varying the H,/CH, ratio and the chamber pressure was
kept at 600 Torr. Graphene was grown directly when the methane partial pressure was greater
than 0.2%. Otherwise, a two-step nucleation-nucleation/growth process was carried out. The

picture of the reaction is seen in Figure 3.6.

cH @B cH. @i & co

Nucleation
H

®cC
®0

Coalescence

Figure 3.6 Proposed growth model for CVD graphene on sapphire. Carbon is supplied by the cracking of CH4, and
it is balanced by carbon etching by hydrogen and oxygen. Aluminum atoms on the sapphire surface were not shown
here for a simplified view. [193]
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3.2.2.2 Materials Characterization

The Hall Effect was measured at room temperature and the mobility was found to be more than
2000 cm?/V's. Carrier type was dependent on growth conditions. AFM measurements revealed
that nucleation seeds were distributed uniformly on the substrate and the lateral growth rate was

estimated to be 82 nm/min, with nuclei density measured to be ~ 24pm™

. Density functional
theory reveals that the interaction between graphene and sapphire is predominantly weak
dispersion type interactions, namely Van der Waals forces. GIXRD and LVTEM studies
confirm a dominant crystal orientation for about 80-90% of the material associated with epitaxial
growth [193]. A TEM of graphene grown on sapphire and transferred to a TEM grid is observed
in Figure 3.7. Raman Spectra and AFM, as seen in Figure 3.8, confirm the strong presence of

smaller domain sizes, and hence, a higher number of defects associated with more dangling

bonds and unterminated carbon groups.

‘ .

Figure 3.7 Panels €) and f) respectively show the corresponding overview and HRTEM images of monolayer
graphene transferred from Al,Os respectively.
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Figure 3.8 (Left) AFM analysis of graphene on sapphire. (2) Graphene was directly grown at 1550°C for 3 min with
CH4 concentration of 0.8% and a H2/CH4 ratio of 12. (b) AFM of “nucleation only” sample. This sample was
nucleated at 1350°C for 3 min with the CH4 concentration of 0.15% and a H2/CH4 ratio of 14 and then immediately
cooled. (¢c) AFM of “partially grown” sample. This sample was nucleated at the same condition described in panel b
and then grown at 1650°C for 1 min with a CH4 concentration of 0.15% and a H2/CH4 ratio of 10. It was an
intentional incomplete growth to see the lateral growth of nucleation domains. The size distributions of the graphene
domains in a 1 um?2 area are shown here together. Solid circles indicate the distribution after nucleation as seen in
panel b, and the open circles represent the distribution after nucleation p1 min short growth as seen in panel c. (d)
This sample was grown by the two-step method. This sample was nucleated and then grown at the same condition of
panels b and ¢ but for 3 min at 1650 °C to complete growth. (Right) Raman Spectra showing the distinct D, G and
2D peaks. [193]

3.2.3 Graphene Transfer Process from Copper Substrates

Graphene was transferred from copper substrates via a conventional transfer method. 4% PMMA
solution in anisole was spun at 2000 RPM for 45 seconds and then baked for another 45 seconds
on a 160-C hotplate. Samples were then transferred to a chemical hood where they were
suspended in copper etchant (ferric chloride) for about 3-4 hours. After the copper had etched
away, the PMMA with the graphene adhered to it was floating on the surface of the copper
etchant bath. The samples were then carefully transferred to a DI water bath to allow for excess

ferric chloride ions to wash out. The samples were transferred from one water bath to another 6
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times and then left in the last water bath for about 3-4 hours. It was then carefully transferred to a
100nm silicon dioxide on silicon substrate, allowed to air dry and the put on a 90-C hotplate to
remove any wrinkles. The samples were immersed in acetone overnight to remove the PMMA
and the washed with isopropyl alcohol (IPA) and DI water to remove any acetone residues.
Illustration 3.2 shows step-by-step pictures of such process. The times indicated are important to
note that some steps, particularly the Cu etch and water baths, require a minimum time to ensure

a good quality transfer.

5-NN PM > 11-00 PM
Illustration 3.2 Step-by-step images of the graphene transfer process from copper substrate to silicon dioxide.

For ease of fabrication and sample availability, some samples with transferred multilayer
graphene material were directly purchased from Graphene Labs for nanofabrication. Samples
were characterized via Raman spectroscopy. The Raman spectra of single layer, bilayer and

multilayer graphene on SiO; is illustrated in Figure 3.9.
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Figure 3.9 Stacked spectra of monolayer, bilayer and multilayer graphene prior to fabrication. D represents the
defect peak, G represent the peak observed due to high frequency phonon process at the Brillouin zone center. The
2D peak represents the lattice vibration form two-phonon processes.

3.3 Device Fabrication

The graphene microelectrode array was fabricated utilizing traditional silicon-based micro-
fabrication processing techniques. Graphene was either grown or transferred onto wafers and
patterned with interconnect and passivation layers. Throughout the fabrication scheme, devices
were continuously inspected with an optical microscope and Raman Spectroscopy. Lastly,
samples were diced into chips before mounted on a glass PCB for wire-bonding. First generation
devices proved to have some leakage due to the small overhead of the passivation over the metal

lines. Subsequent designs had over 200 um of overhead to ensure fluid didn’t sit directly over the
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metal lines, even if separated by the passivation

3.3.1 Processing

The fabrication procedure is depicted in Figure 3.10. The protocol was cross-compatible across

different substrates and types of graphene, which was helpful in fabricating several samples in

parallel, cutting down in both time and resources. Devices were made using a 3-mask positive

photoresist process for chips plus one additional mask used to make the PCB. The initial

fabrication process was implemented in around a 1 year period. However, once established and

proven robust enough, the chip turnaround was roughly 2-3 days.

Deposition of 20 nm of Deposition of Ti/Au metal Graphene patterning
sacrificial e-beam SiO2 leads and contacts with an O2 plasma

D E
= :sio,
# : Gold
ﬁ : Graphene
Deposition of 100 nm of Wet etch of SiO2 to expose
insulating PALD SiO, active areas and contact pads

Figure 3.10 Fabrication Protocol of Graphene Microelectrode devices
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3.3.1.1 Use of a sacrificial layer

After choosing the appropriate sacrificial layer through trial and error of several oxides, 20 nm of
evaporated silicon oxide, chosen as the most optimal material, was deposited on our surfaces. It
is important to note that the quality of the silicon oxide and the crucible holding it is critical to
process integration. Any types of contaminants or residues in the oxide (or the crucible) would
leave cracked, crusty, uneven or poorly adhered oxide onto the graphene samples. To this end,
the oxide was replaced for every use and a crucible exclusively for silicon oxide crystals was

used.

Samples were mounted on a CVC SC4500 even-hour E-gun Evaporation System. This
cryopumped evaporator contains a 6 pocket electron gun source. Once samples were mounted,
the evaporator was pumped down for roughly 75 minutes, allowing it to reach a pressure of 2
x10°® Torr. Power of the e-gun was manually ramped to roughly 6%, letting the deposition rate
stabilize to around 0.5A/sec, at which point the shutter was opened until 20nm were deposited.

The etch rate of the material was established against Buffered Oxide Etch 30:1 (DI H,O: HF) and
found to be roughly 1.33nm/sec. Despite the established etch rate, it was important to monitor

samples to prevent over-etching, as it would also tend to etch away graphene on SiO2 substrate.
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3.3.1.2 Metal interconnect and Pads Patterning

SPR 220-3 pum photoresist (PR) was spun for 60 seconds at 3000RPM in the photolithography
hood. Samples were primed with P-20 (20%- hexamethyldisilazane) prior to spinning PR to
enhance adhesion of the photoresist to the substrate, as both graphene and the photoresist render
hydrophobic. Samples were then baked on a 115-C hot plate for 90 seconds and exposed, using
the Layer 1 mask with a near-UV light source in contact proximity. After developing the samples
in MIF-726 (2% tetramethylammonium in DI water), samples were dried out and inspected.

It was found that for first and second generation devices, with interconnect lines as thin as 20 and
40 pum, it was necessary to develop for 150-165 seconds. Developing for lesser amount of time
lead to incomplete removal of the photoresist, which lead to breaks in the metal interconnects.
This is seen in Illustration 3.3. Later generations of the electrodes used thicker metal lines, also

as a means to improve resistivity.

microsenyz

M0 77200 7730 7740 7IS0 7760 7RO

Ilustration 3.3 Optical microscope photograph 20 um lines in first generation devices. The lines reveal small break
due to under-developed photoresist.
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The oxide was etched for 15 seconds and samples were rinsed with DI water. At this point, it was
critical to inspect samples, as any oxide remaining affects the contact resistance to the graphene.
To ensure the oxide was entirely etched away, samples were allowed to over-etch slightly for 1-2
seconds until small cracks could be visible in the graphene layer underneath. Samples had to be
continuously be inspected to ensure the oxide had been removed, particularly with samples
grown epitaxially on SiC or sapphire. Profilommetry, visual inspection under the microscope,
and Raman were utilized extensively across all process steps to verify the presence, removal

and/or defects of the graphene after each process step.

Samples were then mounted on the odd-hour CVC SC4500 evaporator. The tool was allowed to
pump down to 2 x10° Torr, at which point the shutter was opened. 10 nm of titanium were
evaporated, followed by 150 nm of gold. Post evaporation, samples were allowed to sit in
acetone overnight to carry out a lift-off. They were cleaned with IPA and rinsed with DI water
before proceeding to electrode patterning. An image of samples prior to gold evaporation and

after lift-off is seen in Illustration 3.4.

Ilustration 3.4 Pictures of Second Generation Devices before (left) Ti/Au evaporation and after lift-off (right).
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3.3.1.3 Electrode Patterning

Photoresist was again spun, baked and developed as describe in section 3.3.1.2, this time using
the second layer mask to pattern graphene electrodes. The unmasked oxide was etched in 30:1
BOE and the samples were then etched using 50 sccm, 50W oxygen plasma for 60 seconds.
Samples had been etched in a downstream plasma using the YES CV200RFS Oxygen Plasma
Asher. It was a harsh treatment and unable to preserve our smallest 20 um features.
Consequently, we switched to the PT72, which offered more controlled and uniform etching.

Figure 3.13 shows an image of a patterned serpentine electrode.

After patterning the graphene active areas, samples were immersed in nanostrip for about 2 hours
to allow for the masking PR to be stripped away gently. They were then washed with acetone,

IPA and DI water, and dried with a nitrogen gun. Patterned electrodes before and after plasma

exposure are pictured in Ilustration 3.5.

Ilustration 3.5 (Left) Image of chip with electrode photoresist pattern only. (Right) Picture of patterned electrodes
after oxygen plasma etch of graphene and photoresist removal. Both are images of second generation chips.
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3.3.1.4 Passivation

Plasma atomic layer deposited silicon oxide was blanketed over the samples at a temperature of
300-C in an Oxford ALD FlexAL system. The deposition rate was less than 1A/cycle. Roughly
1200 cycles were run to meet the required 100 nm thickness. This thickness proved to be dense
enough to prevent ions from leaking to the metal interconnects. After deposition, samples were
once again prepared with lithography steps outlined, but exposed with Mask 3, which defined the
passivation layer. An estimated etch rate for ALD SiO; was .94 nm/second in 30:1 BOE.
Samples were etched for about 105 seconds, being careful not to over-etch as to prevent lifting

off the graphene (this was the case for chips fabricated on SiO,/Si substrates).

3.3.2 Packaging

Device integration for testing purposes required for the chip to be mounted and wire-bonded onto

a printed circuit board. Device integration for implantable purposes is much more complex, and

outside the scope of this thesis, and thus, not addressed. Illustration 3.6 shows a picture of the

completed quartz PCB.
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Illustration 3.6 Patterned printed circuit board with a 10/150nm chrome/gold deposition and patterned with wet
chemical etch. Boards were roughly 3 x 3 inches.

3.3.2.1 PCB design and fabrication

Quartz wafers were evaporated with 10/150 nm of chrome/gold. Prior to evaporation, all wafers
were Piranha cleaned to avoid lack of adhesion. Wafers were mounted onto a CHA evaporator.
Post metal evaporation, photoresist was spun, baked, exposed and developed as described
previously. A gold chemical etch followed by a chrome etch was used to pattern the PCB lines.

The PCBs were trimmed using the K&S dicing saw.
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3.3.2.2 Chip Dicing

Fabricated chips had to be diced in order to be wire bonded onto the glass PCB. To that end,
each chip was individually trimmed using the K&S dicing saw, which has up to 1 mm resolution
to trim miniscule edges. Chips had to be protected with photoresist prior to being diced because
the tool makes use of strong water currents as it cleaves the silicon (or glass) substrate. To
protect graphene from photoresist contaminants, the dicing was done prior to patterning the
graphene electrodes, post lift-off. At this point in the process, samples were still protected from

the photoresist with a thin oxide layer. A photograph of a chip prior and after dicing is observed

in Hlustration 3.7 below.

Illustration 3.7 (Right) Picture of a chip prior to dicing. Size is smaller than a penny. (Left) Image of a diced chip.

3.3.2.3 Wire-bonding and DUT setup

Chips were mounted on the PCB with conductive nickel tape and wire-bonded with aluminum
bonds, at a tool power of 350W. A picture of the finalized and packaged chip is illustrated in
Illustration 3.8. The contact pads had excellent adhesion to the substrate, as no pads were lifted

off the chip with wire-bonding. First and second generation chips had 48 electrodes, 4 TLM
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lines, 2 Van der Paw structure and 12 solution-gated transistors, which were not part of this
study. Third generation chips had 22 electrodes, 6 of which were serpentine electrodes. The
minimum size feature was 5 micron. However, the smallest properly pattered electrode was as
small as 20 micron. (10 and 5 microns ide length devices we not achievable with contact

lithography).

Illustration 3.8 Completed 2" generation chip mounted onto a glass PCB and wire-bonded.

3.4 Parasitics: Calculation and measurement

We defined what the device and circuit parasitics were in section 3.1. Electron kinetics are
understood by analyzing the voltammetric response of redox reactions on electrode surfaces.
However, these kinetics can often be masked or affected by other impedances in the system. We
will now take a closer look at the impedances associated with our electrode design and inherent
to the fabrication process. In chapter 4 we will take a look at the parasitics intrinsic to the

experimental setup.
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3.4.1 Passivation Capacitance

Our design isolates the active electrode areas from the contact pads, found on the periphery of
the chip, by using Ti/Au interconnects. In the first generation devices, these lines were kept at
around 20 micron in width. However, they were as long as 3000 um. In subsequent designs the
lines were as thick as 250 micron to enhance the contact resistance and avoid breaks in the lines
due to under-developed photoresist. The lines were insulated to prevent our analyte from coming
in contact with the gold surfaces, as this would lead to false positive results. Even though the
fluid rested mostly on the active area, and there was very little overlap of it with the metal lines,
there was some passivation capacitance to account for. Given the dielectric permittivity of silicon

oxide and the thickness of the passivation layer the passivation capacitance was given by:

C — SSiO;gOA (31)

Here, &5;0, IS the relative permittivity constant of silicon dioxide, 3.9 and &,is the vacuum
permittivity, 8.85x10** F/cm; d is given by the thickness of the oxide layer, 100 nm. The area is
defined by the width of the contact and the length through which the metal lead overlaps with the
fluid. The normalized capacitance was 34nF/cm?. We will see in section 4 that this capacitance

becomes negligible in our measurements.

3.4.2 Crosstalk Capacitance

In our measurements, one electrode was measured at the time, so there was no actual crosstalk

between metal leads. However, it is important to discuss crosstalk for future applications, which
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may involve using more than one electrode at the time for simultaneous measurements.

The cross-talk can be minimized by maximizing the distance between the leads and decreasing
the thickness of the metal leads. In addition, choosing a material with a lower permittivity
constant, such as silicon dioxide, helps reduce any crosstalk capacitance. As we will see in
Chapter 4, the double layer capacitance is on the order of uF/cm?, so it is important to keep the
other capacitances to be much lower. As seen in Figure 3.1, the capacitances run parallel to each
other. Because the distance between adjacent leads is on the order of tens or even hundreds of

micron, the crosstalk capacitance becomes negligible.

3.4.3 Substrate capacitance

Because our substrates are sapphire, insulating silicon carbide and thick silicon dioxide films
over silicon, the substrate capacitance contributions also become negligible in our design. While
we considered electrodes on hafnium oxide or aluminum oxide over silicon substrates (and as
passivation layers), the high-x inherent to these oxide would have increased the parasitic

capacitances.

3.4.4 Contact and Sheet Resistance

We used the transmission line method to extract the contact resistance, lateral sheet resistance
and transfer length of the graphitic materials used. Along with the uncompensated resistance (see
Chapter 4), the lateral sheet and contact resistance account for significant corrections in our

measurements due to the magnitude of the currents being measured. TLM structures and Van der
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Pauw structures were used within the chip. Because of the large graphene areas defined by the
Van der Pauw, there were hard to test as there were introduced cracks and holes that lead to lack

of continuity for a four point probe measurement.

Figure 3.11 shows a plot of the normalized measured total resistance for monolayer graphene as
a function of spacing between the contacts. Contact line spacing extended past 25 micron, but for
accuracy those measurements were not included, as with larger spacing there are increased
number of irregularities, defects, holes and discontinuities. Transmission line measurements
yield values for the contact resistance, Rc, the transfer length, L+ and the sheet resistance, Rsy of

the semiconductor being studied.

The total resistance can be expressed as a function of the spacing length:
R(L) =22 (L + 2Ly) (3.2)

Thus, from our measurements and best fit lines to the data we were able to extract mean values
for the contact and sheet resistances and the transfer length. The results are summarized in Table

3.1.

129



n
©
c 8 /A Monolayer Graphene
2 § o Bilayer Graphene
o 60 4= = 2 A A
IE § x ’ Multilayer Graphene 1

(8] ’

€ A m Epitaxial

c 1 4 ,A” A CVD on Sapphire
= |3 -
o . __-,__!
O E—-'i'_-i—
= 0 T T
! 0 10 20
% 30 - Distance (micron) y=2115.9x + 2742.5
(&)
[a's

T
1
0 T T T T
0 5 10 15 20 25

Distance (micron)

Figure 3.11 TLM analysis for monolayer graphene. The inset shows the TLM analysis for the other materials being

used.

Graphene Type R.(ohm-
pm)

Single Layer 1371+239
Bi-layer 1184+283
Multilayer 1161+230
Epitaxial on SiC 753+147
Graphene on 5544+853
Sapphire

Rsheet(Ohm/D)

2116+299
2086+373
1882+406
1506+482
9672+1984

p(ohm-cm?)

3.55X107
2.68x10°
2.86X107
1.37x10°
1.27x10"

30

Transfer

length

(L1)
1.29

1.13
1.23
0.91
1.146

The values extracted are somewhat higher than those reported in the literature for CVD and

epitaxial graphene. This was probably due to the fact that the fabrication process, despite being

carefully carried out, did leave some residues or created holes in the graphene. Regardless, there
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was not significant variation in contact or sheet resistance values across the different number of
layers, as reported by Russo et al.[196]. The contact and sheet resistance for CVD material
grown on sapphire was roughly 5 times greater than for any of the other materials. We
hypothesize that the uneven patchy distribution of this type of material led to higher sheet and
contact resistances. Chapter 4 examines the many differences seen between the voltammetric

behaviors of the different graphene types, particularly as electrodes are scaled down.

3.5 Summary

e Each electrode of the array is made up of a graphene pad in the center of the chip
connected to a contact pad at the edge of the chip through a metal lead. It is isolated from
the contact pad via an oxide passivation layer.

e Graphene was either grown directly on sapphire substrates via CVD or epitaxially on
silicon carbide. Mono-, bi and multilayer material that had been grown on copper or
nickel films and transferred to 300 nm of silicon oxide was also used for chip fabrication.

e Post fabrication all chips were mounted and wire-bonded onto a PCB for experimental
recordings.

e Starting materials and electrodes were characterized primarily using Raman spectroscopy
during the fabrication process. Post-fabrication, electrodes were characterized using
Raman Spectroscopy and AFM.

e Most capacitive impedances in our design were negligible as compared to the electrical
double layer capacitance, but the contact and sheet resistances were extracted for future

correction factor of experimental voltammograms.
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CHAPTER 4

ELECTROCHEMICAL PROPERTIES OF GRAPHENE ELECTRODES

More than 500 electrodes were characterized in this study. Electrodes varied in size, substrate,
graphene type, but encountered the same fabrication process for consistency. The reported values
in this section are purely experimental results, and confirm other finding and hypothesis put
forward in the literature about the electrochemical behavior of graphene. We have summarized
the gathered data for the performance metric of all electrodes to establish a proper comparison

and present the results in this chapter.

We now turn our attention to the electrochemical characterization of graphene electrodes. This
was the first true comparison across epitaxial, CVD on SiO, and CVD on sapphire graphitic
materials that entailed patterned electrodes with photolithographic steps. The different materials
and device geometries exhibit different ratios between the basal and edge plane sites. The
electrochemical characterization was consistent with other results in the literature, and offered
some interesting insights into the fabrication process in itself. If was found that electrodes that
had been roughened through the fabrication process (ie. had more holes and defects, without
substantial material loss), exhibited faster electron transfer kinetics than those with relatively
‘defect-free’ graphene surfaces. The electrode behavior was found to scale down with defined
area and concentration. The overall performance of epitaxial electrodes was concluded to be just

as good or slightly better than that of CVD electrodes.
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4.1 The Randles-Sevcik Equation

In Chapter 2 we derived the expression for the Cotrell equation and for the concentration at an
electrode surface as a function of time for a step potential. In linear sweep voltammetry the

electrode potential is swept at a scan rate v so that the potential at any time is given by:
E(t) =E;+vt , (4.2)

where E; is the initial open circuit electrode potential. In our experiments it was found to be
around .2 Volts. Because the rate of electron transfer is rapid at the electrode interface, the
oxidized and reduced species will immediately adjust to the ratio dictated by the Nernst equation
(2.1). We can now reorganize this equation to be a function of the applied potential, and thus

time:

CA(O't) _ E . _ o’
oo — EXP [RT (E;+vt—E ] 4.2)

Equation (4.2) really becomes a boundary condition for the solution of the current at the
electrode surface at any given time during a potential sweep. The solution to this equation was
first considered by Randles and Sevcik and later approached by Nicholson and Shain [139]. The

solution for the current expression current is given by:

i =nFAC; (nDoa)%)((at) (4.3)
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where o is given by (nF/RT)v and y(z) is given by:

i(at)

NFAC}(nD,0)1/2 (4.4)

x(2) =

x(ot) is a pure number and relates the current to the variables. Specifically, it shows that the
1
current is proportional to the concentration and to vz. The current reaches a maximum value

1
where mzy(ot) = 0.4463 and this peak current is the well-known as the Randles-Sevcik

equation, given at room temperature by:

ip = (2.69 x 105)n3/24D}/* Cjv1/2 (4.5)

Where A is given in cm?, D, is given in cm?/s, C; is given in mol/cm?®, v is given in V/s and ip IS
given in amperes. This equation is the most important equation that we will be manipulating to
assess our electrode performance metrics, extract effective electrode areas, rate constants and
measure detection limits. It relates the measured currents to the known and unknown
experimental conditions we want to extract to evaluate not just the quality of the graphene, but

also the overall robustness and stability of our fabrication process.

4.2 The Electrode-Electrolyte Interface

The electrochemical processes at the electrode-electrolyte interface not only determine the

electron transfer kinetics, but also what, if any, impact it will bring to both the electrode and the
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surrounding electrolyte. Good electrochemistry is critical for reliable, reproducible and accurate
data acquisition. To that end, it is important for us to understand the impedances and processes
that take place at the interface between a semiconducting surface and a physiological solution. In
section 3.1 we presented the basic circuit scheme for our graphene electrode and, in section 3.4
we analyzed the impedances inherent to the devices structure and fabrication process. In this
section, we will examine the impedances inherent to the experimental setup, namely the
impedances seen at the electrode-electrolyte interface. These are depicted in Figure 4.1. The
impedances presented are solely due to the interface of the working, reference and auxiliary

electrodes with the analyte, and exclude parasitics associated with micro-fabrication variables.

Power Supply

Counter

Reference < Rgy Electrode

Electrode

Working
Electrode

)
o

Figure 4.1 Depiction of parasitics inherent to the electrode-electrolyte interface.

Even under no applied bias, chemical reactions do take place at the interface [197]. One-step

electron transfer redox processes occur, driven by thermodynamic equilibrium. As this occurs, an
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excess charge layer builds up on the electrode surface. A second layer of charges, composed of
ions, attracted to the surface charge via Coulombic forces electrically screens the first layer.
This second layer is loosely associated with the electrode surface. It is made of free ions that
move in the fluid via electric attraction and thermal motion rather than being firmly anchored. It
is thus called the "diffuse layer". Once equilibrium is reached the net current across the interface
is zero. Figure 2.2 schematically shows the electrical double layer. To keep a continuous current
flow at the interface, there must be either a capacitive current through the double-layer formed
by the excess charge on the electrode surface and the space charge (diffuse) layer in the solution,
or there must be some type of resistive current through a faradaic process, in which case charge
are actually transferred between the solid electrode phase and the solution. A faradaic current
would encounter both a solution resistance, Rso and an interface charge transfer resistance, Rin.
This can be seen in Figure 4.1. In addition there is an uncompensated resistance, Ry, also known

as a spreading resistance due to the placement of the reference electrode.

4.2.1 The Double-Layer Capacitance

The interfacial capacitance at the electrode-electrolyte interface plays a critical role in our work,
as it is responsible for any charging currents that can be observed in our measurements. These
become more relevant as the concentration of analyte species is reduced. All peak currents must
be measured with respect to this charging current, and, as expected, it is a function of the applied

potential of the working electrode.

Close to the electrode, water dipoles in solution orient themselves to form a hydration sheath. In
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figure 2.2 anions specifically adsorb to the electrode surface. The locus of the anion is usually
termed the inner Helmholtz plane (IHP). The locus of the nearest hydrated cations is called the
outer Helmholtz plane (OHP). Water dipoles separate these cations from the electrode surface
and they are said to be nonspecifically adsorbed. Because of thermal agitation these ions
dispense with a concentration gradient from the OHP to the bulk solution forming the diffuse

layer.

4.2.1.1 The Gouy-Chapman-Stern (GCS) Model

The double layer capacitance had originally been treated by Helmholtz as a constant parallel-

plate capacitor.

(4.6)

Equation (4.1) expressed the double layer (in units of Farads/cm?) as a mere function of the
permittivity of the solution and the distance between two sheets of charge at the electrode
surface. However, experimental data revealed Cg changed with applied potential and
concentration. Because of the diffuse layer, the thickness d is actually the result of a balance
between the electrostatic attraction or repulsion taking place at the electrode surface and the
thermal agitation defining the diffuse layer. This concept of a diffuse layer was put forward by
the Gouy-Chapman theory. Thus, higher electrode potentials or higher solution concentrations

would make the C4 more compact, and hence give it a larger capacitance value.
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However, because of the size of solvated ions, the distance from the electrode surface can never
be infinitely thin. Stern added the concept of the outer Helmholtz plane (OHP) to separate the Cy

into two components:

=4l 4.7)

Cai Cy Cp

Cy is the capacitance of the OHP and Cp, is the diffuse layer capacitance. The Cy is treated as
two capacitors in series. At potentials of little to no charge accumulation, the double-layer
capacitance is dominated by the diffuse layer and has strong potential dependence; at larger
potentials, the outer Helmholtz capacitance dominates and the Cgy approaches a constant value,
as originally proposed by the Helmholtz model. Solution concentration is also important because
in highly concentrated electrolytes the diffuse layer is so thin that that its capacitance become

rather large, and hence, negligible. In such cases the Cg also approaches a constant value.

4.2.1.2 Estimate of the Double Layer Capacitance in Carbon Electrodes

The double-layer capacitance of various forms of carbon ranges widely from 1-70puF/cm? [168].
Along the basal plane the electrons are delocalized and can move freely. Graphene has reported
high carrier mobilities repeatedly in the literature [21, 25]. However, the resistivity normal to the
basal plane and in the direction of charge transfer is much higher, close to 1000 times higher. To
that end, it can be considered insulating and one must include an extra space-charge capacitive

component in the Cq [198, 199]:

Lt 1 (4.8)

Cai Ch Cp CsH
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For intrinsic semiconductors,

Con = (“L"Z’”)l/ (4.9)

Where n; is the intrinsic concentration of electron and holes. The space-charge capacitance is
usually much smaller than the Helmholtz or diffuse layer capacitance values, so it dominates the
Cai. This accounts for the overall smaller double-layer capacitance seen in graphite as compared
to standard metals. Graphite edges, however, have a higher capacitance due to the contribution of

surface groups. As expected, the double layer capacitance scales with the electrode area.
4.2.2 The Quantum Capacitance

In the case of graphene, in addition to the double layer capacitance, there is an additional
capacitive component, the so-called quantum capacitance, Cq. Cq is defined as 9Q/dU,,. , where
Q=e(p-n) is the total charge in graphene and dU,,. represents the electrostatic potential in
graphene, or the position of the Fermi level with respect to the Dirac point[200-201]. Therefore,
the total interfacial capacitance seen at the electrode-electrolyte interface results from the series
combination of the quantum capacitance and double-layer capacitance. There have been
conflicting views on an exact model for the interfacial capacitance, but in accordance to the work
put forward by Garrido et. al [200], we will use a series combination in our model. Figure 4.2
shows how the total interfacial capacitance, Cepg can be described by the combination of Cq and
a Cq of about 3uF/cm?. It is important to note that for the given calculated values of the quantum
capacitance around the Dirac point, the quantum capacitance, usually much smaller than the

double-layer capacitance, would dominate the interfacial capacitance. However, we must note
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that the presence of charged impurities both from transfer or growth processes can induce
chemical doping and shift the Fermi level away from the Dirac point, thus pushing the value of
the quantum capacitance up. The Dirac point can be shifted by as much as 50 volts. In such case,

the interfacial capacitance is dominated by the double-layer capacitance.

10 ——17—

Figure 4.2 Capacitance of the graphene-water interface (CePB) calculated using an extended Poisson-Boltzmann
model and its two in-series contributions: the electrolyte double-layer capacitance (Cdl) and the quantum
capacitance of graphene (CQ) [201].

4.2.3 Charging Currents

For a potential step experiment at a constant-area electrode, the charging current dies away after
a few time constants. However, since the potential is continuously changing as we sweep the

voltage, a charging current i is always flowing. This current can be written as [139]:

li| = ACyv (4.10)
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Figure 4.3 shows the typical capacitive current measured from a .267 mm? monolayer graphene
electrode immersed in 0.2KNOj3; with no redox analytes in solution. The sweep rate was
200mV/sec. This allows us to extract an estimate for the double-layer capacitance to be around
34uF/cm?. The extracted double layer capacitance for all different types of electrodes is given in

table 4.1 below and it increases with the number of defects or exposed edges.

Graphene Type Extracted double layer capacitance
Monolayer 21 + 3puF/cm?

Bilayer 55 + 7 uF/cm?®

Multilayer 69 + 4 uF/cm®

Epitaxial 9.17 + 2 uFlcm?

CVD on Sapphire 105 + 12 pF/cm?
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Figure 4.3 Measured capacitive/charging current in 0.2M KNO; on a monolayer graphene .267 mm? electrode. Scan
rate was 200mV/s.

While i, varies with v** for processes dominated by linear diffusion, i varies with v and

becomes more relevant at faster scan rate. From equation (4.5) and (4.10) we can write [139]:

1
ic _ €qu2(1075)

ip  269n3/2D}/%¢;

(4.11)

Equation 4.11 shows that a higher scan rates and lower concentrations the charging current
increases relative to the peak current and inflicts severe distortion to the voltammogram, setting a

limit for the useful scan rate and minimum detectable concentration.
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4.2.4 The Interfacial Charge Transfer Resistance

In parallel with the double layer and quantum capacitances is the interface charge transfer
impedance. This is a valuable metric of how fast electron transfer reactions take place at the
electrode interface and is a function of the device geometry, sample preparation and, the ratio of
edge to basal plane sites for electrocatalytic activity. The single most important metric for an
electrode material is its ability to transfer charges easily or, namely, that it has a large electron
transfer constant. For graphene, values as large as 0.042 cm/s have been reported [140]. It has

been hypothesized that corrugation increase the heterogeneous rate transfer constant

4.2.5 The Uncompensated Resistance

The three-electrode setup is usually preferred over the two-electrode setup because it keeps the
reference electrode potential stable while using an auxiliary electrode to pass the current. If we
consider the potential between the working and auxiliary electrode, we can see that unless the
reference electrode is placed exactly on the working electrode, some fraction of iRgy (called iRy,
the uncompensated resistance) will be included in the measurement. Given a reference capillary
placed a distance x from a working planar electrode of area A, the uncompensated resistance is
given by [139]:

R, == (4.12)

From 4.12 we can see that the uncompensated resistance increases for smaller electrodes.

Because the current scales linearly with the electrode area, the iRy term remains relatively
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constant regardless of the size of the electrode. It does, however, increase as we increase the

separation of the reference electrode from the working electrode. In our measurements, the active

area of the chip was confined to less than 4 by 4 mm. Therefore, an accurate enough estimate of

this distance was roughly 2-4mm. Kk is the solution conductivity. Table 4.1 lists the solution

conductivity for various commonly used electrolytes, including KNOs. From this table it is clear

that choosing an electrolyte with a large electrical conductivity will help decrease the

uncompensated resistance. Our carrier electrolyte, 0.2M (roughly 20.1 grams to a liter of DI

water) of KNOj3 had an estimated electrical conductivity of 20.1 mS/cm.

Name

Acetic Acid
Calcium Chloride
Hydrogen
Chloride
Potassium

chloride
Potassium nitrate

Sodium chloride

Sodium
hydroxide

Formula
CH3;COOH
CaCl,

HCI

KCI

KNO;
NacCl
NaOH

0.5%
0.3
8.1
45.1

8.2

5.5
8.2
24.8

1%
0.6
15.7
92.9

15.7

10.7
16.0
48.6

2%
0.8
29.4
183

29.5

20.1
30.2
93.1

5%
1.2
67.0

71.9

47.0
70.1
206

10%
1.5
117

143

87.3
126

15%
1.7
157

208

124
171
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4.3 Experimental Basis of Detection

Detection of ferrocenemethanol was carried out by examining its oxidation potential relative to a
silver reference electrode through cyclic voltammetry type measurements. By sweeping the
working electrode potential, it is possible to examine the concentration of species in the vicinity
of the electrode surface. As species oxidize onto the surface of the working electrode, the current
increases. For transport limited by linear diffusion, such as the case of larger electrodes, the
current reaches a peak before it decays; because the electron transfer kinetics occur at a faster
rate than the sustained diffusion, the current cannot increase with applied potential, and starts
decaying. For smaller electrodes, where the mass transport of analyte species to the surface is
governed by convergent diffusional processes, the current reaches a steady state, as the rate of
electron transfer is comparable to that of species arriving to the surface. The electrode response,
in turn, provides insight into the electrochemical behavior of the patterned electrodes, the
possible pitfalls of the fabrication process and, more importantly, the ways of improving them
for subsequent runs. All electrochemical measurements were made using the cyclic voltammetry

technique.

4.3.1 Cyclic Voltammetry

Figure 4.4 shows the typical waveform of the applied potential onto the working electrode.
Measuring the capacitive current with no analyte species allows us to get an idea of the potential
window, roughly between -.5 and .6 Volts. Figure 4.3 also shows the typical voltammogram
resulting from the electrode response, with 8 distinct regions. At A the applied potential is not

enough to start oxidizing species, and most of the species in solution near the electrode surface
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remain reduced. As the potential increases, at B, past 0 volts, the species start oxidizing. As more
species oxidize, the concentration of reduced species at the surface depletes and a concentration
gradient is set between the bulk solution and the electrode surface. The rate of electron transfer
is faster than the rate at which species can diffuse to the electrode surface. As the applied
potential increases, the current is gradually diminished as a result of the gradual expansion of the
diffusion layer towards the solution bulk, which in turn will gradually decrease (according to
Fick's 1st law) the flux of F. species towards the electrode surface. Thus, the current reaches a

peak, seen at C, before it starts decreasing, at D, despite the increased applied potential.

When the current is reversed a similar trend is observed as the oxidized species are now reduced.
At E the potential is not negative enough to reduce the oxidized species. Once it becomes
negative enough, at F, the oxidized species in the electrode vicinity start reducing until they
reach a cathodic peak at G. Again, the rate at which species reduce is limited by the rate of mass
transport to the electrode surface. As the potential becomes more and more negative the number

of species that can reduce diminishes, as seen at H.
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Figure 4.4 Top (left) - Samples input waveform of potential applied to WE. Top (right)-Sample voltammogram
observed with 1ImM of FcMeOH at 200mV/sec on monolayer graphene. Bottom- Concentration profiles at the
electrode surface seen at the different parts of the voltammogram.

4.3.2 Experimental Setup, DUT and Apparatus

Our wire-bonded chip onto the PCB was set on a stage and taped down to prevent it from sliding
when using alligator clips to make contact to the PCB. We used the Autolab PGSTAT128N
potentiostat for all the measurements presented in this thesis. The carrying electrolyte was
prepared using 20.1 grams of potassium nitrate in de-ionized water. 1mM of ferrocenemethanol
(16.8 mg/100mL) was prepared in this carrier electrolyte and diluted further for smaller

concentrations. The reference and auxiliary electrodes, made of silver and platinum wire,
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respectively, were mounted on a manipulator using a cleaved pipette to hold the wires. After
making contact to the chip and to the reference and auxiliary electrodes with the alligator clip
leads, the reference and auxiliary electrode were placed in close proximity (2-4 mm away
depending on the chip layout) to the working electrode, but not touching it. About 50uL of
solution was pipetted onto the center of the chip, making sure the auxiliary and reference
electrodes were fully immersed. Illustration 4.1 shows a picture of the setup as seen on the chip.
The solution held well in the defined active area. The potentiostat was set to scan at a rate
between 100mV/second and 500mV/second between -0.3 volts and 0.5 volts with sampling
frequencies between 50 and 200 Hz. Sampling any higher introduced significant noise into our
results. While NOVA can correct the voltammogram for uncompensated resistance, this feature

was turned off in our measurements.

ity

Illustration 4.1 Left- Picture of experimental setup as seen on wire-bonded chip. Right - Pictures of graphene 1%
(bottom) and 2™ (top) generation microelectrode array chips with reference and auxiliary electrodes placed over the
working electrodes immersed in a 1mM solution of ferrocenemethanol in 0.2 M of KNO;
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4.4  Visual and Optical Characterization of graphene electrode

Fabricated structures were inspected under a microscope and using Raman spectra. Figure 4.5
shows the Raman Spectra of the different electrodes post processing. As expected, the 2D:G
ratio decreases with increasing number of graphene layers(reference). A small D peak is now
observed in monolayer, bilayer and epitaxial samples, with a larger D peak observable in
multilayer graphene and CVVD material grown on sapphire. As mentioned, the latter materials
exhibits high degree of defects with a decrease in domain size, exposing more edges and
dangling bonds than CVD graphene transferred onto SiO, and epitaxial graphene on SiC. The

background Raman signals from SiC and sapphire have been subtracted from their respective

spectra.
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Figure 4.5 Raman Spectra of fabricated electrodes for different graphene types. D represents the defect peak, G
represent the peak observed due to high frequency phonon process at the Brillouin zone center. The 2D peak
represents the lattice vibration form two-phonon processes.
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Atomic force microscopy (AFM) characterization of these materials has revealed domain sizes of
100-200 nm for graphene grown on sapphires and 4-6 um for material grown epitaxially on SiC.

AFM images of single layer and multilayer in Figure 4.6 show significant samples thickness.
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Figure 4.6 AFM images of Single Layer (top) and multilayer (bottom) graphene.
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4.5 Electrochemical Characterization of Graphene Electrodes

The next section will focus on presenting a detailed summary of the performance metrics across
all the different types of graphene electrodes measured. All electrodes were tested at different
scan rates to test for diffusional processes, compute the effective electrode areas and extract
kinetic parameters. The limit of detection was performed on 500x500 pm? electrodes for the
case of mono-, bi- and multilayer graphene. Epitaxial and CVD electrodes on sapphire were
arbitrarily chosen and found to be roughly 64767 and 38376 pm?, respectively. The sensitivity
was extracted from current vs. concentration plots and found to be highest in CVD graphene on
sapphire electrodes. In addition, the electrodes were tested over the course of 2 weeks to test for

current stability.

4.5.1 Scan-Rate Dependence of Peak Current

Conventional peak-shaped voltammograms associated with standard redox reactions of FcMeOH
were observed for most electrodes, with observable differences seen in the peak-to-peak
separations of the anodic and cathodic currents. In order to accurately interpret the
voltammetric response and extract the correct electron charge transfer constant, the Ti/Au
contact resistance to the graphene and the electrode sheet resistance, as well as the
uncompensated resistance from the reference electrode had to be taken into account. The solution

resistance is negligible due to the strong molarity of the supporting electrolyte (.2 M KNO3).

Figure 4.7 displays the cyclic voltammogram for a single layer Imm? geometrically defined
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graphene electrode at different scan rates. The inset plots the peak current as a function of the
square root of the scan rate after correcting for any contribution from the charging current, which
given our estimate for the double-layer capacitance, proved to always remain less than 2.5% of
the total measured peak current. The linear relationship confirms diffusional transport and mass-
transport-limited reactions taking place at the electrode surface. The voltammogram is
representative of quasi-reversible kinetics, with a very subtle increased separation observed
between the anodic and cathodic peaks with increasing scan rates. It is worth observing the

resolution of this measurement was limited by the sampling frequency (~100 Hz).
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Figure 4.7 Voltammogram for different scan rates for a 1 mm?-defined monolayer graphene electrode in 1mM of
FcMeOH in 0.2KNO; solution.

152



By using the Randles-Sevcik equation we can extract the effective electrode area from the slope
of the line. The diffusion coefficient is given as 7.4x10® cm?s. The effective area for this
electrode was found to be .806mm?, which is within reasonable limits of the defined mask
electrode area. For consistency, all electrodes were tested in 1 mM solution of

ferrocenemethanol.

Figure 4.8 shows the voltammetric response for bilayer, multilayer, epitaxial and sapphire
electrodes. Taking into consideration the parasitics, the plots reveal that for larger electrodes
(larger than 100 x 100 um?) the electron kinetics are diffusion-limited, quasi-reversible and
similar for CVD transferred materials regardless of the number of graphene layers. The smaller
peak-to-peak separations observed in the electrodes patterned on epitaxial graphene show
somewhat faster kinetics, which is true for some, but not all, of the epitaxial electrodes. Most
interesting is the voltammetric response exhibited by sapphire electrodes. We will first highlight
that the extracted areas for all sapphire electrodes were much smaller than that defined by the
mask, as was expected. Sapphire proves to be an incredibly inert substrate for CVD graphene,
and the graphene layers are merely adhered to the substrate by Van der Waals forces. It comes as
no surprise that through subsequent fabrication steps, graphene is no longer conformal on the
substrate. This was confirmed by Raman and even through optical microscope images. The
effective electrode area defined by the electrode shown in figure 4.9C is around 7486 um?. It is
much smaller than the mask-defined area of 22500 pum? Despite having a peak current, it
exhibits a more sigmoidal response, usually seen with in electrodes much smaller than ~30 x 30
micron, and the current decay post the peak current is much more subtle than the one seen in

linear diffusion-limited transport processes alone. The inset shows the peak current relationship
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to the square root of the scan rate. The response is no longer linear with increased scan rate, but
rather logarithmic, reaching a steady-state limit. This was found to be true for most sapphire
electrodes, regardless of the calculated effective area. The electrode current behaves like the sum
of the individual current contributions of ultramicroelectrodes, representative of the high number
of edge domains found in graphene grown on sapphire due to the patchwork type of material
present on the substrate. The capacitive current was found to be greater for CVD graphene

electrode on sapphire, mainly due to the increased number of edge sites as compared to basal

ones.
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Figure 4.8 Typical voltammograms observed in A) Bilayer, B) Multilayer, C) CVD graphene on sapphire and D)
epitaxial graphene electrodes. The insets plot the peak response as a function of the square root of the scan rate. The
extracted effective electrode area is annotated on the bottom left corner of each voltammogram.
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45.2 Effective Electrode Area

Figure 4.9 plots the effective electrode area against the calculated and experimental peak current
for the different electrode types as given by the Randles-Sevcik equation. The areas are extracted
from the linear relationships between the square root of the scan rate and the measured peak

current.

Monolayer, bilayer, multilayer and epitaxial graphene all show good accordance between the
expected and obtained values for peak current. The deviation from the calculated values for CVD
graphene electrodes on sapphire confirm that the effective electrode area is much smaller than
the defined one and hence, the fabricated structures do not have conformal graphene coverage,
but rather areas where material has been lost. Previous computational studies of this type of
graphene confirm that only weak dispersion forces adhere graphene to the alumina substrate
(Hwang et. al), increasing the likelihood of interconnected patches of graphene as opposed to a
continuous layer. The high contact and sheet resistance, as compared to that of transferred CVD
graphene on silicon oxide and epitaxial graphene, are also indicative of substantial material loss.
The inset plots the electrode area against the experimental current for smaller electrodes

(<30000pm?).
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Figure 4.9 Plot of electrode area versus predicted current for different types of graphene electrodes

While larger electrodes do not show much difference between single, bi- and multilayer material,
smaller electrodes show higher current sensitivity for multilayer graphene electrodes. While the
difference in the number of graphene layers has not been proven to change the transfer Kinetics at
the basal plane, there have been reports of the charge transfer constant to be greater at the
graphene edge plane as compared to the basal plane. Higher electrode sensitivity is observed in
bi-layer and multi-layer electrodes that have been scaled down enough below 50 pm. In addition,
the voltammetric response for multi-layer graphene electrodes starts becoming more sigmoidal,
as dominated by convergent diffusion beyond 50 um scaling. This can be attributed to a
“microelectrode edge” effect, also seen in sapphire electrodes. [140]. Such effect can be

negligible at a macro-electrode scale because the contribution due to this type of “convergent
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diffusion” is small compared to that of planar diffusion activity. But as the electrode scales
down to a few micron (~ < 50microns or so), convergent diffusion becomes more significant and
changes in the voltammetric response and electrode sensitivity can be observed. The peak current
for smaller multilayer graphene electrodes, therefore, is no longer just dominated by the Randles-
Sevcik equation for linear diffusion, but rather has a component due to spherical or convergent

diffusion as given by Equation (2.25).

Figure 4.10 shows the gradual change in current response for multilayer graphene versus
monolayer graphene as electrodes are scaled from to 250 um all the way down to 20 um in
length. It can be seen that the convergent diffusion effect is more prominent in multilayer
electrodes as opposed to single layer ones. Not only is the I-V curve more sigmoidal in
multilayer graphene electrodes, but it is significantly higher than that predicted by the Randles-
Sevcik expression. The increased number of layers has a role in the overall electrode response as

the devices scale down to a few tens of microns.
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Figure 4.10 Voltammetric response of multilayer (left) versus monolayer (right) electrodes as they are scaled down.
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45.2.1 Effective area of Ultramicroelectrodes

For an electrode solely dominated by convergent diffusion (ie: an UME) the steady state current

is independent of the scan rate and is given by [140]:

Aer =T (4n;szs>cg)2 (4.14)

We see such response in the smallest multilayer electrodes (20 x 20um). The voltammogram
behavior of such electrode is plotted in Figure 4.11. The small fluctuations in the electrode
current correspond to the capacitive current, which increases linearly with the scan rate. For a
steady state current of roughly 2.65 nA and a 1mM concentration of ferrocenemethanol in
potassium nitrate the effective electrode area is computed to be 271+17 um. Because the
electrode is made of several layers of graphene it is likely that the electrode area is indeed
somewhat smaller, as equation (4.14) is used assuming only one sheet around which convergent

diffusion occurs, as opposed to many.
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Figure 4.11 Voltammogram of FcMeOH (1mM) in KNO; 0.2M at a multilayer graphene microelectrode
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45.2.2 Correction to the Effective Electrode Area

The effective electrode area for the smaller CVD graphene electrodes, as well as the graphene on
sapphire electrodes would not be as given by the plot in Figure 4.9 but rather, be somewhat
smaller, as to account for the fact that not all diffusive transport processes are linear, but some
are convergent, and thus represent higher currents for the same area. To arrive at a model we

1/2

looked at the i, vs. v=“ plots for these electrodes and, as given by equation (2.25) we identified

two contributions to the total current measured:
. Ato 4nFD,C,
i, = x2.69 X 10°n3/2Cy Ao D, 012 + (1 — x)ﬂﬁ—og,/nrozT (4.15)

Equation (4.15) separates the current into a component due to linear diffusion (left) and a
component due to convergent diffusion (right), with their weighed contributions summing up to
the total peak current observed. The second component sums the individual contributions of the

current due to the individual graphene domains. The total number of domains in a given

Atot
12’

electrode is given by where r, is the estimated radius of each domain. For CVD graphene on

sapphire this number is anywhere between 50 and 100 nm as confirmed by AFM. x and 1-x are
the weighing factors by which we scale the current contributions, with x being a decimal value
between 0 and 1. Equation 4.15 is a first order approximation that assumes a linear combination
between the contributions coming from the edges and those given from the basal plane
electroactive sites. It can be fitted to different domain sizes and values for x. Figure 4.12 shows
the simulation for a domain size with 50 nm radius and x values between .998 and .999. It also

shows the experimental data points for the electrodes tested. The extracted electrode areas and
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the experimental data confirms that electrode behavior is not just governed by linear diffusion
only, with about 33% of the current contribution coming from convergent diffusional transport

processes for scaling values of x as high as .999.
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Figure 4.12 Simulated current response for electrodes showing contributions both from linear and convergent
diffusion. The red dots show the experimental data from CVD graphene on sapphire electrodes.

We now turn to the case of specific CVD on sapphire electrodes measured, where we do not
observe an electrode peak current but rather a steady state current, with differences seen in the
capacitive current as the scan rate increased (charging current is proportional to the scan rate).
This electrode response to an applied triangular wave potential is seen in Figure 4.13. This type
of electrode carries a heavier weight on the contribution of current due to convergent diffusion. If

we take the steady state current as given by the scan rates at 100 and 200 mV/s we can use
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equation 4.14 to extract the electrode effective area to be roughly around 9000 um? (or ~ 95x95
um), which is somewhat large for convergent diffusional effects, unless the distribution of
graphitic material is in patches of only a few micron in length or width. We speculate that for
these electrodes fabricated on CVD graphene on sapphire, the effects of convergent diffusion

arise due to the small domain sizes.
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Figure 4.13 Voltammogram of a CVD graphene on sapphire electrode with area of about 9000 um? . The response
starts to approximate that of an ultramicroelectrode.

4.5.2 Detection Limit, Linear Range of Detection and Electrode Sensitivity

Electrodes were tested against varying concentrations of analyte to measure the range of linear
detection, the detection limit and the sensitivity. Figure 4.14 shows the typical voltammogram

response for an epitaxial electrode with an area of roughly 300x200 um?.
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As expected, more distortion defines the voltammograms at lower concentrations due to the
increase in the ratio of the charging current to the measured peak current. The linear range of
detection is observed to be roughly between 25uM and 1mM, and the smallest observable peak

can still be observed at 1uM, despite the charging current.

0.012
25 uM
10 uM
0.2 -
< 0.006 -
2
IS
2
5
O
-0.006
<
320 -
i)
c
]
—
S
3 —_—
© <
e L
£ 0.022 +
I E
5
(@]
250 uM 0.0022 w1 LI
— N 0.001 0.01 0.1 1
>0 UM FcMeOH Concentration (mM)
-0.2 . .
-04 0 0.4

E vs. Ag (Volts)

Figure 4.14 Voltammograms of a 300x200 pm?® epitaxial graphene electrode with varying concentrations of
FcMeOH in 0.2M KNOs. The top left inset plots voltammetric response for concentration at or below 25uM. The
bottom right inset plots the peak currents versus concentration response.

Identical analysis was performed on the other type of electrodes. Figure 4.15 plots the peak
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current versus concentration response for single layer, bilayer, multilayer and CVD graphene on
sapphire electrodes of different sizes. The effective area of the tested CVD graphene on sapphire

electrode was much smaller than the CVD graphene electrodes on SiO,, thus the smaller current

scaling.
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Figure 14.15 Peak current versus concentration trends for A) single layer, B) bilayer, C) multilayer and D) CVD
graphene on sapphire electrodes. The electrodes areas are given by 267000, 24400, 192000, and 38376 pm?,
respectively.

The electrode sensitivity for epitaxial electrodes can be extracted from the slope of the peak
current vs. concentration plot normalized to the electrode area for the linear regime (at higher
concentrations), where the charging current is negligible, as given by Figure 4.16. The effect of
higher distortion due to the increase in the double layer capacitance can be observed at lower

concentrations, particularly for multilayer and CVD on sapphire electrodes, where the double
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layer capacitance is greater than for the other materials. The highest current sensitivity for
epitaxial electrodes is calculated to be 4.12pA mM™um?, and the mean sensitivity taken across

all concentrations is given by 2.95 pA mM™pm?.
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Figure 4.16 Normalized peak current vs. concentration plot for different electrode types. Higher distortion due to
charging currents is observed for multilayer and CVD graphene on sapphire electrodes.

Electrode Type Peak Sensitivity(pA mM™um™) Mean Sensitivity(pA mM™um™)
Monolayer 4.66 3.14

Bilayer 3.94 3.52

Multilayer 4.37 3.56

Epitaxial 4.12 2.95

CVD graphene on 6.10 3.83

sapphire
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Tables 4.3 summarize the peak and mean sensitivity for all electrode types for 1mM of
FcMeOH. We have included the response observed across all the different size electrodes tested
(do note Figure 4.17 is only representative of one electrode). Because CVVD graphene on sapphire
electrodes exhibit convergent diffusional transport properties, the maximum current sensitivity
per um? was indeed larger than that of any other type of electrode. Figure 4.17 summarizes the
linear range and detection limit for all electrodes. Epitaxial, bilayer and monolayer graphene
electrodes exhibit similar linearity ranges between 25uM and 1mM. The linearity range is
limited by the larger double layer capacitance of CVD graphene on sapphire (105 pF/cm?) and
multilayer electrodes (69 pF/cm?), as expected with electrodes with increased number of defects.
The linearity range is given as 250uM-1mM and 50 pM-1mM, respectively. The highest

detection limit was found in epitaxial electrodes, close to 1 pM, while the lowest was given at 25

MM for CVD graphene on sapphire electrodes.

Figure 4.17 Linearity range (left) and detection limit (right) for all electrodes
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45.3 Kinetic Parameters

The most important metric of an electrode with quasi-reversible kinetics is the rate of charge
transfer. Better electrode performance is synonymous with faster electron kinetics at the surface
with a given applied potential. This section summarizes the results for the charge transfer

kinetics observed.

While we still use the Randles-Sevcik to relate the experimental controls to the peak current, the
shape of the peaks themselves show quasi-reversible kinetic behavior. We can refer to our
derivation for the current as given in section 2.3.3.2.2 where we took a look at the solution of the

diffusion equation for quasireversible systems. The potential is now given by E=E; + vt.

The peaks separate slightly with an applied potential. The shape of the peak and the various

parameters are shown to be a function of the transfer constant, a, and a parameter A, defined as

kO

= oFor (4.18)
For the case where Da=Dg, as for our system, equation 4.16 becomes:
A=—2_ (4.17)
IRCTORE '

The solution for the current under an increased potential of constant scan rate can be given as:

1 101

i = FAD:C;f2v2¥(x) (4.18)
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Y(x) is a function of both o and A. W(x) is depicted in Figure 4.18 for various values of a.

As A increases to values above 10, the system approaches the behavior of a reversible system.
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Figure 4.18 Variation of the quasireversible current function W(E) for different values of a for different values of A:
HA=10,(INA=1, (1A =.1, (IV)A=.01. Dashed curve is for a reversible reaction. We assume the forward
transfer constant to be given by 1-a, and the backward transfer constant to be given by —a [139].
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The peak separation is now a function of the transfer constant, a, the scan rate, v, k® and A. The
curves are function of a dimensionless parameter Y = Am~1/2. For values of 0.3<a<0.7 the

peak separation are almost independent of o and depend only on . Nicholson’s curve relates the
separation between the peaks to this dimensionless kinetic parameter [202]. This relationship is

plotted in Figure 4.19.

Y = k°/RT /mnFDv~1/? (4.19)

The separation between the oxidation and reduction peaks was measured and plotted against the
scan rate to extract kinetic parameters. Because of the high measurable currents, the correction

for contact, sheet and uncompensated resistance was made across all devices.
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Figure 4.19 Nicholson’s curve for peak separations between 68 and 144 mV.

Using the Nicholson peak separation vs. 1 curve and making for the resistance corrections that
were computed in Chapter 3 and those computed earlier in this chapter, we can plot the

relationship between the peak separation and ¥ for the different scan rates (or inverse square root
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of the scan rates). Figure 4.20 plots this relationship for an epitaxial graphene electrode. We can
extract the value for the heterogeneous transfer rate constant from the slope, as given in Equation

4.15 and find it to be roughly around .0134 + 5% cm/s.
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Figure 4.20 Peak separation AE, and Nicholson’s kinetic parameter versus the reciprocal of the square root of the
potential scan (v*?) epitaxial graphene electrodes.. A linear fit to the curve is used to determine the
heterogeneous charge transfer rate constant, k°.

We extrapolate this analysis to the other electrode types, mainly the large electrodes
(>250x250um), as to properly compare kinetics across all tested electrodes. Figure 4.21 plots the
peak separation AE, and Nicholson’s kinetic parameter versus the reciprocal of the square root of

the potential scan (v*2

) for all other materials. Like Figure 4.20, a linear fit to the curve is used
to determine the standard heterogeneous charge transfer rate constant, k°. The summary of the
standard heterogeneous charge transfer rate constants is plotted in Figure 4.21 and Table 4.4. The
values extracted for multilayer graphene are somewhat faster than those reported at the basal

plane of bulk graphite, and slower to those observed in single layer graphene. Experimentally,

the measured rate constant is faster for bilayer graphene. CVD graphene on sapphire proves to be
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comparable to multilayer graphene and slower than monolayer graphene. We think that the
increased number of available sites can impede charge transfer if these sites states are not
available for transfer. The highest observed charge transfer constant is seen for epitaxial
electrodes, at .0133 + 6% cm/s. We suspect that in the case of sapphire electrodes, which
displayed an electrode response characterized by a combination of linear diffusion and
convergent diffusional transport, the transfer rate is affected by the large number of defects.
Alternatively, the sheet or uncompensated resistance might have been underestimated. Epitaxial
electrodes exhibit the highest charge transfer constant, primarily suspected to be due to the sheet
corrugations inherent to the step bunching of silicon carbide surfaces. Most importantly, all the
extracted values of k° reflect that A > 10, characteristic of a system approaching reversible

behavior ((Dfv)1/2=1.92x10™).
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Electrode Type

Single Layer

Bilayer

Multilayer

Epitaxial

CVD Graphene on Sapphire

K0
9.59%x10°+5%
1.05x10+3%
4.88x10°+6%

1.34x107°+6.2%

3.35x107°+3.2%

) for A) single layer, B) bilayer, C) multilayer and D) CVD graphene on sapphire electrodes.
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The kinetic transfer constant versus electrode type is plotted in Figure 4.22

Figure 4.22 Plot of the extracted charge transfer constant versus electrode type for all characterized electrodes.

We now turn our attention to the case of multilayer microelectrodes that show purely convergent
diffusional response. For these electrode the steady-state current, is, is independent of the scan

rate and any small fluctuations seen are due to the increased capacitive current. The
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ultramicroelectrodes geometry allows fast reversible kinetics to be measured using cyclic
voltammetry. A plot of E versus log[(iss-1)/i] where i is the measured current at an applied
potential E, is usually used to assess the reversibility of the reaction for UMEs. For a reversible
one electron transfer reaction where the transfer rate is much greater than the rate of mass
transport this plot should be linear with a slope of = 59mV, increasing as the reaction rate is
reduced relative to the mass transport. Figure 4.23 shows the slope of the response to be around

53 mV, confirming reversible kinetics at the multilayer graphene UME.
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Figure 4.23 Plot of E versus log[(is-i)/i] for 20x20 um? multilayer electrodes.

4.5.5 Electrode Stability

Electrodes were tested over the course of one week to monitor peak current stability. Figure 4.24
plots the electrode stability over time. Variations in the peak current response are indicative of
electrode degradation and material loss over continued, extended use. Overall, monolayer,

multilayer and epitaxial electrodes proved to be more stable than the other electrode types, with
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total current loss being limited to less than 23, 18 and 29% off the initial current, respectively .
Electrodes fabricated with CVD graphene on sapphire substrates, despite the initial higher
normalized sensitivity, displayed the most unstable response and deterioration, primarily because
of the weak dispersion forces that bind the graphene to the surface. The current loss was over

50% of the initially measured normalized response.

6
Monolayer Graphene
A Bilayer Graphene
r’vg Ao A Multilayer Graphene
= Sl
3 . o Eei
<;§_ A B - Epitaxial
:;_; \\ --A-- CVD on Sapphire
G 4 -
o A
o B N
________ .______~ . N
0 B = TTT-R------__@m___ AN
S - -
o N
o 3
S Ny
O !
T m
2 T T T T T T T
0 1 2 3 4 5 6 7 8
Day

Figure 4.24 Plot of the electrode normalized peak current stability over the course of a week of continuous
characterization.

4.5.6 Effects of Overcompensation on Uncorrected Resistance

Lastly, we want to briefly discuss that while the uncompensated resistance may change
dramatically based on an estimate of where the reference electrode is placed with respect to the
working graphene electrode, this has little to no effect when extracting the charge transfer
constant from the values of ¥. Because the latter is a function of the separation between the

peaks, and these will scale linearly after the resistance correction, regardless of the value of the
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uncompensated resistance, within a certain limit of values for this distance, x, the kinetics will be

unaltered. Figure 4.25 shows the peak to peak separation of a CVD graphene on sapphire

electrode as a function of the inverse of the square root of the scan rate for different values of x

after resistance correction. The plots run parallel to one another, indicating that the change in

kinetics would also, scale similarly, leading to little change due to an overcompensation factor.
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Figure 4.25 Peak separation versus the inverse square root of the scan rate for a sapphire electrode of area with
different correction factors of the uncompensated resistance. x is given in cm.

4.6 Summary

In all, we characterized over 250 electrodes across 5 different types of materials. The key

findings are summarized below:
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Most electrodes reflect transport processes dominated by linear diffusion in the quasi-
reversible regime. As electrodes scale down, the effect of convergent diffusional
transport become obvious and relevant to the total current. At the lower limit of 20x20
um electrodes, multilayer graphene exhibits a purely radial diffusional response.

Because of the patch-like graphene distribution found in CVD graphene grown on
sapphire, electrodes fabricated on such substrates exhibited a combined linear and radial
diffusion transport response.

The double-layer capacitance was found to increase with higher number of defects, such
as in multilayer graphene and CVVD graphene on sapphire

Electrodes made with CVVD graphene on sapphire exhibited the largest current sensitivity
at higher concentrations. Such effect can be attributed to the smaller graphene domain
sizes (100-200 nm).

The best detection limit was observed in epitaxial electrodes, close to 1 uM. The
detection limit, sensitivity and linear range was limited by the effect of the double layer
capacitance, which increases the charging current as the analyte concentration decreases.
The quantum capacitance did not dominate the total interfacial capacitance due to the
increased number of charges in the material. Better control of the fabrication process
could yield devices with a Dirac point closer to the electrode standard potential. In turn,
devices could exhibit less distortion at lower concentrations, larger linear ranges and
lower detection limits.

The electrode kinetics were extracted. Epitaxial graphene was shown to have the highest
heterogeneous charge transfer constant, presumed to be effect of the high number of

corrugations due to the step bunching of the substrate.
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e |t is suspected that despite higher sensitivity per square micron, electrode faster electron
transfer kinetics of graphene on sapphire might have been impeded by the effect of the
large double layer capacitance, or alternatively by underestimation of the sheet or
uncompensated resistance.

e Electrodes were found to be relatively stable, with epitaxial, monolayer and multilayer
electrodes showing the most consistent trends over a one week period. Electrodes
fabricated with CVD graphene on sapphire showed the best initial normalized current

response, but showed the worst instability over time.
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CHAPTER 5

OPTMIZATION OF ELECTRODE PERFORMANCE WITH PATTERNING TECHNIQUES

In Chapter 4 we discussed how the increased number of edges (and thus defects) can affect the
electrode response, particularly when the electrodes are scaled down to a few microns. We saw
how electrodes with smaller graphene domains exhibited convergent diffusional transport and
the effects that the increased number of edge defects had on the observed double layer

capacitance, linear range, and quite possibly, detection limit.

In this chapter, we examine the effect geometric patterning and functionalization have on the
overall electrode sensitivity and charge transfer kinetics of single layer graphene electrodes

fabricated on SiO.,.

5.1 Chemical and Geometric Modification of Electrodes

The chemical and electrochemical performance of electrodes has seen improvement with
chemical functionalization. The latter can be attained via different methods, whether that is by
chemically attaching a functional group through surface chemistry or exposing electrodes to an
ozone plasma; that is, by roughening the electrode edges. In Chapter 4, we examined the
electrochemical properties of electrodes made through a fabrication process that introduced
sufficient defects and holes in the graphene. In this chapter, we examine electrodes that were
processed somewhat differently, with the sole purpose of leaving the graphene as pristine as
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possible and avoid roughened electrodes. The passivation/sacrificial step of the fabrication
process described in Chapter 3 introduced defects because to etch down to expose the active
graphene areas, buffered oxide etch would also attack the underlying SiO, on which graphene
was transferred onto, thus attacking the graphene as well. These cracks/holes/defects were visible
under a microscope and also confirmed by Raman Spectroscopy. Electrodes examined in this
chapter were never exposed to silicon oxide in the first place, but rather passivated with
photoresist, which was cured for 12 hours at 160°C to harden it and improve water
impenetrability. The graphene, was thus, left with a smaller number of defects. To enhance the
effect of the exposed patterned edges, the electrodes were exposed to a low power ozone plasma,
as to functionalize the graphene surface. The results of the electrochemical performance and

disadvantage of such approach are summarized in the sections to follow.

5.2  Serpentine Ladder Electrode Design and Fabrication

To evaluate the effect edges had, electrodes were patterned with a constant area, 1mm?, varying
only the perimeter, making serpentine ladder-shaped electrodes that were roughly 2.13x, 5.32%,
5.83%, 6.43%, and 8.13x the perimeter of a standard square shaped electrode . The electrode
lines were kept at 100 pm minimum width, mostly to avoid seeing current effects due to
convergent diffusion, as we wanted to isolate the edge effect within the linear diffusion regime.
We present a picture of the electrode mask as well as a photograph of the completed chip in

Ilustration 5.1 and Figure 5.1, respectively
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Ilustration 5.1 (left) Photograph of fabricated graphene serpentine electrodes with varying perimeter: area ratios.
Figure 5.1(Right) Image of mask design for ladder electrodes

Monolayer/bilayer graphene on copper foils was obtained from SMI. The graphene was
transferred from the copper substrates to 100 nm of SiO, on silicon wafers as described in
section 3.2.3. The fabrication process of this generation of devices was identical to those
presented in Chapters 3 and 4, with the exception that no sacrificial layer was used to protect the
graphene from the photoresist. Less holes and defects were achieved at the cost of slightly
higher PR contaminants. In addition, we did not use a plasma ALD SiO, passivation layer to

insulate the metal leads.

Post electrode patterning, the devices were just spun with PR (SPR220-3um) , and the

passivation layer was exposed, developed and cured to extract all the moisture, needed to prevent
181



leakage during electrode testing. Such a process yielded electrodes with more uniform surfaces,
and less visible holes or patches in the graphene distribution on the 100 nm oxide surface onto
which the material had been previously transferred. Because the purpose of these electrodes was
to evaluate the effect that increased number of edges had, biocompatibility was not considered in

the materials selection.

It is important to note the while the graphene transfer process was identical, there was variability
in the origin of the graphene itself, as it came from different copper foils obtained from SMI. The
slight variations amongst films did contribute to observed performance differences from one chip
to the other. We try to present as consistent set of results as possible, but highlight any results
that show higher sensitivity, detection limit or faster kinetics than those observed for electrodes
characterized in Chapter 4. As in Chapter 4, TLM lines were also measured to extract contact

and sheet resistivity.

5.3  Electrochemical characterization of Unfunctionalized Serpentine Electrodes

In our analysis we will refer to Figure 3.1, as the same impedances are applicable to this set of
electrodes. The electrochemical response of a 1x1 mm? electrode against 1mM of FcMeOH in
0.2KNOg3 under different scan rates is plotted in Figure 5.2. As before, the peak current scales
linearly with the square root of the scan rate, confirming linear diffusional transport. However,
after taking into consideration the uncompensated, contact and sheet resistance (Ru~ 1kQ,
Rsy~1.552 kQ, Rc~1.65 kQ-pm), the peak-to-peak separation between the anodic and cathodic

peak is greater than the one seen for 1x1 mm? roughened electrodes, confirming somewhat
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slower kinetics.
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Figure 5.2 Voltammograms for a 1x1 mm? electrode in 1mM ferrocenemethanol at different scan rates. The inset
plots the relationship of the square root of the scan rate versus the measured peak current. Charging current has been
subtracted, even though it is almost negligible for such high concentration.

There were variations in the kinetic response of the electrodes, possibly due to differences in
sample preparation. Even though Figure 5.2 shows a larger peak-to-peak separation (than the
electrodes presented in chapter 4) between anodic and cathodic peaks, a subset of electrodes
tested did exhibit faster electron kinetics. As the perimeter-to-area ratio increased so did the total
effective sheet resistance of the electrode. The total intrinsic sheet resistance of the fabricated
clean electrodes was found to be roughly 1552 ohm/o. To calculate the effective sheet resistance
of each electrode, its geometry was taking into consideration and it was treated as a resistor
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ladder or a serpentine resistor (and sometimes both). Consider the electrode with a perimeter

2.16 times as large as our control square shaped 1mm? electrodes, depicted in Figure 5.3. We

first counted the number of squares, added them to find out the resistance along each length of

the electrode, and computed the total resistance using the rules for resistors in parallel and series

in a circuit as looking from the contact end. In our model we tried to account for small cracks

found along the width of the lines of the electrodes. While for some electrodes with simpler

design the calculation of the effective sheet resistance was straightforward, for others, it was a lot

more difficult due to the small cracks in the lines. In those cases a specific range of values had to

be assessed to best fit to the experimental results.
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Figure 5.3 Cartoon of ladder-shaped electrode with 2X the perimeter of a 1mm? shaped electrode. The effective
sheet resistance was extracted using a simple circuit model to collapse the resistor network as looking from the end

of the contact.
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The effective sheet resistance was extracted for the electrodes tested. The results are consistent

with observed experimental results and summarized in Table 5.1. As the effective sheet

resistance increased so did the peak-to-peak separation of the anodic and cathodic currents

observed in the voltammograms (without resistance correction).

Perimeter Ratio to Control Electrode

6500

16000
17500
19300
24400

Perimeter

2.16
5.32
5.83
6.43
8.13

Effective Sheet
Resistance

1.72XRsHint
9.5XRsHint
(9‘10)XRSHint
(12-14) X Rspiint
24-28%XRsHint

Figure 5.4 shows the typical voltammogram response of an electrode with an effective sheet

resistance ~20 times larger and a total perimeter roughly 6.43 times as long as the control 1x1

mm? electrode. Not only is the peak separation larger, but the response starts to resemble that of

an electrode with domains at which convergent diffusion take place, consistent with more edge

sites for electrocatalytic activity.
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Figure 5.4 Voltammogram response at different scan rates for an electrode with 8 x the perimeter length and roughly
20x the sheet resistance of a 1x1 mm? electrode. The inset shows the peak current plotted against the square root of
the scan rate A cartoon of the electrode geometry and dimensions is shown at the bottom right.

The peak separation as a function of the scan rate is plotted in Figure 5.5, both before and after
resistance correction. Because of the high magnitude of the currents and large differences in the
overall effective sheet resistance of the electrodes, the peak separation will increase dramatically
as the electrodes get longer. After the proper resistance correction there is no specific trend
observed between the electrode responses, except for that of increasing peak separation with
increasing scan rate, as is expected of heterogeneous transfer kinetics in the quasi-reversible
regime. In the lower scan rate limit (~100mV/s), the response of the electrodes with 2.16, 5.32,
583 and 8.13 times the perimeter of the control electrode, respectively, is almost
indistinguishable. At the higher scan rate limit there is also little difference seen between the
peak separation of the control, the 2.16, 5.32, 6.43 and 8.13 times control perimeter electrode.
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Figure 5.5 Peak separation as a function of the inverse of the square root of the scan rate for electrodes of different
lengths. The left plots shows the response without correction for the sheet, contact and uncompensated resistance.
The right plot shows the observed response for electrodes with proper resistance correction.

Interestingly, when characterized against ferrocenemethanol, serpentine ladder-shaped electrodes
did not exhibit severe sensitivity, nor detection limit variations as compared to the square shaped
electrodes. Figure 5.6 plots the relationship of the square root of the scan rate versus the peak
measured current for the electrodes of different perimeter-to-area ratios, revealing nearly
identical trends in the linear diffusional response. The effective electrode areas were calculated
to be roughly 1mm? for all characterized electrodes, regardless of the perimeter: area ratio, with
the area of the serpentine electrodes observed and calculated to be somewhat smaller in some
electrodes due to the increased number of missing active graphene areas in the smaller segments

of the electrodes.
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Figure 5.6 Plot of square root of the measured peak current versus square root of the scan rate for different
electrodes of constant area and varying perimeters.

The detection limit was found to be about the same for all electrodes, 2.5 uM, and the similar
current levels at lower concentrations were indicative of similar double-layer capacitance values
despite the differences in exposed edges. The left of Figure 5.7 plots the peak current versus the
concentration for electrodes of different lengths. Unfunctionalized electrodes could be tested in
up to 1 mM of analyte. The curves indicate that, despite the differences in resistance and
perimeter lengths, all electrodes had the same effective electrode area, and, there weren’t
significant changes in electrode sensitivity. Subtle differences can be attributed to slight
variations in the effective double-layer capacitance, small differences in area, as well as slightly

higher sensitivity with increased edges (almost negligible though) and experimental noise.
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We can extract the electrode sensitivity from the current versus concentration plots. In doing so,
we find that as the electrode perimeter increases the average sensitivity, taken across all data
points, remains relatively unchanged, while the peak sensitivity, calculated at higher
concentrations, were charging currents are negligible, increases slightly with electrode length.

The results are plotted on the right plot of Figure 5.7.

----- Mean Sensitivity )
4 | --=- PeakSensitivity 4T
1
£ <
~ = /,’
3 el
2 <
€ S L’
(0] : L7
5 3 C
() < 3 ’ AN e
0.1 = y
3 O J
a K . e
Control N
2.16X %7
5.32X
8.13X
0.01 T T T 2 r T T T
0.001 0.01 0.1 1 0 2 4 6 8
Concentration (mM) Perimeter to Control Perimeter Ratio

Figure 5.7 (Left) Peak current versus Concentration plot for electrodes of different geometries.(Right) Mean and
peak current sensitivity normalized to electrode area.

5.4  The Effects of Plasma Functionalization

Despite graphene’s astonishing characteristics, its inert nature is counterproductive to its use as
an electrode material, as more electron charge transfer is seen in regions where there are more
dangling bonds and defects. The contact resistance to pristine graphene has also been found to be

quite high because of similar reasons. To that end, attempts at chemical functionalization or
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introduction of holes or defects have been explored to enhance its electrochemical properties, as

well as the contact resistance.

This thesis explores the use of a low-powered ozone plasma (<10W) to introduce just about
enough defects to the edges of the patterned electrodes. The electrochemical performance is

assessed post 30 seconds and post 60 seconds of plasma exposure.

5.4.1 Changing the Surface Energy with Plasma Exposure

The surface energy of graphene can be changed upon functionalizing the surface with oxygen
and hydroxyl groups. The progression of this change can be seen in Figure 5.8, where the
prolonged plasma exposure increases the hydrophilicity of the surface, and thus, the measured

contact and receding angles.

A B C D

Figure 5.8 Progression of contact angle on CVD graphene under A) no applied ozone plasma, B) 5 seconds, C)10
seconds and D)15 seconds. Plasma power was kept under 10W.
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With no applied plasma the contact angles of water to the surface are almost perpendicular. With
increased exposure, the angles drop and the water droplet collapses onto a more hydrophilic
surface. Figure 5.8 shows the progression of the contact and receding angles with 5, 10 and 15

second plasmas.

5.4.2  Using an Ozone Plasma to Enhance Contact Resistance

The effect of using a low powered plasma was first examined in the measurement of the contact
resistance made to CVD graphene with Ti/Au contacts. To this end, TLM lines were fabricated

as depicted in Figure 5.9 using a simple 2-mask process to define contacts and pattern graphene.

A D

285 nm SiO:
285 nm SiO: 285 nm SiO:
PR
285 nm SiO2 285 nm SiO2 285 nm SiO:

Top view of TLM

e S

285 nm Si0:

Figure 5.9 Process Flow diagrams of TLM lines. Before metallization, the samples were exposed to a 15 and 30
second low-power 0zone plasma as to improve the contact resistance of the Ti/Au to the graphene.

The TLM lines were measured to extract the contact resistance to the graphene. The contact

resistance values are plotted in Figure 5.10.
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Figure 5.10 Contact resistances of TLM lines under no ozone plasma, 15 second and 30 second exposure

The plasma improved the contact to the graphene, with 30 second exposure proving to be more
effective than 15 seconds. All lines were measured with a probe station and data for each point
was averaged over 8 lines. Each point represents one chip. The TLM mask design is shown in

Figure 5.11, featured below.

pm=s i LLD

pesl LI

Figure 5.11 Mask for TLM line analysis. Design includes both lines made at 20um width as well as larger 200 um
width lines. The blue areas are the gold contacts/line. Active graphene areas are shown in green.
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To further understand the mechanism by which the plasma affected the graphitic surface, we
exposed fabricated TLM lines to a plasma and subsequently measured the sheet resistance as
well as the total resistance, to draw a comparison from controls. Figure 5.12 plots the response
of a typical TLM line before and after plasma exposure. Each point was extracted over the
average of 8 measurements, 2 made on the actual electrode chip and 6 made on witness TLM
lines prepared under the same protocol as the electrodes. Results confirm an increase in the total

sheet resistance from 1552 ohms/o to roughly 2678 ohms/o after 30 seconds of plasma exposure.
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Figure 5.12 TLM analysis before (red dots) and post 30 second (blue dots) plasma exposure of the graphene surface
between the contact pads of the TLM lines.

Post ozone-plasma exposure, the overall sheet resistance of the lines increases, suggesting that
more defects, specifically holes and cracks, were made in the graphene. Figure 5.13 confirms

this to be true with Raman spectra. There is a small observable increase in the D peak.
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Figure 5.13 Raman spectra of monolayer graphene before and after a 30 second ozone plasma exposure.

This simple experiment suggests the plasma enhanced the contact resistance by cleaning the
graphene surface from PR residues left from processing, and by possibly creating small defect
sites that can increase the local density of states to enhance contacts. However, these holes can
also increase the sheet resistance, as seen from the plotted results. The increase values for sheet
resistance had to be taken into consideration when analyzing the kinetic trends of plasma-

functionalized electrodes.

5.5  Electrochemical Characterization of Functionalized Serpentine Electrodes

We now turn our attention to the characterization of serpentine electrodes that were
functionalized with an ozone plasma. Electrodes were tested against 500 pM of
ferrocenemethanol in 0.2M of KNOj3 as the supporting electrolyte. Like before, chips were

mounted onto a PCB made on quartz wafers and wire-bonded using aluminum thread.
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55.1 Electrode Kinetics

Figure 5.14 shows the characteristic voltammograms at a scan rate of 200 mV/second for the
different electrodes of varying lengths. All electrodes were treated with a low power (<10W)
ozone plasma for 30 seconds. The electrodes exhibit linear diffusional transport in the quasi-
reversible regime. Regardless, the current still scale s linearly with the scan rate, so the Randles-

Sevcik equation is till applicable within this regime.

Like untreated electrodes, as the electrode perimeter increases so does the separation between
the peaks of the voltammograms. Notice that the profiles are given for a smaller concentration of
ferrocenemethanol in 0.2M of KNO3, namely 500uM. The concentration had to be reduced for 2
reasons: 1) The potential window was narrower due to increased kinetics and 2) the intrinsic
device resistance increased as well (due to the increased sheet resistance after plasma exposure)
and the device could easily oxidize with increased applied potential at higher concentrations
(more voltage would be needed to see the peak of the current, i.e.: I=VR). Therefore, if we
compare these voltammograms to the ones seen in section 5.3, the uncorrected peak separation is
actually much larger. This is in accordance with the observed increased in sheet resistance after

plasma exposure.

There is also visible increased sensitivity (we will examine this in more detail later in this
section) with the total peak current increasing with increased electrode perimeter. Most of the
curves, with the exception of the one for the electrode with 8.13 times the control perimeter,
show a larger value in the double-layer capacitance as expected. As the edges get functionalized,

the double-layer capacitance increases.
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Figure 5.14 Voltammogram behaviors of serpentine ladder electrodes in 500 pM of FcMeOH in 0.2KNO; at
200mV/s. The inset shows the peak current versus the ratio of the electrode to a control electrode.
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If we correct for the sheet resistance (2678 ohm/o) and the uncompensated resistance (Ry~1kQ),
the separation between the peaks is actually calculated to be smaller than for control electrodes
that have not been treated with an ozone plasma. An even more important and consistent result is
that as the electrode perimeter increases, the separation between the peaks gets smaller. Figure
5.15 (on the left) shows the peak separation as a function of the inverse of the square root of the

scan rate for all tested electrodes after the correction for the device and interface parasitics have

196



been taken into consideration. As the perimeter increases, the peak-to-peak separation decreases,
except for the 8.13x electrodes were the measured peak-to-peak values were somewhat larger
than those measured in the 6.43 x electrodes. It is important to emphasize that experimental data
was subject to measurement resolution limits, roughly +/- 5mV. In addition, local variations in
sheet resistance throughout the chip are likely sources of measurement errors. It is predicted that
the longest electrode might have had more holes/cracks/discontinuities and thus, may have had a
larger sheet resistance than the one accounted for. To ensure that the extracted kinetics were just
not an effect of overcompensation, we also calculated the correction for the lower limit of the
measured sheet resistance, that is, in the case the sheet resistance had not been changed at all by
exposure to the plasma, namely Rsy~1552ohm/o. The observed trend in the peak-to-peak

separation remains consistent.

We can once again use Nicholson’s curve to correlate the peak separation to a dimensionless
parameter, . Figure 5.15 also plots this dimensionless parameter versus the inverse of the
square root of the scan rate for the tested electrodes. From equation (4.19),
¥ = k°,/RT /mnFDv~1/2, we can extract the values for the heterogeneous rate constant for each

of the electrodes from the slope of the best fit line to the plotted data points.

197



160
h— Control )
L 2.16X - i
T ?
140 5.32X - i
! 1T -~ - 5.83X z ] JPraad
1.1 T TE- b5 o 7 .-=7" y=0.5059x +0.298
120 1 . 8.13X I a -
N 1 ) y =0.289x +0.297 - -
W T =) B’ -7
< l 1 -~ . i——‘_,—‘
100 - - _--- 2
. g L& K
‘\\ -__a\*‘\~ I T i -
go [ ‘~~i \z _______________ z 0.5 1 - +
1 e T N g § o =
+ b 1 o= -
60 T 0 T
1.4 2.4 34 14 2.4 3.4
v 1/2(s1/2/\/1/2) V12 (51/2 /\/1/2 )

Figure 5.15(left) Potential separation between the measured anodic and cathodic peak for the different serpentine
ladder electrodes versus the inverse square root of the scan rate. Respective plots for i on the right.

We plot the extracted heterogeneous charge transfer rate constant for the electrodes versus the
perimeter-to-area ratio for electrodes that had not been treated with a plasma, and for electrodes
that had been treated with it. For the latter, we plot both the case where the sheet resistance was
2678 ohm/o and the case were it remained unchanged even after plasma exposure (the lower
limit of the sheet resistance) to show how the kinetics follow the same trend regardless of the
correction factor, proving that the ozone functionalization does enhance the electron transfer
kinetics as the number of edges are increased. Figure 5.16 presents the single most important
result of this work: that the increased number of edges with available states (functionalized) can
enhance not just the current sensitivity, but also enhance the electron transfer kinetics. The
transfer constant of the control square-shaped electrode is consistent with that reported for
single-layer graphene in Chapter 4 (~.002-.003) and shows minimal improvement with exposure

to plasma.
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Figure 5.16 Plots of the extracted heterogeneous charge transfer constant as a function of electrode length.

5.5.2  Electrode Sensitivity

We now turn our attention to the detection limit and sensitivity of plasma-modified electrodes.
While subtle, there is an increase in the double-layer capacitance with increased electrode length,
even more so after plasma exposure, and this, in turn, will limit the detection limit, linear range
and overall sensitivity of the patterned electrodes. Thus, when designing, it is one of the
constraints to consider. An electrode may have a limit at which further lengthening comes at the
cost of a lower detection limit. Figure 5.17 plots the peak current versus the concentration for

electrodes of different lengths on the left. The mean and peak current sensitivity versus the
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electrode length ratio is plotted on the right. The latter reflects the second most important result

of this work, which is inherently coupled to the first, presented in the prior section:

increased electrode length the sensitivity is improved.

Peak Current(pA)

Control
2.16X
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8.13X

0.01
0.001

0.01
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| --=- Peak Sensitivity

2 4

6

Perimeter to Control Perimeter Ratio

Figure 5.17 Plots of the measured peak current versus concentration (left) and plots of the measured peak and mean

sensitivity for 500 uM of FcMeOH(right).

While there were improvements in both the electron transfer rate and the sensitivity, the LOD

and linear range remain unchanged for all electrodes, regardless of the electrode length or the

exposure to a plasma, remaining constant at 2.5 pM and 50-500uM.

To further enhance performance, electrodes were exposed to a 60 second plasma. Interestingly,

the number of induced defects was so high the response was purely capacitive and no faradaic

currents were observed. A sample plot of such response is observed in Figure 5.18 below.
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Figure 5.18 Purely capacitive response of an electrode (6.32X) post 60 seconds of plasma exposure.

5.6  Summary

This chapter explored the effect that increasing the electrode length had on the sensitivity and

charge transfer kinetics of FcMeOH on single layer graphene. We summarize results below:

e The change in sensitivity was minimal in electrodes of same area and different lengths

that had not been exposed to an ozone plasma

e There was little to negligible change in the transfer rate constant of electrodes of same

area and different lengths that had not been exposed to an ozone plasma
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Upon exposure to a 30 second ozone plasma source, the electrode sensitivity improved
and the charge transfer constant increased with increasing electrode length. Faster
kinetics also narrowed the potential window, as expected.

Raman spectroscopy confirmed increased number of defects with plasma exposure.

It is suspected that the increased number of defects along the length of the electrodes
improved the electrode performance.

There was a small increase in the local specific capacitance of the electrode. This
increase in in double-layer capacitance may limit the LOD of electrodes and is thus a
design constraint when designing electrodes.

This study would be further improved designing smaller electrodes that show convergent
diffusional transport (<20um lines). Our study was limited by photolithographic process.
A process with e-beam patterning would allow patterning much thinner serpentine

electrodes.
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CHAPTER 6

ELECTROCHEMICAL DETECTION OF NEUROTRANSMITTERS

The mammalian nervous system uses hundreds of chemicals, amongst them neurotransmitters
and neuromodulators, to transmit signals across the brain and the body. Dopamine (DA) is one of
the most important catecholamine neurotransmitters [203]. It is responsible for regulating mood,
movement, addictive behaviors, sleep, learning, attentions and pleasurable reward, amongst
others. Dopamine is produced in the dopaminergic neurons in the ventral tegmental area (VTA)
of the midbrain, the substantia nigra pars compacta, and the arcuate nucleus of

the hypothalamus [204].

Regulation of dopamine is highly critical; any excess or lack of it produces imbalances in the
body. For instance, if there is a deficiency in dopamine in the brain, movements may become
delayed and uncoordinated. However, in the presence of an excess of dopamine, the brain would

cause the body to make unnecessary repetitive movements.

Abnormal DA concentration may also result in brain disease, one such example being
Parkinson’s disease [204]. To this date, there are many approaches have been developed for
dopamine detection. These include capillary electrophoresis with laser-induced native
fluorescence (Park et. al) [205], high performance liquid chromatography—mass spectrometry
(Carrera et. al, 2007) [206], colorimetric detection based on silver or gold nanoparticles (Kong

et. al, 2011; Lin et. al., 2011) [207, 208]. Such techniques are very involved, unreliable and time-
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consuming.

Electrochemical techniques have proven advantageous for a variety of reasons. They offer rapid
and sensitive detection, ease of use and low cost miniaturized platforms that can often be re-
used. The determination of DA has been extensively investigated in the past few decades. (Njagi
et al., 2010; Strawbridge et al., 2000; Wu et al., 2005) [209, 210, 211]. One of the biggest
challenges, however, is the detection of dopamine in the presence of ascorbic acid (AA) and uric
acid (UA), which are also oxidized at potentials close to that of DA at solid electrodes, resulting
in overlapped voltammetric response. This makes their discrimination difficult. AA, DA and UA
usually coexist in the extra cellular fluid of the central nervous system and serum. Thus, it is

important, that for realizable applications, their signals can be discriminated.

6.1 History of Dopamine Detection on Carbon-Based Sensors

There have been many initiative and studies conducted to address the simultaneous detection of
DA , UA and AA , both on solid-state and carbon-based electrodes. Chen et. al, for instance,
used phosphonic acid terminated self-assembled layers assembled on a gold surface to
sensitively and selectively detect dopamine (DA) in the presence of highly concentrated ascorbic
acid (AA) [212]. Liu et. al, on the other hand, designed a polycalconcarboxylic acid (CCA)
modified glassy carbon electrode (GCE) by electropolymerization and then successfully used to
simultaneously determine ascorbic acid (AA), norepinephrine (NE) and uric acid (UA) [213]. On
the graphene end of applications, Sheng et. al used nitrogen-doped graphene oxide to measure

the electrocatalytic activity towards AA, DA and UA [214] while Wu et al. used a new type of
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porphyrin-functionalized graphene for highly selective and sensitive detection of dopamine
(DA) [211]. The aromatic T — m stacking and electrostatic attraction between positively-charged
dopamine and negatively-charged porphyrin-modified graphene can accelerate the electron
transfer whereas weakening ascorbic acid (AA) and uric acid (UA) oxidation. Their reported
detection limit was as low as .01uM. Table 6.1 summarizes the performance, as measured by

detection limit, of various research efforts, towards the detection of dopamine.

Drugs Electrode Method LOD Potential Application Ref
Type V)
Dopamine mGold CV, SWv LK LK Dosage forms, [146]
foods
Dopamine m-indum DPV 0.5nM 0.07 Human serum,
Serotonin tin oxide 3.0nM 24 urine
Dopamine CNT DPM 200 uM 0.31 Brain [190]
homogenate
Dopamine mCPE FIA/amperometry  1.5x10™M 0.1 Dosage forms [178]
Dopamine porphyrin- Ccv .01uM 0.2 Dosage forms [211]
functionalized
graphene
Dopamine Nitrogen- DP 2.2 uM 0.2 Dosage forms [214]
doped
graphene
Dopamine PCF DPV/LSV .04 uM LK Dosage forms [215]

6.2  Detection of Dopamine on Monolayer Graphene Electrodes

In this work, we conducted detection of dopamine on monolayer graphene electrodes. We also
examined the oxidation potentials of DA in the presence of ascorbic and uric acid. The electrodes
utilized were characterized and described as in Chapters 3 and 4. We used a 0.1M PBS buffer as

the supporting electrolyte and measured electrocatalytic activity for a range of 250uM-10pM.
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Figure 6.1 shows the voltammogram response for the different concentrations of analyte on an
electrode of area 0.875 mm®  The electrode response shows irreversible kinetics, typical of
dopamine redox reactions. The inset plots a calibration curve. Because the relationship no longer

follows the Randles-Sevcik equation, we cannot extract the diffusion coefficient from the slope,

but rather approximate it using the equation [139]:

. ket1/2
i(t) = FAksC;, exp( )erfc( L 7 (6.1)
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Figure 6.1 Voltammogram of .875mm? graphene monolayer electrode response against varying dopamine
concentrations in a 0.1mM PBS buffer. The inset shows the peak current versus concentration.

The oxidation potential for dopamine is seen around 0.5 volts. The lack of symmetry reflects that
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the energy barrier associated with donating an electron is much smaller that the energy needed to

accept one, thus the larger oxidation currents in the first half of the reaction.

6.3  Dopamine Detection in the Presence of Uric and Ascorbic Acid

We also monitored the detection of dopamine in the presence of uric acid and ascorbic acid. It
was found that the response was lumped as one peak, where the dopamine response was masked
by the presence of ascorbic acid and/or uric acid. Figure 6.2 shows the individual response of
1mM of ascorbic acid as well as the combined response of 250 uM of DA in 1 mM of ascorbic
acid. The oxidation peak for ascorbic acid is observed at 0.7 volts. While the current magnitude
is representative of the sum of the individual currents, there is not distinct separation of the peaks

in the voltammogram.
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Figure 6.2 Response against 1 mM ascorbic acid (red) and combined response of 250 uM of dopamine and 1 mM
ascorbic acid in PBS (blue).

A similar response is observed in the case of 400 uM of uric acid combined with 250 uM of DA.

However, there is a small distinguishable peak observed for DA at 0.5 Volts. The oxidation peak

for UA is seen around 1 volt.
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Figure 6.3 Response against 400 uM uric acid (red) and combined response of 250 uM of dopamine and 400 uM
uric acid in PBS (blue).

We did not examine the simultaneous response of DA, UA and AA.

6.4  Summary

Monolayer graphene electrodes were tested against varying concentrations of dopamine

in a PBS buffer. The detection limit was as low as 0.1 uM with a linear range observed

between 10-250 pM.
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e DA was tested in the presence of AA. It was undistinguishable from the 1 mM
voltammetric response of AA.
e DA was tested in the presence of UA. It was subtlety distinguishable from the 1 mM

voltammetric response of AA. A small peak was observed around 0.5 volts.

6.5  Concluding remarks and Future Direction

This work characterized the electrochemical properties of different types of graphene as an
electrode material in the context of an array. We also examined the role activated edge sites had
on electrode performance through patterning and functionalization. Experimental results
confirmed that the number of graphene layers increased charge transfer rate constant and overall
sensitivity as electrodes were scaled past below 20um. Results also confirm that epitaxial
graphene had the largest measurable sensitivity and fastest kinetics across all materials
examined. We presume the corrugations inherent to the underlying step bunching of the silicon
carbide of such material to be responsible for its improved performance. In addition, at the cost
of detection limit due to increased double-layer capacitance, electrodes fabricated on graphene
on sapphire showed the highest mean sensitivity. While not perfectly well understood, better
control of the quantum capacitance through better fabrication protocols to control doping of the
material is suspected to potentially being able improve the overall sensitivity and linear response

of the electrodes by reducing the interfacial capacitance.

Optimization of electrode response was achieved through patterning and functionalization of

electrodes with increased exposed edges. After exposure to an ozone plasma, sensitivity was
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found to increase with increased length. The charge transfer rate constant was also

experimentally observed to increase after proper resistance correction.

Lastly, electrodes were used to detect dopamine in the presence of uric acid and ascorbic acid.
Dopamine was detected as low as 0.1 pM, with a linear range between 10-250 pM. In the
presence of uric acid and ascorbic acid, the signal was masked by the dominant responses of the

latter, with only a small subtle peak observed when combined with 400 uM of uric acid.

As a continued effort to integrate graphene as a biosensing platforms, this work, as well as the
solution-gated transistors integrated on chip, will be used towards detection of action potential

from neuron cells found along myenteric plexus of the intestine.
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APPENDIX A

A.1 Matlab Code for Cotrell Concentration Profiles

Do0=.00001
x=[0:.00001:.003];
y0=erf(x/(2*sqrt(Do*0)));
yl=erf(x/(2*sqrt(Do*.001)));
y2=erf(x/(2*sqrt(Do*.01)));
y3=erf(x/(2*sqrt(Do*.1)));
ya=erf(x/(2*sqrt(Do*1)));
plot(x,y0);

hold

Current plot held
plot(x,y1,’red”);
plot(x,y2,’green’);
plot(x,y3,”’magenta’);
plot(x,y4,’cyan’);
ylabel(‘C_o/C_0*’)
xlabel(“distance, x(cm)’);

A.2 Matlab Code for Dispersion Relation of Graphene

lattice=1.42;
k vec_x=linspace(-2*pi/(lattice),2*pi/(lattice),100);
k vec y=linspace(-2*pi/(lattice),2*pi/(lattice),100);

[k_meshx, k_meshy]=meshgrid(k vec x,k vec y);

t=3;

energy _mesh=NaN([size(k_meshx,1),size(k_meshy,2),2]);
for a=1:size(k_meshx,1)
energy mesh(:,a,1)=sqrt(4*t"2*((cos(k_meshy(:,a)/2*lattice).”2)+cos(sqrt(3)/2*k _meshx(:,a)*lat
tice).*cos(k_meshy(:,a)/2*lattice))+1/4);
energy _mesh(:,a,2)=-
sqrt(4*t"2*((cos(k_meshy(:,a)/2*1attice).”2)+cos(sqrt(3)/2*k meshx(:,a)*1attice).*cos(k meshy(
;,a)/2*1attice))+1/4);
end
surf(k_meshx, k_meshy,real(energy mesh(:,:,1)))
hold
Current plot held
surf(k_meshx, k meshy,real(energy mesh(:,:,2)))
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A.3 Matlab Code for Density of States of Graphene

%energy t
t=1.0;

maxE=5%1;

deltaE=1e-3;
Energy=-maxE:deltaE:maxE;
dimE=size(Energy,2);

%The DOS(y-axis) set to 0
DOS=zeros(size(Energy));

%k-point sampling density

keps=1E-2;

keps=1E-3;

%Number of sampled points (to be incremented)
n=0;

%loop over k-point gird

%points are using the special Monkhorst-pack grid
%in the irreducible BZ(1/8 of square)

for kx=keps/2:keps:pi

for ky=kx:keps:pi

%The energy at this point
E=-2*t*(cos(kx)+cos(ky));

%This line finds the enrgy bin in the Energy array
i=floor((E/maxE+1)/2*dimE)+1;

%Increment the bin associated with this energy
DOS(1)=DOS(1)+8;

%increment the point count
n=n+8;

end %ky
end %kx

%Divide total number of points samples
DOS=DOS/n;

plot(Energy,DOS);
xlabel('Energy [t]")
ylabel('Density of States [states per unit cell per t]');
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