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Abstract

Point of care diagnostics (POCD) allows the rapid, accurate measurement of analytes
near to a patient. This enables faster clinical decision making and can lead to
earlier diagnosis and better patient monitoring and treatment. However, despite
many prospective POCD devices being developed for a wide range of diseases this
promised technology is yet to be translated to a clinical setting due to the lack of a
cost-effective biosensing platform.

This thesis focuses on the development of a highly sensitive, low cost and scalable
biosensor platform that combines graphene with semiconductor fabrication tech-
niques to create graphene field-effect transistors biosensor. The key challenges of
designing and fabricating a graphene-based biosensor are addressed. This work fo-
cuses on a specific platform for blood clotting disease diagnostics, but the platform
has the capability of being applied to any disease with a detectable biomarker.

Multiple sensor designs were tested during this work that maximised sensor ef-
ficiency and costs for different applications. The multiplex design enabled different
graphene channels on the same chip to be functionalised with unique chemistry. The
Inverted MOSFET design was created, which allows for back gated measurements to
be performed whilst keeping the graphene channel open for functionalisation. The
Shared Source and Matrix design maximises the total number of sensing channels per
chip, resulting in the most cost-effective fabrication approach for a graphene-based
sensor (decreasing cost per channel from £9.72 to £4.11).

The challenge of integrating graphene into a semiconductor fabrication process
is also addressed through the development of a novel vacuum transfer method-
ology that allows photoresist free transfer. The two main fabrication processes;
graphene supplied on the wafer “Pre-Transfer” and graphene transferred after met-
allisation “Post-Transfer” were compared in terms of graphene channel resistance
and graphene end quality (defect density and photoresist). The Post-Transfer pro-
cess higher quality (less damage, residue and doping, confirmed by Raman spec-

troscopy).



Following sensor fabrication, the next stages of creating a sensor platform involve
the passivation and packaging of the sensor chip. Different approaches using dielec-
tric deposition approaches are compared for passivation. Molecular Vapour Deposi-
tion (MVD) deposited Al,O3 was shown to produce graphene channels with lower
damage than unprocessed graphene, and also improves graphene doping bringing the
Dirac point of the graphene close to 0 V. The packaging integration of microfluidics
is investigated comparing traditional soft lithography approaches and the new 3D
printed microfluidic approach. Specific microfluidic packaging for blood separation
towards a blood sampling point of care sensor is examined to identify the laminar
approach for lower blood cell count, as a method of pre-processing the blood sample
before sensing.

To test the sensitivity of the Post-Transfer MVD passivated graphene sensor de-
veloped in this work, real-time IV measurements were performed to identify throm-
bin protein binding in real-time on the graphene surface. The sensor was function-
alised using a thrombin specific aptamer solution and real-time IV measurements
were performed on the functionalised graphene sensor with a range of biologically
relevant protein concentrations. The resulting sensitivity of the graphene sensor was
in the 1-100 pg/ml concentration range, producing a resistance change of 0.2% per
pg/ml. Specificity was confirmed using a non-thrombin specific aptamer as the neg-
ative control. These results indicate that the graphene sensor platform developed in
this thesis has the potential as a highly sensitive POCD. The processes developed

here can be used to develop graphene sensors for multiple biomarkers in the future.
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Chapter 1

Introduction

1.1 Background & Motivation

Point of care diagnostics (POCD) requires rapid detection of an analyte in close
proximity of the patient. These analytes require quantification in some form for
example their presence alone, a specific concentration range or the precise ratio of
multiple biomarkers that are required to confirm a diagnosis. POCD can also aid in
disease monitoring and long-term management and therapy. POCD is seen to be an
area of growth and vital importance to the health care industry with a global value
of $38.13 billion by 2022 rising from $23.71 billion in 2017 [1].

The biosensor is the most important component of the POCD as this supplies
the high sensitivity required for analyte detection. Multiple new platforms are being
developed for POCD using label-free biosensor platforms such as electrochemical,
electrical, fluorescent and plasmon resonance systems [2]. These systems are also in-
tegrated with complementary technologies such as microfluidics and lab-on-a-chip to
enable handheld/portable systems that can be delivered out of the lab environment.

Graphene is an ideal material to form the active surface for a biosensor platform
due to its 2D structure, giving a large surface area to volume ratio and providing a
surface for bio-receptors and signal enhancing molecules. Graphene also has unique
electrical, physical and optical properties, such as its high carrier mobility. Graphene
and carbon products have been researched and integrated into a diverse range of
sensing platforms.

Out of the graphene sensing platforms, a G-FET sensor “Graphene-based field-
effect transistor” was chosen for its high sensitivity and simple electronic measure-

ment systems. G-FETSs sense by monitoring surface modification by measuring



changes in transconductance. Any material that comes in contact with the graphene
surface will effectively P-type or N-type dope the graphene [3]. This change in dop-
ing shifts the charge neutrality point (Dirac point) of the graphene. With a graphene
channel-based sensor, this shift in Dirac point alters the conductance of the channel
which can be measured using a two-terminal resistance measurement.

A G-FET sensor was chosen to be developed into a biosensor platform because
it can be adapted for multiple disease diagnostics, providing the disease has a well-
defined biomarker. Graphene has been shown as a highly sensitive and capable of
detecting biomarkers that vary in physical size and nature, depending on the disease
this can range from full cells to proteins and DNA and even single ions [4].

Blood clotting-based disorders are a large group of diseases which include cardio-
vascular disease (myocardial infarction and stroke), genetic disorders and acquired
disorders from other medical conditions such as Cancer, Obesity, trauma, etc. Zion
market research recently published a report stating the haemostasis diagnostic mar-
ket would be valued on its own at $7.3 billion by 2024 [5]. Blood-clotting diagnostics

was therefore the ideal target platform to test the G-FET sensor.



1.2. Aims & Objectives 3

1.2 Aims & Objectives

The overall aim of this work is to develop a graphene biosensor platform that can
be used for real-time studies of blood clotting biomarker detection. To achieve this
aim key objectives were set out in this work across design, fabrication and testing
phases of the devices.

Objective 1. Optimisation of the chip design. To allow for graphene submersion
during functionalisation and sensing. Including connections to the sensor chip opti-
misation for repeatable measurements whilst taking the chip out of a probe station
environment for liquid and chemical testing. Additionally design optimisation to re-
duce potential cost of graphene sensor the layout and fabrication flow, to maximise
the number of sensing channels per chip with the lowest number of fabrication steps
/ lowest fabrication costs.

Objective 2. Fabrication optimisation. To reduce the total resistance of the
graphene channel without applying additional strain or doping to graphene prior to
functionalisation and sensing. As any doping of the graphene channel can effect the
sensitivity of the graphene channel to the biomarker of interest. Fabrication materi-
als such as contact metallisation and photoresist / cleaning chemicals were trialled
and optimised based on best practices from literature around G-FET fabrication.

Objective 3. Packaging Optimisation. To develop an effective passivation solu-
tion for protection of the metal electrodes from the functionalisation and sensing
solutions. Including development of fabrication process to protect the metal elec-
trodes whilst keeping the graphene channel exposed. Additionally, development of
a microfluidic package for the future translation of this technology to a point of care
biosensor which can perform on chip sample preparation (blood fractionation) ready
for the sensing step.

Objective 4. Device Testing. Electrical characterisation of G-FET performance
and response of the graphene resistivity to aqueous environments. This needed
to be established to isolate the response of the target biomarker during sensing.

And functionalisation of the graphene surface to perform electrical measurements



in aqueous environments to determine the background noise an graphene response.
G-FET sensor testing using the target biomarker to characterise the sensitivity and

specificity of the device.
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1.3 Thesis Outline

Chapter 2 Gives a general overview of the current literature surrounding graphene,
graphene sensors, fabrication techniques, blood clotting diagnostics and microfluidic

pre-processing.

Chapter 3 Covers the main equipment, materials and processes used throughout

this work.

Chapter 4 Describes the optimisation of the chip design, comparing multiple
designs for different potential applications. This includes a novel G-FET layout
that allows the use of a microSD card connector to make direct connection the G-
FET chip. This enables quick connection to G-FET chip and allows the chip to be
submerged in solution during the electrical measurements.

These include a multiplex sensor design to allow for multiple chemical modifica-
tions on a single chip, a proof of concept design for gated field-effect measurements
that can be performed using individual buried metal gates. This buried gate design
employs an innovative fabrication process using metal filled vias through the dielec-
tric layer. Another design was created through cost analyses of processing steps to
produce the lowest cost graphene channel sensor. This chapter also gives detailed
process flows for the main fabrication steps and cost analyses of each process flow.

This work also looks at the optimisation of the graphene sensor fabrication pro-
cess. The development of a novel graphene transfer process which removes the use
of polymer support layer, therefore eliminating polymer residues that result from
the wet transfer process. Each process step for sensor fabrication was investigated,
substrate, photoresist, metal, annealing and the stage of graphene integration. After
fabrication of the functional graphene resistor. This microSD card connector is a
step toward a handheld system and was implemented to improve the speed of data

acquisition and provide a test setup for in-liquid measurements.



Chapter 5 Details the next stages of sensor development, this involved the pas-
sivation of the metal electrodes to aid with functionalisation and future sensor test-
ing. Multiple materials including polymers and dielectric layers were developed and
compared to find the optimum material. The development of a novel application
for molecular vapour deposition technology as a graphene passivation process. This
technique could be applied to any G-FET type system due to the nature of the
Al,O3 deposition environment.

With successful passivation, the packaging of the sensor was then developed,
integrating microfluidic channels onto the graphene sensor to achieve reliable func-
tionalisation of individual channels. Multiple materials were tested including An
innovative use of 3D printing technology directly onto a graphene based sensor to
implement create a microfluidic cartridge for functionalisation and testing of the
sensor. This technique was used to produce the first microfluidic multiplex func-
tionalisation process used for a graphene based sensor. For a blood clotting biosensor
platform all key biomarkers are found in the circulating blood. Microfluidics was
investigated for sample pre-processing; a blood separation system was developed to
isolate a blood plasma sample from whole blood. As plasma is the standard sample

preparation used for blood sample detection assays.

Chapter 6 Investigates the sensor performance and was then tested in a real-time
measurement setup. The device’s response to ambient conditions and different liquid
environments were investigated, these measurements established the sensors base-
line response. Testing of a G-FET sensor in a submerged aqueous environment has
not previously been achieved for extended time periods as performed in these exper-
iments. The sensor was then tested against a range of protein concentrations from
pg/ml to ug/ml. The sensor produced a linear response to protein concentration

compared to a negative control which did not respond to the protein concentrations.

Chapter 7 Summarises the main findings of this work and looking forward at the

potential for future research projects based on this work.
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Chapter 2

Literature Review

2.1 A Brief Introduction To Graphene

Graphene is an allotrope of carbon. It consists of a single layer of atoms organised
in a hexagonal lattice. This honeycomb structure is the basic building block for
other carbon allotropes such as a 3D stack which forms graphite, the rolled-up form

carbon nanotubes (CNTs) and the wrapped up form fullerenes [1] [2].

In 2004 the first graphene sheet was isolated using the micro-mechanical cleavage
method, it was also observed that it has probably been isolated every-time some-
one writes with a pencil [3] [4]. Graphene is optically transparent but has unique
optical properties which means that it can be seen when prepared on silicon wafer
substrates with a specific thicknesses of SiO2 (90 and 280-291 nm) [5] [6]. It has
also been observed that graphene produces a strong Raman response due to its
unique geometric structure. This Raman signature enables the distinction between

monolayer, bi-layer and many-layer graphene [7].

Graphene’s geometric structure is based on each carbon atom being bonded to a
further three carbon atoms in a single plane lattice. Figure 2.1 shows the graphene
crystal structure containing the triangular Bravais lattice and the Brillouin zone
reciprocal lattice. The electronic properties of graphene are a result of the SP?
hybridisation between one s orbital and two p orbitals, these orbital structure results
in the triangular planar structure of carbon-carbon ¢ bonds and a half-filled 7 bond.
Due to this SP? hybridised bonding structure graphene has both remarkable thermal

and mechanical properties [4].
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Figure 2.1: (a) The honeycomb lattice structure of graphene with two coloured sub-
lattices, al and a2 are the lattice unit vectors, and sigma i=1,2,3 are the nearest-
neighbour vectors. (b) Reciprocal view showing Brillouin zone (a particular choice
of the unit cell of the reciprocal lattice) of the graphene with representatives of the

Dirac points near the K and K’ points.

The electronic band theory of solids describes the quantum states that electrons
can occupy inside a solid. The energy states an electron may occupy are called
energy bands. The energy states forbidden to the electron represent the band gap.
When two atomic electron orbitals overlap, they both split into two energy quantum
states relating to the radial distance between the two atoms. The lower energy
orbitals are the bonding orbitals. Higher energy unoccupied orbitals are called anti-
bonding orbitals. Figure 2.2 shows the orbitals of a single atom and the formation of
band structure when bonding is extended to multiple atoms. This example uses the
element Sodium (Na) a conducting material with a valence band is only partially
filled with discrete energy levels for electrons. The collection of Na atoms have a

band structure with discrete energy levels.
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Figure 2.2: Band theory of solids, discrete energy levels of electrons in a single atom

become a band in solids.

The electronic band dispersion of graphene was calculated in 1947 long before
graphene’s isolation [8]. Due to graphene’s unique structure, its conduction and
valence band intersect making it a zero bandgap material. Figure 2.3 shows the

standard bandgap structure of normal conductors, insulators, semiconductors and

graphene.
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Figure 2.3: Valence and conduction bands of metals, insulators, semiconductors and

graphene. The Fermi level is the name given to the highest energy occupied electron

orbital at absolute zero (0 K).
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graphene sheet, graphene has equal carrier concentrations of both electrons and
holes. Depending on the Fermi energy with respect to the Dirac point, either holes
or electrons can be the majority charge carriers. Figure 2.4 shows the effect of hole
(P-type) doping and electron (N-type) doping moving the Fermi level with respect
to the Dirac point.

This shifting in Fermi level (doping shift), is used in electrical G-FET sensing,
as the doping shift results in a change in current through a graphene channel. This
change in current is calculated as a change in resistance which is used for quantifying

the sensing result [9].

E: Dirac Point \f
—_—

Undoped Graphene Hole-doped Electron-doped

Figure 2.4: Representation of the electronic band linear dispersion in graphene
(Dirac Cone). Electron transfer from the graphene causes P-type (Hole) doping,
Electron transfer to the graphene causes N-type (electron) doping. Doping displaces

the Fermi level above or below the Dirac point. Figure adapted from [9]

Graphene when transferred onto a supporting substrate forms folds/ripples and
other defects that mean a perfect planar structure is not maintained. These folds, as
well as interactions with the base substrate, induce the formation of charge puddles.
These are regions of enriched electrons or holes on the substrate graphene interface,
in the case of oxides the oxygen rich open-shell /dangling bond defects strongly hole-
dope the graphene sheet [10].

Graphene as a 0 bandgap semiconductor can be used for high-speed analogue
electronics and has uses in transparent conductive films, but is not suitable for logic

applications, where a complete switch-off of the G-FET would be required. This zero
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bandgap originates from the identical carbon lattice structure, to introduce a large
enough bandgap for graphene to be used in semiconductor applications this planar
symmetry would need to be disrupted. Atom substitutions in the graphene lattice
as well as the use of crystal substrates with lattice mismatch have been suggested
for bandgap opening [11] [12].

When a contact between a metal and a semiconductor is created there are two
main types of electrical junction that can form:
1) An ohmic contact, an ohmic contact (a system that follows Ohms law), is a
contact commonly between metal and semiconductor or metal and metal that has
a linear current—voltage (IV) curve. This can be obtained by choosing metals (M)
with specific work functions relative to the work function of the semiconductor (S).
Such as oM < ¢S for metal to n-type semiconductor junctions or metals with high
work functions so that ¢M > ¢S for metal to p-type semiconductor junctions.

Alternatively if the semiconductor surface is heavily doped near the contact to
make the potential barrier incredibly small so that efficient quantum-mechanical
tunnelling can take place.
2) A Schottky diode, where a potential energy barrier is formed at a metal-semiconductor
interface. If the barrier is high enough that a depletion region forms in the semicon-
ductor. This allows the formation of rectifying Schottky barrier which can allow the
flow of electrons only in one direction. These junctions are formed with low levels

of semiconductor doping.

When fabricating metal-graphene contacts the standard metal-metal or metal-
semiconductor theory no longer applies. This is because graphene is a 0 bandgap
material (No bandgap semiconductor) and that the density of states for graphene
dissipates at the Dirac point Figure 2.5 shows this process in an energy level diagram.

The fact that no energy gap forms also prevents the formation of depletion
region and therefore the formation of a rectifying Schottky barrier. As graphene
is a 2D material with large surface area to volume ratio it is highly sensitive to

environment, its electrical properties can be altered when creating a the metal-



graphene contact. The work function of the metal used can cause a charge transfer

through the interface, this can cause the graphene to become doped highly.

(a) (b)

Vacuum

charge
ransfer

Metal Graphene Metal Graphene

Figure 2.5: (a) Representation of separated metal and graphene (graphene with its
Dirac cone). (b) A metal-graphene contact, at the interface the Fermi levels are
aligned. Further away from from the metal-graphene contact the Dirac point of
graphene approaches the Fermi energy. This figure was adapted from energy level

diagram by Filippo Giubileoa and Antonio Di Bartolomeo [9].

The small density of states in graphene near the Dirac point can cause the Fermi
level of the graphene to shift, even with a small transfer of charge. The energy shift
of the Fermi level can be upwards electrons transferring from metal to graphene
(n-type doping), or downwards when holes move from metal to graphene (p-type
doping).

The work function difference of the metal used for contacts is just one factor to
consider, it is not the only factor that can alter the doping of graphene. As previously
mentioned graphene is incredibly reactive to its environment. Chemical interaction
at the interface surface (metal physisorption or chemisorption) can substantially
effect the doping. The incredible sensitivity of graphene to its environment and how
these surface changes can modify its electrical behaviour are part of the reason this
material has so many potential applications.

Graphene can also be deliberately doped to change the majority charge carriers.
This can be done by applying an electric field to the graphene sheet (similar to a

metal oxide capacitor system), or by introducing chemical dopants [13].
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When applying a voltage using a conductive layer separated from the graphene
by a thin insulator, the resulting electrical field modifies the electron density that
can carry electrical current. When applying a negative potential, electrons are added
to the system, N-type doping the graphene. When a positive potential is applied
electrons are removed from the system, P-type doping the graphene [14].

Dopants can also be introduced into the lattice structure of the graphene, similar
to semiconductor doping where impurities are introduced to form “extrinsic semi-
conductors”. This form of doping is often introduced during the graphene growth
process (gases introduced into the growth chamber). Introducing Nitrogen into the
graphene results in N-type doping of the graphene [15], whilst introducing of Boron
atoms into the lattice produce a P-type doping effect [16].

Graphene is quite stable due to its structure of interconnected o-bonds and
network of 7 orbitals that assist the carbon-carbon bond strength. Even so, graphene
can be chemically modified using multiple processes post-graphene-growth. This
involves vacancy filling using by deliberately introducing damage into the sheet and
filling these “vacancies” with other atoms, in a similar process to doping during
synthesis.

Edge defects occur in all graphene synthesis and graphene channel fabrication.
depending on the orientation of the graphene sheet. Either “armchairs” or “zig-
zag” edges (Figure 2.6) will be produced, most likely a combination of the two.
The graphene structure at the edge produces dangling o-bonds, these can develop
radial groups forming covalent bonds with molecules in the environment, making

the graphene edge relatively reactive compared to the planar graphene sheet [17].



Zig-Zag Edge

T XTI

Arm Chair Edge

Figure 2.6: The two distinct edges of graphene depending on orientation of the

lattice.

The most common method of graphene doping is chemical doping where molecules
interact at the graphene surface, transferring or accepting electrons from the graphene
sheet. This can involve gases such as NO, strong hole doping effect and NH3 strong
electron doping effect [18] [19], or organic molecules which 77 stack (non-covalent
interactions with m-bonds in the graphene lattice) on the graphene surface and
can hole or electron dope depending on the molecular structure (vanadyl phthalo-
cyanine, 2,3,5,6-tetrafluoro-7,7,8 8-tetracyanoquinodimethane) [20]. These surface
bonding doping interactions are the bases of graphene sensor chemical functionali-
sation and bio-receptor analyte interactions, that can be detected by monitoring the

graphene’s electrical properties.

2.2 Graphene Growth

There are three primary methods of synthesising graphene; exfoliation, epitaxial

growth and chemical vapour deposition (CVD).
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2.2.1 Graphene Exfoliation

The first isolation of graphene was performed by mechanical exfoliation [3]. This
method involves micromechanical cleaving of graphene layers from bulk Highly Or-
dered Pyrolytic Graphite (HOPG). Minimal force is required to break the Van der
Waals bonding between individual graphene sheets (2 eV /nm?). Mechanical exfolia-
tion can be achieved by a normal force, such as scotch tape method removing layers
off the HOPG surface like in 2004 (approximately 300 nN of force per 1 pum? of
graphite). Alternatively, using a shear force lathe-like process has also successfully
produced graphene from HOPG [21].

Other methods for larger-scale production include the sonication of HOPG in a
liquid-phase this is often accompanied by an electrochemical process, first oxidation
of the the graphene layers using an applied potential connected to the HOPG. Son-
ication is then used to separate the graphene oxide sheets, followed by a chemical
reduction to graphene [22]. A physical large scale approach is the use of ball-milling
of graphite where a cylindrical container is rotated at 300 rpm containing 100 pm
ZrO, ball bearings, these both cleave and fragment the graphite [23]. Both of these
methods, although automated for large volume processing, suffer from the same
small area flake size.

Exfoliation can produce high-quality crystal lattice graphene as small area graphene
flakes. When large-area sheets are required. For whole wafer-scale fabrication of

electrical graphene devices, exfoliated graphene is not a utilisable material.

2.2.2 Epitaxial Graphene

Epitaxial graphene is grown on silicon carbide (SiC) via a thermal decomposition
process, first reported in 2004 [24]. The SiC wafer has two main crystal orientations
a carbon facing (SiC0001) and Si facing (SiC0001) orientation. The SiC0001 orien-
tation is used for slower more controlled graphene growth. The process is performed
at high temperature under vacuum (with argon flow) to avoid contamination. Due

to carbon’s low sublimation point compared to silicon, when SIC is heated at high



temperature (1650 °C) the Si atoms desorb leaving behind carbon atoms which can
re-constitute into the hexagon sheet. This method was used to produce graphite-like
layers and few-layered-graphene [25]. Approximately three bilayers of SIC desorb to

produce a single graphene sheet.

Epitaxial graphene can be grown on large SiC wafer substrates (150 mm). De-
creasing the Si evaporation rate resulted in lower levels of morphological change to
the surface and larger graphene grain sizes 50 x 50 pum reported in 2013 [26]. The
difficulty arises at surface steps on the SIC surface which can result in bi-layer or
few-layer regions affecting the overall conductivity. For every 10 nm step height

difference a resistance increase of 21 k2 has been recorded [27].

More recently, larger grain sizes have been produced by controlling the nano step
geometries on the SIC surface. Single grain graphene across full 2” and even 100
mm wafers have been produced and are available commercially (Graphensic AB,
Sweden). This graphene production method is of very high quality with large scale
grain sizes for full wafer fabrication [28]. There are still issues regarding resistance
variation across the surface (bi-layer patches), although this variability is being re-
duced with process optimisation. The main disadvantage of epitaxial graphene is
processing costs. Starting with SiC wafers as the substrate material dramatically
increases costs. As a comparison, using pricing from University Wafer Inc (USA).
The unit price for 50.8 mm Silicon wafer with thermal SiO, surface (SiO, a stan-
dard graphene research substrate) is $15.90 (£13.19), the unit price for a 50.8 mm
6H-SiC wafer is $375.00 (£311.07). The SiC wafer is over 23 times more expensive as
a starting substrate. The graphene growth process then adds further expense. The
cost of a 50.8 mm epitaxial graphene wafer with monolayer graphene costs €6000
(£5358.34) (Graphensic AB, Sweden). In comparison, CVD grown graphene on a
SiO4/Si substrate costs €246 (£219.66) (Graphenea, Spain).

Currencycovetedusing X E.com (2019 — 09 — 03)
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2.2.3 Chemical Vapour Deposition Graphene

Chemical vapour deposition (CVD) is a method of depositing material from gaseous
reactants onto a substrate in a reaction chamber. The substrate material is heated
to achieve the desired chemical reaction. The chamber is pumped down to vacuum
to reduce impurities. Reactant gas molecules CH,/H, (in carrier gas Ar) combine
and react to form graphene [29]. CVD graphene is grown in a two-step process.
The first step is a precursor pyrolysis step, where carbon atoms are formed from the
dissociated reactant gas at high temperature on the substrate to avoid clustering
of the carbon atoms. Metal substrates are often used as catalysts to reduce the
temperature required. The second step creates the graphene structure out of the
dissociated carbon atoms, this step also requires high temperature and without a
catalyst this would require a temperature of 2500 °C. Using a metal catalyst this
temperature is reduced down to 1000 °C. Once cooled, the substrate is then removed

from the growth chamber with the graphene film on the surface [30].

The problem with introducing a metal catalyst is the potential for contamina-
tion and the effect of reactions in the chamber. Metal single crystal substrates are
used as CVD catalysts (and form the substrate) due to the metals closely packed
hexagonal surface geometry which matches the graphene carbon geometry. The dis-
tance between the surface metal atoms also determines the arrangement of carbon
atoms during the graphene structure step. Different metals and orientations have
been researched. The most common metals that are used for growth and have weak
interactions with the graphene include Cu, Ag, Ir, Pt, Pd and Au. Metals that are
used for growth and have a strong interaction include Ni, Co, Ru, Rh, Re (strong
interaction defined by separation distance above or below 0.3 nm) [31]. CVD growth
results in multiple nucleation sites so different grain sizes are produced across the
metal substrate. However, the advantage of CVD growth is the large scale of pro-

duction available up to 30 inch Cu foil, m? growth has been demonstrated [32].

Among all the CVD growth substrates Cu and Ni foil is most common. It has

an advantage in terms of material cost and its low carbon solubility, making etching



and transfer of graphene easy and relatively low-cost [33].

The process of CVD growth on metal foil substrates requires a transfer step
for wafer fabrication. The common method is the use of a wet transfer method.
Figure 2.7 outlines the main steps of this method. Metal foil is used as CVD catalyst
with the etch solution determined by the metal used [34]. The wet transfer method
is used in commercial fabrication and can produce a full 100 mm ($572) and 150
mm ($936) monolayer graphene on wafer substrates (Graphenea, Spain).

The wet transfer method using both Poly(methyl methacrylate) (PMMA) or
alternative positive photoresists is the most common method of graphene transfer.
Some issues include cracking of the graphene layer during the solvent cleaning stages
where the graphene had not conformally made contact with the substrate. A sec-
ondary spin coating of PMMA on the transferred graphene PMMA was shown to
improve transfer and reduce total breaks in the graphene sheet [35].

The primary issue with graphene transfer is the use of a polymer support layer.
Acetone is primarily used as the cleaning agent for PMMA but inevitably there are
residues left behind. PMMA residues post solvent clean have been shown to cause
charged impurity scattering, changing the doping of the graphene sheet, and causing

the carrier mobility to decrease [36] [37].
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Figure 2.7: (a) CVD monolayer graphene growth on Cu(111) foil. (b) Polymer (e.g.
Poly methyl methacrylate) coated onto the graphene surface. (¢) PMMA used as
support material to float graphene on Cu foil in wet etch tank. (d) Cu foil etched
away, followed by transferring to di H,O rinse tanks to remove etchant residue. (e)
Graphene and PMMA “Scooped” from solution using silicon wafer (SiOs coated),
vacuum baking used to promote adhesion and remove graphene PMMA wrinkles.

(f) Solvent cleaning steps used to remove PMMA from graphene surface.



2.2.4 Reducing Residue From CVD Graphene Transfer

The use of deep UV curing (20 mins 50 W 254 nm wavelength) of the PMMA layer
prior to solvent cleaning has been shown to reduce residues and improve graphene’s
electrical performance [38]. Resist removal decreased the graphene channel’s elec-

trical resistance and reducing doping and increasing stability.

Alternative methods have been put forward to reduce residue from the graphene’s
surface, including using alternatives to PMMA /Photoresist. Polymer polyisobuty-
lene (PIB) has also been used as part of the supporting layer, used as a release layer
between the graphene and polydimethylsiloxane (PDMS). The removal solvent de-
cane was then used post-transfer to remove the PIB layer, this process was shown

to reduce total residue from the support layer [39].

A recent method shows some promise using a paraffin spin-coated as the support
layer. The metal layer is etched as normal followed by transfer to a 40 °C water
bath. The warm water bath enables the paraffin to remain in its solid-state but
expands thermally and removes graphene wrinkles. In the expanded state, the
floating paraffin-graphene is transferred to substrate silica and baked. The paraffin
is removed (peeling) whilst at 40 °C leaving pristine graphene with lower levels
of residue compared to PMMA. This method yielded decreased sheet resistance
variability and increased carrier mobility by 2.6 times. The cause of this has been
investigated and it is thought that the paraffin molecule has a lower likelihood of

forming bonds with carbon radicals and graphene defects [40].

True “polymer-free” methods do not use a support structure during the transfer
method so no polymer compounds come into contact with the graphene sheet. The
primary difficulty of this process is promoting graphene substrate adhesion during
the metal etch process. It was shown that hydrophilic substrates are likely to have
an interface layer of the etchant solution between the graphene and the substrate,
leading to delamination [41]. Using surface treatments to create a hydrophobic
surface for transfer, polymer-free transfer was achieved using a frame to support

the graphene edges during transfer. As the Cu foil was etched away, the graphene
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made contact with the hydrophobic substrate beneath [42]. This process was limited
to small substrate sizes and resulted in some breakage points as the Cu layer was
etched.

Other polymer-free methods include a direct growth on the final substrate. Fe de-
posited directly onto a SiO, coated substrate was used to catalyse by CVD graphene
growth on the Fe layer. Graphene channels were patterned and etched and metal
contacts deposited onto the surface securing the graphene. HCl wet etching solu-
tion was then used to undercut etch the Fe layer under the graphene, producing
suspended graphene channels. Atomic layer deposition of HfOy was then used to fill
the recess [43]. However, the graphene channels suffered from delamination issues
during the under etch process, resulting in low yields.

Additionally direct growth on dielectric substrates such as GaN, Ge and Si has
been shown to be possible but these processes are still limited in terms of surface

growth and graphene grain size [44].

2.3 Graphene Sensors

Graphene has been researched as a biosensor platform using multiple techniques due
to its electrical, optical and physical properties being suitable for biosensing applica-
tions. Graphene biosensors range from purely electrical FET-based measurements,
using the graphene as a conductive channel; to electrochemical sensors (using the
graphene as an working electrode); optical processes such as surface-enhanced Ra-
man spectroscopy (using the graphene as an enhancing substrate); optoelectronic
sensors based on labelled receptor molecules and even force-based AFM imaging
sensors using graphene bound receptors and tip bound analytes [45].

For a handheld, lab-on-a-chip style, point of care system, the simplest (and
smallest packaged) diagnostic tool would be an electrical measurement platform
[46]. There are four electrical-based sensor configurations; chemiresistive, back-gated
FET, liquid-gated FET and capacitance FET. Electrochemical graphene platform,

using the primary electrochemical configuration of the three-Electrode system is



also reviewed. Table 2.1 & Table 2.2 lists some of the current electric graphene FET
(G-FET) reported for biosensor applications.

A G-FET biosensor stripped down to it essential components includes a support
substrate, (insulating layer), graphene sheet and metal electrodes to make elec-
trical connections. The step that makes it a specific biosensor is the bio-receptor
molecule used on the graphene surface. These molecules are used to bind the analyte

(biomarker) target when presented in bio-fluid tissue or breath samples (Figure 2.8).

Bio-recptor
Sensing Solution P

Graphene

Figure 2.8: Basic components of a graphene biosensor.



Table 2.1: Table of graphene-based field effect transistor (G-FET) biosensors currently reported in the literature (Part I)

Type of Sensor Bio-receptor Application Substrate Sensitivity Ref.
Antibody Human Chorionic Epitaxial on SiC
Chemiresistive Pregnancy 16.7 pM [47]
Gonadotropin (hCG) Ti/Au contacts
- Antibody Epitaxial on SiC
Chemiresistive Cancer 0.35 nM [48]
8-hydroxydeoxyguanosine Ti/Au contacts
22 base pair (BP) CVD on SiO-2
Back-Gated FET Proof of concept 100 pM [49]
DNA Aptamer Cr/Au contacts
DNA Aptamer Antibiotic CVD on HfO,
Back-Gated FET 11.5 pM [50]
Kanamycin A detection Ti/Pt contacts
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Table 2.2: Table of graphene-based field effect transistor (G-FET) biosensors currently reported in the literature (Part II)

Type of Sensor Bio-receptor Application Substrate Sensitivity  Ref.
o CVD on SiO,
Liquid-Gated FET 20 BP DNA Aptamer Proof of concept 10 pM [51]
Ti/Au contacts
o _ CVD on SiOq
Liquid-Gated FET 22 BO miRNA Cancer 100 fM [52]
Cr/Au/Cr contacts
Antibody CVD on SiOq
Liquid-Gated FET Cancer 0.5 pM [53]
Carcinoembryonic Ti/Au contacts
) Antibody E. coli Bacterial CVD on SiO,
Capacitance FET 10 cells/ml  [54]
O157:H7 detection Au contacts
' Antibody Zika Viral ' ' CVD on SiOs
Capacitance FET Virus detection 450 pM [55]

antigen (ZIKV) Ti/Pt
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2.3.1 Chemiresistive Sensor

Chemiresistive sensors are based on a simple IV measurement performed across
a graphene resistor [48]. IV measurements can be performed dry or in solution,
when an analyte interacts with the graphene channel it produces a change in the
IV (resistance/conductivity) characteristics of the graphene channel. Figure 2.9
shows a simple graphene resistor made up of core components substrate, insulator,
graphene and metal contacts, this simple graphene resistor was used as a pH sensor,
applying a constant 10 uA current and measuring voltage to calculate graphene
channel resistance. The graphene channel resistance in the air was measured as 86
k) initially but displayed a dramatic drop to 56 k{2 on submersion in liquid (pH
4). A resistance change was then measured for each pH solution applied with a
resistance change of approximately -3.48 kQ2/pH unit average from both acid and
alkali pH direction [56].

Drain Electrode

Source Electrode

Graphene
PH Solution /
Au Au

(a) (b)

Figure 2.9: (a) Cross-section view of graphene pH resistor sensor. (b) 3D view

showing resistance measurement setup for pH sensing.

Even though this method of sensing does not measure the charge neutrality point
(Dirac Point, the resistance maxima where the charge carrier density is negligible),
it was assumed that the graphene was hole-doped due to the substrate being SiO,
and the graphene being annealed in air. As the resistance decreased with increasing

pH. This suggests a hole doping shift with increasing pH, this result was backed up



by similar pH FET style graphene sensor measurements which confirmed the p-type
doping shift of the Dirac point with increasing pH [57] [58]. Figure 2.10 shows a
simplified Dirac point shift due to hole doping with pH increase.

Graphene
Resistance

P-Type Doping'
pH Increase

>
ov Gate Voltage

Figure 2.10: Illustration of decrease in resistance for resistor (0V) pH sensor. Hole

doping shift with increasing pH. Adapted from ( [56])

The mechanism for the change in resistance (Dirac point shift) due to water and
pH change is still debated. It is commonly agreed that the water molecules and
ionic molecules adsorb onto the graphene surface, causing changes in conductivity.
It has been recently reported that capacitative charging [59], not surface transfer
doping [60], is the cause of the doping shift seen in graphene electrical sensors.
Figure 2.11 shows the capacitative model, the adsorption of OH™ and H3O™ ions on
the graphene surface forming an electric double layer (EDL). Due to the charging
effect of the EDL, the capacitance changes the carrier concentration of the graphene
and is responsible for the change in doping. This model was confirmed using a back
gated graphene FET measurement which removes the potential charge effects of the

liquid gating electrode [61].
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Figure 2.11: Electric double layer schematic with inner and outer Helmholtz planes.
The formation of a dielectric-like layer produces a capacitance effect on the graphene
channel, changing its carrier concentrations and doping the graphene. (Adapted

from [62]).

Chemiresistive graphene sensors have also been employed in biosensor applica-

tions using bio-receptors bound to the graphene surface [47] [48].

2.3.2 Back Gated FET Sensor

The back gated sensor design has advantages over other gated sensors due to its solid
metal /silicon gate which enables a high level of integration for different applications.
This includes in vivo measurements and handheld point-of-care measurements. Ad-
ditionally, the gate dielectric is isolated from a sample solution. This removes errors
caused by the liquid gate charging and allows for wet and dry diagnostic measure-
ments. Figure 2.12 shows the two main configurations of the back gated graphene
FET: (a) the silicon gated FET design, where doped silicon is used as the substrate
wafer and a metal electrode applies the gate bias, whilst the dielectric film acts

as the insulating capacitive layer. (b) The buried metal FET design, which uses



an additional dielectric layer on top of a buried metal gate electrode produce the
capacitor under the graphene.

The use of the high « dielectric materials (Hafnium Oxide) in graphene FETS has
been shown to provide high specific capacitance, producing a high transconductance

and allowing the device to operate at low gate voltages [61].
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Figure 2.12: (a) Cross-section view of silicon back gated graphene FET sensor. (b)

Cross-section view of buried metal back gated graphene FET sensor.
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Back gated FET sensors can be used to perform Dirac point measurements by
holding a continuous bias across the graphene channel measuring the current across
the channel, whilst performing a bias sweep across the back gate. The electric field
produced by the charge stored in the capacitor transfers electrons to the graphene
in one bias direction and transfer electrons away from the graphene in the other bias
direction. Effectively this gating effect can change the primary charge carrier in the
graphene channel. When the carrier concentrations of both holes and electrons are
equal, the “Dirac point”, the resistance of the graphene channel is at a maximum.
The location of the Dirac point at a negative or positive bias gate voltage indicates
the doping of the graphene channel as either N-type or P-type (Figure 2.13). Gated
FET sensors measure the change in Dirac point as target molecules bind to the

surface changing the surface charge and therefore doping of the graphene channel.

Graphene 1
Resistance Electron Doped s

Dirac Point Dirac Point
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Figure 2.13: Dirac point measurement using gated graphene FET device with an
electron (N-type) doped graphene channel and a Hole (P-type) doped graphene

channel.

Back gated graphene FETs have been used for both liquid-based sensing, liquid
analyte (measured dry) sensing and dry gas sensing [63] [50] [49]. But requires more

complex fabrication process flows which can increase average cost per sensor.



2.3.3 Liquid Gated FET Sensor

In a liquid gated graphene FET (LGFET) the solid gate used in the back gated
FET is replaced by an ionic liquid and an external electrode. The electric double
layer formed at the graphene surface acts as a quasi dielectric layer. The external
gate electrode is still required to apply a bias to the ionic liquid. This is routinely
performed using an external electrode made of Pt wire or Ag/AgCl [64]. However,
devices can be fabricated with the gating electrode directly patterned onto the G-
FET chip as part of a full lab-on-a-chip style sensor [65].

Figure 2.14 shows the layout of a standard liquid gated set up and modified
setups that are common in the literature [53] [52]. To monitor the gate voltage
more accurately an electrochemical three-electrode system is used, where the gate
electrode (or working electrode) applies the gating bias and the reference electrode
monitors the voltage in the ionic solution. This has been shown to provide greater
accuracy in terms of measuring the voltage in the ionic solution [66].

Materials used for the gating electrode have been compared in the literature,
Pt, Pd etc. It was shown that a Pt metal gate electrodes produced the lowest
current variations [67]. Similarly, the type of ionic solution and pH used has been
investigated. It has been shown that the makeup of the ionic solution is not as
important to the sensing capability of the graphene when using a reference electrode
to measure the potential of the ionic solution [68]. Some sensors have been tested
using blood serum as the sensing liquid, which for many biosensors would be the

end goal for a point of care sensing system [69].
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Figure 2.14: (a) Cross-section view gating electrode connected to ionic liquid. (b)
Cross-section view LGFET modified using three electrode set up and back gating

connection.

Similar to a back-gated graphene FET the liquid gated FET can be used to for
Dirac point measurements of the graphene channel. Although this sensing method
has to exclusively be performed in a wet environment due to the ionic liquid solution,
there have been recent developments using ionic hydrogel gates to maintain the
ionic makeup when bringing the analyte solution into contact with the sensor [70].

LGFET systems have also been implemented as gas-based sensors where the gases



diffuse through the liquid/gel membrane and absorb onto the bio-receptor modified

graphene surface.

2.3.4 Capacitive FET Sensor

Capacitive sensing often relies on similar G-FET systems such as back-gated and lig-
uid gated FET designs, measuring capacitance changes instead of resistance changes
of the graphene channel (Figure 2.15) [71]. ALD deposited dielectrics are used to to
insulate the gate electrode. In some cases, encapsulation techniques such as ALD de-
posited dielectrics or 2D material layer transfer such as hexagonal boron nitride have
been used as a permanent dielectric layer encapsulating the graphene channel. The
capcitance is then measured between the ionic liquid and encapsulated graphene.
Bio-receptors are then bound to the dielectric layer instead of the graphene layer.
The graphene’s sensitivity to electric field changes can be detected through the thin
encapsulating film [72].
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Figure 2.15: (a) Cross-section view capacitance measured between graphene elec-

trode and gate electrode.

2.3.5 Graphene Electrochemical Sensor

Electrochemical sensors function differently to a G-FET electrical resistance sensor.

The measurement is not based on the flow of charge carriers across the graphene



2.3. Graphene Sensors 35

channel. Most electrochemical sensors do not use a graphene channel structure,
but the graphene is used as a single electrode submerged in an ionic solution. The
electrons flow between a “counter” electrode and the graphene “working” electrode.
Electrochemistry is the study of this flow of electrons due to chemical processes
occurring on the working electrode surface [73]. The most common electrochemical
setups require 3 electrodes, a working electrode (graphene), a counter electrode and
a reference electrode.

The process of oxidation and reduction (redox) caused by chemical or voltage
changes can be measured using the three-electrode system. The reference electrode
acts as a reference when measuring electron transfer processes between the working
electrode and the counter electrode. The reference electrode is also used for con-
trolling the working electrode potential (without producing current). The reference
electrode should have constant electrochemical potential e.g. an Ag/AgCl aqueous
reference electrode. In the three-electrode system, the reference potential is much
more stable, and there is compensation for the voltage drop that occurs across the
solution.

If the graphene surface is oxidised /reduced through an analyte binding to a bio-
receptor on the surface, this causes electrons to either be gained or lost by the
working electrode. The first application of carbon nanotubes in electrochemistry
was for the oxidation of dopamine [74]. Graphene-based devices show excellent elec-
trocatalytic activity towards the reduction and oxidation of paracetamol, showing
that the Graphene surface can be electrochemically modified [75]. It was later shown
that the responsiveness of graphene and carbon nanotubes to electrochemical change
is due to the graphene edges, where heterogeneous electron transfer is much faster
than through the planar region. Pristine graphene without impurities has a lower

electron transfer rate compared to graphite-based materials [76].
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Figure 2.16: Three electrode setup of graphene FET for electrochemical sensing.

2.3.6 Functionalisation & Bio-receptors

Biosensor functionalisation is the process of chemically modifying the surface/edges
of the graphene with a bio-receptor. Biosensors are used for the detection of tar-
get analytes (biomarkers), to create a sensor with high specificity; the bio-receptor
immobilised on the graphene must only bind the target analyte. The type of bio-
receptors used vary depending on the target molecule. They can include amino
acids, enzymes, antibodies (whole/fragmented) and aptamers/nucleic acids [77].

Bio-receptors often require a linker molecule to enable immobilisation onto the
graphene surface. These linkers require there own functionalisation process to im-
mobilise the linker prior to the bio-receptor attachment [78].

In certain cases, the bio-receptor can be synthesised with the linker molecule pre-
conjugated directly onto it. The conjugation of the linker molecule and bio-receptor
on the graphene surface was compared to pre-conjugated bio-receptors, it was shown
that the pre-conjugated system produces higher yields of bio-receptors immobilised
on the graphene surface and greater sensitivity to the target analyte [79].

The functionalisation of the graphene surface is also employed to deliberately
dope the graphene and modify the sensor’s electronic properties (e.g. tetrathiaful-

valene). Traditionally band-gap engineering aims to bring the Dirac point close to
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midpoint 0 V, reducing the need for high voltage equipment to monitor the Dirac

point shift [80].

The functionalisation of graphene can be performed through covalent bonding to
the carbon atoms in the graphene lattice, or by non-covalent binding to the graphene

by electrostatic and/or weak Van der Waals bonding (Figure 2.17).
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Figure 2.17: (a) Covalent bonding bio-receptor to carbon atom. (b) Non-covalent

(a)

-1 stacking of bio-receptor on graphene sheet.

Covalent bonding methods including (3-Aminopropyl)triethoxysilane (APTES)
which links to the graphene surface through three oxygen molecules that form C-
O bonds with the carbon in the graphene lattice [81]. Non-covalent bonding is
preferred as the structural and electrical properties of the graphene sheet are then
maintained [82]. Non-covalent functionalisation often occurs through an interaction
between the m-electron cloud of the graphene and the functional molecule (pyrene,

acridine, fluorenylmethyl ect.), otherwise known as 7 stacking (Figure 2.18) [83].
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Figure 2.18: (a) APTES linker molecule used for covalent bonding to oxidised
graphene surface. (b) Top-Down view of Pyrene molecule -7 stacking with

graphene sheet.

Bio-receptors are the molecules/proteins that are responsible for binding the
target bio-marker, these bio-receptors are generally categorized into Aptamers(DNA

and RNA), Oligonucleotides, antibodies and enzymes.

Aptamers Aptamers are short-chain peptides or single-stranded nucleic acids de-
signed to fold into a three-dimensional (3D) structure specifically for binding to
target analytes. Aptamers have attracted considerable attention due to their ease
of synthesis, high binding efficiency and affinity, specificity, and high stability to
target biomarkers. Most of all, aptamers have been extensively researched due to
their small size (sub 5 nm) and ability to reorientate close to the sensor surface,
which is a desirable trait to combat the issues faced with Debye screening (sub 1
nm).

In G-FET biosensors, aptamers have two main processes that cause doping/resis-
tance changes that enable in analyte sensing (Figure 2.19). The first process involves
the aptamers reorientating closer to the graphene surface hole doping (e.g. for de-
tection of dopamine, glucose). The second process involves the aptamers stem-loops

reorientating away from the graphene surface electron doping the graphene surface
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(e.g. for detection of serotonin, S1P) [84].

Aptamer Orientated Away From Aptamer + Analyte Orientated
Surface Close To Surface

Debye Screening
Length

Figure 2.19: Aptamer functionalisation of graphene surface showing orientation

away from surface and analyte binding causing reorientation close to the surface.

Debye length screening is a dependent on the ionic strength of the solution
which forms the electric double layer above the graphene surface. It is defined as
the length at which surface charges of molecules no longer affect the mobile charges

of the graphene [85] [86].

Oligonucleotides Oligonucleotides are short (normally 6-25 nucleotides) DNA
and RNA molecules. They are most commonly used for detection of specific DNA
or RNA sequences, a single stranded oligonucleotide (bio-receptor) is attached to
the graphene surface, when a complementary sequence (the analyte) comes into
contact with the bio-receptor strong Van der Waals forces (Hydrogen bonds) bond
the two sequences together (Figure ). As DNA/RNA sequences have strong nega-
tive charges present in their phosphate structure, this creates a charge close to the
graphene surface that alters the charges, present in the electric double layer and can
be detected as a change in resistance/doping of the graphene surface. This can be

used for multiple disease diagnostics or genetic testing, a system based on ssDNA



has been used for detection of viral HIV-1 by binding a specific sequence of the viral

DNA [87].

Oligonucleotide (ssDNA Oligonucleotide (ssDNA) +
Sequence) Analyte (ssDNA). Forming dsDNA
® >
¢ 3
$
)
[} "
————————— -o%————————————————O.-——————————————————

[ @)
.. Debye Screening
.: Length
[ ]
@

Figure 2.20: ssDNA functionalisation of graphene surface before and after binding

of target ssDNA molecule

Antibodies The other main bio-rector used for biosensor assays are antibodies,
these are the proteins produced by the body to detect/bind the analytes in vivo.
Antibodies vary in size but generally are larger than aptamers (approximate 10-15
nm in length), and do not reorientate themselves closer to the graphene surface
during analyte binding. This length is outside the graphene’s Debye length so has
little effect on the graphene doping. In some cases, truncated antibodies have been
used as a way of reducing the distance at which the analyte binds on the graphene

surface [88].
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Figure 2.21: Bio-receptor molecules and their approximate sizes when bound to

analyte, compared to debye screening length.

Enzymes Enzymes are proteins found in the body which perform a multitude
of functions broadly they are used for cleaving (breaking) of larger molecules into
smaller ones (Amylase converts starches into sugars). Or for boding smaller molecules
to form larger molecules (RNA polymerase constructs DNA sequences). Enzymes
are often referred to as biological catalysts as they reduce the energy required for
these biological functions. The enzyme glucose oxidase was implemented as the
bio-receptor for an diabetes glucose monitoring test in 1962, considered the original
biosensor. Graphene electrochemical sensors can use the oxidation/reduction of the
target analyte by the surface bound enzyme and monitor the current change (di-
rect electron transfer) in the electrochemical system. This can be used for various

analyte detection, pathogens, proteins for disease detection [89] [90].

Blocking Chemistry

Additional to the bio-receptor, other functional layers/molecules can be attached
onto the graphene surface. Most commonly, “blocking” molecules are used to in-

crease sensor performance, as they can perform multiple roles simultaneously. The



primary use of blocking molecules is to saturate the graphene surface after im-
mobilisation of the bio-receptor. In this role the blocking molecule will prevent
physisorption (or potential bonding) of molecules to the graphene surface. Without
the use of a blocker, other analytes/molecules could physically adsorb onto the sur-
face within the debye length and cause a mobile charge change (Figure 2.22). The
use of blocking molecules has been shown to increase sensor sensitivity by up to
10-fold [91]. The use of large blocking molecules such as 10-kDa polyethylene glycol
has been shown to both saturate the graphene surface, and also increase sensitivity
by increasing the effective debye screening length of the graphene surface (extending

the double electric layer to the length of the blocking molecule) [86].
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G’ Blocking Functionalisation

. Screening Length

|

Figure 2.22: (a) Graphene sensor operation without blocking functionalisation. Non-
specific physisorption of target and non target proteins/molecules. (b) Operation
with blocking functionalisation on graphene surface, preventing physisorption of

molecules/proteins.
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2.4 Graphene Sensor Fabrication

2.4.1 Swubstrate Choice

CVD growth graphene, pre-transferred onto SiOy wafers can be purchased in wafer
sizes of up to 150 mm diameter. The current aim for graphene technology is fabri-
cation at CMOS foundry level processing for full scale commercialisation (European
Graphene Flagship Roadmap 2019). Therefore, the substrate choice is based around
Silicon technology and the dielectrics that can be deposited onto the silicon surface.
SiOs has been the primary dielectric of choice since it was first used to isolate
graphene in 2004 [3]. The commercially available monolayer graphene on SiOy comes
in both 90 nm and 300 nm SiO, thickness (Graphenea, Spain). This thickness also
corresponds to the thicknesses at which graphene produces the highest contrast and
can be seen optically [5]. The effect of charge puddles on the oxygen terminated
surface in contact with the graphene, it is believed these dangling bonds have a
strong hole-doping effect removing electrons from the graphene channel. [92].
Silicon Nitride is also available from Graphenea but limited to 10 x 10 mm
substrate dimensions. The sheet resistance of monolayer graphene and the electron
mobility differs depending on substrate choice. Some gate oxides such as Al;O3
and HfO, have been tested as part of graphene FET development [93]. New 2D
materials such as hexagonal boron nitride (hBN) have been shown to produce the
highest carrier mobility in graphene. Table 2.3 gives the commercially available and

literature derived properties of graphene varies on dielectric substrates.



Table 2.3: Table of graphene electronic properties on different dielectric substrates.

Carrier Mobility Sheet Resistance

Substrate Reference
(cm?/V s) (2/sq cm)
Si0Os 3760 450 +40 [94]
SisNy 1432 +£428 576 £172 Graphenea
hBN 127500 £25000  Not Found [95]
Al, O3
6900 Not Found [96]
Encapsulated
HfO,
20000 Not Found [93]
Encapsulated

On SiO,, variation from the 300 nm oxide thickness even within 10 % change can
result in the contrast of the graphene layer on the SiOs becoming less observable [5].
This creates problems during photolithography, specifically during alignment and
optical quality checking as the graphene layer becomes practically invisible and
therefore much more difficult to align using the optical microscopes of a mask aligner

tool.

It is well documented that the interaction of SiOs on graphene’s electrical trans-
port properties [97]. However, it has also been shown that Silicon Nitride as a
graphene substrate can produce similar peak conductivity levels under atmospheric
conditions to that of SiO,, but due to impurities in the Nitride films the carrier mo-
bility is lower the SiO9 [98] [99]. hBN has been shown to produce the highest carrier
mobility of all substrates and encapsulation methods, this is due to its matching
single layer smooth sheet with hexagonal lattice which prevents charge puddles and
trapped charges normally encountered with wafer substrates [95]. However, hBN
is still a research-focused material and cannot be purchased as a standard wafer

substrate.
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2.4.2 Pre-Process (Conditional) Annealing Step

It has been previously established by the Swansea University research group that
pre-process annealing is required for top contact graphene fabrication, to improve
adhesion and produce yields above 50 % [100]. Graphene annealing is used exten-

sively in the literature to increase graphene substrate adhesion [101] [102].

Vacuum annealing can lead to the formation of C-O and C=0 bonds. This
bonding could be due to reactive O~ groups from the SiO, substrate created during

the annealing process bonding to the graphene [101].

The source of yield reduction for non-annealed samples is due to graphene de-
lamination during photolithography steps, specifically during exposure to developer
and during photoresist removal steps. The process of graphene annealing via Rapid
Thermal Annealing is a short-term process which can also release the induced strain
in the graphene lattice and create dangling bonds at the SiO interface [103]. Pre-
dominantly this results in physical bonds such as Van der Waal bonding between
the SiO5 and graphene layer. Longer duration vacuum annealing has been shown to
produce greater adhesion between the graphene and SiO, surface which is thought
to be due to both physical and chemical bonds formed between the SiO groups and
the graphene [104]. SiO, exhibits an O~ terminated surface as well as a Sit surface,
which is highly reactive at high temperature during the annealing process. How-
ever, it is thought that the C atoms interact more strongly with electronegative O~

ions than the electropositive Si+ ions, thus, C-O and C=0 bond formation is more

likely [101].

Another explanation for increased adhesion from annealing is the removal of
interfacial water layer between the graphene and substrate, decreasing HoO™ assisted
hole doping and thus bringing the graphene layer closer to the substrate [104]. This
removal of inter-facial water and subsequently the reduction of this inter-facial water

layer over time fits with previous findings from Swansea University.



2.4.3 Photolithography For Graphene Etch Mask

Photolithography is a lithographic technique that is used to change the properties
of photoactive polymers, known as photoresists, using UV light [105]. Photoresists
compose of four key substances, the polymer, solvents, sensitizers and additives.
The polymer is the solid organic material that changes its solubility following UV
exposure. This polymer is diluted in solvents to thin the resist. Sensitizers and
additives are used to control the reaction of the photoresist to UV light, to achieve
the desired process result. The most common chemical base for positive photoresists
are the Diazoquinones (DQ). UV light breaks of nitrogen molecules of the DQs
decomposing them into an carboxylic acid product (elimination of Nitrogen and
binding of H,O). This acidic derivative of the photoresist is then soluble in a basic
developer solution [106].

The first photolithography process is used to produce an etch mask for the final
geometry of the graphene channel. A thin positive photoresist layer is employed in
this process, as it is easier to clean and remove from the graphene surface with less

time spent in organic solvents [107].

2.4.4 Graphene Etch

The graphene etch process is performed using an oxygen plasma etch process. The
Oxygen (O2) plasma removes organic matter including the exposed graphene layer
and other carbon oxides and trapped water vapour. The removed carbon is pumped
out of the chamber by the vacuum system. This method of etching graphene is the
same as an oxygen plasma ashing process to clean organic contaminants off of a
surface [108].

Other processes have been explored to replace the use of photoresist etch mask.
This includes using a metal etch masks such as Ni (Ni has low carbon solubility)
which can be etched without causing graphene damage [109]. Targeted etch pro-
cesses that do not require an etch mask have also been explored, the use of laser

direct writing (LDW) has been explored for graphene removal in ambient conditions
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directly on the insulator coated wafer. This method produced sub-micron features
but required a Ni evaporated coating oil immersion layer for writing [110]. Other
approaches without coatings, using a Ti sapphire 50 fs pulsed laser, have been used
for fabricating a residue-free graphene device process on SiC epitaxial graphene

wafer [111].

2.4.5 Photoresist Cleaning

For G-FET fabrication (with graphene pre-transferred onto the SiO, substrate),
there are three photoresist processes required, all of which coat the graphene surface:
(1) the photoresist used for CVD transfer; (2) the photoresist etch mask for graphene
channel etching; (3) the photoresist mask used for metal contact pads. Each of
these steps is likely to leave dispersed residues across the graphene surface when
performing a standard solvent clean with Acetone and isopropanol (IPA).

Photoresist removal is important for improving graphene FET performance, as
resists have been shown to reduce carrier mobility from 3410 cm?/Vs to 1125 cm?/Vs.
Resist residue also result in higher levels of hole doping, shifting the Dirac point
from 5.2 V to 11.6 V when FET devices on SiO5 were fabricated with and without
a sacrificial barrier layer [112]. The cause of these changes is thought to be charge
scattering due to the photoresist residues closely bonding (7-7 stacking) to the
graphene surface. Charge scattering (Colomb scattering) is caused by impurities on
or underneath the transferred graphene, creating non-uniform electric fields across
the graphene sheet and interfering with the charge carriers, reducing the carrier
mobility [113].

Negative photoresists are more likely to produce non-removable photoresist residue,
as UV exposure and baking causes cross-linking reactions producing non soluble
polymer coatings. Even the use of positive photoresists such as PMMA and S1813
has been shown to produce photoresist contamination [114]. Additional solvent
cleaning steps have been shown to reduce, but can cause photoresist residue causing

delamination or damage to the graphene channel. These include solvent (NMP) and



(DMSO) cleaning steps.

High-temperature vacuum annealing has been shown to remove photoresist residues
and improve graphene electrical performance. A 3-hour annealing process at 350 °C
was shown as the most effective treatment for removing PMMA residues. Long
duration high-temperature annealing has been shown to induce doping changes in
graphene as well as band structure changes due to defects already present forming
new covalent bonds during the anneal process [115].

Ultraviolet ozone (UVO) treatment has been shown to reduce PMMA residue
post graphene transfer. FETs fabricated using a UVO treatment for 10 mins showed
higher carrier mobility 3264 cm?/Vs compared to non treated 1725 cm?/Vs. Increas-
ing UVO to 16 minutes starts to degraded the graphene and the carrier mobility
reduces [116].

Additional cleaning mechanisms such as UV cleaning can also be introduced to
reduce photoresist residue on the graphene surface. Particularly when using positive
photoresists and deep UV cleaning [38].

Introducing sacrificial layers such as e-beam evaporated yttrium (Y), deposited
before photolithography and removed by dilute HCI etching after device fabrication,
has been shown to reduce photoresist residue. AFM analyses confirmed graphene
FETs made with the Y sacrificial layer had lower levels of roughness (photoresist
residues). Electrical measurements showed a reduction in device resistance [117].
Similarly, Aluminium (Al) evaporation has been used to produce an Al sacrificial

layer to reduce photoresist residues on graphene, increasing electrical performance

[118)].

2.4.6 Metal Electrode Deposition

Graphene FET sensors require interconnects to make electrical /electrochemical mea-
surements on the graphene surface. These interconnects are fabricated using metal
deposition onto the graphene and SiO,/Si surface.

Graphene device contact resistance at the metal-Graphene interface has been
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investigated with several adhesion metals used. A Ni/Au bilayer metal stack was
shown to have the lowest contact resistance 500 Qum. The contact resistance for
both Cr/Au and Ti/Au samples is significantly higher than that of the Ni/Au.
However, contact resistance measured in the literature varies for the same metals and
Ni is not always reported as having the lowest contact resistance [119] [120] [121] [122]
[123] [124]. The explanation given for the unreliable reporting of contact resistance
is that the graphene device fabrication highly variable, the contact resistance is
also dependent on other factors such as photoresist residue, graphene grain size and
lattice defects.

A two-layer metal stack is often used for fabrication of metal contacts and was
previously developed as a standard process at Swansea [100]. First, the adhesion
metal layer chromium (Cr) 20 nm which naturally forms chromium oxide at the in-
terface with the SiOq substrate creates a physical type bond (Van der Waal bonding).
The Cr also makes contact with the graphene forming both side and edge contacts
with the graphene due to sputtering damage (chromium carbide formation) [125].
The second layer is the capping metal which is fabricated using palladium (Pd) 80
nm, a noble metal which doesn’t oxidise in the atmosphere and is chemical unreac-
tive to most acids and bases.

Pd fits into the same category as Nickel in that it changes the graphene’s elec-
tronic structure and bonds to the graphene through chemisorption, the lattice struc-
ture reduces the physical distance between the graphene and metal layer altering the
electrical behaviour of the interconnect. [126] [9] [127]. For graphene transfer per-
formed on a wafer after metal deposition, the Pd capping metal acts as the graphene
adhesion metal. Chromium is not used as the capping layer as it the surface oxide

would increase interconnect resistance over time.

2.4.7 Passivation of Graphene

Passivation films are primarily used as protective coatings to protect semiconductor

devices from electrical and chemical contamination. Passivation films are also used



as inter-layers to separate metal tracks in multilayer integrated circuits (ICs) during
semiconductor fabrication [128]. In the case of G-FET devices, passivation materials
are used to protect the metal contacts connecting to the graphene channel but a
“passivation window” allows the graphene surface to be open to the environment

(Figure 2.23).
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Figure 2.23: Passivation film isolating the metal contacts and substrate from the
environment. Passivation window allows the sensing solution direct contact with

the graphene surface.

Passivation of G-FET devices is a requirement for measurements in highly ionic
solutions such as for liquid gated G-FETSs, to eliminate parasitic current between
metal contacts in solution. The gate voltage could short circuit via the metal con-
tacts through the ionic solution if exposed to the sensing solution. Even chemiresis-
tive sensors can suffer from excessive leakage currents through the exposed source-
drain contacts [129]. For functionalisation, amine linker molecules preferentially
bind to Au surfaces and are often used as part of Au nanoparticle conjugate sys-
tems [130]. Having exposed contact electrodes means a non-uniform functionali-
sation of the graphene surface. This will lead to reduced sensitivity as the target
analytes can bind to bio-receptors bound to the metal tracks and to the graphene
channel.

For G-FET fabrication, passivation using dielectric films has also been shown to
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improve carrier mobility and electron doping to bring the Dirac point closer to 0 V.
G-FETs fabricated on SiOs in ambient conditions are generally hole-doped by the
SiO2 and Oxygen atmosphere can have Dirac point voltages above 50 V [96].
Table 2.4 lists several current materials used for G-FET passivation reported
in the literature, as well as materials used for top gated G-FET devices (as the
dielectric material can double as the gate oxide and passivation film). For G-FET
fabrication, passivation films are required to be deposited and enable revealing of
the passivation window, without causing damage to the graphene lattice; minimal
doping or deliberate doping to bring the Dirac point close to 0 V; and no residue/-

modifications that would reduce the carrier mobility of the graphene.



Table 2.4: Table of passivation materials for (G-FET) biosensors currently reported in the literature.

Graphene Passivation Deposition Passivation Effect On
G-FET Type Reference
Source Material Technique Window Graphene
Electrolyte-Gated . . Direct Increase in yield
CVD grown SU-8 Spin Coating [129]
LGFET Photolithography resistance
PVA )
CVD grown BGFET Spin Coating Not Found Electron Doping [131]
PDMS
Reduced doping
CVD grown BGFET AlgOg ALD Not Found Increased carrier [96]
mobility
Carrier mobility
CVD grown BGFET AlyO4 ALD Wet etch [132]
increase
CVD grown LGFET SizNy PE-CVD RIE Not Found [65]
CVD grown LGFET SiO, PE-CVD Lift-Off Not Found [133]
CVD grown LGFET SiOs ALD Wet etch Not Found [134]
CVD grown LGFET SigNy PE-CVD Lift-Off Not Found [51]
Higher carrier
Vaporised
SiC Epitaxial grown Hall Bar Resistor Parylene Not Found mobility & reduced [135]

& Pyrolysed

sheet resistance
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Polymeric Passivation Films

The most common polymer passivation material used for G-FET fabrication is the
permanent photoresist SU-8. This is the simplest of the passivation options as it
only requires a single photolithography process to both deposit the material and
pattern the passivation window [129]. However, this is another photolithography
step that brings photoresist in direct contact with the graphene surface. SU-8 as
with other photoresist residues has been shown to reduce carrier mobility / increase
the resistance of graphene channels [136].

Other polymers such as paralene have been shown to preserve high carrier mo-
bility and reduce sheet resistance. Paralene is a two component system evaporated
onto the surface at 175 °C and 160 °C, followed by polymerisation at higher tem-
perature 690 °C and 650 6°C. This process was used for full encapsulation so a

passivation window was not fabricated onto the device [135].

Dielectric Passivation Films

Dielectric passivation is widely reports in the literature, often using SiOs, SizNy
and Al,Osz. Additional to these dielectrics other materials have been able to be
directly applied to the graphene surface without damaging the lattice structure,
most of which have been tested as gate dielectrics for graphene top gated FETs and
CMOS like devices. Materials include Y503, TiOg, HfO5 and 2D materials such as
hBN [137] [138] [139].

There are two main approaches to fabricating the passivation window to expose
the graphene surface: (1) Plasma enhanced chemical vapour deposition (PE-CVD)
of SiO5 and Si3Ny, due to the more directional deposition and low temperatures a
photoresist lift-off method can be used, this requires the use of photoresist pattern-
ing onto the graphene surface. (2) Alternatively, the use of atomic layer deposition
(ALD) results in more conformal dielectric films reducing the effectiveness of a pho-
toresist lift-off process. For material deposited by ALD, an etch process and etch

mask are required to create the passivation window, Al,O3 can be etched using wet



enchants e.g. (TMAH) based which do not damage the graphene surface. Similarly,
Si0, can be wet etched with HF acid.

Al,O3 passivation has other advantages such as the reported “healing” effect of
ALD deposition on the graphene surface. Atomic defects (grain boundaries and
dislocations) were removed after ALD deposition and etch. The first Al,O3 layer
bonds to graphene oxide (C-O) defects. During the etch process all O bonds are
reduced leaving behind a pure carbon layer. This is due to the nucleation sights of
the ALD deposition targeting the graphene defects during films growth. Graphene
healing has been shown to decrease sheet resistance and increase stability in ambi-
ent conditions [140]. The disadvantage of ALD films is there slow deposition rate
(<1nm/minute) compared to PECVD (30-50nm/minute).

2.4.8 Microfluidic Packaging

Graphene FET sensors require packaging to integrate with a functionalisation /sam-
pling mechanism for the sensing measurement. More basic forms of packaging involve
fabrication of a reservoir region for the sensing solution to be held during the gated
FET measurement. Figure 2.24 shows an example of this involving an epoxy ring
used to encompass the graphene surface region and gating electrodes of the LGFET
biosensor [65]. Without the use of the reservoir, the liquid would be free to spread

across the hydrophilic surface and even leave the chip surface.
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Figure 2.24: Cross section of LGFET with epoxy packaging forming liquid reservoir.

Packaging can also be used to integrate microfluidics onto the biosensor plat-
form. Using microfluidic channels can greatly reduce chemical volumes for both the
functionalisation stages and also the sensing measurement when the sample volume
is limited. Integrated microfluidics can be used for advanced sample pre-processing
techniques including fluid transport, multiplexing, separation/filtering, immobilisa-
tion (trapping) and combination/mixing [141].

Microfluidics can be broadly categorized into three main classes: (1) continuous-
flow; (2) droplet-based; (3) digital microfluidics. The advantages and disadvantages
of each are summarised in Table 2.5. The first of these continuous flow systems
were the first developed microfluidics and have the simplest operation, using a con-
tinuous flow of liquid either self-drawing or using external pressure. These are often
integrated into graphene biosensor systems to allow for small, well-defined sample

volumes to be tested on the biosensor platform [51].



Table 2.5: Comparison between three types of microfluidics, adapted from [142]

Continous-Flow Microfluidics

Droplet-Based Microfluidics

Digital Microfluidics

Operating
Method

Flow Actuation

Advantages

Disadvantages

Continuous fluid flow through

microchannels

capillary action, mechanical

pumping, electrokinetic

Ease of fabrication, simple
microfluidic design and
operation, top down integration
for current screening / sensing
platforms, portability (capillary
action)

High sample volume
consumption (mechanical

pumping system)

Motion of droplets in
microchannels, producing using

controlled flows of immiscible

fluids

Mechanical (syringe) pumps,

(pressure) pumps pumping

Ease of fabrication, suitable for
isolation reactions, high

throughput

Minimal control over individual

droplets, limited droplet size

Motion of discrete droplets
on an array of planar

electrodes

Electro-wetting, dielectric
(capacitance) control

of electric fields

Low sample consumption, scalable
with FET design, reconfigurable,
portability

Complex fabrication, and complex

integration with established sensor

changing using same configuration platforms
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Microfluidic Fabrication Methodologies

The most common fabrication technique for microfluidics uses a moulding (soft
lithography) process based on a silicone elastomer polydimethylsiloxane (PDMS).
This methodology has been in practice since 1998 and is most widely used for mi-
crofluidic devices in research [143]. This requires the fabrication of a master mould
often using a harder more permanent material compared to the PDMS. The master
mould is often fabricated by photolithography using a silicon wafer and patterned
photoresist as the microchannels. PDMS microfluidics can be bonded directly to sil-
icon and glass using a plasma surface treatment of both surfaces and subsequently
bringing them together. Moulding-based microfluidic fabrication can also be done
using a hot embossing approach. Flexdyme “soft-embossing” (Eden labs, USA) re-
quires 10-12 minutes at 105 °C embossing on master mould template. The advantage
of Flexdyme sheets is that they are inherently adhesive so do not require surface
treatment like its PDMS counterpart. Flexdyme is also more hydrophilic compared
to PDMS making liquid filling much easier [144]. Another moulding approach is
injection moulded microfluidics. This is standard for the final stages of process de-
velopment when a microfluidic product needs to be made in large volumes in large

volumes as a commercial product [145].

Laminate based microfluidics are produced by stacking individually cut layers
bonded together. Simple devices can even be created out of layers of adhesive tape
[146]. The most common materials include polycarbonate, PMMA | glass and Cyclic
olefin copolymer (COC). The feature size is dependent on the cutting system used
to create the layers (knife plotter, CO5 laser etcher ect.), the vertical height of the
channels is dependent on the thickness of the polymer sheets [147]. Unlike moulded
systems, each design is cut individually which provides more reconfiguration and
ability to rapidly prototype microfluidic devices. The method of bonding the layers
together depends on the material used. Adhesives and thermal bonding are most
common [148]. This methodology is faster for prototyping but more limited in terms

of integrating with FET style devices due to the bonding requirement adhesives and



alignment.

3D printing can be used in the fabrication of microfluidic devices. It is widely
used as a method of producing the master-mould for PDMS moulding, replacing
the photolithography process by printing the inverted microfluidic channels [149].
True 3D printed microfluidics, by direct writing of the full microfluidic systems
with an additive manufacturing process have also been fabricated, although ini-
tially larger channels mm scale were created [150]. The three main 3D printing
technologies fused deposition modelling (FDM), laser stereolithography (SLA) and
multi-jet modelling (MJM) have all been used for direct printing of microfluidic de-
vices [151]. Through advances in 3D printer technology, true “micro” devices and
even sub-micron fabrication has been achieved using 2 photon 3D printer systems,
these direct laser writing (DLW) systems require piezoelectric actuators for XYZ
stage direction. These systems have been used to produce 1 pm 3D features inside

standard microfluidic channels [152].

2.5 Blood-Based Diagnostics

The aim of this project is to develop a biosensor for a point-of-care diagnostic system.
Blood clotting disorders effect millions of people around the globe. This section gives
details about the process of blood clotting and the multiple diseases arise from it,
and the potential benefits for a rapid blood-clotting diagnostic sensors.

Blood clotting (coagulation) is the process by which blood transitions from liquid
to a gel. It is part of the body’s natural defence mechanism, to prevent excessive
bleeding when a blood vessel is damaged. Platelets are one of the three main cell
types found in the circulatory systems, and along with proteins found in the blood-
stream are the primary components that form a blood clot. Normally after the
vessel /injury has healed, the blood clot is broken down and the proteins are either
recycled or removed as waste [153]. If a blood clot forms inside a vessel and the cause
is not due to damage, or the clot breaks off an existing clot, this called thrombosis.

Thrombosis can have serious negative health impacts leading to other medical con-
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ditions. Clots that are not broken down will travel through the circulatory system
until their diameter is greater than the elastic diameter of the blood vessel they are
travelling in. They can then prevent blood flow to the surrounding tissue and down
flow of the blockage. This can lead to cell and tissue death. If this blockage occurred
in the heart it would be known as a “myocardial infarction” (MI). If the blockage
occurs in the lungs it is a “pulmonary embolism” (PE) and in the brain, a “stroke”.

Coagulation is the third step of the haemostasis mechanism (the blood vessel
repair response). The process of coagulation can be activated by two chemical
pathways depending on the initial trigger; the tissue factor pathway, which results
from tissue damage and the contact activation pathway, which is mainly associated
with inflammation. Both lead to the cleaving of fibrinogen to fibrin, which in turn
forms the fibre mesh throughout the clot structure. This mesh acts like a net and

captures platelets and other blood cells to form a clot [154].
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Figure 2.25: The coagulation cascade initially divided into two starting points. The
Intrinsic pathway starting with the activation of the hangman factor and the Ex-

trinsic pathway starting with tissue derived factors. Adapted from [155]

Each of these proteins (factors) are required for healthy blood clotting. Each



protein is coded in the human genome by a gene or collection of genes. Genetic
blood clotting disorders are due to a mutation in one of the genes which encode a
protein in this cascade, such as haemophilia (haemophilia A) which is caused by
a mutation in the gene for Factor VIII [156]. Diseases which cause disruption in
the coagulation cascade, which limit the formation/effectiveness of a blood clot,
are known as coagulopathies (hypo-coagulation disorders). Acquired versions of the
disorder include overuse use of the drugs heparin and aspirin. Other linked diseases
include vitamin K deficiency, liver failure and Uremia. Coagulopathy can also be
attributed to infectious diseases such as meningococcemia, Ebola and Dengue [157].

The other main class of blood clotting diseases fit into the category of hyper-
coagulation disorders. These diseases increase the risk of thrombosis and therefore
increase the likelihood of life-threatening conditions related to blocked blood vessels.
Hyper-coagulation disorders can be both inherited (genetic) conditions and acquired
through environmental factors or other diseases [158]. The most common of the
genetic conditions is Factor V Leiden thrombophilia which causes an increased risk
of thrombosis and clot detachment [159]. Acquired conditions can be caused by a
wide array of conditions from lifestyle, low exercise/high blood pressure, or can be
a result of other diseases e.g. bowel cancer [160] [161].

For a sensor a sensor to be used as a blood clotting based diagnostic device,
the packaging must be designed on the understanding of the current operational
requirements of clotting diagnostics testing. Current NHS coagulation screening
includes three essential clotting tests: (1) Prothrombin Time (PT) the time taken
for the blood to begin to clot, performed by mechanical actuation or an opacity-
based test. The PT test measures the extrinsic coagulation pathway due to the
addition of tissue factor at the start of the measurement [162].

(2) Activated Partial Thromboplastin Time (aPTT) also measures the time taken
to for the blood to begin to clot. This is paired with the PT as it measures the
intrinsic pathway due to the addition of a surface activator (silica, celite etc.). So
with both the PT and aPTT tests, any times outside of the healthy range can

indicate which route of the coagulation cascade has the problem [162].
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(3) The third core element of the panel is the measurement of the fibrinogen
protein directly. This is quantitatively performed by detection of the fibrinogen
molecule (Clauss fibrinogen test) [163]. The levels of the fibrinogen in circulation
are used to identify if you have a deficiency or abnormality.

Other tests are often performed with the standard coagulation screen including
measurement of D-Dimer peptide, a bi-product of clotting itself, which can be used
to determine clotting events (MI, PE, stroke). Both of these molecule detection
based tests can help diagnose multiple clotting disorders [164].

Thrombin is the protein at the end of the coagulation cascade which is responsible
for cleaving the fibrinogen molecule into fibrin. Direct monitoring for PT and aPTT
using micro-volumes of blood could speed up the coagulation screening process and
allow it to become more mobile, bringing the test directly to patients [165].

Successful detection of thrombin, the cardiovascular biomarker, has been shown
using an aptamer-based graphene electrode approach [166]. When the thrombin
protein binds to the aptamers, the aptamer re-orientates hole-doping the graphene
and reducing resistance [167]. This makes it the ideal target as the sequence is well
documented and has been used previously as a model system for aptamer-based

SEensors.

2.5.1 Blood Separation Microfluidics

Sample preparation is important for medical laboratory tests making it possible to
transport the sample and selectively test for certain biomarkers. For the coagulation
screen, blood is collected from a patient in a tube containing sodium citrate (calcium
leaching agent) which acts as anticoagulant, preventing blood from clotting in the
tube. For the PT and aPTT test calcium is later added and mixed along with the
specific proteins for the coagulation cascade to start the clotting procedure once the
blood has been transported to the lab, ready for testing.

For protein assays, blood is often centrifuged and separated into the blood plasma

liquid phase and the blood cells (Leukocytes, Thrombocytes and Erythrocytes). The



total volume of whole blood taken up by red blood cells is approximately 40 - 45
% [168]. The plasma, containing the circulating proteins, can then be analysed. The
advantages of analysing plasma include the lack of interference off blood cells with
analyte detection, and improving the sensitivity and selectivity by removing a large
proportion of non-target mass from the system [169].

Microfluidic systems have been researched for blood separation, trying to minia-
turise the sample preparation step towards a full lab-on-a-chip biosensor system.
There are two main categories of blood separation microfluidics Active systems and
Passive systems, additionally, a hybrid of the two is sometimes used; Active sys-
tems rely on external forces; acoustic wave forces [170], dielectrophoretic force [171],
magnetic force [172] and combinations of these methods. In general active systems
allow for fast and high throughput systems which are highly accurate. However,
the additional complexity increases fabrication costs with more moving components
which can make operation more complicated.

Passive systems do not require external forces and are traditionally created as
continuous-flow microfluidic devices. These devices are simpler to fabricate, depend-
ing on the geometry of the channel to separate the blood cells. This results in lower
fabrication costs and simpler operation. In some cases, a pushing force is required to
move the blood through the device and the flow is linked to the separation capability.
In other devices, a pulling/vacuum force and slow flow rates are used for separation.
Table 2.6 reviews the current passive microfluidic systems for lab-on-a-chip blood

separation.

e Platelet Poor Plasma = <10 x10?/pul
e Platelet Rich Plasma = >10 x103/ul
e White Blood Cell = 1.3 - 35.8 x10%/L

e Red Blood Cell = 0.03 - 4.7 x10%/L



Table 2.6: A summary of passive microfluidic devices for blood separation currently in the literature, adapted from [173].

Sample Throughput

Mechanism Injected Sample Device Target Reported Performance Reference
Max
_ . 99.9-100% blood cell
Sedimentation ~ Whole blood 5 pL in 10 mins Plasma [174]
retention
Hydrodynamic Whole blood 0.4 pL/min Plasma 100% blood cell removal [175]
Diluted whole
Hydrodynamic 500 pL/min Plasma 99.5% blood cell removal [176]
blood 7-62% Hct.
~ diluted whole ) )
Hydrodynamic 100 pL/min Plasma 17.8 % plasma extraction  [177]
blood 5% Hct.
. 100% plasma purity
Hydrodynamic Whole blood 0.16 xL/min Plasma [178]
15-25% plasma extraction
. 96.9% WBC purity
Hydrodynamic Whole blood 0.33 pL/min WBC [179]

97.2% WBC recovery rate

sorjsouder(] pasegqg-poolq ‘G'C
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Single-layer devices are the cheapest to fabricate and can be integrated onto the
sensor surface most easily. Sedimentation systems requiring slow flow rates have
been effectively integrated into G-FET sensors for analyses [180]. A higher flow rate
device should be investigated for a higher throughput system.
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Chapter 3

Materials & Methods

3.1 Graphene Sensor Fabrication & Optimisation

The following chapter will describe the main materials and methods used within this
work. Where appropriate, further details of equipment functionality can be found

in the Appendix.

The device fabrication focused on two main process routes:

e “Pre-Transfer”, graphene is grown and transferred onto the base substrate

before device fabrication.

e “Post-Transfer”, the device fabricated on the base substrate followed by graphene

transfer onto the surface.

3.1.1 Graphene Growth & Transfer

For Pre-Transfer device fabrication, monolayer graphene grown by chemical vapour
deposition (CVD) and transferred to a circular 100 mm diameter substrate of SiO,
(300 nm) on Si (525 pum) by a wet transfer process was purchased from Graphenea
Inc (Spain).

For Post-Transfer device fabrication, monolayer graphene CVD grown and trans-
ferred onto 100 mm wafer of fabricated devices, in 10 mm x 10 mm patches or 10
mm x 60 mm strips by wet transfer process was purchased from HexagonFab Ltd

(UK).

89



3.1.2 Base Substrate

Silicon wafers with thin-film coatings and oxides were purchased from Si-Mat Silicon
Materials GmbH. Bulk Silicon; 100 mm diameter, orientation <100>, Single Side
Polished, 525 pm thickness.

SiO, coating: wet thermal growth 300 nm thickness.

SizNy coating: Low pressure chemical vapour deposition (LPCVD) growth 100

nm

3.1.3 Sensor Design

The design of each sensor and corresponding photomasks within this work were
designed using “AutoCAD” software, from the Autodesk Inc. under an education
license. A single block was created for a single sensor-based chip. This chip can

then be arrayed to fill up any corresponding wafer size (100 mm).

3.1.4 Photomask Purchase

Photomasks were purchased from JD PhotoData UK. Soda Lime 127 mm substrate
with chrome pattern resolution of 1 um and polymer film with chrome ink emulsion
achieving 10 pum resolution photomasks were purchased.

Film masks purchased 229 mm x 305 mm film photomasks comprising of 4x
designs were cut using a guillotine to 110 mm x 110 mm individual film masks.
the film masks were attached to blank 127 mm (5 inch) Soda Lime glass pieces for

support using polyamide tape.

3.2 Sample Preparation

The substrate cleaning protocol will depend on the initial surface materials present
as well as the intended fabrication process. e.g. if graphene is present on the

surface cleaning processes are restricted to solvent-based cleaning as well as thermal
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annealing. Compared to a SiOs coated Si wafer where full Piranha cleaning as well

as Oy plasma cleaning are available without damaging the substrate.

3.2.1 Solvent Clean

All cleaning steps are vitally important in micro-fabrication to obtain uniform and
defect-free microstructures. Cleaning is done to return a sample surface to a known
state. This is important when doing any process on the sample. A standard clean-
room clean consists of a solvent clean followed by Piranha and HF treatments.
solvent clean can be used to strip resist, remove organics and particulates.

The solvent clean process is as follows: The sample is submerged in Acetone
(Fisher Scientific, UK) and placed in an ultrasonic sonic bath for 10 minutes. The
sample is then submerged in isopropanol (IPA) (Fisher Scientific, UK) placed in an
ultrasonic bath for 5 minutes. After 5 minutes The sample is dried with compressed
air to remove excess liquid. Finally, the sample is then dehydrated on a hotplate at

150 °C for 20 minutes.

3.2.2 Piranha Clean

Standard Piranha solution is made up of 70% concentrated sulphuric acid (HoSOy)
to 30% hydrogen peroxide (HyO5). This clean is used for removing organics via
strong oxidation reactions. It also ensures the removal of any larger particulates

such as silicon dust.

The sulphuric acid reduces the organics to carbon and the hydrogen peroxide ox-
idises the carbon to carbon dioxide (CO3). The solution can be heated or additional
H>0; can be added every 5 minutes over a 20 minute clean period, this additional
H505 causes an exothermic self-heating effect. This clean can form a thin oxide layer
on the surface of silicon wafers, the oxide can then be removed in the HF clean. The
piranha clean reacts with metals on the surface forming sulphates but this clean is

not specifically a metal etching process.



3.2.3 Oxide Removal

Immersing the silicon wafer in hydrofluoric Acid (HF) removes the thin native sili-
con dioxide (SiO;) layer and any oxide grown during the Piranha clean. The etch

reaction can be seen in equation,

Once the oxide is removed, the wafer is removed and rinsed in deionised water (di

water). This process is also used for etching thermal and deposited SiOs.

3.3 Photoresist Removal

3.3.1 AZ Photoresist Removal

The sample is submerged in Acetone for 10 minutes. Followed by submersion in
IPA for 5 minutes. The sample surface is then dried with compressed air gun. The
sample is then submerged in AZ 100 Remover (Microchemicals GmbH, Germany)
for 10 minutes followed by a di HyO rinse bath and submersion in a second di H,O
bath for 10 minutes. The sample is then removed and the surface is dried with

compressed air.

3.3.2 LOR Photoresist Removal & or Lift-Off Solution

The sample is submerged in D-350 remover (Microchemicals GmbH) for 30 minutes
on a hot plate with a set temperature of 80 °C. The sample is removed and imme-
diately placed in a secondary bath of D-350 at 80 °C. The wafer is then removed
and placed in di HoO rinse bath followed quickly by submersion in a second di HyO
bath for 10 minutes.
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3.4 Annealing

3.4.1 Tube Furnace Annealing

Tube furnace annealing (TFA): PyroTHERM Furnace CES, PyroTHERM (UK).
Target annealing temperature between 400 - 500 °C. The furnace tube has an inner
diameter of 2 7, samples are loaded onto quartz carrier boats. Each boat can carry
17 x 27 sample. The tube was sealed at both ends before argon was flown through
the tube at 100 scem. Once under a vacuum pressure of 10 mTorr, the filament was
turned on. Once the set temperature was reached the samples were annealed for 4
hours before the filament was switched off the temperature remained above 300 °C

for a further 4 hours during the cool-down process.

3.4.2 Rapid Thermal Annealing

Rapid thermal annealing (RTA): Jipelec Jetfirst RTA, Jipelec ECM USA (USA).
Target temperature set at 400 °C. Ramp up rate set at maximum (10 °C/s) with ar-
gon flown through the chamber 10 sccm flow rate. The graphene was RTA annealed

for 10 minutes, followed by 3 minute ramp-down period.

3.5 Photolithography

3.5.1 Spin Coating

Photoresist spin coating performed using Laurell Spin Coater 200 mm, Laurell

(USA)

3.5.2 UV Exposure & Mask Alignment

UV exposure and mask alignment were performed using SUSS MicroTec MA8 mask

aligner, SUSS GmbH (Germany). The process of photolithography is explained



further in Appendix 10.1.2. Photolithography is performed using 100 mm wafer

vacuum chuck and 127 mm quartz photomask.

3.5.3 Positive Photoresist Protocols

The standard Pre-Transfer fabrication process developed at Swansea University orig-
inally used AZ 6632 (Microchemicals GmbH, Germany) photoresist. This product
line has been removed by Microchemcals GmbH, recommended replacement AZ
5214E h-line (310 - 420 nm) multi-tone photoresist. Some test devices were also
fabricated using Microposit S1813 (DOW) the top layer of the bi-layer photoresist
system used for metal lift-off procedure.

A combination of LOR 5A (MicroChem Corp., USA) and Microposit S1813 is
used as a bi-layer photoresist system for metal lift-off. An explanation of the bi-layer

metal lift-off system can be found in the appendix section 10.1.3.

Protocol for AZ 6632

1. Dehydrate Step: Graphene coated wafer placed on a hot plate at 130 °C for

15 minutes.

2. Spin Coat Step: Two-step spin 1st step 500 rpm 250 rpm s~ ! 10 s, 2nd step
3000 rpm 1000 rpm s~ ! 10 s.

3. Homogenization Step: 5 minutes rest

4. Soft Bake Step: 3 minutes 100 °C

5. Rehydration Step: 15 minutes rest

6. Mask Alignment Exposure Step: Expose Dose 200 mJ/cm?

7. Developer Step: Develop in AZ 726 (Microchemicals GmbH) for 1-2 minutes,

followed by 2x di water rinse baths
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Protocol for AZ 5214 E

1. Dehydrate Step: Graphene coated wafer placed on a hot plate at 130 °C for

15 minutes.

2. Spin Coat Step: Two-step spin 1st step 500 rpm 250 rpm s~ ! 10 s, 2nd step
3600 rpm 1000 rpm s~ ! 10 s.

3. Homogenization Step: 5 minutes rest

4. Soft Bake Step: 1 minute 100 °C

5. Rehydration Step: 15 minutes rest

6. Mask Alignment Exposure Step: Expose Dose 150 mJ/cm?

7. Developer Step: Develop in AZ 726 (Microchemicals GmbH) for 1-2 minutes,

followed by 2x di water rinse baths

Protocol for Microposit S1813, Single Layer Process

1. Dehydrate Step: Graphene coated wafer placed on a hot plate at 130 °C for

15 minutes.

2. Spin Coat Step: Two-step spin 1st step 500 rpm 250 rpm s~ ! 10 s, 2nd step
3000 rpm 10000 rpm s~! 10 s.

3. Homogenization Step: 5 minutes rest

4. Soft Bake Step: 1 minute 115 °C

5. Rehydration Step: 15 minutes rest

6. Mask Alignment Exposure Step: Expose Dose 150 mJ/cm?

7. Developer Step: Develop in AZ 726 (Microchemicals GmbH) for 1 minute,
followed by 2x di HyO rinse baths



Protocol for LOR 5A and Microposit S1813, Bi-Layer Process

1.

10.

Dehydrate Step: Graphene coated wafer placed on a hot plate at 130 °C for

15 minutes.

Spin Coat Step: Two-step spin 1st step 500 rpm 250 rpm s~! 10 s, 2nd step
3000 rpm 10000 rpm s~! 10 s.

Homogenization Step: 5 minutes rest
Soft Bake Step: 2 minutes 180 °C

Spin Coat Step: Two-step spin 1st step 500 rpm 250 rpm s~! 10 s, 2nd step
3000 rpm 10000 rpm s~* 10 s.

Homogenization Step: 5 minutes rest

Soft Bake Step: 1 minute 115 °C

Rehydration Step: 15 minutes rest

Mask Alignment Step: Expose Dose of 150 mJ/cm?

Developer Step: Develop in AZ 726 (Microchemicals GmbH) for 1 minute,
followed by 2x di HyO rinse baths

3.5.4 Negative Photoresist Protocols

Negative photoresist AZ 125 nXT and AZ nLOF 2070 (MicroChemicals GmbH,

Germany) are used as temporary etch masks, as they can be removed using solvent

cleaning. Other negative photoresists and photo-active polymers are used to fabri-

cate permanent passivation layers, including SU-8 2025 (MicroChem Corp. USA),

EpoClad5 (MicroResist Technologies, Germany) and Ostemer 220 Litho (Mercene
Labs, Sweden). AZ nLOF is also hard-baked with an additional baking step to

produce permanent features.
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Protocol for AZ 125 nXT

—_

. Wafer Dehydration Step: Wafer is placed on a hot plate 15 minutes at 130 °C
2. Photoresist Spin Step: 45 s 2500 rpm 500 rpm/s

3. Homogenization Step: 5 minutes rest

4. Soft Bake Step: 13 minutes 130 °C

5. Rehydration Step: 15 minutes rest

6. Mask Alignment Exposure Step: Expose Dose 1500 mJ/cm?

7. Developer Step: Develop in AZ 726 (Microchemicals GmbH) for 2-3 minutes,

followed by 2x di water rinse baths

A7 125 nXT is also used for creating the master moulds for microfluidic soft
lithography. The “AZ 125 nXT Microfluidic” protocol is modified to produce a
thicker photoresist film: Spin speed decreased to 1000 rpm, soft bake time increased

to 18 minutes, development time increased to 4 - 5 minutes.

Protocol for AZ nLOF 2070 photoresist passivation mask

1. Wafer Dehydration Step: Wafer is placed on a hot plate 15 minutes at 130 °C

2. Photoresist Spin Step: (Step 1) 10 s 500 rpm 250 rpm/s, (Step 2) 30 s 3000
rpm 1000 rpm/s

3. Homogenization Step: 5 minutes rest

4. Soft Bake Step: 7 minutes 100 °C

5. Rehydration Step: 15 minutes rest

6. Mask Alignment Exposure Step: Expose Dose 300 mJ/cm?

7. Post Exposure Bake Step: 3 minutes 110 °C



8. Developer Step: Develop in AZ 726 (Microchemicals GmbH) for 1-2 minutes,

followed by 2x di water rinse baths

9. Hard Bake Step: Tube Furnace 200 °C for 30 minutes (plus heat-up and cool-

down time)

Protocol for SU-8 2025 Photoresist Passivation Mask

1. Wafer Dehydration Step: Wafer is placed on a hot plate 15 minutes at 130 °C

2. Photoresist Spin Step: (Step 1) 10 s 500 rpm 250 rpm/s, (Step 2) 30 s 3000
rpm 1000 rpm/s

3. Homogenization Step: 5 minute rest

4. Soft Bake Step: 3 minutes 65 °C, increase to 95 °C for 5 minutes

5. Rehydration Step: 15 minutes rest

6. Mask Alignment Exposure Step: Expose Dose 150 mJ/cm?

7. Post Exposure Bake Step: 1 minutes 65 °C, increase to 95 °C for 5 minutes

8. Developer Step: Develop in AZ 726 (Microchemicals GmbH) for 1-2 minutes,

followed by 2x di water rinse baths

Protocol for EpoClad5 photoresist passivation mask

1. Wafer Dehydration Step: Wafer is placed on a hot plate 15 minutes at 130 °C
(recommended 200 °C)

2. Photoresist Spin Step: (Step 1) 10 s 500 rpm 250 rpm/s, (Step 2) 30 s 3000
rpm 1000 rpm/s

3. Homogenization Step: 5 minute rest

4. Soft Bake Step: 5 minutes 120 °C



3.5. Photolithography 99

5. Rehydration Step: 15 minutes rest

6. Mask Alignment Exposure Step: Expose Dose 350 mJ/cm?

7. Post Exposure Bake Step: 3 minutes 120 °C

8. Developer Step: Develop in acetone 1-2 minutes, followed by IPA bath 5 min-

utes

9. Hard Bake Step: Hot plate 120 °C for 30 minute

Ostemer 220 Litho Protocol

1. Coating, 1 ml of resist per 25 mm substrate diameter

2. Spin, 500 rpm for 40 seconds with acceleration of 100 rpm/second. (estimated

unknown pm thick)

3. Expose Non Contact mode, 1200 mJ/cm?2

4. Develop, Acetone, (Alternatively Butyl Acetate)

5. Clean, IPA 5 minutes

6. Dry, Compressed air

7. Hard bake, Not required, optional 90 °C 60 mins increase stiffness

Additionally to improve adhesion further 1 % W/W Dynasylan MTMO was
mixed with methanol or ethanol. A clean wafer is submerged into the solution for
at least 10 minutes at RT. The wafer is taken out of the bath and blown dry with
compressed gas (air or nitrogen). The wafer is placed in an oven or on a hotplate

set at 100-110 deg C for 10 minutes.



Ostemer 220 Litho

Ostemer 220 Litho is part of the ostemer range of UV curable resins (Mercene Labs).
This product is adapted from the standard range for high contrast ratio patterning
using a photomask. The surface of the ostemer product rang have active thiol group
groups that would allow for further bonding of PDMS microfluidic packaging to be
directly bonded to the passivation film. Ostemer 220 Litho requires mixing of two
components 1.86 : 1 ratio of A to B. Optimally both components are stored at 5 °C
this creates crystals in the solution. Therefore, both components require heating at
60 °C to dissolve the crystal compounds back in the solution. The two components
are mixed thoroughly and then vacuum dedicated to removing trapped air from the

solution before photolithography.

3.6 Etching Processes

3.6.1 Plasma Graphene Etch Process

Protocol for Reactive Ion Etching (RIE) Oxford Plasmalab 80 Plus (Oxford Instru-
ments, UK) graphene etch process, prior to the graphene etch step the chamber
is cleaned using an (Og) plasma for 15 minutes. The parameters for Oy plasma;
75 mtorr chamber pressure, 50 W RF power 50 sccm O, flow rate. The sample is
then inserted into the chamber and pumped down to vacuum. The same O, plasma

parameters are used for the graphene etch process but with a process time of 30 s.

Protocol for Inductively Coupled Plasma etching (ICP) SPTS ICP (SPTS Tech-
nologies, UK) graphene etch process, the ICP user protocol requires a 30 minute
O, plasma clean 500 W after each process run to clean the chamber. An additional
cleaning step is not required prior to the graphene etch process. The coil power is set
to 200 W and platen power set to 50 W, O, flow rate 100 sccm and chamber pressure
100 mtorr. The process time set for 10 s any increase in plasma time resulted in

further photoresist hard baking and photoresist.



3.7. Metal Deposition 101

3.6.2 Silicon Etch Process

Deep silicon etching was performed using ICP (SPTS Technologies, UK) using the
deep silicon “Bosch process”, also known as time-multiplexed etching where the pro-
cess alternates repeatedly between two different gas recipes passivation and etching.
The parameters for the deposition phase; octafluorocyclobutane (Cy Fg) gas flow
rate 100 sccm, coil RF generator set to 600 W.
The parameters for the etch phase; Sulphur hexafluoride (SFg) gas 200 sccm,
coil RF power set to 800 W.

3.6.3 SiO, Etch Process

Protocol for RIE (Oxford Instruments, UK) SiO5 etch process recipe; gases 100 sccm
CFg and 4 sccm O, power 150 W, chamber pressure 70 mTorr.

3.6.4 Yttrium Etch Process

Yttrium layer (10 nm thickness) is wet etched by submersion in 100 ml 0.2 M HCI
for 30 s followed by 2x Di H5O rinse steps.

3.6.5 Al,O3 Etch Process

To etch AlyO3 thin films a wet etch process using AZ 726 photo-developer (Micro-
chemicals GmbH, UK). Sample is submerged in 100 ml AZ 726 (50 nm/minute etch
rate), followed by 2x di HyO rinse steps.

3.7 Metal Deposition

3.7.1 Physical Vapour Deposition

Metal deposition for metal electrodes is done using physical vapour deposition

(PVD) system (Lesker 75 PVD System). The samples (pieces) are fixed into place



on the sample holder using polyamide tape covering the edge regions (approximately
1 mm) the sample holder is then fixed into position inside the vacuum chamber. The
metal targets for metal deposition are inserted into the sputtering guns at the base
of the vacuum chamber.

The chamber is pumped down to vacuum 10~° torr. Cr is deposited with plasma
parameters, flow rate of 30 sccm Argon and power increased to 80 W. Pd is deposited

with plasma parameters, flow rate 60 sccm Argon and power increased to 50 W.

3.7.2 Metal Evaporation

Metal evaporation of Yttrium and Copper was performed using Quorum Q150TE
Sputter Coater (Quorum Technologies, UK). Using Tungsten baskets (Quorum Tech-
nologies) Yttrium or Copper pieces < 12 mm (Kurt J.Lesker Company, USA) are
loaded into the basket and inserted into Sputter Coater. Turbo pump down process
is used to reach base pressure 10~* Torr. The current required is preset based on
the material required copper 20 pA, Yttrium 30uA. The thickness is measured using

crystal monitor, once the required thickness is achieved the current is turned off.

3.8 Graphene Sensor Passivating Films: Dielec-

tric Materials

3.8.1 Magnetron Sputtered Silicon Dioxide

First trials of dielectrics deposition were performed using the PVD 75 (Kurt J.
Lesker, USA) to sputter the dielectric material. This method allowed a photoresist
lift-off procedure to produce the passivation window around the graphene channels.
The bi-layer photoresist combination LOR and S1813 were used with the same
parameters as the metal lift-off process.

To sputter SiOq in PVD system an RF plasma (13.56 MHz) is generated instead

of a DC plasma. The alternating current prevents a charge build-up within the
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dielectric materials which could eventually arc into the plasma.

The parameters for RF sputtering require the PVD chamber to be pumped
down to 107° torr for 1 hour before deposition. During the deposition, Ar plasma
is flown into the chamber at 80 sccm. RF power is ramped up 10 W at a time to
avoid sudden charge/heat build-up in the SiO, target. the power is raised to 50 W.
After 1 minute of deposition the plasma will be stable and the target surface will
be cleaned of surface contamination. The dep rate at this power setting produces
0.001-0.005 nm/s. To produce a substantial dielectric film e.g. 30 nm the deposition
took over 2 hours of deposition during this time the dep rate reduced, potentially
due to the build-up of positive ions on the target. Depositions of this thickness
are not regularly done using PVD sputtered dielectrics with 2 inch diameter target
material. However, for the overall limited damage to the graphene due to the lift-off
method, this was investigated preliminarily.

Initial tests were performed on Cu coated chips to check resistance to Sulphuric
acid (used during functionalization processes Au dep). Lift-off was then tested on

fabricated Dip Chip Origin devices.

3.8.2 Plasma Enhanced Chemical Vapour deposition

Plasma Enhanced Chemical Vapor Deposition (PECVD) SPTS PECVD (SPTS
Technologies, UK) is a process which uses the energy within the plasma to induce
reactions at the wafer surface that would otherwise require higher temperatures as-
sociated with conventional CVD. Energetic ion bombardment during deposition can
also improve the film’s electrical and mechanical properties. The routine operating
temperature of the PECVD are separated into substrate platen 300 °C, chamber 75
°C and shower head 250 °C.

Silicon Dioxide Standard Process

Silicon dioxide (SiO2) is produced by the combination of silicon-based gas silane

(SiH4) 105 scem, and oxygen gas (N2O) 3000 scem.



Silicon Nitride Standard Process

Silicon nitride (Si3Ny) is produced by combining silicon-based gas SiH4 40 sccm, and

nitrogen-based gas ammonia (NHj) 55 sccm and an Ny flow of 1960 sccm.

SIlicon Dioxide Low Temperature

The power and gas flow rates for the deposition of SiOy were kept the program recipe
was kept the same. However, the temperature settings for the three main tempera-
ture components were set to 35 °C so that the temperature could be maintained by

the system controller.

Sllicon Nitride Low Temperature

The power and gas flow rates for the deposition of SizsN, were kept the program
recipe was kept the same. However, the temperature settings for the three main
temperature components were set to 35 °C so that the temperature could be main-

tained by the system controller.

3.8.3 Molecular Vapour Depsoition: Aluminium Oxide

The molecular vapour deposition tool (MVD) has atomic layer deposition (ALD)
capability. Aluminium Oxide (Al;O3) is deposited using precursors kept under vac-
uum. FEach cycle is represented by a volume (defined by pressure) collected into
an expansion chamber then released into the main sample chamber (Under higher
vacuum) for each subsequent precursor of the deposition. Al,O3 is deposited using
two precursors: 1. Trimethylaluminium (TMA) deposited first to react with native
hydroxyl groups. Followed by precursor 2 di HoO which reacts with the methyl
groups releasing CHy. Resulting in further hydroxyl groups on the remaining Al-O
to repeat the TMA. These steps (half cycles) compromise a full cycle, the chemical
reaction of each precursor step can be seen in Figure3.1.

The resulting films are deposited at approximately 0.1 nm per cycle, as the

thickness of the deposition increases in thickness beyond 5 - 10 nm the deposition
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rate is closer to 0.09 nm per cycle. So to achieve a thickness of 30 nm requires

approximately 340 cycles (1 cycle = 50 s).
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Figure 3.1: MVD Al,O3 process for a single deposition cycle. (a) TMA is released
into the chamber and reacts with native hydroxyl (oxygen) groups on the surface. (b)
The excess TMA and reacted CHj groups are purged from the chamber. (¢) Di H,O
is released into the chamber and reacts with the CHg groups of the TMA molecule.
(d) The remaining HyO and reaction products are purged from the chamber. This

figure was adapted from Oxford Instruments Atomic Layer Deposition.



3.9 Microfluidic Packaging

3.9.1 Polydimenthysiloxane

PDMS is used for creation of microfluidic channels / packaging.

The PDMS comes as a two-part system and is mixed by weight at 10:1 siloxane
to curing agent. The extra curing agent can be added to decrease the setting time.
The PDMS is then degassed for up to one hour using a vacuum desiccator to remove
air bubbles from the liquid. The template wafer is placed inside a wafer holder or
Petri dish to allow for PDMS overflow. The PDMS is then poured onto the template
wafer. The minimum volume required to cover the surface of the wafer is used; a
volume of 10 ml PDMS is required. The wafer and PDMS are placed inside a 50
°C oven for four hours to complete the process of cross-linking the siloxane chains.
After cross-linking or hardening, the PDMS is removed from the template wafer.
The depth of the inlets and outlets of the device are the same as the microfluidic
channels. The PDMS is punctured with a 0.5 mm diameter boring tool in the inlet
and outlet region. Metal syringes and tubing (Darwin Microfluidics).

To bond PDMS pieces directly to the graphene Dip Chips. The PDSM bonding
surface is exposed to an Og plasma (RIE for 30 s) which creates negatively charged
molecules and free radicals on the surface. The PDMS piece is then brought into
contact with the graphene Dip Chip. The reactive groups on the PDMS surface
bond to the Oxygen groups of the SiOy surface. The radical groups rapidly return
to a more stable state the two surfaces need to be introduced to each other within a
2 - 3 minute window to ensure liquid tight bonding. Once brought into contact the
PDMS and Si chips are heated on a hot plate at 80 °C for 30 minutes to finalise the

bonding process.

3.9.2 3D Printed Microfluidics

Microfluidic 3D designs were created using Fusion360 (AutoDesk) imported through

Fluidic Factory software (Dolomite Microfluidics) to create a proprietary 3D print
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file which can be loaded onto the Dolomite Fluidic Factory 3D printer. This special-
ist 3D printer designed to compress the fused filaments whilst extruding to produce
liquid-tight seals even single filament thick. This method can be used to print mi-
crofluidic channels directly on the graphene Dip Chips. Using a file pause function
the base of the microfluidic cartridge, the graphene Dip Chip is then fixed into its
final position using epoxy-based adhesive. The second half of the file then continues
to print encapsulating the region of the Dip Chip and printing a microfluidic channel

intersecting with the graphene channel this can be seen in Figure 3.2.

(a) Graphene device cross section view (b) Dip Chip iso view

Figure 3.2: (a) Microfluidic cartridge print paused after stage 1 pf printing.
Graphene Dip Chip bonded into specific notch using epoxy based adhesive. (b)
Microfluidic cartridge removed from printer after stage 2 of printing encapsulating

the graphene region of the Dip Chip.

3.9.3 Blood Separation Testing

Blood Samples

Samples of whole blood were obtained under full ethical approval (REC Ref No.
13/WA/0190) by venipuncture from healthy individuals, who had not taken any
medication that is known to interfere with coagulation that is the anticoagulants or

antiplatelet therapy (e.g. aspirin). Each donor declared that they had no personal



or family history of coagulopathies or thromboembolic disease. A qualified phle-
botomist collected the blood samples slowly and carefully from the median cubital
or cephalic vein, using a 21-gauge butterfly line (Greiner Bio-One: Safety Blood
Col. Set + Holder 21GX19 cm SP Sterile - Cat.-No: 450085).

Microfluidic Set Up

Single Microfluidic Syringe Pump (World Precision Instruments, USA) was used
with 1/16!* HPLC tubing. Connected to 5 ml Luer Lock syringes (BD, USA) via
PEEK Micro-Fitting connectors (Sigma Aldrich, UK).

Haematology Analyser

For blood cell counting a 400 pl sample of blood plasma was required to be for use
with the Abbott Cell-Dyn Ruby Haematology analyser (Abbott, USA). The wash
steps and analyses are performed automatically by the analyser and csv files are

produced containing the total cell counts and standard deviation.

3.10 Chemical and Biochemical Functionalisation

Functionalisation the graphene Dip Chip platforms, with an amine-terminated sur-
face. The PGSTAT302 AutoLAB (Metrohm Ltd UK) was used to electrochemically
functionalise graphene devices. To protect the metal contact electrodes of Graphene
devices from functionalisation solutions photoresist or dielectric passivation material

was used in place of the screen printed passivation.

3.10.1 Drop-cast Functionalisation

The drop-cast functionalisation method requires a pi-pi stacking molecule. Pyrene
is used extensively in the literature to bio-functionalised graphene surfaces [1]. Bio-
receptors pre-conjugated to pyrene is an example of a functionalisation method that

can be carried out using a drop-casting process. The solution is applied directly to
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the graphene surface. And following a 2-hour incubation, samples are washed with

di H5O, leaving behind the functionalised surface.

Thrombin Aptamer Pyrene Conjugate

Thrombin being a target biomarker for blood clotting the general aim of the biosen-
sor under design, optimisation and testing. Also the thrombin aptamer sequence has
been in public domain since 1992 [2] the 15 base pair sequence 5 —GGTTGGTGTGGTTGG—
3'. This sequence was purchased from Base Pair Bio with additional modifications
a spacer T section as well as the pyrene end conjugation to allow for m-7 stacking
5-pyrene — 10T Spacer - Aptamer — 3’. For dropcast functionalisation 1 ug of the
thrombin aptamer was dissolved in MgCly 0.1 M concentration. This was made up
to a 10 pl solution and dropcast onto the graphene channel surface incubated in a

sealed container for 2 hours

For the scramble sequence control an aptamer for Brain natriuretic peptide
(BNP) was also purchased from Base Pair Bio from their commercial aptamer se-
lection with the same 5-pyrene — 10T Spacer - Aptamer — 3’ molecular layout.
The functionalisation procedure for the control channel was kept the same as the

thrombin aptamer

The aptamers were reconstituted using the reconstitution buffers provided by
Base Pair Bio. And made diluted to 5 mM using the application buffer (Application
Buffer 200ml = 10 mM TrisHCI(pH 7.4), 150 mM NaCl, 1 mM MgCl, Tween20
0.05%)

Sensing experiments were performed using alpha thrombin protein (Sigma Aldrich)
in a dilution series from 1 pg to 1 pug per ml in 0.1 M PBS. The protein concentra-
tions were applied sequentially with a 45 minute incubation period for each protein

and PBD wash steps in between.



Poly(ethylene glycol) Blocking Molecule

Poly(ethylene glycol) (PEG) pyrene conjugate 2 kDa (Sigma Aldrich) diluted to 0.1
M concentration in PBS. 10 ul of the solution is dropcast onto the graphene channel

and incubated for 2 hours in a sealed container. Excess solution was then washed

off with di H,O.

3.10.2 Electrochemical Functionalisation

Electrochemical functionalisation was performed using PGSTAT302 AutoLAB (Metrohm
Ltd UK) to individually functionalise the graphene channel. Electrochemistry in-
volves the movement of electrons from one element to another, caused by chemical
processes. The transfer of electrons is known as a redox reaction. A standard 3
electrode system was used to electrochemically functionalise the graphene channel
see Figure 3.3 for set up. The graphene surface acts as the working electrode, Pt
was used as the counter electrode and Ag/AgCl was used at the reference electrode.
The electrodes are submerged in an electrolyte solution (PBS 0.1 M). The AutoLAB
is used to apply a potential to the working and reference electrode and measures the

current between the counter and working electrode.
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Measure
Apply " current |
| voltage
Ag / AgCl Pt counter
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Figure 3.3: Diagram showing electrochemical set up of a three electrode system for

polymerisation reaction, adapted from [3].

Chemical functionalisation by polymerization of Diamino

The devices were functionalised with pDAN using the method detailed below. 10
mM DAN was prepared in 0.25 M H3SO,. Graphene devices, Pt counter electrode
and Ag / AgCl reference electrode are added to the solution. The potential scan
is applied from 0.3 V to 0.9 V for 25 cycles and current is measured to produce a

cyclic voltammetry (CV) graph of current against applied potential.

3.10.3 Gold Nanoparticle Functionalisation

0.01 M HAuCl,.xH20 was prepared in di H20. Graphene channel, Pt counter elec-
trode and Ag / AgCl reference electrode are added to the solution. A constant
potential of — 0.1 V was applied to the working electrode for 60 s. A potential of —
0.1 V was applied to the working electrode as it is the potential required to oxidise

Au, from previous work by the group.



3.11 Electrical Testing & Analyses

3.11.1 IV Probe Station

The Semiprobe lab (Inseto) and IV lab (Everbeing) probe station were used to
measure the resistance of each Graphene device throughout both fabrication and
functionalisation processes. Devices were placed on the sample stage, which can
hold substrates up to 100 mm in diameter. The device contact pads were probed
using Gold (Au) plated Tungsten (W) probes. A sweeping voltage was applied across
the device, the current was measured, and resistance was calculated.

The Inseto IV probe station with two micromanipulators and probes connected
via BNC (Bayonet Neill-Concelman) cable and connected to the terminal blocks of
Keithley 2602A source measurement unit for two-terminal IV measurements this is
standard practice. The Inseto unit uses a sheared BNC cable with the guard cable
grounded through the terminal blocks on the back of the Keithley 2602A.

The Everbeing IV probe station with four micromanipulators and internal in-
serted probes connected to tri-axle cabling directly connected to triaxle ports of
the Keithley 2636B source measurement unit. For 2 - 4 terminal IV and gated

measurements.
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4

Figure 3.4: Gated measurement of Dip Chip based graphene channel. Full 100 mm

wafer scale production and analyses

The Keithley 2600 series source meter unit has a built-in graphical user interface
”Keithley TSP Express” of their standard TSP (Test Script Processor). This enables
basic bias, sweep and step control of one or more probes. For a standard IV sweep

to calculate

Each Keithley 2600 series source measurement unit has two channels / SMUs.
With the use of cath ethernet cable multiple Keithley 2600 series source measurement
units can be connected. This enables more than two SMUs to operated during a

single measurement.

An SD card connector was integrated into a custom made PCB with soldered
header pins. The header pins can be connected via BNC hook clip cables that
can connect to the triaxle ports of the 2636B Keithley unit. This allows for PCB
connector dip measured for in solution measurements (measurement container 5 ml

volume). See Optimisation Chapter for more details on the Dip Chip design.



(a) Graphene device cross section view (b) Dip Chip iso view

i

(c) Dip Chip iso view

Figure 3.5: (a) Dip Chip Graphene channel chip inserted into SD card connector
PCB. (b) Dip Station base with changeable solution pot in centre region aligning
with suspended Dip Chip. (c¢) Dip Station top with header pins from SD car connec-
tor exposed to enable BNC clip cables to make connection with Kietheley SMU’s.

3.11.2 Keithley Scripts

Using the graphic user interface ”Keithley TSP Express” the default current detec-
tion range when set to Auto is set to 100 mA with a step time of 200 ms. For the
most accurate data the detection range should be set to lowest possible as to not
dampen the signal by measuring in the larger obsolete region. This can be done
by manually setting the range lower and lower until the linear signal no longer fits

within the given axis. In setting the range manually instead of Auto the step time
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can also be adjusted.

Two Terminal Resistance Measurement, Silicon not connected to the sys-

tem (Floating Gate)

A voltage sweep performed using a single Keithley SMU from -1 V to 1 V and the
resulting current is measured. The sweep is performed over 101 points in 0.02 V
increments. The data is then exported containing three main data columns time-

stamp, input voltage, measured current.

Two Terminal Resistance Measurement, (Grounded Gate)

Sweep parameter are as above for the two-terminal resistance measurement. Ad-
ditionally to the source and drain, a probe is connected to the bulk silicon and
grounded to the Keithley instrument. Either by contacting a dedicated gate elec-
trode or applied to silicon exposed via scratching through the thin dielectric SiO,
layer using a diamond tipped scribe. Alternatively, the bulk silicon can have the

voltage set to 0 V relative to the system.

Three Terminal Gated Sweep Measurement

The set up involves holding a constant bias at either 10 mV or 100 mV and current
measured across the Source-Drain electrodes of the graphene channel on SMU-A.
The gate electrode connected to SMU-B is set to sweep gate from -50 V to 50 V, with
201 data points (0.5 V intervals). The data is then exported containing 5 main data
columns time-stamp, input voltage channel, input voltage gate, measured current

channel and measured current gate.

Continuous Measurements, Two terminal resistance

A point measurement taken over a set number of power line cycles (25) drain bias
set at 0.1 V and the resulting drain current is measured. The maximum number of

points that can be measured using the Keithley instruments with TSP Express is



1000 points. A time interval between point measurements was set at 72 s to produce
a 20 hour monitoring period to make continuous measurements of the graphene
channel under different conditions. Using the SD connector PCB and Dip Station.
Multiple solvents wetting and drying effects the graphene could be measured.

The time length is adjusted for specific measurements, the total number of mea-
surement points (1000) is kept constant and the interval is automatically calculated.
The data is then exported containing three main data columns time-stamp, input

voltage, measured current.

3.11.3 Electrochemical Analyses

Square Wave Voltammetry

Square wave voltammetry (SWV) is widely used in electrochemical based sensing
applications [4].

SWYV is a form of voltammetry whereby the current at the working electrode is
measured between the working electrode whilst the reference electrode undergoes a
linear sweep. This is a modified version of staircase voltammetry (Linear measure-
ment). The current is measured at twice, after the forward potential pulse and then
after the reverse potential pulse.

SWYV performed using PGSTAT302 AutoLAB (Metrohm, Switzerland) sweep
Range set from -0.2 - 0. 5 V current measurement range set to automatic. csv files
produced containing the input bias and output current this data was then plotted

as line graphs using Excel.

Differential Pulse Voltammetry

Differential Pulse Voltammetry (DPV) is another voltammetry method used for
electrochemical measurements, it is also a modification of normal staircase voltam-
metry [5]. A series of voltage pulses are superimposed on a normal staircase linear
sweep. The current is measured immediately before each pulse and then plotted

against the potential applied.
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DPV performed using PGSTAT302 AutoLAB (Metrohm, Switzerland), sweep
Range set from -0.2 - 0. 5 V current measurement range set to automatic. csv files
produced containing the input bias and output current this data was then plotted

as line graphs using Excel.

3.12 Material Characterization Techniques

3.12.1 Scanning Electron Microscope

The primary SEM used in this work was the Hitachi S-4800 field emission scanning
electron microscope. The highest resolution achieved with this microscope is 1 nm.
The microscope has a variable accelerating voltage from 0.5 - 30 kV and a variable
current 1 - 20 pA. lower accelerating voltages for low-density samples and high
accelerating voltages for high-density samples. To image graphene, an acceleration
voltage of 10 kV and measuring current of 5 pA is used. There is a top and bottom
backscatter detector which can operate separately or combined. For this work, the

detectors were set to “combined”.

3.12.2 Energy-dispersive X-ray Spectroscopy

The Oxford instruments EDX detector has two main operating modes for performing
EDX on a sample. EDX analysis can be performed as a single point, single line or
over an area. The scan determines the elementary components as percentages of a
single point or averaged over an area. A line scan can be used to identify elementary

changes across border regions in samples.

An EDX map takes the SEM image captured using SEM settings, and displays
the elements identified overlay with the original image. This method is useful when

identifying layers in a cross-section of a substrate.



3.12.3 Raman Spectrometer

Structural damages due to annealing were characterized via Raman spectroscopy.
An InVia Raman microspectrometer (Renishaw, UK) was used to collect Raman
spectroscopic data within this thesis. The spectrometer was equipped with a 100x
NPlan microscope objective (Leica, USA). Spectral data were acquired using a 532
nm laser with a 2400 1/mm spectral grating. Spectral data were acquired with the

following parameters:

Laser power: 50% (60 mW at sample). Spectral range 1200-3000 cm ™!, Exposure
10 s. Accumulations 1. Spectral maps were collected in a square array with 5 pm
spacing within 50 um? area.

Spectral mapping data were analysed using the Renishaw Wire 5.1 software
package to generate mapping images. Raw spectra for mapping analysis and average
peak ratio values were calculated via exporting to MATLAB and analysed via in
house software.

532 nm laser, 100x objective (N-plan 0.85 na), 1200 - 3000 cm-1, 50 % laser
power (60 - 70 mW).

25 - 25 micron maps, in 5 micron even steps, raster format

Data Processing

Graphene was baseline subtracted with polynomial within the Wire software. Cos-
mic ray removal procedure is done within wire software using the automated pro-
gram.

Mapping measurements were created using wire’s mapping review software. Ex-
ported map data as .txt for analyses in mat lab (Math Works). Peak centres were
chosen visually using the Wire 5.1 software

Graphenea Tube Furnace D = 1345 G = 1598 2D = 2696

Graphenea RTA D = 1349 G = 1600 2D = 2693

Graphenea Annealed Acetone IPA D = 1349 G = 1600 2D = 2696



3.12. Material Characterization Techniques 119

Graphenea Annealed microposit Acetone IPA D = 1349 G = 1601 2D = 2696

Graphenea Annealed microposit Acetone IPA Remover D = 1349 G = 1598 2D
= 2693

Graphenea Annealed microposit LOR Remover Acetone IPA D = 1349 G = 1597
2D = 2693

Graphenea Annealed Yttrium HClI D = 1346 G = 1601 2D = 2695

Bottom Contact blank D = 1346 G = 1588 2D = 2679 pixel saturated

Bottom Contact 5214E acetone IPA remover D = 1346 G = 1590 2D = 2685

Graphenea Epo D = 1346 G = 1591 2D = 2693

Graphenea Ytt RIE HC1 D = 1348 G = 1601 2D = 2698

Bottom Contact MVD D = 1346 G =1596 2D = 2684

Different parameters were used for transfer rig scans, extended exposure 1100 -
3200, 100 % power, 50x objective 50 % 50x static scan centre at 1800.
Appendix map scan 8.1.10.

3.12.4 Atomic Force Microscopy

The Nanowizard 1T AFM (JPK Germany) used for imaging and surface roughness,
morphology and step height measurements in the with sub nm resolution. Scanning
area of 100 x 100 um? with the gain set 150, setpoint 0.45 V and a line frequency

of 0.3 Hz. (Bruker silicon cantilever)
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Chapter 4

Graphene Sensor Fabrication &

Optimisation

4.1 Introduction

This chapter is broken down into 4 sub-chapters comprising of; “Designs & Fabrica-
tion” where the graphene sensor designs and associated fabrication process flows are
described and evaluated; “Residue Free Graphene Transfer Process By Vacuum Via
Transfer” a novel approach to wafer scale residue free graphene transfer process is
tested; “Process Optimisation & Comparison” where the Pre-Transfer process flow is
optimised in terms of fabrication materials and maintenance of graphene quality by
minimising the introduction of defects from processing; “Device & Connector Test-
ing” where the graphene devices are tested using a custom SD-Card PCB connector
system.

Graphene devices have been fabricated using a number of different approaches.
These include graphene Pre-Transfer process, where the graphene is supplied on a
Si0y/Si wafer and the graphene is thus present throughout the fabrication process;
and graphene Post-Transfer process, where the device metal contacts are fabricated
first, and the graphene layer is transferred toward the end of the fabrication process
flow. Both methods have their merits and drawbacks.

Graphene Pre-Transfer process has been used to fabricate graphene resistors,
graphene field-effect transistors (G-FET) and graphene electrochemical devices. Op-
timisation of graphene sensor processing has enabled development of antibody-based
biosensors for future point of care sensors [1]. This work looks to optimise the Pre-

Transfer process further and compare it to the alternative Post-Transfer process.
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The process of fabricating a graphene field effect sensor involves multiple process
steps similar to those used in the semiconductor industry. The advantages of using
these process techniques, as outlined in the Literature Review, is that they are
established techniques which allow for industrial level fabrication, using facilities
that can be applied to sensor fabrication. The disadvantage is the overall cost, which
is still relatively high compared to screen-printed sensors using graphene composites
for fabrication of Screen Printed Electrodes (SPEs), which have an approximate
cost £1.33 per SPE based on pricing from 3000 graphene SPEs £4000 (Zimmer &
Peacock Ltd. 2019 pricing).

This compares to a graphene field-effect transistor (G-FET) sensors approximate
cost of £350 per G-FET S-10 Sensor (Graphenea 2018 pricing), with 36 channels per
sensor chip which equates to a price per channel of £9.70. The advantage of the G-
FET sensor is the achievable sensitivity in the M - pM range compared to graphene
composite SPEs in the nM - uM [2] [3]. However, the semiconductor approach also
has the potential for miniaturised graphene sensor chips, reducing device costs and
increasing total sensors per chip [4]. The aim of this chapter is thus to develop
and optimise G-FET sensors with the goal of producing a scalable, low-cost, high

performance sensor.
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4.2 Graphene Sensor Design & Fabrication

This section looks into the design of the graphene FET chip including the initial
design criteria, the Dip Chip concept and the connector interface. Additionally, de-
sign improvements that increase functionality were also investigated: A “Multiplex
Design”, which allows for droplet-based analyses of different solutions on a single
chip and individual functionalisation processes to be performed; An “Inverted MOS-
FET Design”, which allows for individual gating of the graphene channel separate to
gating of the silicon substrate which affects all channels; A “Matrix Design” which
increases the total number of graphene channels per chip whilst keeping the contact
electrode numbers the same, thus increasing the sensor yield per chip/wafer.

The fabrication process flows are broken down into the key fabrication steps and
explained for the, (1) Pre-Transfer process flow, (2) Pre-Transfer Yttrium process
flow which adds a sacrificial protective layer into the process flow, (3) Post-Transfer
process flow, (4) Inverted MOSFET Design process flow, (5) Matrix Design process
flow and (6) post-fabrication chip modification process flows.

Cost analyses of the main process flows were compared taking into account the
resulting device yields and time scales. The number of working graphene channels
per unit area is the determining factor for the cost for each sensor chip. The process
costs are the same, regardless of the number of graphene channels patterned on the
surface. In the longer term a PCB package would enable a smaller die size and
therefore the highest yield of graphene channels. This must be balanced against
packaging costs and graphene compatible processes.

Another key factor is the size of the substrate wafer. Some graphene suppliers
such as Graphenea now offer 150 mm SiOs coated wafers with transferred monolayer
graphene. This would not greatly increase processing costs, as industry has shown
that an increase in wafer size can reduce cost per die [5]. Both of these aspects were
not explored in this research due to restrictions in budgets and facilities but should
be explored further in the future, as the best approaches for dramatically reducing

costs and for scale up. Another approach to reducing cost is increasing the total



number of functioning graphene channels per chip. Keeping the die size the same
and the number of electrical connections within the SD card PCB connector, keeping
the process steps the same but changing the electrical layout to increase the total
number of graphene channels. Alternative process flows will also be investigated,
increasing the number of fabrication steps and increasing the total graphene channels

per chip was also examined.

4.2.1 Device Design Criteria

Primary design criteria for the graphene sensor were: To be suitable for sensing
experiments using liquid samples, to allow for repeat measurements per chip to im-
prove reliability and to connect to an external electrical interconnect. A connector
whereby the silicon chip could be inserted and held in place by friction with the de-
vice electrodes in contact with metal pins inside the connector. This was designed
alleviate the use of electrical probing to the device electrodes. Electrical IV prob-
ing can cause damage to electrodes and is a source of reliability problems. If this
biosensor is to move forward towards a commercial product it will need to be easy
to handle, requiring a quick reliable connection system for inserting and removing
replacement graphene chips.

A micro SD card (Secure Digital) connector was chosen as its widely available
and cheap to purchase. The micro SD card has a height of 1 mm, which allows for
standard wafer thickness of 525 um to be inserted into the opening and held in place
by the pressure of the connections pins. As the SD card design was developed by
the SD card association and is not a proprietary technology, so it can be used and
modified for research purposes and could potentially be developed in a commercial
product.

A full blueprint of the micro SD card dimensions (9.7 x 15 mm), as well as
the electrode dimensions (0.8 x 2.9 mm) and the pitch between the electrodes (1.1
mm) [6]. This was used to recreate the dimensions in AutoCAD format and the first

“Dip Chip” design layout (Figure 4.1).
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s '3

Graphene Channels

1100

(a)

Figure 4.1: AutoCAD schematic dimensions in (um) (a) Layout of SD Card elec-
trodes (yellow) obtained from literature schematic [6]. With numbering of SD card
connector pins. (b) AutoCAD layout of Dip Chip design with mirrored electrode

dimensions. Centre connection electrodes used (2-7).

The source and drain electrodes are separate for each graphene channel in this
design, which increases the flexibility of the end device. Keeping each of the elec-
trodes separate enables individual functionalisation of each graphene channel when
using electrochemical methods. If the graphene channels shared a common ground
electrode then the total number of graphene channels could increase, (discussed fur-
ther in this design section). However, this would mean that in a two/three electrode
electrochemical system, a potential applied to any graphene channel would mean
that all graphene channels would share the applied potential.

The width of the chip (die) was kept at 9.7 mm in order to align its surface
electrodes with the connector pins of the SD Card reader. The graphene Dip Chip



length was finalised at 18.2 mm after wetting experiments were conducted on plain
SiO4/Si chips to determine the distance required to prevent the liquid drawing up-
wards onto the metal contacts, further details can be found in the Appendix section
8.2.1.

The second key design criterion was that the graphene channels could be sub-
merged in liquid solution whilst connected to the IV characterisation unit, so that
resistance and sensing measurements can be performed both wet and dry. Using a
micro SD card connector and extending the graphene channels to the opposite end
of the chip allowed the graphene channels to be submerged without risk to the metal
metal pin in the connector (Figure 4.2). This allowed for submerged and dry IV

measurements to be performed.

Contact Electrodes

= +— Wicking Level

<+ Liquid Lovel

Graphene
Channels

Figure 4.2: (a) Infographic of Dip Chip submerged in liquid container. (b) Graphic
of Dip Chip Graphene sensor connected via a micro SD card connector, with the
graphene channels submerged in a liquid ready to perform IV or electrochemical

based measurements.

The graphene channel dimensions were kept constant for all of the Dip Chip based
sensors. The length was 900 pm and width 100 pm giving a total exposed area of
90000 pm? for each channel. The metal contact area for each electrode connected
to the graphene channel covers an area of 6000 um? including castellation for aided
metal adhesion see CAD schematic (Figure 4.3). Variation of graphene resistance

and fabrication feasibility on graphene channel dimensions was previously addressed
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[1]. For the purpose of this research project the graphene channel dimensions chosen
were to facilitate easier handling and alignment of graphene channels in the SD
card PCB connector. These chip dimension were also chosen to be compatible
with microfluidic integration, giving physical surface area surrounding the graphene

channels to allow for microfluidic bonding.

Figure 4.3: Dimensions of graphene channel pattern, with end based castellations

to aid with adhesion to metal contact electrodes.

The graphene channels were located in the same region of the chip with a region
either side of the graphene channels devoid of metal tracks (Figure 4.4). This region
allows for a microfluidic channel to be introduced into the final packaging which
does not expose any metal region. If a passivation material can be introduced that
protects all the metal track regions from solution the microfluidic channel can be

much larger or may not be required.



() (d)

Figure 4.4: Infographic of the graphene region from the Dip Chip Design. The
red background represents the SiOy substrate, the yellow tracks represent metal
tracks and the black rectangles represent the graphene channels. (a) shows a non
passivated metal tracks; (b) shows a microfluidic channel applied over the three
graphene channels, the microfluidic packaging makes contact with the metal tracks
and surrounding SiO,. (c¢) shows the metal tracks covered with a passivation layer
and a window exposing the graphene surface. (d) shows a microfluidic channel
applied to the passivated Dip Chip, the microfluidic packaging only makes contact

with the passivation layer.

The asymmetry of the metal track layout will create unequal metal track length
for each graphene channel. Based on a metal stack of adhesion metal (20 nm
Chromium) and capping metal (100 nm Palladium), the cross sectional area (A) can
be calculated. The resistance (R) was calculated from the length (1) of the metal

tracks, with a specific resistivity (p) for the particular metal. For each graphene
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channel the metal track resistance was calculated using the resistance equation
R = pfz. The combined resistance of the adhesion and cap metals as a parallel
resistor was calculated using the equation R = %. Table 4.1 shows the calcu-
lated resistances of the metal tracks. The maximum variation between graphene
channel 1 and graphene channel 3 is approximately 12 Ohms. This additional resis-
tance can be figured into final resistance changes when performing IV measurements
across the graphene channels.

With Dip Chip device IV measurements producing resistances on average 8-9

k€2, the difference of 12 Q2 between the metal represents approximately 0.1-0.2 % of

total device resistance.

Table 4.1: The resistance of the metal tracks from contact pad to graphene channel

calculated for each graphene channel on Dip Chip Design.

Total Track | Total Resistance
Length (um) | (€2)

Channel 1 | 26100 235.39
Channel 2 | 25559 230.52
Channel 3 | 24772 223.42

4.2.2 Design Efficiency: Graphene Channels Per Chip

When investigating the graphene sensor chip fabrication, the first issue when analysing
the efficiency of the process is to look at the number of individual steps in the pro-
cess and the machine run time dedicated to this process. Next is the material costs
associated with each step of the process, the number of process steps and associated
machine time costs for the Pre-Transfer process (7 steps, 693.5£) and Post-Transfer
process (7 steps, 693.5£). Both use the same machine time and total process steps,
just arranged in a different order.

When looking at the material cost the most expensive process step is the graphene

growth and transfer. As of 05/01/2019 the price for monolayer graphene on a 100



mm wafer ranges between £450 - £550 (Graphenea Spain, HexagonFab Ltd UK).
The obvious way to reduce cost per chip is to miniaturise the die size of the finished
chip and therefore increase the total number of chips produced per wafer. The Dip
Chip dimensions 9.7 mm by 18.2 mm allow for a total of 32 die per 100 mm silicon
wafer. Each Dip Chip has 3 graphene totalling 96 graphene channels per 100 mm
silicon wafer. Even using the lower cost (£450) for monolayer graphene growth and
transfer, this equates to £4.69 per graphene channel in graphene material alone.

To increase the total number of graphene channels with the same number of
contact pads the connection layout needed to be altered. As mentioned in the
initial device design of Dip Chip, each graphene channel has an individual source and
drain contact pad to give the option for electrochemical functionalisation. Removing
the ability for individual functionalisation enables the graphene channels to share
a source contact pad, which allows the total number of graphene channels to be
increased to 5 per chip. This increases the total number of graphene channels per
wafer to 160 reducing cost per channel by 40%.

FET arrays have been used to increase the total number of measurable resistors
whilst keeping the contact electrodes the same [7]. Using the six contact electrodes of
the Dip Chip a matrix of 3 by 3 could be created with additional process steps. This
would also remove the ability to individually functionalise the graphene channels
with electrochemistry methods. However, this methodology would lead to a total of
9 graphene channels per chip. Figure 4.5 shows both the shared source and matrix
contact concepts. This increases the total number of graphene channels per wafer

to 288 reducing cost be channel by 66.6%.
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Figure 4.5: Different electrical (source-drain) measurement setups. (a) Each
graphene channel has an individual source & drain contact pad. (b) Using 1 shared
source contact pad 5 graphene can be measured with 5 individual drains contacts.
(c) Using a matrix of 3 source contacts and 3 drain contacts. Providing the metal
tracks can be electrically isolated in 3D space a total of 9 graphene channels can be

individually measured.



4.2.3 Device Designs Used In This Work

The inner six electrodes (SD card connector pins 2 - 7) were chosen to be used as
contacts for the graphene channels. This allowed for processing of smaller sample
pieces (sub wafer-scale fabrication) and hand cleaving of the individual chips with
little risk of breaking the metal tracks or graphene channels. For the modified Dip
Chip designs the 2 available connector pins were incorporated to increase function-
ality (e.g. gating electrode). Figure 4.6 shows the modified Dip Chip; Multiplex,
Inverted MOSFET, Matrix and Graphene Resistor Chip designs.

Figure 4.6a shows the Dip Chip Multiplex design the metal layer (yellow) and
graphene channels (blue). The original Dip Chip design had the graphene channels
arrayed in close proximity to each other (Figure 4.1), the graphene channels have a
width of 100 um and a pitch of 800 pym. This small distance between each graphene
channel proved challenging when trying to functionalise to create a multiplex sensor,
even with the use of microfluidic channels. Dip Chip Multiplex design has much
wider spacing between each of the graphene channels. The average distance between
the graphene channels was increased to 4.75 mm. All channels were moved as
far apart as possible without encroaching on the 9 mm of clearance between the
electrodes and graphene channel. Some of the space above the graphene channels
that had been reserved for chip handling and additional electrodes has been reduced

from 5 mm to approximately 2 mm to the centre graphene channel.

Figure 4.6b shows the Dip Chip Inverted MOSFET design, the first metal layer
(vellow) is fabricated first, secondly a dielectric material (dielectric materials SiOq
and Al,O3 investigated later in this chapter) is deposited on top of the first metal
layer. With a second mask for dielectric etch (red) and metal filling up to the
surface of the dielectric surface, The graphene is then transferred and etched to form
graphene channels (blue), for the original Dip Chip design, gating of the silicon is
equivalent of the metal gate in a metal-oxide-semiconductor-field-effect-transistor (a
MOSFET-like device) used for producing an electric field altering the conductance of
the graphene channel. This means that the electric field generated is applied to the
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entire chip so with the original Dip Chip all three graphene channels will be gated
simultaneously. In order to gate and measure each channel as an individual FET each
channel would need its own individual gate. With a traditional MOSFET a layer
of dielectric (oxide) would be deposited/grown on top of the conducting channel,
with a metal gate electrode deposited on-top of the dielectric layer. However, with
a G-FET sensor the device parameters require the graphene layer to be exposed to
the environment or within the debye length of the detectable analyte [8], this means
an oxide and metal layer cannot be deposited on top of the graphene surface.

Figure 4.6¢ shows the Dip Chip Shared Source design the metal layer (yellow)
and graphene channels (blue). The design, similar to the Multiplex Design has
the graphene channel regions spread out in a triangular geometry, which increases
the distance between each region to aid with multiplex functionalisation. As the
source electrode spans all 5 graphene channels the total number of channels has
increased. This allows for individual graphene channel measurements but would
require small time delays between measuring each graphene channel. The disad-
vantage of a shared source design is that the electrochemical functionalisation and
sensing would measure all graphene channels simultaneously and limit the electro-
chemical measurements to 1 per chip. The advantage of this design is the total
number of measurements per chip increases from 3 to 5 increasing the accuracy of
each sensing experiment.

Figure 4.6d shows the Dip Chip Matrix design, The yellow layer represents the
electrodes and metal tracks (Source) and is the first metal layer patterned and de-
posited. The Orange layer represents the electrodes and metal tracks (Drain) and is
patterned and is the second deposited metal layer, after the deposition of a dielectric
layer (A1—203). This is followed by graphene transfer and patterning into channels
(blue). The Matrix design concept is to maximise the total graphene channels per
chip without electrode redesign. Similar to the Multiplex and Shared Source design,
the graphene channels are spread out to aid with multiplex functionalisation. This
design increases the number of channels per chip to 9. As with the Shared Source de-

sign, electrochemical measurements would be limited in this design to 1. However,



for electrical measurements each graphene channel can be measured individually

increasing the measurements per chip to 9.
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Figure 4.6: AutoCad Dip Chip sensor designs.



Figure 4.7 shows the Graphene Resistor Chip design, a simple source drain
graphene resistor occupying a 4 x 4 mm die. Increasing the total graphene channel

output per mm? for fabrication optimisation testing.

Figure 4.7: AutoCAD design for Graphene Resistor Chip (GRC).
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4.2.4 Graphene Sensor Fabrication Process Flows

(1) Fabrication Process Flow: Pre-Transfer Process Flow

The Pre-Transfer process (standard process) was developed at Swansea University [1]
and used to fabricate devices for chemical and sensor research. Figure 4.8 shows the
fabrication process flow broken down into the main process steps. All protocols,
processes and recipes can be found in the Materials & Methods Chapter.

Figure 4.8 (a) Graphene on SiO,/Si supplied by Graphenea Inc. The wafer is
annealed at 500 °C (Tube Furnace) followed by a “Solvent Clean” process (details of
cleaning procedures found in Materials and Methods Chapter). Figure 4.8 (b) The
Graphene surface is patterned with a photoresist etch-mask “AZ 5214 E” protocol.
The etch photoresist etch-mask selectively protects the graphene of the graphene
channel. Figure 4.8 (¢) The exposed graphene surface is etched using an RIE O,
plasma “Graphene Etch” recipe. The photoresist masked regions are protected from
the Oy plasma. Figure 4.8 (d) The photoresist etch mask is removed using a “AZ
Photoresist Removal” process. Figure 4.8 (e) The SiOy and graphene surface is
patterned with photoresist metal lift-off mask “Bi-Layer” protocol. Figure 4.8 (f)
A dual metal structure (adhesion metal and contact metal) is PVD deposited se-
quentially over the entire surface, (Cr 20 nm Pd 100 nm). Figure 4.8 (g) The
unwanted metal is removed by metal lift-off “LOR Photoresist Removal” process.
Figure 4.8 (h) shows a completed Dip Chip from the Pre-Transfer process. After
fabrication the metal tracks that connect the graphene channel to the contact pads
would then be passivated using a screen printing passivation ink. New processes
to passivate the graphene devices are examined in the Passivation & Microfluidic

Packaging Chapter.
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Figure 4.8: Pre-Transfer process flow for graphene sensor fabrication.
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(2) Fabrication Process Flow: Pre-Transfer Yttrium Process Flow

Based on the procedures developed to reduce graphene device variability by Wang
et. al. [9], an yttrium sacrificial was introduced to the fabrication process after the
first graphene annealing step. The yttrium sacrificial layer acts as a barrier between
the graphene and the photoresist layer. Figure 4.9 shows the fabrication process
flow broken down into the main process steps.

Steps (a, ¢, e, f, g, i and j) are identical to the Pre-Transfer process flow so
are not explained a second time. Figure 4.9 (b) An yttrium 5 nm layer evaporated
onto the graphene surface using Quorum Sputter Coater. Figure 4.9 (d) The exposed
Yttrium layer is wet etched exposing the graphene layer for subsequent RIE etching.
The wafer is submerged in 0.2 M HCI for 30 s followed by two di HyO rinse steps.
Figure 4.9 (h) The yttrium wet etch process is repeated to remove yttrium from
graphene prior to metal deposition step (i). Figure 4.9 (k) Final yttrium wet etch

step revealing graphene surface.
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Figure 4.9: Pre-Transfer Yttrium sacrificial layer process flow for graphene sensor

fabrication.
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(3) Fabrication Process Flow: Post-Transfer Process Flow

The Post-Transfer process is also used in the literature for G-FET fabrication [10].
The process was developed here to be used with the Dip Chip design graphene
sensor. The use of a vacuum annealing step is not required for the Post-Transfer
process this is due to the single photolithography step for graphene channel etching
and no aggressive lift-off solvents required for photoresist removal.

Figure 4.8 shows the fabrication process broken down into the main process
steps. Before fabrication the SiO, substrate wafer is Solvent Cleaned to improve
adhesion and uniformity during the photolithography step. Figure 4.10 (a) The
Si0, is patterned with metal lift-off photoresist Bi-Layer process using the metal
contacts photomask. Figure 4.10 (b) A dual metal structure (adhesion metal and
contact metal) is PVD deposited sequentially over the entire surface, (Cr 20 nm Pd
100 nm). Figure 4.10 (c¢) The unwanted metal is removed by metal lift-off “LOR
Photoresist Removal” process. Figure 4.10 (d) graphene transfer step performed
by HexagonFab Ltd. Figure 4.10 (e) The Graphene surface is patterned with a
photoresist etch-mask “AZ 5214 E” protocol. The etch-mask protects the graphene
in the geometry of the graphene channel. Figure 4.10 (f) The exposed graphene
surface is etched using an RIE O, plasma Graphene Etch recipe. The photoresist
masked regions are protected from the O, plasma. Figure 4.10 (g) The photoresist
etch mask is removed using a “AZ Photoresist Removal” recipe. Figure 4.10 (h)

shows a completed Dip Chip from the Post-Transfer fabrication process.
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Figure 4.10: Post-Transfer process flow for graphene sensor fabrication.
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(4) Fabrication Process Flow: Inverted MOSFET Design Process Flow

The Inverted MOSFET Design shares some steps with the Post-Transfer process.
The total number of process steps for the Inverted MOSFET design is greater than
the standard Post-Transfer Dip Chip process and the graphene is transferred onto
the wafer at step 9 of 12. As for the Post-Transfer process, tube furnace annealing
is not required for graphene adhesion.

Figure 4.11 shows the fabrication process broken down into the main process
steps. The final chip layout can be seen in Figure 4.12. Before fabrication the
wafer was put through a Solvent clean procedure. Figure 4.11 (a) Photolithography
step 1, SiO, is patterned with photoresist metal lift-off mask “Bi-Layer” protocol.
Figure 4.11 (b) Metal deposition step, PVD sputtered; Chromium adhesion metal
20 nm Palladium capping metal 80 nm. Figure 4.11 (¢) Metal lift off step, LOR
Photoresist Remover protocol. Figure 4.11 (d) Dielectric deposition step, (Dielectric
layers investigated later in this Chapter) Figure 4.11 (e) Photolithography step 2,
photoresist etch-mask for dielectric etching, Negative photoresist nLOF 2070 pro-
tocol. Figure 4.11 (f) Dielectric etch step, etching process was investigated as part
of fabrication optimisation. Figure 4.11 (g) Via filling metal deposition step, PVD
sputtered metal stack, (Cr Pd)Figure 4.11 (h) Metal lift-off step, metal is removed by
metal lift-off “LOR Photoresist Removal” process. Figure 4.11 (i) Graphene transfer
step, performed by HexagonFab Ltd. Figure 4.11 (j) graphene etch mask step, The
Graphene surface is patterned with a photoresist etch-mask “AZ 5214 E” protocol.
Figure 4.11 (k) Graphene etch step, the exposed graphene surface is etched using
an RIE O, plasma Graphene Etch recipe. Figure 4.11 (1) Photoresist removal step,

the photoresist etch mask is removed using a “AZ Photoresist Removal” recipe.
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Figure 4.11: Inverted MOSFET Design: process flow for graphene sensor fabrication.
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(5) Fabrication Process Flow: Matrix Design Process Flow

The Dip Chip Matrix Design process flow shares similarities with the Post-Transfer
process flow as the graphene is transferred onto patterned metal electrodes. The
total number of process steps (14) is more for the Matrix Design than the Inverted
MOSFET and Post-Transfer Dip Chip, the graphene is transferred at step 11 of 14.
Similar to the Post-Transfer process annealing is not required for graphene adhesion
through this process flow

Figure 4.13 shows the fabrication process broken down into the main process
steps. Prior to fabrication the substrate wafer is cleaned using Solvent Clean pro-
cess. Figure 4.13 (a) Photolithography step 1, Metal lift-off mask created using with
Bi-Layer photoresist protocol. Figure 4.13 (b) Metal deposition 1, PVD sputtered
metal stack; (Cr 20 nm, Pd 80 nm). Figure 4.13 (¢) Metal lift-off 1, LOR Pho-
toresist Removal protocol used to remove excess metal. Figure 4.13 (d) Dielectric
deposition step, Molecular Vapour Deposition tool deposited AlyO3 layer 30 nm.
Figure 4.13 (e) Photolithography step 2, nLOF 2070 protocol (photo-developer AZ
726 replaced with AZ 400K) used to produce photoresist etch-mask for dielectric
vias and opening up the contact electrodes. Figure 4.13 (f) Dielectric etch step,
the dielectric etch was performed using AZ 726 AlyO3 etch process. Figure 4.13 (g)
Photoresist Removal step, The photoresist is removed using Solvent Clean process.
Figure 4.13 (h) Photolithography step 2, Metal lift-off mask created using with
Bi-Layer photoresist protocol (photo-developer AZ 726 replaced with AZ 400K).
Figure 4.13 (i) Metal deposition 2, PVD sputtered metal stack; (Cr 20 nm, Pd 80
nm). Figure 4.13 (j) Metal lift-off 2, LOR Photoresist Removal protocol used to
remove excess metal. Figure 4.13 (k). The remaining steps use the same processes
as the Post-Transfer fabrication flow. The only modification to this process flow is
the change in photo-developer from AZ 726 to AZ 400K at the graphene channel

etch-mask step seen in Figure 4.13 (1).
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4.2. Graphene Sensor Design & Fabrication 147

(6) Fabrication Process Flow: Silicon Gate Etch Reveal

For gating of the graphene channels the bulk silicon (P-type silicon substrate) is
used as the gate electrode. As wafers are coated with a thermal SiOs layer which
prevents electrical connection being made to the silicon. To allow electrical contact,
a small window is etched through the SiO,. To allow electrical contact to be made
using the SD card PCB connector the SiOy window is etched in the location of an
SD card connection pins (1 or 2).

The 1% or 8" SD card connector pins can also be used directly connect to
the base substrate silicon. This can be achieved by additional fabrication steps.
Figure 4.14 shows the process flow for silicon gate etch reveal, Figure 4.14 (b) the
SiOs etch recipe found can be found in Materials & Methods Chapter section 3.6.3.
This process flow follows on from a Pre-Transfer process Figure 4.8. Alternatively
these steps could be introduced before the graphene transfer step if the Post-Transfer
fabrication process.

Electrical grounding of the silicon, when performing graphene resistance based
measurements, is recommended to reduce noise from built up capacitance between

the silicon and graphene layer [11] [12].
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Figure 4.14: Additional process steps to produce silicon contact pad for SD card
connector. (a) Photoresist etch mask patterned onto the surface of finished sensor.
(b) SiOy etch performed using RIE process. (c) Photoresist removal and surface

cleaning. (d) Finished Dip Chip with exposed Si window.
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4.2.5 Fabrication Process Flow Cost Analyses

Pre-Transfer Process Flow

The Pre-Transfer process prior to passivation and functionalisation require a mini-
mum of 7 process steps. Routinely it requires 9 process steps due to additional wafer
annealing steps required for graphene adhesion. Table 4.2 shows the associated pro-
cess steps and machine time cost estimates. Out of the 9 process steps only Step
1: Graphene Transfer is outsourced to external companies. The total cost exclud-
ing conditional Wafer Annealing steps was calculated as £693.5 (£933.5 including
2 furnace steps). Breaking this down further the cost per channel was calculated as
£7.22 (£9.72 including annealing steps).

In the Pre-Transfer process, 8 of the 9 processes are performed with the graphene
on the wafer surface. Each process step could lead to change/damage of SP?
graphene bonding structure, or potentially have a doping effect on the graphene

channel (e.g. photoresist caused hole-doping [13]).



Table 4.2: Machine cost estimates and external company costs based on 2017/2018

Centre for NanoHealth (CNH) (Swansea University) commercial services price list.

Process Step

Process Description

Machine Time Cost
Hourly rate x Time

Duration (£)

Step 1

Graphene Transfer, 100

450 - 500 (External Com-

mm wafer pany)
Conditional Step 1 Wafer Annealing, Tube | 120
Furnace
Step 2 Photolithography 70
Graphene Mask, Spin
Coat and Mask Aligner
Step 3 Graphene Etch, Reactive | 17.5
Ion Etching
Step 4 Photoresist Removal, | 16
Photoresist Stripper
Step 5 Photolithography Metal | 70
Mask, Spin Coat and
Mask Aligner
Conditional Step 2 Wafer Annealing, Tube | 120
Furnace
Step 6 Metal Deposition, Adhe- | 54 (Plus Metal Cost)
sion and Cap Metal
Step 7 Metal Lift Off, Photore- | 16
sist Stripper
Total 693.50 (With Anneal-

ing) 933.50
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Post-Transfer Process Flow

The Post-Transfer process flow requires a minimum of 7 process steps. Unlike the
Pre-Transfer process, wafer annealing cannot be done at the same temperatures for
Tube Furnace annealing as this would result in metal evaporation/flux on the wafer
surface. A different graphene supplier (HexagonFab Ltd) is used for graphene trans-
fer onto wafers with the metal previously fabricated. The reduced use of solvents
(for photoresist removal steps) the graphene does not delaminate from the SiO,/Si
wafer surface. Table 4.3 shows the associated process steps and machine time cost
estimates. The total processing cost was calculated as £693.50 which equals the
cost of the Pre-Transfer process. The cost advantage of the Post-Transfer process
is the lack of annealing steps, which means the cost decrease per wafer is £240 or
25.7 %. The cost per graphene channel was calculated as £7.22.

With the Post-Transfer process, 3 of the 6 processes are performed whilst the
graphene is on the wafer surface. Additionally, the Post-Transfer process does not
require the Bi-Layer photoresist resist process to be performed on the graphene
surface (removing the 1 hour heated solvent cleaning step required to remove the
Bi-Layer photoresist). This reduces the total photoresist processes and the total
solvent solutions used on the graphene surface. This reduces the chance for of
graphene structural damage and doping from resist residue (This will be investigated

later in this chapter).



Table 4.3: Machine cost estimates and external company costs were based on

2017/2018 CNH (Swansea University) commercial services price list.

Process Step

Process Description

Machine Time Cost
Hourly rate x Time

Duration (£)

Step 1 Photolithography Metal | 70
Mask, Spin Coat and
Mask Aligner
Step 2 Metal Deposition, Adhe- | 54 (Plus Metal Cost)
sion and Cap Metal
Step 3 Metal Lift Off, Photore- | 16
sist Stripper
Step 4 Graphene Transfer, 100 | 450 - 500 (External Com-
mm wafer pany)
Step 5 Photolithography 70
Graphene Mask, Spin
Coat and Mask Aligner
Step 6 Graphene Etch, Reactive | 17.5
Ion Etching
Step 7 Photoresist Removal, | 16
Photoresist Stripper
Total 693.50
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Inverted MOSFET Design Process Flow

The Dip Chip Inverted MOSFET design requires a total of 12 process steps, in-
creasing the total fabrication cost £1097.5, Table 4.4 shows the break down of the
machine time costs. Due to the buried gate and metal filled vias the final stages
of fabrication resemble the Post-Transfer process flow. The number of graphene
channels for the Inverted MOSFET design is 3 per chip, with an estimated cost per
channe calculated as £11.43.

The total cost is increased per graphene channel compared with the standard
Dip Chip design. In future designs with individual buried metal gates the total
graphene channels would decrease further, increasing the cost per channel even more.
However, this design has large advantages (back gated Dirac point sensing measure-
ments), and potential for studying individually gated graphene channels. As well as
potential in other fields where different gate bias need to be applied to individual G-
FETs (Optically transparent gated sensors). From a purely cost analyses the benefit
to the sensing measurement would need to be evaluated to balance the additional

cost per chip.



Table 4.4: Machine cost estimates and external company costs were based on

2017/2018 CNH (Swansea University) commercial services price list.

Process Step

Process Description

Machine Time Cost

(£)

Step 1 Photolithography Metal | 70
Mask, Spin Coat and
Mask Aligner
Step 2 Metal Deposition, Adhe- | 54 (Plus Metal Cost)
sion and Cap Metal
Step 3 Metal Lift Off, Photore- | 16
sist Stripper
Step 4 Dielectric Deposition, | 256
Vapour Deposition
Step 5 Photolithography  Etch | 70
Mask, Spin Coat and
Mask Aligner
Step 6 Dielectric  Etch, Wet | 8
Etch
Step 7 Metal Deposition, Adhe- | 54 (Plus Metal Cost)
sion and Cap Metal
Step 8 Metal Lift Off, Photore- | 16
sist Stripper
Step 9 Graphene Transfer, 100 | 450 - 500 (External Com-
mm wafer pany)
Step 10 Photolithography 70
Graphene Mask, Spin
Coat and Mask Aligner
Step 11 Graphene Etch, Reactive | 17.5
Ion Etching
Step 12 Photoresist Removal, | 16
Photoresist Stripper
Total 1097.50
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Shared Source Design Process Flow

Pre-Transfer or Post-Transfer process can be used to fabricate the Shared Source
Design chip (7 process steps). With a total cost of £693.5 for the 7-step Post-
Transfer process for a 3 graphene channel Dip Chip (£7.22 per channel). Using a
design which creates 5 graphene channels per chip the new cost per channel was
calculated as £4.33, which reduces cost per channel by 40 %.

This design is more cost effective in terms of graphene channels per chip. The
disadvantage is the limitation in terms of electrochemical functionalisation and anal-
yses. However, if a purely drop-cast functionalisation approach is adopted and elec-
trical measurements are used for sensing, this design is better suited and allows for

more repeats per chip than the standard Dip Chip design.

Matrix Design Process Flow

Dip Chip Matrix Design requires a total of 14 process steps which, in turn, will
increase total fabrication cost to £1007.5. Table 4.5 gives a break down of the steps
and costs. Due to the buried metal layer and secondary metal layer this design can
only be used with a Post-Transfer process flow. With 9 graphene channels per chip
this gives a cost estimate of £4.11 per channel which reduces the cost from £7.22

by 43.1 %.



Table 4.5: The machine cost estimates and external company costs were based on

2017/2018 CNH (Swansea University) commercial services price list.

Process Step

Process Description

Machine Time Cost

(£)
Step 1 Photolithography Metal | 70
Mask,
Step 2 Metal Deposition, Adhe- | 54 (Plus Metal Cost)
sion and Cap Metal
Step 3 Metal Lift Off, Photore- | 16
sist Stripper
Step 4 Dielectric Deposition, | 256
Vapour Deposition
Step 5 Photolithography Etch | 70
Mask,
Step 6 Dielectric Etch, Liquid | 8
Etchant
Step 7 Photoresist Removal, | 16
Photoresist Stripper
Step 8 Photolithography Metal | 70
Mask 2,
Step 9 Metal Deposition, Adhe- | 54 (Plus Metal Cost)
sion and Cap Metal
Step 10 Metal Lift Off, Photore- | 16
sist Stripper
Step 11 Graphene Transfer, 100 | 450 - 500 (External Com-
mm wafer pany)
Step 12 Photolithography 70
Graphene Mask,
Step 13 Graphene Etch, Reactive | 17.5
Ion Etching
Step 14 Photoresist Removal, | 16
Photoresist Stripper
Total £1183.5
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4.3 Residue Free Graphene Transfer Process

CVD graphene growth on Cu foil is a fast and cost effective process for producing
high quality monolayer graphene and is the most practical approach for creating
graphene based devices. The current wet transfer method for semiconductor inte-
gration has been shown to leave polymer/photoresist residue on the surface, this
increases device variability and reduces graphene’s carrier mobility [14]. Addition-
ally, photoresist residues on the graphene surface effectively reduce the Debye length

(screening length) for bio-receptors and target molecules for sensing [8].

Attempts have been made at producing a residue/photoresist free transfer method
relying on non polymeric support structures and advanced surface treatments. This
provides a hydrophobic surface to adhere the graphene to the surface during Cu
etching [15]. These processed have yet to be upscaled to full wafer (100 mm +) and
are currently tested on individual chips or small wafer pieces. The process developed
here does not require a support material as the graphene Cu structure is held down
onto the wafer surface by an applied vacuum through micro sized through silicon
vias. This process has been designed for up scaling to any size substrate wafer. It
requires pre-processing of the substrate, this allows for other chip structures (dicing

channels) to be integrated into the wafer prior to graphene transfer.

4.3.1 Materials & Methods

Figure 4.15 shows the layout of the vacuum dicing tracks (VDTs) and through silicon
vacuum vias (TSVVs) for whole wafer transfer. The process is designed for full wafer
transfer of graphene and final graphene chip dicing. The design for the VDTs and
TSVVs create the final die size of the graphene sensor chip. The VDTs also act as

a dicing guide for saw or plasma based dicing of the individual finished chips.



Figure 4.15: (a) Full wafer CAD view of graphene transfer wafer, including detailed
view of VDTs and TSV Vs.

The first stage of processing involves the etching of the SiO,/Si substrate wafer
to producing the VDTs and TSVVs. Figure 4.16 illustrates the two etching steps
required for substrate wafer fabrication. The substrate wafer is patterned with the
VDT photomask using a photoresist etch mask, using the photolithography process
AZ 125 nXT protocol can be found in section 3.5.4. The thermal SiO, coating (300
nm film) is first etched using RIE SiOy etch recipe for 12 minute to etch through
the full thickness of SiO, (protocol found in section 3.6.3). The VDTs are then
etched out of the bulk silicon 200 um deep using Bosch process deep silicon etching
using ICP (SPTS Technologies), (protocol found in section 3.6.2). The photoresist
is removed using Solvent Clean process.

The back side of the wafer is then patterned with the TSVVs photomask. A
similar photolithography process and RIE etch process are used to reveal the bulk

silicon. The wafer is bonded to a carrier wafer before a ICP Bosch process etching
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is performed to etch the remaining 300 pm depth of the wafer, (the carrier wafer
is required to prevent gas flow in the ICP chamber after through silicon via pen-
etration). The wafer was then de-bonded, the bonding agent (crystal bond, Agar
Scientific) was removed and photoresist etch mask is also removed using Solvent

Clean process.

Plasma Etch

Plasma Etch

(a) (b)

Figure 4.16: Etch steps required for graphene transfer substrate. (a) VDT etched
on top side of substrate wafer. (b) TSVV etched through from back side of wafer.

A custom wet transfer rig was designed and printed to accommodate a vacuum
chuck, venturi tube system and bath like structure to contain the wet etchant.
Figure 4.17 outlines the components of the Transfer Rig, polymer alloy 910 (Taulman
Ltd, UK) used to print the rig is etchant and solvent resistant, the suction cup chuck
was purchased from RS components and has a 80 mm diameter cup. The Vacon

venturi pump (PSI tech Ltd, UK) using set flow of rate of 3.2 scfm.



(a) (b)

Figure 4.17: (a) Cross Section of the Transfer Rig. (b) 3D view of Transfer Rig with

substrate wafer connected to suction cup chuck.

The etched silica substrate wafer is then treated with a 10 minute RIE O, plasma
clean O, plasma recipe found in section 3.6.1. The Oy plasma treatment modifies
the surface making it hydrophilic to improve graphene surface adhesion, by reducing

trapped HyO between the graphene and SIO, surface [16].

The graphene on Cu foil is applied to the substrate wafer, graphene-side down.
A vacuum source is applied to the back side of the wafer which applies a stretching
force to the Graphene on Cu foil (Monolayer graphene on Cu foil 100 mm Graphenea,
Spain), The graphene and Cu foil is stretched across each individual die removing
wrinkles from the Cu foil. The etchant bath is filled with 0.1 M ammonium per-
sulfate (Sigma Aldrich, UK) whilst the vacuum is maintained on the wafer and
graphene. Over a 4 - 5 hour period the Cu layer is etched away leaving the graphene
layer on the SiOs surface. The etchant bath was emptied of remaining etchant and
cycles of di HoO were flowed through the bath to dilute and remove remaining am-
monium persulfate. The wafer was then removed and vacuum dried at 120 °C to
improve adhesion between the graphene and silica substrate. Figure 4.18 outlines

the graphene stretching and Cu etching process.
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Cu Foil Graphene Graphene
Si ' [ Si
Si02 J [ Si02
Vacuum
(a) (b)

Figure 4.18: (a) Cross Section of vacuum stretching of graphene and Cu foil. (b)

Cross section of graphene transfer post Cu etch and di H5O rinse.

Raman Data Acquisition

Raman point measurements were performed on patches and regions of graphene
found on the wafer surface. Single point measurement parameters can be found in

section 3.12.3.

4.3.2 Results & Discussion

The substrate wafer was successfully prepared using a combination of RIE and ICP

etching techniques. Figure 4.19 shows optical images which confirm the presence of

TSVVs within the VDTs.



(a) (b)

Figure 4.19: (a) Full wafer VDT and TSVV etches complete. (b) Optical image of
VDT corner section and TSVV at the base of the track.

L

Figure 4.20: Vacuum graphene transfer process, 2 hours through Cu etch step.

Figure 4.20 shows the vacuum process was able to hold the graphene Cu foil
tightly onto the substrate surface without visible wrinkles under solution. The

graphene transfer process uses the ammonium persulfate to etch the Cu foil. The
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VDTs can be seen clearly outlining the individual square chips.

Post Cu etch and di H5O rinse cycles the surface was examined using Raman
spectroscopy. Large regions of the graphene did not transfer successfully due to low
surface adhesion between the graphene and SiO,. Figure 4.21 shows Raman map
of regions close to the VDTs showing concentrations of carbon but no monolayer
graphene present. The peak at 1600 cm ™! represents amorphous carbon suggesting

residue from delaminated and damaged graphene [17].
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Figure 4.21: Raman map scan of carbon residue from graphene transfer region.

Looking at regions of discolouration on the SiO5 a majority of areas show no signs
of graphene, These discolourations are most likely caused by ammonium persulfate
residue. However, specific spots of the wafer show signs of graphene being present
(Figure 4.22). This suggests graphene transfer via the vacuum transfer process is
possible. Graphene transfer onto semiconductor substrates without the use of pho-
toresist/polymer support structures is thus achievable. This opens up the potential

for larger scale graphene transfer onto commercial sized wafers (200 mm +).



(a) (b)

Figure 4.22: Single point measurement of graphene patch located on graphene trans-

fer substrate.
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4.4 Fabrication Process Optimisation

This high cost of graphene chips is related to graphene growth and the integration
of the graphene layer (transfer step) into the wafer processing.

The Pre-Transfer process flow was reviewed at each main fabrication step, where
possible alternative materials or techniques were compared. (1) The effect of pre-
process vacuum annealing on graphene channel yield and the damage/doping of
the graphene surface. (2) The photoresist steps were reviewed and the types of
photoresist were compared for residues, damage and doping effects. (3) The device
performance and yield were compared changing the types of metal deposited for
contact electrodes. (4) The Pre-Transfer process was then compared to the Pre-
Transfer Yttrium process in terms of yeild, device variance, damage and doping.

The Post-Transfer process flow was also reviewed at each key process step. The
use of pre-process vacuum annealing and the effect on device yield. The metals
used in the contact electrodes and the effect on yield as well as device performance.
In order to assess the effect of fabrication processing on graphene quality. Blank
graphene was compared directly to a fully fabricated device looking at the effect of
the photoresist used on non-annealled graphene in terms of damage/doping. Addi-
tionally the effect of different substrates on electrical performance was investigated
and the use of a buried contact process was compared to standard Post-Transfer
process in terms of yield of devices.

The optimised fabricated devices for each process were then reviewed comparing

the electrical performance, damage, doping and surface cleanliness.

4.4.1 Materials and Methods

Annealing Experiment Setup

Annealing procedure improves adhesion between the graphene and the SiO,/Si sub-
strate. This was apparent from devices fabricated where there was less delamination

of graphene during device processes after annealing.



The effects of Vacuum tube furnace annealing (TFA) and rapid thermal annealing
(RTA) on graphene damage/doping were compared. The operating procedure for
the tube furnace and RTA can be found in the Materials & Methods Chapter section
3.4.

Vacuum oven annealing was performed using a Binder Vacuum Oven (Binder
GmbH, Germany). Pumped to a pressure of 1073 bar with a temperature set to 200
°C and 100 scem Argon gas flow rate.

To investigate the longevity of the increased adhesion, three pieces of 20 x 20 mm
graphene on SiO,/Si were diced (allowing processing of 24 graphene channels Dense
Design chip) from the same graphene wafer F55648 (Graphenea). Each piece was
annealed by TFA at 400 °C followed by fabrication using the Pre-Transfer fabrication
process within the following day, 2 days, 3 days, 4 days and 7 days.

Photoresist Comparison Experimental Setup

To compare the effect of photoresists used during the Pre-Transfer process fabri-
cation on graphene damage, doping and surface residues 20 x 20 mm graphene on
Si04/Si samples were prepared by TFA annealing and put through a Solvent Clean
process. Sample 1 was left untreated as the control; sample 2 was coated with Mi-
croPosit positive photoresist using the single layer Microposit protocol followed by
a Solvent Clean; sample 3 was also coated with MicroPosit followed by a Solvent
Clean and a LOR Remover clean and sample 4 was coated with Bi-Layer photoresist

protocol followed by Solvent Clean and LOR Remover clean.

Adhesion Metal Comparison Experimental Setup

To asses the effect of metal adhesion to graphene on the final device resistance a
quarter wafer of Graphene Resistor Chip (GRC) design two terminal resistors were
fabricated using each candidate adhesion metal Cr, Ni and Ti. A thickness of 20
nm of adhesion metal with 80 nm of a capping noble metal Pd. Each test piece

was used for each metal was approximately 50 mm x 25 mm graphene on SiO,/Si
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samples, each had a total of 112 graphene channels per adhesion metal. Wafer
number F55537 from Graphenea was used to conduct this investigation, to reduce
total error introduced from inter-wafer variability.

Resistance data processing: Outliers calculated based on 1.5 x the interquartile
range (IQR) below IQR; and above IQR3 were removed from the Box and Whisker
plot

Dielectric Substrate Comparison Experimental Setup

When comparing substrate dielectrics on graphene channel resistance as part of the
Post-Transfer fabrication process, two starting substrates were compared. SiO, 300
nm on Si wafers (University Wafer Imc. USA). Silicon Nitride/Silicon wafers (Uni-
versity Wafer Inc. USA) With 100 nm Low Pressure Chemical Vapour Deposition
LPCVD grown on bulk Si P type wafers. The Post-Transfer process was followed
using Cr 20 nm Pd 80 nm metal stack for the metal electrodes using the Dip Chip
Design.

Yttrium Deposition

For ytrrium sacrificial layer Pre-Transfer fabrication process, the first process step
involves evaporating yttrium onto the graphene on SiO,/Si wafer. The parameters
for deposition of yttrium using the Quorum Sputter Coater set up as a thermal

evaporator as described in the Materials & Methods Chapter section 3.7.2.

Yttrium Etch

For yttrium sacrificial layer Pre-Transfer fabrication process, there are three steps
that involve removing the yttrium from the graphene surface; (1) prior to graphene
etch step, (2) prior to metal deposition step, (3) final fabrication step removing
yttrium from the graphene channel. The wet etch process was performed using 0.2
M HCI for 30 - 60 s. This was based on the methodology outlined by Wang et.
al. [9].



RIE SiO, Etch

As part of the Inverted MOSFET design fabrication process flow, the dielectric layer
(Si02) which is deposited onto the metal electrodes. This SO, layer requires etching

to expose the metal for electrical contacts.

Additionally, for buried back contact process flow SiO, etching is required. Pho-

toresist etch-masks are used to selectively etch the SiO, substrate.

Prior to SiOy etching the RIE chamber is cleaned using an O, plasma for 30
minutes (Materials & Methods Chapter, section 3.6.1). Once the SiO, sample is
loaded into the RIE the surface is cleaned using an Oy plasma (section 3.6.1) for 30
seconds. The sample is then removed from the RIE. The chamber is conditioned
using SiOq etch recipe for 15 minutes. The sample is then loaded into the RIE for
etching. The SiO5 etch recipe can be found in Materials & Methods Chapter section
3.6.3.

Al,03 Etching

For both the Inverted MOSFET and Matrix design process flows, Al;O3 is deposited
as a dielectric insulation layer. For selective etching of the Al;O3 layer, photoresist
etch-masks are patterned onto the wafer using AZ400K developer as the developing
reagent during photolithography.

Al,O3 was then wet etched using AZ 726 developer (Microchemicals GmbH,

Germany) etching protocol found in Materials & Methods Chapter section 3.6.5.

IV Measurement Data

IV measurements were performed using I'V probe station and SD card PCB connec-
tor system. Standard IV sweep -1 to 1 V (measurement protocol found in Materials

& Methods Chapter section 3.11.1).
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IV Data Processing

The csv files were processed in Excel (Microsoft, USA). Voltage was plotted against
current. The resistance was then calculated from inverse of the slope from the linear

region of the I-V graph, (python software).

Resistance Data Processing

Resistance data calculated from IV measurements was then graphed using box and
whisker plots (Prism 6 Software, GraphPad Ltd). Showing the mean, 25th to 75th
percentiles and the upper and lower extremes of the resistance data range.
Relative standard deviation was calculated using standard deviation of the sam-
ple over the sample mean, multiplied by 100 to give the resulting percentage (Excel).
Comparisons of resistance data sets was performed using unpaired t-test with

Welch’s correction for non equal variance (Prism 6 Software, GraphPad Ltd).

Raman Data Acquisition

Acquisition settings for Raman map scans can be found in the Materials & Methods

Chapter section 3.12.

Raman Data Processing

Structural damage due to annealing were characterized by Raman spectroscopy.
The spectral ratio of the Ip/Ig can be used as a quantitative structural damage to
the SP? bond structure with 0 resembling perfect bond structure and 1 representing
SP3. From ID/IG, one can then derive the average domain / grain size (L,) of the

resulting graphene layer using the following formula,
Lo(nm) =24 x 107 X (Ip/1g) ! (4.4.1)

Where A is the wavelength of the laser (nm). The resulting graphene layer thickness
and doping can also be characterised from the ratio 2D to G peak. In a pristine

monolayer graphene the ratio Ip /I should be close to 2 [18].



The spectral ratio of Isp /I is used as an indicator of graphene layer thickness
with 2 representing monolayer graphene. Changes to this ratio during fabrication
can be an indicator of graphene doping.

In order to compare the amount of substrate-induced strain and doping in
graphene, scatter plots were created by plotting the 2D peak position (w2D) versus
G peak position (wG). This data was extracted from the Raman map scans and

plotted based on the method created by [19], [20].

4.4.2 Results & Discussion

Pre-Transfer Process: Conditional Annealing Step

The pre-process annealing of graphene was optimised previously using tube fur-
nace annealing (TFA) at 400 °C for 8 hours [1]. The temperature range assessed
previously was determined to be with in 400 - 700 °C (depending on annealing sys-
tems) [1]. Increased adhesion after annealing has been linked to covalent bonding to
graphene structure (SiO to Graphene bonds). This effect was enhanced during TFA
compared to rapid thermal annealing (RTA). To check on potential damage from
long vacuum anneals, non-processed blank graphene was compared under different
annealing conditions RTA 10 minute anneal and 8 hour tube furnace anneal at 400
°C with vacuum at (1073 mbar).

Figure 4.23 shows the 50 x 50 pm map scans for the blank graphene, TFA
graphene and RTA. The blank graphene map 2D /G shows a few patches where the
ratio drops below a ratio of 1.5. This could indicate some multilayer regions or
contamination/doping from transfer process. The blank graphene map D/G shows
mostly low damage graphene with 1 region of high damage (0.4 ratio). The TFA
2D/G map shows a large shift down to a ratio around 1 for the majority of the
graphene with a few patches staying at the 2 ratio (indicating small regions of
pristine graphene post anneal). The TFA D/G map shows a similar trend to the
blank graphene majority low damage 0.05-0.1 with a few patches near 0.3-0.4. This

suggests that overall damage remains low across the graphene sample. The RTA
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2D/G map scans also show a decrease down to a ratio of 1 for a majority of the
map. The RTA D/G shows very few regions of damage with figures ranging from
0.04-0.2 across the map.

(e) RTA, 2D/G (f) RTA, D/G

Figure 4.23: Raman map scan 50 x 50 pm: (a) blank graphene 2D /G ratio, (b)
blank graphene D/G, (c¢) TFA graphene 2D/G ratio, (d) TFA graphene D/G ratio,
(e) RTA graphene 2D/G ratio, (f) RTA graphene D/G

Both the annealed samples appear to see a decrease in the 2D /G ratio, this could
be caused by doping changes to the graphene during the annealing process. Doping

can be introduced through annealing due to interactions with the SiO, substrate



at high temperatures as well as interactions with high temperature gases [21]. The
maps scans show no distinctive patterns of damage or doping and the patches of
damage appear to be random across the graphene surface even on the blank samples.

Figure 4.24 shows the normalised spectra of Raman map scans for non-annealed,
RTA (10-minute) anneal and Tube Furnace (8-hour) anneal. As previously stated
a decrease in the 2D peak for both annealing processes can be seen. Additionally,
a peak shift can be seen for both the 2D and G peaks, these shifts suggest that the

graphene has undergone either strain/doping during the annealing process [19].
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Figure 4.24: Raman spectra normalised and averaged from the map scan data of
blank graphene, RTA treated graphene 10 minutes and TFA treated graphene 8

hours.

Figure 4.25 shows a scatter plot of w2D and wG for blank graphene and RTA
annealed graphene. The data points for blank graphene lie centrally between the
strain and doping axis this suggests that even the pre-processed graphene has expe-
rienced some nanometre-scale strain and P-type doping (hole-doping) from growth
and transfer. The RTA annealed sample shows data points shifting both upwards
along the strain axis and the P-type doping axis. This would suggest both an in-
crease in strain due to the high temperature surface deformation expansion and

cooling. An increase in doping, which could be due to electron removal due to the
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high temperature creating SiO dangling bonds at the graphene/substrate interface.
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Figure 4.25: w2D and wG scatter plot of blank graphene compared to RTA annealed
graphene.

Table 4.6 shows the averaged ratios 2D/G, D/G and derived grain size L, for
the blank graphene, TFA and RTA annealing methods. The quantified results show
no significant increase in damage or reduction in the extracted grain size (L,) due
to pre-process annealing, suggesting any CO and C=0 bond formation during the

anneal is rare and will not effect the SP? graphene structure greatly.

Table 4.6: Table of averaged peak ratios from Raman map scans of blank, TFA and
RTA annealed graphene.

Approximate
Grain Size (L,)
Blank Graphene | 2.3590 £0.2004 0.0999 £0.0470 192.4 £90.5
TFA 0.9117 £0.0673 0.0877 £0.0272 219.2 +68.0
RTA 1.0802 £0.1608 1.0470 £0.0349 183.6 £61.2

I,p/Ie Ratio Ip /1 Ratio




To assess the effect of annealing on final device resistance a quarter wafer of
GRC two terminal resistor chips were fabricated using each annealing method; a
total of 112 graphene channels. As well as higher temperature RTA (700 °C); Tube
Furnace (700 °C) and vacuum oven anneal 24 hours (200 °C), a set of control devices
were fabricated without annealing. The 200 °C vacuum oven anneal was tested to
improve fabrication efficiency as multiple wafers can be loaded and annealed by oven
vacuum annealing.

GRC devices were fabricated using the standard 400 °C TFA and RTA anneal
from the same Graphene wafer (F55513), for all 112 channels per process type.
Figure 4.26 shows the fully fabricated GRC design devices for annealing experiments.

Magnification: X50.0] Mapnification: ¥500.0

(a) (b)

Figure 4.26: (a) Keyence image 50x zoom of standard process fabricated GRC de-
sign. 4 graphene channels per 4 mm x 4 mm. (b) 500 x zoom graphene channel and

metal contact pad region of individual channel.

Figure 4.27 shows the IV measurement data input bias vs measured current.
This quantity of data cannot be visualised through this approach very accurately.

Figure 4.28 shows the resistances of each annealing process seen plotted in a
box and whisker plot. This data shows subtle differences in the resistances for each
annealing method. The majority of data points appear to be overlapping within
the 25" to 75! percentile for each annealing method, this suggests no significant

difference in resistance based on the fabrication annealing method.
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Figure 4.27: IV data -1 V to 1 V for 112 TFA and RTA annealed GRC devices

Comparison of Pre-Process Annealing on Resistance
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Figure 4.28: Comparison of each pre-process annealing method based on final device
resistance calculated from two-terminal IV measurement. Box and whisker plot with
highest and lowest resistance plotted at the end of each whisker, mean, upper and

lower quartiles represented by the box.



The resistance data from the box and whisker plot shows the data being unevenly
spread due to high resistance devices. Figure 4.29 shows the individual resistances
measured for each of the 112 devices in the RTA 400 °C. The majority of the
resistance data is below 10,000 €2 with only 6 devices above 15,000 §2 and one device
above 20,000 2.

RTA 400°C Annealing Process: Graphene Device
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Figure 4.29: Spread of data for the 112 devices in the RTA 400 °C pre-transfer

annealing comparison.

Table 4.7 shows the graphene channel yield per process and average resistance.
The data shows that there is no statistical difference between the 700 °C Tube
Furnace and RTA, or Tube furnace 700 °C and RTA 400 °C. There is a significant
difference between each RTA temperature 700 °C and 400 °C, each Tube Furnace
temperature 700 °C and 400 °C, and also the 400 °C Tube Furnace and RTA Mann
Whitney test P = 0.0227 or smaller.

Overall the best approach based solely on resistance is not clear. All approaches
produce a similar number of working devices with similar variability. Based on
the literature, lower temperature high vacuum annealing reduces structural defects
and doping. This would suggest the TFA 400 °C process was the better annealing

process, even if it the data here does not show any main difference between them.
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Table 4.7: Device median resistances per pre-process anneal type. Device yield:
Number of working devices (devices that produce a linear resistance response). De-
vice yield based on variability per quarter wafer number of devices with a resistance

within 10 % of the median of the batch.

Median Resistance Device Yield Device Yield
Process Type

(Ohms) Working Devices Within 10%
700 °C TF 5315+3154 95.5 12.8 %
700 °C RTA 5558+3312 97.3 10.1 %
400 °C TF 58873331 95.5 9.0 %
400 °C RTA 5476+3196 95.4 9.3 %

Annealing Process Time Dependency

Following the pre-process anneal TFA 400 °C, conducted overnight, process steps
2 - 4 take place within 24 hours routinely. According to Das et. al. annealing
produces C-O and C=0 bonds with the dielectric surface improving adhesion [22].
This would suggest a permanent increase in adhesion if SiO to C bonding was the
sole contributor to the increase in adhesion post annealing.

Table 4.8 shows the total number of graphene channels that produced a linear IV
response/device yield. The data set will need repeating before conclusions can be
made, but the preliminary data suggests that fabrication within 3 days of annealing
is required for a good device yield. This also suggests that the annealing process

does not permanently increase graphene substrate adhesion.



Table 4.8: Device yield (graphene channels that show a linear IV characteristic),
with remaining fabrication steps of the Pre-Transfer process started within a set

time period after the pre-process anneal step.

Time Period of Fabrication
Device Yield (%)
Post Pre-Process Anneal
<24 hours 96
24 - 48 100
48 - 72 92
72 - 96 8
168 - 192 0

The other effect of graphene/substrate annealing is the removal of HoO molecules
from the surface and between the graphene and SiO, substrate. This has been shown
to improve carrier concentration, reducing the effect of the H,O molecules on the
doping and charge scattering of the graphene [23]. The removal of this interfacial
H50O layer could temporarily improve graphene adhesion to the SiO,. Post annealing

the HyO molecules slowly return decreasing the adhesion.

Pre-Transfer Fabrication Process: Comparison Of Photoresist

The Pre-Transfer fabrication process requires the use of 2 photolithography steps;
one for metal lift-off step using a Bi-Layer photoresist (PR) protocol and, two an
etch mask step using a single layer positive PR MicroPosit single layer protocol. Fig-
ure 4.30 shows the Raman map scans with the 2D /G ratio and D/G ratio displayed
for each of the photoresist comparison samples after removing the photoresists. The
blank sample (annealed and Solvent Cleaned) shows a similar ratio scales to the
cleaned PR test samples, where each map scan shows evenly distributed areas of
damage and doping with minimum hot spots. This suggests the graphene samples
are fairly representative without any significant flaws or double layer patches. After

resist processing with both Bi-Layer and single layer positive PR.
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(a) Blank, 2D/G

(g) Bi-layer PR + Extra Clean, 2D/G (h) Bi-layer PR + Extra Clean, D/G

Figure 4.30: Raman map scan 50 x 50 um: (a) Blank graphene 2D/G ratio, (b)
Blank graphene D/G ratio, (c) MicroPosit Solvent Cleaned graphene 2D/G, (d)
MicroPosit Solvent Cleaned graphene D/G, (e) MicroPosit Solvent Clean and LOR
Remover Clean graphene 2D/G, (f) MicroPosit Solvent Clean and LOR Remover
Clean graphene D/G, (g) Bi-Layer Solvent Clean and LOR Remover Clean graphene
2D/G, (h) Bi-Layer Solvent Clean and LOR Remover Clean graphene D/G.



Figure 4.31 shows the normalised spectra of Raman map scans for photoresist
comparison samples. Similar to the map scans there are no distinct differences in
height between 2D or G peaks between the samples. There are also no notable peak
shifts that would indicate signs of doping or strain applied to the sample for any of

the photoresists.
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Figure 4.31: Raman spectra normalised and averaged from the map scan data of
blank graphene, Microposit Solvent Cleaned (SC), Microposit SC and LOR Remover
Cleaned, Bi-Layer SC and LOR Remover Cleaned.

From the averaged map spectra of the Bi-Layer photoresist sample it is clear
that there are additional peaks in the 1280 - 1480 cm™~! region surrounding the G
peak region (Figure 4.32. These additional peaks indicate the presence of additional
carbon bonds, as they aren’t present in the other spectra. This is likely due to
photoresist residue from the LOR5A component of the Bi-Layer photoresist [24].
This suggests the Bi-Layer photoresist process for metal lift-off leaves residue on the
graphene surface. These residues could interfere with graphene functionalisation
and effect the graphene’s conductivity due to their charge scattering effects on the

graphene’s pi orbitals reducing the free movement of electrons. Peaks associated

with PMMA such as O=C-O-CHj3 appear at 1397.
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Figure 4.32: Averaged Raman spectra from map scan data of Bi-Layer photoresist

protocol (LOR) followed by Solvent Clean and LOR Remover process

the

Table 4.9 shows the averaged ratios 2D/G, D/G and derived grain size L, for
blank graphene, Microposit Solvent Cleaned (SC), Microposit SC and LOR

Remover Cleaned, Bi-Layer SC and LOR Remover Cleaned methods. The quantified

results show no significant increase in damage or doping from any of the photoresist

pro

cesses compared to blank graphene.

Table 4.9: Average peak ratios and calculated grain size for different photoresist

processes.
. . Approximate L,
I.p/Is Ratio | Ip/I; Ratio
Grain Size (nm)
Blank 1.1292 +£0.1288 0.1146 £0.0188 167.8 £27.5

MicroPosit PR,
SC

MicroPosit PR,
SC + Remover
LOR & Micro-
Posit PR, SC + | 1.1058 £0.1037 0.0655 £0.0150 293.5 £67.2

0.8588 £0.0476 0.0584 £0.0117 329.2 £66.0

0.9258 £0.0769 0.0743 £0.0241 258.7 £83.9

Remover




Pre-Transfer Fabrication Process: Comparison Of Adhesion Metal Used
In Metal Contact Stack & Effect On Yield & Resistance

For the Pre-Transfer process, fabrication of the first metal deposited (adhesion layer)
does not solely make contact with the graphene but also makes contact with the
wafer substrate (SiO2/Si). In the case of the 3 Graphene Channel Dip Chip Design
the area of adhesion metal making contact with the graphene per chip was 0.15 mm?
(Figure 4.33, whilst the total area of the electrodes in contact with the SiOy was

18.55 mm?.

Metal

Electrode Graphene Channel

Graphene Metal
Contact

Figure 4.33: Diagram of metal contact pad and graphene channel, showing metal

graphene contact area.

The three metals used in both the semiconductor industry as a whole and specif-
ically in graphene FET fabrication are Cr, Ni, and Ti [25] [26]. In Pre-Transfer
fabrication the adhesion metal is PVD deposited onto the SiO,/Si substrate and the
castellated contact region of the graphene channel simultaneously. The contact re-
sistance of these metals on graphene has been previously been investigated [27] [28].
This previous work had established both Titanium and Nickel as having some of the
lowest contact resistances on average, Other metals such as Cobolt and Palladium
also showed low contact resistance. However, these were not investigated at this
stage due to them not being good adhesion metals for the SiO, substrate.

Figure 4.34 shows box and whisker plot for adhesion metal comparison. The

median calculated resistance for Cr was found to be the lowest at 5255 £2334 Q)
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followed by Nickel at 6163 +3572 2 and then Titanium at 6414 +552 2. Chromium
resistance was shown to be significantly lower than both Nickel and Titanium, (Mann
Whitney test P < 0.0001). There was no significant difference between the Nickel

and Titanium resistance values.

Comparison Of The Effect of Adhesion
Metal On Device Resistance
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Figure 4.34: Box and whisker plot of device resistances comparing adhesion metals
Chromium, Nickel and Titanium in contact with the graphene. Box and whisker
plot with highest and lowest resistance plotted at the end of each whisker, median,

upper and lower quartiles represented by the box.

Effect Of Device Position On Resistance To understand the accuracy of these
resistance results the device resistances and physical location on the wafer were
investigated.

Figure 4.35 was created using the data from the adhesion metal comparison



showing graphene resistance (2) and physical position within the wafer. Each SiO,
substrate as previously mentioned is 50 mm x 25 mm giving an area 1250 mm? with
graphene channels clustered in groups of 4 per chip.

A comparison of average graphene channels resistances for Titanium data set.
The average resistance of the left hand column (6761 €2) and right hand column (6105
Q) of devices were shown to be significantly different (unpaired Mann Whitney test
P =0.0010). The average resistance of the top row (6075 ) and bottom row (7417
Q) devises were shown to be significantly different (unpaired Mann Whitney test
P = 0.0286). This suggests the physical location of devices within a process wafer

affects the resistance as significantly as the adhesion metal used.



4.4. Fabrication Process Optimisation 185

- 2 5 2 B =B B =
- -4 F 2 32 5 =
- -5 B -5 E A - A
" @ 5 2 B B B =
= B = B = B =
- F A F B B =
- F 3 F 5 F &
- 5 5= B B B B B
- 5 F 2 B A B A
- -2 = 2 B A B
" 2 F 38 B A B A
- 5 B 5 B 5 B N
- 2 F 5 B - B -
- 5 F 5 F B B N
= 5 5 2 B B B =
5 = B 5 B 5 B =
- 5 F B F B B =
B =5 F B B B B =
B @ F A F N B W
= 4 5 2 F 2 B B
" N B 32 F B OB W
- 4 F 5 F B B =
5 5 B -2 B =5 B B
" - F 3 B 3 B .
" 5 F 2 F B B =
- @ F 5 F = F A
o=
=5 F 2 B 5 B =
5656 0
(a) GRC Array (b) Chromium
6395 Q
| ! 6392 0
123290 6270 Q0 62430
' 59140 6064 62
173310 _ _ 6197 0 6616 0
12336 Q ] 5937 Q 6216Q
162250 | 179810 | s/870 | 60150 6485 Q)
21786 Q. 6367.Q | 6173Q | 64010
6459 Q) | 6159Q | 68250
12786 2 64250 ; 6709 Q 6800 Q
11078 Q2 6293 Q ; 16236 Q 6699 0
11084 02 62320 232810 6428 Q 6752 (2
9427 0) 6106 Q 63090 | 270330 : 6927 0
6087 0 6164 0 665102 13994 Q 5796 6547 0 7439 0
7805 £ 594500 6350 Q 9176 Q 61610 65189 O 6903 Q 8009 0
6970 Q 6100 10114 Q 6568 Q 6463 Q 6844 Q
1 | e | 81640 6500 Q 6958 695002 7795 Q
5765 0) 60700 67150 7000
56490 61600 7403 Q 67270
702802 69110
90600 | 67160 64150 6763 £)
62200 71240
59300 | 6200 | 63640 :
(c) Nickel (d) Titanium

Figure 4.35: Heat Map created using graphene channel resistance data and physical
location of the graphene channels on the substrate. Colour coded from lowest resis-
tance, represented as green, to the highest resistance or broken channel represented
in red. (a) CAD graphic of Graphene Resistor Chip (GRC) array on 50 x 25 mm
SiO4/Si substrate. (b) visually shows no strong trend hot spots of low resistance.
(c) visually shows some clusters of higher and lower resistance. (d) visually shows a

gradient across the substrate from high to low resistance left to right.



Due to the large variation within each sample, further investigation was required
to determine the adhesion metal that yielded the lowest resistance and highest device
yield. Previous devices were fabricated based on the Graphene Resistor Chip design
to increase total number of graphene channels per sample. This test was done using
the Dip Chip design to mimic exact device production procedures. One 100 mm
wafer from Graphenea wafer number F57339 was divided into 4 quarter pieces to
reduce inter wafer variability for each of the adhesion metals tested. The extra
quarter that Palladium (Pd) as the graphene contact metal. Previous experiments
have shown Palladium produce a low resistance contact with graphene [29].

The resulting resistances were calculated from devices that produced a linear IV
response. Each quarter wafer produced 8 Dip Chip Origin chips this gives a total
of 24 graphene channels per metal tested. The device yield for linear IV working
devices for Cr, Ni and Ti were all within the 96% - 100% range. However, the
purely Pd based metal stack resulted in a device yield of 13%. This was caused by
the metal contacts lifting off around the graphene due to pour adhesion with the
SiO5. The three resulting graphene channel resistances from the Pd quarter piece
were not included in the analyses due to lower repeat number.

Table 4.10 shows the distribution of the adhesion metal resistance data in terms
of skewness and kurtosis, as one or both of the calculated numbers are above 2 this
suggests the data is not normally distributed for each metal [30]. Descriptions of

skewness and kurtosis can be found in the Appendix 8.2.1

Table 4.10: Distribution data calculated from the adhesion metal comparison

graphene resistances.

Skewness Kurtosis

Chromium | 2.26 7.54
Nickel 1.87 2.63
Titanium 3.39 14.74

Figure 4.36 shows the resistance data for each of the metals tested. The Median
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resistance for Cr was found to be the second lowest at 8190 £1474 2 with Nickel
being the lowest at 6787 £1493 €2 and Titanium the highest at 10865 42716 2.
The Relative Standard Deviation was lowest for Chromium at 18% followed by
Nickel at 22% with Titanium having the highest at 25%. Nickel was shown to be
significantly lower than Chromium and Titanium, (P = 0.005 anf P < 0.0001 Mann
Whitney test). Chromium was also shown to have a significantly lower resistance
than Titanium, (P < 0.0001 Mann Whitney test). Both Chromium and Nickel
have been reported in the literature as producing the lowest contact resistance to
graphene. The most reported figure shows Nickel as producing the lowest contact
resistance this could be due to its low carbon solubility, compared to Titanium
which is likely to form Ti Carbides at low temperatures removing carbon from the

graphene sheet [31] [32].
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Figure 4.36: Box and whisker plot of device resistances comparing adhesion metals

in contact with the graphene.

In conclusion both Nickel and Chromium produce graphene chips with very sim-
ilar IV characteristics. Based on the literature Nickel is a better candidate for pro-
ducing the lowest contact resistance. However, at this stage with the current length

and high resistance of graphene channels either metal can be used for fabrication.

Pre-Transfer Yttrium Sacrificial Layer Process

The yttrium sacrificial layer integrated into the Pre-Transfer fabrication process
flow was included to reduce contaminants (e.g. photoresist) from contacting the
graphene surface, therefore not leaving residues after device fabrication.

The thickness of Yttrium deposited onto the graphene (and whole substrate
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surface) was between 5 - 12 nm, based on internal crystal monitor reading of Quorum
Sputter Coater, the thickness was then confirmed by Ellipsometry. Due to the lack
of substrate shutter on the Quorum Sputter Coater whilst in thermal evaporation
mode, precise termination at an exact thickness is not possible.

With the thickness variation the wet etch is also variable for each batch process.
To identify an etch endpoint the colour change of the graphene channel is used
as an indicator of yttrium removal. Figure 4.37 shows the graphene channel with
yttrium present (light blue) and the graphene channel once Yttrium is etched away
(dark blue/purple). The final wet etch step of the fabrication process removes the
Yttrium from the entire graphene channel. All yttrium must be removed in order to
functionalise the graphene channel (especially when 7-7 stacking functionalisation

molecules).

Viagnification: X400D.0 Viagnification: X4000.0

Metal Contact

Metal Contact

(a) (b)

Figure 4.37: Keyence 4000x zoom image of right hand edge of graphene channel and
metal contact pad region. (a) Post metal lift off step 7a, yttrium layer remains on
majority of graphene area (light blue colour). (b) Post HCI yttrium etch step 7b,

Yttrium layer removed from graphene channel post 30 second etch.

The effect of graphene damage from Yttrium deposition was studied using both
thermal evaporation (Quorum Technologies Q150) and magnetron sputtering (Lesker
PVD 75). The PVD deposition parameters were trialled for Yttrium deposition on

graphene to attempt a reduction in damage. Both the pressure and sputtering power



were reduced to their individual extremes and overall minimum settings, that were
able to strike a plasma see and deposit material parameters in see Appendix. Each
of these methods were tested on blank monolayer graphene 10 mm x 10 mm chips.
However, these sputtering methods damage the graphene to such an extent that
Raman spectra could not be obtained from the graphene [33].

The potential damage, doping and residue was analysed using Raman spec-
troscopy performed on a graphene on SiO,/Si test piece, fabricated by TFA an-
nealing, Yttrium evaporation and Bi-Layer photoresist, Photoresist LOR removal
protocol and HCI yttrium etch process. Figure 4.38 shows the 50 x 50 ym Raman
map scans of the 2D /G ratio and D /G of the graphene sample. The map scans reveal
an evenly distribution of ratios in a small scale range. This suggests representative

graphene maps show no signs of major damage or doping.

Figure 4.38: Raman map scan 50 x 50 pm: (a) Yttrium Sacrificial Layer Pre-
Transfer Process graphene 2D /G ratio, (b) Yttrium Sacrificial Layer Pre-Transfer
Process graphene D/G.

Figure 4.39 shows the Raman spectra for Yttrium Sacrificial Layer processed
graphene compared to the Bi-Layer processed graphene sample. There is visibly no
difference in the height of the 2D peak and no sign of the 2D or G peaks shifting.
This suggests no noticeable change in the doping or strain applied to the graphene.
Additionally, the extra peaks seen in Bi-Layer (LOR) spectrum are not present

in the Yttrium processed sample. This suggests that the Yttrium layer prevents
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photoresist residues from the Bi-Layer process adhering to the graphene surface.

This means a cleaner graphene surface in the finished G-FET device.

1.8 T T T T T T T ——7C process - LOA
|— Yttrium process |

Intensity jau)

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Wavenumber (cm”')

Figure 4.39: Raman spectra normalised averaged from the map scan data of Bi-Layer
processed graphene and Yttrium Sacrificial Layer process plus Bi-Layer processed

graphene.

Table 4.11 shows calculated averages for the 2D/G and D/G ratio and the de-
rived grain size for each process. There is no difference in the 2D /G ratio suggesting
no additional doping/strain is being applied through the use of the Yttrium pro-
cess. The D/G ratio appears to be higher in the Yttrium process but also has a
higher standard deviation. When comparing the Yttrium data to blank annealed
graphene data the D/G (0.0999 £0.047), it is not significantly higher. This suggests
the Yttrium process does not result in higher levels of damage, doping or strain
in comparison to the blank annealed graphene sample. This makes it viable for

integration into the Pre-Transfer process to improve the graphene surface quality.



Table 4.11: Average peak ratios and calculated grain size for Bi-Layer Process and

Yttrium Process.

Approximate

I,p /I Ratio Ip/Ie Ratio
Grain Size (L)

Blank TFA
1.0802 £0.1608 0.1047 £0.0349 183.6 +61.2

Graphene

Pre-Transfer Process
1.1058 +0.1037 0.0655 £0.0150 293.5 £67.2

Bi-Layer Protocol

Yttrium Sac Process
0.9568 +0.1254 0.0991 +0.0446 194.0 +87.3

Bi-Layer Protocol

Conditional Annealing Process + Yttrium Sacrificial Layer

Additionally, the devices fabricated using the standard 400 °C tube furnace anneal,
the low temperature anneals were also used to fabricate chips with and without the
additional Yttrium sacrificial layer process steps. GRC design chips were fabricated
on 20 x 50 mm graphene on SiO4/Si test pieces to give 112 graphene channels per

experimental set.

Figure 4.40 shows the resistance data of the standard Pre-Transfer process and
Yttrium Sacrificial Layer process. The average (median) resistance of the Standard
process was 5315 £2371 €2 and the average resistance of the Yttrium sacrificial layer
process was 4998 +£906 (). The average resistances calculated were significantly
different, (Mann Whitney test P = 0.0001). The Standard Deviation difference was
also significant, (F Test for Variance P = 0.0001). The total number of devices
within 10% of the Median increased from 12.8 % to 21.1 %, which suggests the yeild

of devices produced with the Yttrium process had lower variability.
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Device Resistances Standard Process vs. Yttrium layer Process

20000
g 15000
=
&)
8 10000-
[
8
A7)
(/)]
¢ s000] ==
0 1 1
9 9
009 o‘z'e
o o
< <
6Q A
< &
o S
0(‘ .\\.

Figure 4.40: Comparison of device resistances of the standard Pre-Transfer process,
and the Yttrium Sacrificial Layer process (3x batches were processed 112 graphene

channels per process).

Devices fabricated using a vacuum oven anneal for 24 hours 200 °C resulted in
graphene channels present on the surface for both process methods (not delaminated
during processing). However, when IV measurements were performed on the low
temperature Pre-Transfer processed devices. There were no linear IV responses
measured (no conducting graphene channels). Out of the low temperature Yttrium
process, only 3 channels were able to generate a linear IV measurement. Resistance
was calculated and all were within the expected 4 - 6 k{2 range. With only 3 out of
112 channels working the resulting device yield is 2.68 % This is very low and would
not be recommended for a fabrication process flow.

The devices fabricated without the pre-process anneal resulted in 0 working de-
vices. To understand the reason for the low yields a further optical examination

was performed using Keyence digital microscope. Figure 4.41 shows graphene de-



lamination of the channel for both process flows, where the graphene layer did not
remain intact. This suggests that the standard pre-process annealing (400 °C) step

is required for both processes.

Wagnificanon: X1000.0} Wagnificanon: X1000.0}

(a) (b)

Figure 4.41: Keyence 1000x zoom image of graphene channel and metal contact
pad region. (a) Post Yttrium Etch, graphene channel partially remains but is dis-
connected from metal contact pads. (b) Post Metal Lift-Off step 7, No graphene

channel remains.

Post-Transfer Process: Comparison Of Photoresists Removal On Graphene

Cleanliness

The Post-Transfer process requires the use of 1 photolithography step to create
an etch mask using a single layer positive PR AZ 5214 E protocol. Figure 4.42
shows the Raman map scans (50 x 50 pum) with the 2D/G ratio and D/G ratio
displayed for each samples. The Post-Transfer blank graphene shows similar ratio
scales to the AZ 5214 E sample. Each map scan shows evenly distributed areas of
damage and doping with minimum hot spots. This suggests the graphene samples
are fairly representative without any significant flaws or double layer patches. As
these samples have not been annealed the 2D peak ratio is above 2, consistent with
pristine graphene [34].

Figure 4.43 shows the normalised spectra of Raman map scans for the blank Post-
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(c) Single layer PR, 2D/G (d) Single layer PR, D/G

Figure 4.42: Raman map scan 50 x 50 pm: (a) Blank Post-Transfer graphene 2D/G
ratio, (b) Blank Post-Transfer graphene D/G, (c) AZ 5214 E processed graphene
2D /G ratio, (d) AZ 5214 E processed graphene graphene D/G ratio.



Transfer graphene and 5214 E processed graphene. Similar to the map scans there
are no distinct differences in height between 2D or G peaks between the samples.
There are also no notable peak shifts that would indicate signs of doping or strain
applied to the sample by the photoresist or cleaning. This suggests the photoresist

has no effect on the graphene for strain/doping.
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Figure 4.43: Raman spectras normalised and averaged from the map scan data of

blank Post-Transfer graphene and AZ 5214 E processed Post-Transfer graphene.

Table 4.12 shows the averaged ratios 2D/G, D/G and derived grain size L, for
the blank Post-Transfer graphene and AZ 5214 E processed graphene. The quanti-
fied results show no significant increase in damage or doping from the photoresist
processes compared to blank graphene. The Post-Transfer AZ 51214 E processed
graphene has much less doping, strain and residue compared to the previously tested
Pre-Transfer process, whilst the structural damage appears in a similar range for

both process flows.
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Table 4.12: Average peak ratios and calculated grain size for Post-Transfer Blank

graphene and AZ 5214 E photoresist process.

Approximate

Grain Size (L)

I,p /I Ratio Ip/1s Ratio

Post-Transfer

Blank Graphene

2.2416 £0.1939 0.0655 £0.0407 293.5 £182.4

Post-Transfer

A7 5214 E Processed

2.5455 £0.2658 0.0464 +£0.0139 414.3 +124.1

Pre-Transfer

TFA Graphene

1.0802 £0.1608 0.1047 £0.0349 183.6 £61.2

Pre-Transfer
1.1058 +£0.1037 0.0655 £0.0150 293.5 £67.2

Bi-Layer Processed

Post-Transfer Process: Comparison Of Capping/Contact Metal

The Post-Transfer method used a single metal process step as oppose to graphene
metal sandwich or stacked structure, using the capping metal as the graphene con-
tact metal. Based on a search of the literature noble metals such as gold, palla-
dium and platinum have been analysed with respect to their contact resistance for
graphene electrical devices. Gold produced lowest contact resistance. Using the
noble metals to compare contact resistance was not possible with the Pre-Transfer
process method due to delamination of the contact metals. However, the effect on
yield and wafer resistance / wafer wide standard deviation could be compared with

the Post-Transfer process.

Eight standard Dip Chips were fabricated, each using 20 nm of chromium ad-
hesion metal and 80 nm of capping metal, this results in 24 graphene channels to
perform IV measurements on. Figure 4.44 shows the calculated resistances from the
three capping metal chosen gold, palladium and platinum in a Box and Whisker plot.

Two sets of the palladium capping metal were tested to compare sample variation.
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Figure 4.44: Comparison of Capping / Contact metal on two terminal resistance

measurement of graphene channels using Dip Chip Design.

Table 4.13 shows the average resistances, standard deviation and relative stan-
dard deviation (RSD) for each capping metal. There is a significant difference be-
tween the resistance measurements of the Gold capping metal and Palladium set
1, set 2 and Platinum (P value of 0.004, unpaired t-test with Welch’s correction).
This suggests gold makes the lowest resistance devices for the Post-Transfer process
flow. There was no significant difference between the palladium sets and the plat-
inum. There was also a significant difference between the Palladium set 1 and set
2, which suggests that batch to batch processing can have a larger effect than the
metal used for the capping / graphene contact. These results suggest that any of

the noble metals can be used for Post-Transfer process flow to produce the graphene
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Dip Chip devices, as the metal contact resistance is similar (Au and Pd would be

recommended).

Table 4.13: Calculated resistance averages and relative standard deviation for cap-

ping metals deposited as part of the Post-Transfer Process

Gold Palladium Set 1 Palladium Set 2 Platinum
Mean Resistance (§2) | 8614 10101 9442 10427
Standard Deviation | 997 836 736 909
RSD (%) 11.58 8.27 7.80 8.72

Post-Transfer Process: Comparison Of Dielectric Substrate

Alternative substrates were investigated in order to investigate their effect on graphene
channel resistance. Silicon Nitride (Si3Ny), as a graphene FET substrate, has been
shown to produce similar electrical properties as SiO5 and produce distinctive Dirac

peaks whilst performing Dirac point measurements [35].

A set of 8 standard Dip Chips were fabricated totalling 24 graphene channels on a
SizNy substrate wafer. IV measurements were used to calculate he average resistance
measured on SizgN, substrate, which was 19664 4+3060 2. This is approximately
104 % more than the average resistance measurement on SiO, of 9626 786 (.
Figure 4.45 shows a large range of data as seen in the relative standard deviation
of the SizNy set (15.6 % compared to 8.8 % for the SiO, set). This suggests that
Dip Chip devices can be fabricated on SizN, substrates. However, the electrical
performance does not equate to SiO,, as the average resistance per channel has
doubled. This could potentially reduce sensitivity to resistance change, which would

be detrimental for a “chemiresistive’ sensor.
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Figure 4.45: Two terminal resistance measurements using Dip Chip Origin design

using different dielectric substrates for Post-Transfer fabrication process.

The reason for the higher two terminal electrical resistance on SizNy is due to the
higher sheet resistance reported for monolayer graphene on SizN,. This caused by
graphene’s lower carrier mobility on SizNy4 substrates, the reduced carrier mobility
is due has been linked to impurity densities in the deposited film and subsequent

charge scattering [36].

Improving Graphene Transfer Yield, Buried Electrode Process

As previously stated, graphene transfer is provided primarily by a contracted com-
pany HexagonFab. The company has a guarantee on number of working graphene
devices (conducting graphene channels) of 50 %. The yield of working devices for

2 wafers each containing 96 potential graphene channels was 73 %. In order to in-
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crease device yield increasing surface flatness has been recommended as a method
to improve graphene performance [37], [38].

With the standard SiO, thickness being 300 nm, there is vertical space in this
layer for the metal contacts to be etched away and the metal to be deposited within
the etched trench regions producing a flatter overall substrate for graphene transfer.
Figure 4.46 shows an infographic with approximate material dimensions. The thick-
ness of the metal contact pads have been reduced for proof of concept to match the
achieved SiO, etch depth. Contact pads in graphene research for IV probing can
be much thinner that of standard devices that would require interconnects in larger

circuits [39].

Metal

(a) (b)

Figure 4.46: (a) Represents the standard Post-Transfer fabrication process. The
graphene approx 0.36 nm in thickness does not lie flat on the substrate at the metal
contact interface, creating regions of stress at the corners of the metal contacts
and reduced surface adhesion. (b) Buried electrode Post-Transfer concept, with the
metal sunk into the SiO4 dielectric layer resulting in a flatter surface with less impact

on the graphene surface.

An etch series was performed to optimise the SiO4 etch process using the Oxford
Instruments RIE tool. The etch series was time based and was done on 20 mm x 20
mm chips which had been photo-patterned with a photoresist etch-mask. The total
exposed area of SiO, was less than the total exposed for a full wafer etch, this will
create some discrepancy in etch depth when compared to full wafer etch, due to the

total exposed surface area of SiO, to the etch gases.



However, this etch characterisation is useful to check if the etch rate is linear
for the depth targeted. After the etch process the photoresist etch mask was then
removed using a Solvent Clean revealing the surrounding non etched SiO, surface.
The step height of the etch was measured using AFM and averaged over 5 regions
per map and 3 maps per quarter. Figure 4.47 shows the etch depth with respect to

time plotted, the average etch rate was calculated as 0.86 nm/s.
Etch Time against Average Etch Depth

160 y=0.9203x-5.2267 &
140
120

80 e

Average Etch Depth (nm)

&0

40

o 20 40 &0 a0 100 120 140 160 180 200
Etch Time (s)
Figure 4.47: SiO etch series based on increase etch time against the depth of etch,
using 20 mm x 20 mm SiO,/Si chips partially photo-patterned with etch mask

Using the line equation from Figure 4.47 a new etch series on two full wafers,
photo-patterned using the metal electrode mask for Dip Chip for targetted etch
depths of 50 nm and 100 nm (corresponding predicted etch times 60 s and 114 s
was performed). The resulting etch depths for full wafer exposed SiOy were 26 nm
and 50 nm. These etch depths fell short of the expected results only achieving 50 -
52 % of the expected depth. Based on these results the etch rate for full wafer Dip
Chip Origin pattern was 0.44 nm/s. Based on this etch rate a wafer was etched for
137 s for a target etch depth of 60 nm. An average of 57.6 nm was measured across
the wafer.

This process was repeated on a second wafer but the photoresist etch mask was
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retained. The photoresist used was nLOF 2070 (Microchemicals GmbH, Germany),
a negative photoresist for metal lift-off. PVD deposition details can be found in Ma-
terials and Methods Chapter section 3.7.1, metal deposition step was then tailored
to fill the etched SiO, trench. 20 nm of Cr adhesion metal and 40 nm Pd capping
metal was deposited on the wafer. Metal lift-off was performed using 10 minutes in

Technistrip D350 at 80 °C, followed by a solvent clean.

The resulting metal electrode appearance looked irregular / rough. SEM was
used to investigate the metal edges of the buried contacts as well as AFM to deter-
mine the resulting step height of the metal contact pad relative to the SiO, substrate.
The SEM identified metal that did not lift-off effectively during the lift-off process
(Figure 4.48). Figure 4.49 shows the AFM cross section profile with an average step

height of 3 nm calculated for the metal electrodes.

—“-’ .

Peeling

Figure 4.48: (a) SEM 4000x magnification corner region of rectangular metal elec-
trode using buried back contact process, curled edges of metal roughly visible. (b)
SEM 22000x magnification of horizontal region of metal electrode (a) clearly showing

deposited metal folded over at edges.
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Figure 4.49: (a) AFM 3D representation of 100 ym x 75 pym scanned area showing
step height from Silicon Dioxide surface to buried metal electrode structure (b)
Height linear profile averaged from 10 um wide area path, height of Silicon Dioxide

set as 0 nm.

The resulting chips were manually planarized using a lint free cloth and IPA
to remove some of the curled metal edges that had resulted in the rough edges.
SEM was used to check the planarized surface. Figure 4.50 shows SEM images of
planarized buried electrode metal edges. Most of the curled metal was removed re-
sulting in smooth clean edges. However, some sections of curled metal still remained.

To remove all metal a wafer polishing/planarization tool would be required.

Graphene transfers and the remaining steps of Post-Transfer fabrication process
was completed on two wafers with metal electrodes fabricated using the buried back
contact process. The resulting device yields were calculated as 79 % 83 %. Further
wafer transfers will be required for statistical analyses. However, based on early
results, device yield from graphene transfer can be improved using the buried back

contact method.
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Clean Edge

Peeling Metal
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Figure 4.50: (a) SEM 22000x magnification of metal electrode after planarization
process, excess metal still visible but predominantly clear. (b) SEM 22000x magni-

fication of metal electrode all excess metal removed



4.5 Graphene Sensor Electrical Testing

The sensor designs are based around the use of a custom made SD card connector
PCB, which in the future would form part of the point of care diagnostic setup.
The PCB connector allows for easy electrical connection and device testing, and
also allows for testing to be performed in solution eliminating the use of electrical
probes. The PCB connector was tested and compared to electrical probing using the
IV probe station to compare measurement variance over time and total circuit resis-
tance. Additionally, optimisation of the measurement process including grounding
vs gating of device bulk silicon was performed to reduce noise in the current mea-
surement. Base-line measurements of the device were also performed, comparing
measured voltage vs measured current and the speed of data acquisition on the
accuracy of the measurement.

The Multiplex design was tested using liquids drop-cast (pipetted) onto individ-
ual graphene channels to test the procedure for multiplex functionalisation. Mea-
surements were performed on each on the graphene channels before and after drop-
casting with one graphene channel left blank as the control. The channels were
then test functionalised using a drop-cast aptamer solutions, so that each graphene
channel would be functionalised with a different aptamer bio-receptor as a proof of
concept test for the Multiplex Design.

The Inverted MOSFET design was tested by performing gated FET measure-
ments on the graphene channels. The fabrication process was optimised comparing
Si0y and Al,O3 gate oxides for the MOSFET design. The resistance shift of the
graphene channel due to electric field generated at the gate electrode was measured
and compared for the Inverted MOSFET design and standard bulk silicon gate
design.

The Matrix design fabrication process flow was optimised comparing polymer
and dielectric interlayers, between the two layers of metal tracks/electrodes. The
channels were then measured individually for a proof of concept test to show that

all 9 channels can be operated individually.
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4.5.1 Materials & Methods

IV Data Acquisition

Linear IV measurements -1 V to 1 V were performed and the resulting measured
current and input bias was saved as a csv file output. Details of IV measurements
can be seen in the Material & Methods Chapter section 3.11.2.

Source-Drain Curves from 0 V - 1 V were performed with constant gate bias,
the gate bias is stepped after each sweep from 0 - 5 V. Measured drain current,
input drain bias, measured gate current and input gate bias were saved as a csv file
output.

Gated FET (Dirac Point) measurements were performed using parameters found

in Material & Methods section 3.11.2.

IV Data Processing

CSV files for real-time measurements were processed in Excel (Microsoft, USA). The
voltage was plotted against current. The resistance was calculated from inverse of

the slope calculated from the linear region of the I-V graph.

Timing Data Processing

The speed of device handling and measurement taking by human operators were
compared. All comparisons of timings for probe station to PCB connector opera-
tion were analysed using an unpaired t-test with Welch’s correction for non equal

variance.

Inter IV Probe Station Comparison

A comparison set of measurements were performed on the EverBeing IV probe
station and Inseto IV probe station. The resulting resistances and measurement

variance were shown to be significantly different. For all experimental measurements



a single probe station was used throughout (EverBeing). The experimental set up

and results can be seen in Appendix section 8.2.3.

Measurement Speed Experimental Setup

To investigate the effect of changing step time on data reproducibility, a set of thirty
IV measurements were performed with step time 0.2 s and 0.05 ms, measurements

were taken alternately on a single graphene channel.

This set was then modified to a single IV measurement taken at each step time
for 20 different graphene channels. The step time used first was alternated for each

graphene channel measured.

PCB Connector vs IV Probe Station Experimental Setup

To evaluate the measurement accuracy of the SD Card PCB connector, measure-
ments were performed on 12 graphene channels across 4 Dip Chip Design chips.
The 12 graphene channels were then measured again using the EverBeing IV probe
station. All channels were measured 10 times in each set up to calculate the variance

between repeat measurements.

The time taken for a two terminal resistance measurement of a graphene chan-
nel on the graphene dip chip was compared when using the SD card connector to
the EverBeing IV probe station. Five users with previous training and experience
using the IV probe station were selected from the then current cleanroom user list
(01/10/2017 - 01/10/2018). The trained individuals were given the same scripted
safe operating procedure of the semi probe IV test station and the SD card con-
nector. The graphene dip chip used for the experiment, the Semi-Probe IV probe
station’s micro manipulators and the SD card connectors starting positions and ori-
entations were maintained for each user. Each user was asked to repeat the process

three times per set up.
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Connecting Bulk Silicon Into IV Measurement Circuit Experimental Setup

To evaluate the integration of the bulk silicon into the IV measurement circuit,
12 graphene channels were measured in each circuit setup (silicon grounded, sili-
con gated 0 V and silicon not grounded) in both the SD Card connector and the
EverBeing IV probe station. Each channel was also measured 10 times in order to

measure variance between each technique.

Multiplex Design Testing Experimental Setup

Matrix Design Dip Chips were fabricated using the Post-Transfer process within
1 week prior to testing. Graphene channel isolated resistance change testing was
performed by pipetting a 5 ul volume of di H,O onto channel one, channel two was
left blank as a control and 5 pul of ethanol was applied to channel 3. IV measurements
were performed on each of the channels three times prior to application of the
solutions and measured a further three times 10 minutes after the application of the
solutions. This was repeated on five chips for proof of concept.

Functionalisation testing was performed using aptamer (Thrombin and Brain
Neurotic Peptide) application solution (Further details can be found in section 6.2.9).
The application solution for Thrombin aptamer 10 ul was applied to channel 1,
channel 2 was left blank and Brain Neurotic Peptide aptamer was applied to channel
3. The solution was incubated on the graphene surface for 12 hours followed by PBS
wash steps and drying. IV measurements were performed on each of the channels
three times prior to application of the solutions and measured a further three times
10 minutes after the application of the solutions. This was repeated on five chips

for proof of concept.

Inverted MOSFET Design Fabrication Optimisation

Fabrication optimisation for the gate dielectric deposition and dielectric etching were
tested during the development of the Inverted MOSFET Design Dip Chip. The first

metal pattern layer follows the same process steps as the standard Post-Transfer



Fabrication process.

The first dielectric layer tested was SiOs, deposition of SiO, was performed
using PECVD (SPTS Technologies) to deposit a 300 nm thick layer onto the metal
patterned wafer. Recipe for SiOy deposition can be found in Materials & Methods
Chapter section 3.8.2. The seconds dielectric layer tested was Al,O3, deposition of
Al,O3 was performed using MVD (SPTS Technologies) to deposit a 50 nm thick
layer onto the metal patterned wafer. The recipe for AlyO3 deposition can be found
in Materials & Methods Chapter section Al;Os.

Dielectric via etch of SiOy was performed by wet BOE etching recipe (Section
8.1.5). SiO; etch was also performed using RIE (Oxford Instruments) SiOs etch
recipe (Section 6.3.3). Al,O3 was etched using AZ 726 Al;O3 etch protocol (Section
3.6.5).

The roughness value for MVD deposited Aluminium Oxide = 0.2 nm RMS

Via filling was performed using PVD metal sputtering (PVD protocol found
Section 3.7.1). For SiO, via filling, a total metal deposition of 310 nm was chosen
comprising of 200 nm Cr and 105 nm Pd. For the Al,Oj3 via filling, metal deposition
of 55 nm comprised of 10 nm Cr and 45 nm Pd.

Matrix Design Fabrication Optimisation

Fabrication optimisation for specific process steps were tested during the develop-
ment of the Matrix Design Dip Chip. The first metal pattern layer follows the same
process steps as the standard Post-Transfer Fabrication process.

A permanent polymer photoresist (EpoClad) and a MVD deposited Al,O3 layer
were investigated as the Matrix design interlayer. The layer between the 1%¢ and
2" metal tracks/electrode. Spin coating of the EpoClad layer was performed using
spin coating and photolithography (protocol found in section 3.5.4). The second
photolithography and metal patterning steps were performed using the standard
Post-Transfer Metal process steps.

The AlyO3 50 nm dielectric layer was deposited by MVD. The Al,O3 layer was
etched using AZ 726 Al,O3 etch protocol. The second photolithography and metal
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patterning steps were performed using a modified version of the Bi-Layer photore-
sist protocol, using AZ 400 K (MicroChemcals GmbH, Germany) developer as a
replacement for the AZ 726 developer step.

Matrix Design Electrical Testing

To perform IV measurements on all 9 graphene each channel represents a specific
combination of source drain electrodes. The six contact electrodes are divided into
source and drain electrodes, the first three electrodes (source electrodes) labelled
A, B and C and the second three electrodes (drain electrodes) labelled 1, 2 and
3. Graphene channel 1 can be measured by probing A and 1, graphene channel 2
can be measured by probing A and 2 all the way through to graphene channel 9
measured by probing C and 3 (Figure 4.51).

Figure 4.51: IV measurement process for Matrix design Dip Chip testing.

4.5.2 Results & Discussion

Effect of measurement speed on data reproducibility

When performing IV measurements on graphene devices using the preset (Kieth-
ley TSP Express) measurement step time of 0.2 s, the total machine time can be
calculated by multiplying this by the 101 steps that make up a linear sweep mea-

surement. This results in a total measurement time of 20 s. When measuring a full



wafer of 32 Dip Chip graphene sensors, each chip contains 3 graphene channels and
measuring each channel in triplicate equals 288 measurements. The total machine
measurement time (excluding measurement setup|) will be approximately 5812 s
(97 minutes). By reducing the step time to 0.05 s the time spent per measurement

reduces to 5 seconds reducing total machine time to 1454 s (24 minutes).

Table 4.14 shows the average calculated resistance data for the single graphene
channel measurement at each step time. Comparing the average (mean) resistance,
the percentage difference between the numbers was calculated to be < 1 2 which is
0.002 %. The difference between the two data sets was not significant. From this
result the change in resistance due to other unknown factors is far greater than the

difference due to step time.

Table 4.14: Comparison of resistance measurements made on 400 x 100 ym graphene

channel using the 0.2 s and 0.05 s step time setting on Keithley 2636 B measurement

unit.
Step Time 0.2 s Step Time 0.05 s
Mean (Ohms) 4834.63 4834.13
Median (Ohms) 4833.33 4833.45
Range (Ohms) 13.61 13.56
Standard Deviation | 3.80 3.10
Relative SD 0.08 % 0.06 %

To investigate step time further, 20 graphene channels were individually mea-
sured using both the 0.2 s and 0.05 s step time. Table 4.15 shows the analyses
of these resistance measurements. Comparing the average (mean) resistance a dif-
ference of 4.67 Ohm (0.09 %), the difference between the two data sets was not

significant.
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Table 4.15: Comparison of resistance measurements made on 20 graphene channels,
dimensions 400 x 100 /mum using the 0.2 s and 0.05 s step time setting on Keithley

2636 B measurement unit.

Step Time 0.2 s Step Time 0.05 s
Mean (Ohms) 5466.26 5461.59
Median (Ohms) 5344.48 5353.92
Range (Ohms) 2006.15 1967.16
Standard Deviation | 591.78 581.79
Relative SD 10.83 % 10.65 %

This data suggests that the step time does not effect the measurement accuracy
within the range tested. IV measurements will be perfromed using the 0.05 ms step
time for this body of work. This reduces machine process time by %1, the timing

bottle neck becomes the operator interacting with the software and GUI.

Comparison Of IV Probe Station & PCB Connector

To evaluate the SD Card PCB Connector in comparison to the IV probe station
resistance measurements were performed on 12 graphene channels, the resistances
of the channels were then compared. Figure 4.52 shows a box and whisker plot of
the calculated resistances, the average resistance was calculated for the IV probe
station (9462 £1034 ) and the PCB Connector (9585 £1020 €2), an increase in
resistance of 1.3 %. The means were compared and the increase was shown to be
significant (P = 0.0019, paired t-test). This increase could be due to the increase
in the number of contact points or the length/type of cables used. The increase in
resistance seen when using the PCB is uniform for the measurements so should not

effect measurement accuracy.
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Figure 4.52: Box and Whisker plot showing calculated resistance measured on 12

graphene channels comparing the IV Probe Station and PCB Connector.

Secondly, the variance in the measurement itself was compared. The standard
deviation for each set of 10 repeats was calculated for each set up. The average
standard deviation of measurements on the IV probe station PCB connector were
29.1 Q and 11.0 Q) respectively. When analysing the resistance data the variance was
shown to be significantly different P = 0.0112, F - test for variance. The decrease in
variation when using the PCB connector could be explained by the uniform nature
of the pin position and pressure when using the PCB connector, which can connect
to all 6 electrodes simultaneously, as opposed to individually bringing down 2 probes

onto pairs of electrodes for each measurement.
The increase in resistance seen when using the PCB is uniform and the overall

variance of the measurement is decreased, this makes it a suitable system for sensor

based measurements especially when paired with its design advantages over the IV
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probe station. Which has more variation, due to probing variance.

PCB Connector to IV Probe Station: Speed of Analyses

The SD connector PCB was designed for the Dip Chip graphene sensor to aid in
functionalisation and sensing experiments. Part of the design functionality was to
increase the speed of measurement setup. And to reduce time taken for multiple IV
measurements made through fabrication and functionalisation. The speed of mea-

surement setup can be crucial for accurate timings during time based experiments.

Table 4.16 and Table 4.17 shows the average timings for the IV probe station
and SD card PCB connector operation. The average time taken for the two terminal
measurement using the IV probe station and PCB connector was 25.2 +3 s and 23.8
+1.9 s respectively. This suggests that the PCB connector does not increase speed

of data acquisition for a two terminal measurement.

Table 4.16: Time taken for a trained user to perform a two terminal resistance

measurement using the Semi-Probe IV probe station.

IV Probe Station Two Terminal Measurement
Trained User | Repeat 1 (s) Repeat 2 (s) Repeat 3 (s) Average (s)
1 25.11 24.75 24.5 24.79
2 29.81 23.11 22.4 25.11
B 30.18 30.62 27.43 29.41
4 22.61 20.89 18.71 20.74
5 28.97 27.14 21.73 25.95




Table 4.17: Time taken for a trained user to perform a two terminal resistance

measurement using the SD card connector set up.

SD Card Connector Two Terminal Measurement
Trained User | Repeat 1 (s) Repeat 2 (s) Repeat 3 (s) Average (s)
1 20.67 21.77 22.08 21.51
2 20.69 31.82 21.33 24.61
3 26.84 24.45 26.47 25.92
4 25.42 26.22 23.82 25.13
) 24.3 22.47 22.07 22.95

However, the PCB connector has eight internal metal pins for electrode connec-
tions at the same time compared to the IV probe station with just 2. Therefore
the PCB card connector is more efficient for multiple measurements. Using a modi-
fied Keithley script and additional Keithley Source Measuring Unit, the two terminal
resistance measurement can be taken simultaneously across all three graphene chan-
nels. If the Dip Chip design made use of all eight connector pins then 4 graphene

channels could be measured simultaneously.

Using the timings above for the PCB connector but accounting for simultaneous
three channels measurement. To compare the IV probe station for simultaneous
measurements, two additional probe station arms were added to the system and the
same individuals were asked to perform a two terminal resistance measurement on
two graphene channels simultaneously (using a modified Keithley script for 2 simul-
taneous measurements). The average time taken for two simultaneous measurements
were 43 +6.7 s as oppose to the 23.8 +3 s for PCB connector, the difference between
average time taken doing two channels simultaneously was significantly different, (P
= < 0.0001, Unpaired t test with Welch’s correction). The time taken would be
decreased further if the Dip Chip was redesigned to include 4 graphene channels
and eight electrodes.
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Effect Of Connecting To The Bulk silicon In The IV Measurement Circuit

The bulk silicon layer for the wafers used was P-type 1-10 Qcm. The graphene
is separated from the conductive bulk silicon by a 300 nm layer of SiO,. This
effectively forms a MOS capacitor. Any charge change in the bulk silicon could
effect the graphene IV measurement. To compare the effect of integrating the bulk
silicon into the graphene measurement circuit, three setups were compared. (1)
Leaving the silicon not grounded in the measurement circuit, (2) grounding the
silicon to the measurement circuit and (3) applying a gate voltage of 0 V to the
silicon.

Figure 4.53 shows box plot for the calculated resistances for the 12 channels
across 4 Dip Chips in each set up. The averaged resistance values for the graphene

channels varied over each setup, but was not significant.
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Figure 4.53: Box and whisker plot showing resistance measured on 12 graphene
channels comparing the different silicon grounding options in both IV Probe Station

and SD Card Connector.

When comparing how much variance is produced through repeated measure-

ments of the same graphene channel for each bulk silicon set up on both the IV



probe station and the PCB connector, Table 4.18 shows the average standard devia-
tion for each set up. The only statistical difference in terms of variance can be seen
between the Grounded and not grounded set up whilst using the IV probe station,
(P = 0.0175 F test for variance).

Table 4.18: Comparison of average standard deviation for the 10 repeats of resistance

measurement for each silicon connection set up.

IV Probe Station SD Card Connector
Bulk Silicon Connection

Standard Deviation (€2) Standard Deviation (£2)

Not Grounded 29.12 11.01
Grounded 10.05 6.79
Set to 0 V 21.51 10.17

The data confirms the previous work that the PCB connector produces measure-
ments with lower standard deviation compared to the IV probe station. The effect
of grounding the silicon does not seem to produce any significant changes. For best
practice all measurements will be performed with the silicon grounded in the IV

measurement circuit.

Multiplex Design: Multi Region Measurements

The Multiplex Design was created to allow for multiplex/multiple bio-receptors to be
functionalised onto a single chip. This would allow for multiple diagnostic markers
to be detected using the same sensor platform.

The Multiplex Design did not require any fabrication optimisation as the Post-
Transfer process flow was used without any modifications. To test the functionality
of the Multiplex Design Dip Chip, H,O and ethanol were drop cast onto individual
graphene channels and IV measurements performed. These solutions were chosen
as they have been shown to produce a resistance change on graphene resistors [40].
Figure 4.54 shows the fabricated Dip Chip with 10 ul solutions isolated on each

graphene channel.
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Figure 4.54: Multiplex design chip inserted into SD card based PCB connector.
Channel 1 immersed in 10 pl droplet of di HyO, channel 2 left blank and channel 3
immersed in 10 pl droplet of ethanol.

Table 4.19 shows the average resistances before and after application of drop-
cast liquid and the calculated resistance change. The change in resistance in the di
H50 and ethanol can be clearly seen, whilst the change in resistance for the control
channel was negligible. This suggests that this chip design can be used for Multiplex

drop cast functionalisation.

Table 4.19: Average resistances calculated from IV measurements pre and post

application of drop cast liquid.

Pre Liquid Post-Liquid
PercentageA (%)

Resistance (2) Resistance (€2)
Channel A

6651 7596 + 124
(Di H,0)
Channel B

7038 10114 + 30.4
(Ethanol)
Channel C

7533 7473 -0.8
(Control)

Multiplex drop cast based functionalisation was tested using this design. Using



10 pl solutions of diluted Aptamers (BasePair Bio, USA) in buffer solution, could be
directly drop cast onto individual channels. Thrombin aptamer application buffer
was applied to channel 1, brain neuropeptide (BNP) aptamer was applied to the
channel 3. During the solution 12 hour incubation period the solutions spread
across the SiOy surface and combined.

This suggests the Multiplex Dip Chip can be used for individual measurements
when applying drop casting test solutions on the surface for short time periods (10
minutes). However, the long incubation periods required for drop cast functionali-
sation caused the functionalisation buffers to mix resulting in a non specific sensor
surface. Additional packaging (microfluidic structures) is thus required for successful

multiplex functionalisation.

Inverted MOSFET Design Optimisation & Testing

The Inverted MOSFET design was created to enable gated FET style measurements
of the graphene channels. The design uses a buried metal back gate design to
allow the graphene surface to be open. This will enable sensing experiments to
be performed in both liquid and dry environments. This design could also allow
for individual graphene channels to be gated under different gate bias’ which could

allow greater measurement flexibility in the future.

Graphene
Metal Filled Channel
Dielectric Via X

A Deposited Dielectric
Soues T Gnte
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Figure 4.55: Infographic of the Inverted MOSFET design Dip Chip.
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The main process flow outlined for the Inverted MOSFET Design uses several
processes optimised in the Pre-Transfer and Post-Transfer process flows. The first
new process is the dielectric deposition step, two materials SiOy and Al,O3 were
trialled as the gate dielectric. Both materials have been used as standard gate oxide
dielectrics [41].

For the dielectric etch step with deposited SiO,, BOE etching was trailled, The
etch was successful for the window to the contact electrodes at the base of the chip.
However. the dielectric vias for graphene contact did not etch through, this was
due to the photoresist etch mask acting as hydrophobic boundary preventing BOE
entering the 50 pm diameter dielectric via. Using an RIE SiOs etch process, the SiO,
layer was successfully etched through in both the contact electrodes and graphene
contact vias. To confirm the dielectric via was etched through to the metal layer
below, IV measurements were performed between the from graphene contact via and

the contact electrodes and was confirmed as conductive (Figure 4.56).
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Figure 4.56: (a) Cross section representation of Inverted MOSFET Chip post-
dielectric etch. Checking the metal contact electrodes are exposed by IV measure-
ment check (b) Full Inverted MOSFET CAD design showing contact electrodes and

graphene contact vias.

The AlyO3 deposited dielectric was etched using Microchemicals AZ 726 devel-
oper during the photolithography step. The etch was shown to be successful using
the IV measurement test and confirmed as conductive pathway.

The next process step was the metal filling of the etched vias using PVD metal



deposition. To determine whether the estimated PVD metal deposition had a step
height above the dielectric surface. If the metal deposition does not reach the
dielectric surface level the graphene would not be able to make contact with the
metal post transfer (Figure 4.57). AFM was performed around the filled dielectric

via area.

Graphene
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Figure 4.57: (a) Cross section representation dielectric metal fill below dielectric sur-
face, graphene cannot make contact with the metal. (b) Cross section representation
dielectric metal fill above dielectric surface, graphene makes electrical connection

with the metal.

Figure 4.58 shows the AFM surface profile of metal filled via, the cross section
shows the metal fill successfully reaches the dielectric surface. However, due to the
metal sputtering technique the shadow effects of the via create a greater fill region in
the centre of the via, creating a dome for graphene metal contact. Electrical testing

Post-Transfer of the graphene layer will be needed to confirm electrical contact.
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Figure 4.58: (a) 3D view of metal filled dielectric via 50 p diameter, some rough
edge effects can be seen where excess metal deposited on the top ridge of the via.
(b) Cross section profile of metal filled dielectric via showing a metal dome structure

total dome height 44 nm above the dielectric surface.

After the metal fill step standard IV measurements were performed before the
graphene transfer process to confirm conductance of the deposited metal. Both the
SiO5 and Al;O3 devices were shown to be conductive. Figure 4.59 shows an example
IV measurement of the metal filled via to contact electrode resistance below 100 2.

Filled Via To Contact Electrode Conductance Test
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Figure 4.59: (a) Cross section diagram of metal filled dielectric vias for IV mea-
surement conductivity test. (b) IV measurement of Inverted MOSFET design chip,

metal filled via to contact electrode

Post-Graphene transfer IV measurements were performed on the graphene chan-



nels. Figure 4.60 shows the transferred graphene produces an ohmic contact. This
suggests the metal filled vias are able to contact the graphene sheet. The calculated

resistance was within the normal range for both the SiO, and Al,O3 gate dielectric.

Graphene Channel Measurement Inverted MOSFET Design
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Figure 4.60: IV Measurement of Post-Transfer graphene channel on SiO; and Al,O3

deposited dielectrics.

Field Effect Transistor Measurements The inverted MOSFET design chips
were tested using Gated FET devices in which the channel resistance is measured as
a function of the gate voltage. Firstly the SiO, gate dielectric devices were tested.
Figure 4.61 shows the Family of Drain curves Drain Voltage against Drain Current.
The results show a change in channel conductance based on gate voltage. However,
the resistance of the channel also changes throughout the measurement this indicates

current leakage from the gate electrode.
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Inverted MOSFET SiO2 Dielectric: Drain Curves
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Figure 4.61: Drain Curve IV measurements gate bias applied to buried gate 0 V to
5V

To investigate the potential leakage through the SiOy layer an IV measurement
was performed between the buried gate and the graphene channel. Figure 4.62
shows the IV data of the leak check. The resistance measured through the SiOy was
calculated as 57 k) with a current of 1.77 x 107° at 1 V, this is much higher than
thermal SiOy where current should be in the sub nA range [42].

SiO2 Inverted MOSFET Leak Test

2.00E-05

1.50E-05

-1.00E-05

-1.50E-05

Measured Current (A)
& § oo
g ¢ 2 B
& 8 & 7

-2.00E-05
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Applied Bias (V)

-

Figure 4.62: IV measurement of buried gate to graphene channel through SiO,

dielectric layer.



This suggests the PECVD deposition SiO, is unsuitable as the gate dielectric
layer. This could be due to the plasma processing which can include particle con-
tamination as well as surface damage from the energetic plasma species leading to
“pin holes” [43] . This suggests SiO2 cannot be used as the dielectric layer for the
Inverted MOSFET Design Dip Chip at this thickness.

Investigating MVD deposited Al;O3, gated FET measurements were performed
to identify the effectiveness of the buried gate electrode (Figure 4.63).

Graphene Channel
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Dielectric
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Source Gate Bias Drain

Figure 4.63: Diagram of gated FET measurement performed on Inverted MOSFET
design Dip Chip, using the buried metal electrode as the gate electrode.

Figure 4.64 shows the drain family of gated IV measurements, the current can
be seen to decrease as the gate bias is increased. The rate of change in resistance
was calculated as 281 +£71 2/V. Each current measurement crosses the Y axis at

0 V showing no signs of current leakage seen in the SiO, deposited chips.

To compare the effectiveness of the buried metal gate, a standard Post-Transfer
Dip Chip was fabricated using an Si Gate etch process. The bulk P-type silicon
was used to perform gated FET measurements on the standard Dip Chip design

(Figure 4.65).
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Inverted MOSFET Al203 Dielectric: Drain Curves
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Figure 4.64: Drain Curve IV measurements with gate bias applied to buried gate (0

V to 5 V) using buried metal gate.
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Figure 4.65: Diagram of gated FET measurement performed on standard Dip Chip,

using the bulk silicon as the gate electrode.

Figure 4.66 shows the resulting FET measurements performed using bulk silicon

gating of a standard Post-Transfer Dip Chip device. The rate of change in resistance

was calculated as 423 96 €2/V this is higher than the measurement on the Inverted

MOSFET design. However, this could be accounted for by the smaller area of the

buried gate electrode not encompassing the whole of the graphene channel.
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Figure 4.66: Drain Curve IV measurements gate bias applied to buried gate 0 V to
5 V using bulk silicon gate.

The Inverted MOSFET Design using MVD Al,O3 gate dielectric can be effec-
tively used to perform gates graphene measurements. For further validation a Dirac
point IV measurement was made using the inverted MOSFET design. Figure 4.67
shows the Dirac point measurement with peak neutrality point (Dirac Point) ap-

proximately 30 V. This confirms that the Inverted MOSFET Design Dip Chip can
be effectively used as graphene FET device.
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Dirac Point Measurement of Inverted MOSFET Design Dip Chip
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Figure 4.67: Gated FET measurement -50 to 50 V gate bias sweep, Dirac point style

measurement



Shared Source Design: Electrical Testing

The Shared Source Electrode design was created to increase yield of graphene chan-
nels per chip (5 graphene channels), whilst keeping the fabrication process flow
(and fabrication cost) the same. This increase in graphene channels will reduce to-
tal fabrication cost per channel and would enable more repeats in a sensing based

experiment.

The fabrication process flow for the Shared Source design can follow either the
Pre-Transfer flow or Post-Transfer flow. Figure 4.68 shows the Shared Source design

Dip Chip fabricated using the Pre-Transfer fabrication method.

[Magnification: X50.0] gnificaticn: 50004

(a) (b)

Figure 4.68: (a) Light Microscope image 50x zoom of right cluster metal tracks, (b)

Light Microscope image 500x zoom of graphene channel right cluster.

Checking individual resistance measurements for the Shared Source Design could
not be performed simultaneously using the PCB connector set up due to shared
source. Figure 4.69 shows IV measurements performed sequentially on each of the
graphene channel. The data shows ohmic contacts for all 5 channels on a single
chip. The average resistance for a single chip was 7112 £667 2. This design is a
simple method to increase the number of graphene channels per chip with no extra

costs, of additional fabrication steps.
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IV Measurements: Full Shared Source Design Chip
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Figure 4.69: IV measurements shows all graphene channels have a linear response

and ohmic contact.



Matrix Design: Fabrication Optimisation & Testing

The Matrix design was created to maximise the total number of graphene channels
per chip (9 graphene channels). The design requires additional processing steps but
the price per channel is estimated to be less than even the Shared Source design. The
increase to 9 graphene channels will also allow for the total number of measurement

repeats to increase further (more reliable diagnostics).

Source

1

Drain

(a) (b)

Figure 4.70: (a) Cross section of Matrix design electrical measurement per graphene
channel. (b) Full CAD diagram of Matrix design chip showing shared source and

shared drain contact pads.

To fabricate the Matrix Design chip, extra process steps are required in order to
produce an insulating layer between the crossing metal tracks. The first approach
used permanent photo resist EpoClad5. This was spun directly onto the first pat-
terned metal layer onto the SiOy wafer surface, the thickness of the EpoClad was
measured by Elipsometry as 4.87 um (Mean Square Error = 7.65).

The first and second metal layers were photo-patterned using Bi-Layer photore-
sist and Metal-Lift off using standard processes described previously in the fabrica-
tion process flow. Electrical leak tests were performed using the IV Probe Station
between the two metal layers across the deposited EpoClad layer. However, dur-
ing testing the surface of the metal was too fragile/uneven to make good electrical

contact between the probe tip and contact pad.
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Figure 4.71 (a) shows the IV measurement across the a contact pad from the
15" metal layer (metal deposited onto SiO,/Si base substrate), the resulting IV
measurement shows ohmic contact. The resistance calculated for the first metal
layer was 6.21 Ohms (approximate). Figure 4.71 (b) shows the IV across a contact
from the 2"¢ metal layer (metal deposited onto EpoClad layer), the resulting IV
measurement, showed noise. The resistance of the second metal was calculated as
92.48 a difference of 171 %. With the metal thickness and geometry of the contact
pad the same the only variation was the underlying substrate. This data suggests

that EpoClad should not be used as the insulation (interlayer) for the Matrix design.

First Metal Layer: IV Characteristics Contact Pad,d = 3 mm Second Metal Layer: IV Characteristics Contact Pad:d =3 mm

02 0.015
0.01

0.005

Bias (V)

(Voltage (V)

Figure 4.71: (a) Voltage sweep -1 V to 1 V measuring current on Cr Pd contact
pad first metal layer deposited onto polished SiO, substrate, probe position ap-
proximately 3 mm apart. (b) Voltage sweep -1 V to 1 V measuring current on Cr
Pd contact pad second metal layer deposited onto EpoClad5 layer, probe position

approximately 3 mm apart.

Aluminium Oxide was also investigated as high x dielectric material that was
successfully used as the gate insulating layer in the Inverted MOSFET design. This
method will conformally coat the metal electrode layers even with a deposition of
50 nm Aluminium Oxide onto the first metal electrode mask with a metal thickness

of 100 nm. Figure 4.72 shows a finished Matrix Design chip.



Second Metal 7 First Metal

(a) (b)

Figure 4.72: (a) Shows the centre cluster of graphene channels, the left contact
square pads represent a shared Source electrode and the right hand side represent
individual Drain electrodes (b) The first metal layer can be seen on the right hand
side, the second metal layer can be seen on the left hand side as the metal is deposited
onto AlyO3z. The centre "B G” (back gate) region represents a region of bare Silicon

Dioxide that can be removed to make gate contact to the bulk silicon.

To check the results were not affected by any leakage current from electrode to
electrode through the 50 nm Al,Oj3 layer, source-drain measurements were applied
to the first and second metal layers as an attempt to measure leakage current across
the Al,O3 layer. An IV sweep was performed (-10V - 10 V), no signal was measured
therefore it was assumed that the leakage current was below the measurable range
so would not effect the measurements. A capacitance measurement was performed
using an electrical multimeter and gave a 1.05 nF response suggesting no leakage
through the dielectric layer.

To confirm all graphene channels can be measured individually and produce their
own unique current measurement, the IV probe station was used to perform IV mea-
surements on all 9 graphene channels, using all electrode combinations. Figure 4.73
and Figure 4.74 shows the resulting IV measurements for all 9 graphene channels
of a single Dip Chip. This data indicates all 9 graphene channels can be measured

independently and therefore the Matrix design is the most efficient design in terms
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of the number of graphene channels per chip for electrical based measurements.

Drain =D Source =S Graphene Channel = G

Figure 4.73: Diagram of IV measurements for all graphene channels.

Figure 4.74:

respoimnse.
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IV measurements of all graphene channels produce a linear/ohmic

Two main fabrication approaches have been developed for graphene sensors. The

Pre-Transfer process, where graphene where the graphene is supplied on a SiOs/Si

and is present throughout the device fabrication process, and the Post-Transfer

process, where the device metal contacts are processed first and followed by graphene



transfer onto the metal and SiO,/Si substrate, the graphene is then present for the
remaining process steps.

The Pre-Transfer and Post-Transfer fabrication process both produce low two
terminal resistance measurements. The Pre-Transfer overall yield of graphene de-
vices was on average higher that Post-Transfer process with working devices above
85 % yields from batch to batch. The Pre-Transfer inter-device resistance variability
can be reduced with the use of an yttrium sacrificial layer process, preventing any
photoresist from coming into contact with graphene surface throughout the process-
ing procedure. The yttrium modified process also reduces total photoresist residue
seen in the Pre-Transfer process (Raman spectra comparing Pre-Transfer Bi-Layer
process to Pre-Transfer yttrium Bi-Layer process).

The main limiting factor of the Pre-Transfer process is the graphene anneal
steps that are required to prevent graphene delamination and consequent device
yield decreases. The graphene anneal step, performed in both Argon flow TFA
and RTA systems, induces strain and doping into the graphene lattice structure
(Raman stress strain scatter plots). Different photoresists were also compared, and
a reduction in photoresist used throughout the process reduces the total residues
present throughout. In terms of contamination, damage and strain the Post-Transfer
process produces better quality devices, without the need for annealing, due to
the transfer supplier and only using a single photolithography process with limited
solvent cleaning required. The quality of these devices made during this process are
superior in terms of minimum residues and low defect density. The limiting factors
are the total yield being on average slightly lower than the Pre-Transfer process (73
%). The Pre-Transfer process has some advantages over the Post-Transfer process,
Pre-Transfer processing produces a graphene edge contact due to the magnetron
sputtering of the metal, damaging the graphene contact region. This can produce
a lower contact resistance for Pre-Transfer devices. Both process flows should be
improved with post process annealing of the metal contacts and further thermal
cleaning of the graphene surface. This was limited in this research due to the

added contamination from the furnace sources. Further research into the substrate
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supporting the graphene should be conducted, as there is a lot of interest into the
use of multiple 2D materials such as hexagonal boron nitride (increasing the carrier
mobility of the graphene), and research into the doping effect of the substrate on
the graphene channel (Bringing the Dirac point closer to 0 V).

In conclusion the designs put forward in this chapter have each solved an engi-
neering challenge. The original Dip Chip design has enabled much faster data ac-
quisition and facilitated easy set up of multi SMU measurements compared with the
IV probe station measurements. The main advantage of this design is the ability to
make full liquid submersion measurements without risk to the back end interconnects
to each chip. It also allows rapid transfer between chips and solutions. The original
design was multi-functional allowing for additional electrodes for electrochemistry-
based measurements as well as purely electrical resistor-based measurements. These
electrochemistry-based functionalisation processes can be achieved “on chip”.

However, this design of Dip Chip is limited in terms of multiplex capability,
all graphene channels arranged so close that functionalisation solutions will cross-
contaminate from channel to channel. The Multiplex Design allows for application
of up to two drop cast functionalisation chemistries as well as a control channel
left non-functionalised. Alternatively, this could also be used to functionalise each
of the three channels separately via a drop cast method. However, for individual
electrochemical functionalisation this design suffers in the same way as the standard
Dip Chip, in that all channels are immersed in the same solution. Even though
a majority of the electrochemical material is functionalised on the specific channel,
there is some cross contamination due to the channels all still being in close proximity
and within the same solution. Further packaging is needed to enable integration with
the chip for use with electrochemical functionalisation chemistries on each channel.

The Inverted MOSFET design addresses an additional working mode for the
graphene chips; the ability to perform gated measurements isolated from the silicon
substrate. This has been used to create an electric field that changes the conductiv-
ity of the graphene channel in a similar way to back gating the device using the bulk

silicon as the gate electrode. This opens up future avenues of making dry gated and



liquid G-FET sensing measurements. The gate electrode is not submerged in ionic
preventing the risk of the bulk silicon gating the ionic liquid. Also future designs
using additional electrodes could allow the graphene channels to be individually
gated using different potentials on each channel of interest opening up different re-
search fields (e.g. CMOS). Or using different substrate and metals fully transparent
G-FET systems could be investigated for photoelectronic research.

The last chip designs aimed to increase the total number of graphene channels
per chip which could eventually increase the number of functionalisation chemistries
per chip, but also reduce the total cost per channel of the sensor. The obvious way
to reduce cost per chip is to reduce die size and add additional packaging. However,
at this testing phase, the aim was to maintain the die size and electrode layout to
be compatible with SD card connector. A simple modification used to shared source
electrode between each graphene channel and individual drain electrodes. This pro-
duces an increase in the number of graphene channels without introducing additional
fabrication steps. This design does limit the chips usability for electrochemistry, as
each graphene channel is now connected. Thus so for CV and IES the channels will
all respond as one electrode. The largest increase in graphene channels per chip
comes in the Matrix design, this increases the graphene channels by 3 times more
than the original Dip Chip design. This does increase the total number of process
steps, hence increasing fabrication costs. However, for future designs and decreas-
ing die size or increasing electrode number this design clearly excels in increasing
graphene channel numbers and should be incorporated in purely electrical based

systems.
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Chapter 5

Graphene Sensor Passivation &

Packaging

5.1 Introduction

The aim of passivation and packaging of the graphene FET sensor is to improve
the efficiency of fabrication and functionalisation of the sensor, as well as its overall
stability and sensitivity. The aim of packaging was also for improved usability and
handling in terms of sample pre-processing and measurement taking, for the future
goal of developing a diagnostic-based point of care sensor.

Passivation is used to protect the metal electrodes, isolating them from the re-
actions with chemicals used to modify the graphene surface, and from the reagents
used for electrochemical reactions. This is particularly relevant in terms of electro-
chemical based sensing that applies a potential to the graphene surface, whereby
any region of the exposed electrode (Graphene or exposed metal) will create the
circuit and therefore impact the measurement. Being unsure of whether the func-
tionalisation is primarily effecting the metal contacts or the graphene surface affects
the reproducibility of the sensor measurement.

In terms of purely resistance-based measurements, it is also important to isolate
the metal electrodes from the solution in which the measurement is being taken.
In the case of sensing in PBS salt-based solutions or when sensing analytes present
in a human blood plasma, the liquid environment can be highly ionic and result
in short-circuiting; bypassing the graphene surface and making the measurement
invalid.

Additionally, design and fabrication of a microfluidic packaging for the sensor
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requires a uniform surface with controlled surface chemistry, which simplifies the
adhesion process for the packaging material in contact with the chip surface. Passi-
vation layers also prevent potential damage to graphene channels when small dimen-
sion microfluidic channels are applied close to the graphene-metal contact boundary
when packaging is applied.

Both polymeric based passivation materials, as well as silicon-based dielectrics
and metal oxide-based dielectric films, have been investigated. The challenges for
passivating the graphene device relate to the deposition of a dielectric material
without damaging the graphene surface. This also includes the removal/etch of the
deposited material without inflicting damage. In order to remove passivation layers
in selected areas, standard dry etch processes required additional modifications e.g.
sacrificial layers, as did wet etch processes. Other approaches such as lift-off were
investigated but these suffer from high-temperature deposition processes and cannot
be used for highly conformal deposition processes. Polymeric methods were effective
but limited in terms of functionality and additionally resulted in more carbon-based
residues on the graphene surface.

After passivation the main focus of this chapter is on sensor packaging, the use of
external components to integrate microfluidic channels and sample delivery systems
with the sensor chip. Micofluide systems such as PDMS plasma bonding and direct
3D printed microfluidics are trialled to form liquid tight packaging on the graphene
sensor surface.

For use in blood clotting diagnostics the sensor packaging must be designed
on the understanding of the current operational parameters of clotting diagnostics
testing. The elements of a clotting panel that quantitatively perform detection
of molecules include the direct fibrinogen test [1] which detects the levels of the
molecule fibrinogen in circulation. The other test is for the D-Dimer peptide another
bi-product of clotting itself which can be used to monitor clotting events [2]. Both of
these molecule detection based tests can help diagnose multiple clotting disorders.

The hospital protocol requires blood samples to be taken from patients using a

Trisodium Citrate tube. These (often vacutainer) tubes are then delivered to the lab
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within 2 hours for processing. The lab will often hold the samples for up to 24 hours
and even freeze processed samples (-40 °C) for further testing if required. For the
direct fibrinogen detection method an Immunological assay of the monoclonal assay
of fibrinogen is commonly used [3]. More recently aptamer-based assays [4]. Other
clotting based disorders (heart /stroke) can also be diagnosed using the immunoassay
based approach [5]. Immunoassay based tests require a platelet-poor plasma sample
to run the assay to reduce non-specific detectable mass (blood cells). In hospital
based labs the blood sample will be separated using centrifuge step at 1500 RCF
(Relative Centrifugal Force) for 15 minutes to achieve platelet-poor plasma (platelet
count < 10, 000), this removes a majority of the circulating blood cells enabling an
increase in sensitivity of the assay.

To improve diagnostic capability and reduce time processing costs for blood sam-
ple preparation, a static microfluidic system for blood separation was investigated,
working towards a point of care system requiring only small volumes (prick test 10
- 50 ul) of blood. High flow rates and mass/flow rate difference of different sized
particles were investigated towards a rapid sample pre-processing system. Initially,
PDMS based microfluidic devices were tested as part of the blood clotting research
study. Subsequently, when applying a microfluidic package directly to the graphene
chip PDMS proved unreliable for bonding and alignment to the chip surface fea-
tures. Thus, for development of multiplex functionalisation, the use of microfluidic
3D printing was assessed. Ultimately, both of these methodologies would be replaced

with a simple plastic snap-on packaging.



5.2 Passivation

Passivation was shown to be required for both the functionalisation and sensing
stages as it is important to isolate the metal tracks out of any solutions. In the
case of electrochemical based functionalisation of the graphene channel, both gold
nanoparticle deposition and polymerised Diaminonaphthalene (pDAN) require an
acid-based solution for graphene functionalisation. This acid solution was expected
to have little effect on the metal tracks as they are capped with a noble metal (Pd,
Au or Pt) which should not corrode in the 0.25 M HySO4. However, it has been
shown that the polymerisation reaction of the pDAN on the graphene surface, as
well as gold nanoparticle deposition process, do affect to the metal tracks of the
device (capping metal Au) [6].

The electrochemical functionalisation protocol is based on a submersion method
or drop cast method. On non-passivated chips, the total area of the metal tracks
exposed to the solution is not precisely reproducible. Using the submersion method,
the total metal track area depends on submersion depth and angle of the chip holder.
The drop-casting method depends on the total area of the dispersion of the droplet.
Additionally, the sensitivity of the device will also decrease as the antibody /specific
bio-receptor will also attach to all pDAN amine groups available likewise any thiol
terminated antibodies would attach to all available gold nanoparticles (reducing
the concentration of bio-receptor on the graphene surface). Therefore the target
sensing molecule/protein could bind to bio-receptors not on the active sensing area
of the graphene channel and could lead to the attachment on the metal tracks of the
device. For targets solutions that are extremely dilute (< pg/ml), this would limit
the sensitivity of the diagnostic test.

With the addition of a screen printed passivation layer to the graphene chip
sensor [6], similar to the screen-printed passivation used in three-electrode Screen
Printed Electrode (SPE) sensors, the total active area for polymerisation/electro-
deposition is constrained to a smaller and well quantified area. (In the case of screen

printed passivation the inaccuracy in passivation was 20 - 30 gm). This allows for
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higher levels of reproducibility and should increase the overall sensitivity of the
device.

For gated field-effect measurements using the graphene FET style sensing method-
ology, if the ionic solution used comes into contact with the metal track whilst a bias
is applied, the signal could short across the solution. If the graphene channel has a
high resistance due to length or functionalisation chemistry, the path of least resis-
tance will be taken. Therefore the measurements taken in ionic liquids specifically
during sensing or gated measurements could be affected. The measurement could
then become invalid and the sensitivity and reproducibility of the sensor would also
decrease.

The screen-printed insulation ink used previously for graphene device passivation
[6] is used commercially for large scale flexible sensor fabrication. However, it is not
routinely integrated into a semiconductor fabrication process flows. All fabrication
processes for the graphene Dip Chip based sensor were cleanroom CMOS foundry
level techniques.

The resolution of the printing process used to apply the passivation layer is much
lower than the lithography based techniques. A window area of less than 300 pm
resolution on the graphene surface would not be achievable using a screen-printed
process. Therefore the ability to miniaturise and increase sensor yield is restricted
using screen printing. Screen printing alignment for wafer level fabrication is also
problematic. A specialist screen printing system would need to be developed for
wafer level fabrication as well as being cleanroom compatible. Figure 5.1 shows the
issues regarding the resolution and ink spreading outside of the required area result

in issues with the graphene active area see.



(a) (b)

Figure 5.1: (a) Shows a standard Dip Chip with screen printed passivation using op-
timised parameters. The rectangle is not well defined at the edges but the graphene
channels are clearly exposed and can undergo the functionalisation with an approx-
imate surface area calculable. (b) A Dip Chip using the same process parameters
from a different location on the wafer. The graphene channel area is reduced com-
pared to that in (a), residues from the printing process can also be seen overlapping

the graphene active area.

This passivation research has also investigated cleanroom CMOS compatible
methodologies to passivate directly onto graphene-based FET sensors (100 mm di-
ameter wafer compatible). Compatible with lithography, deposition and etching
methods used to produce a higher level of fabrication accuracy whilst maintaining
the graphene in undamaged SP? state. This passivation layer would then be able to
be incorporated into any future designs and fabrication process flows.

Both photoresists and deposited dielectrics have been employed in semiconductor
fabrication since its invention. The primary appeal of photoactive polymers is the
low processing costs, a lower number of process steps, (so time and machine costs
are reduced). The issues related to photoactive polymers is normally around their
permanence and compatibility with functionalisation chemistries. And the polymer
residues left on the graphene surface which can decrease the debye length affecting

sensitivity of the graphene sensor [7].
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Dielectric materials have been examined; they can be robust against multiple
chemistries and do not leave behind organic / polymer residues on the graphene
surface. The issues related to the dielectric deposition with graphene fabrication
are the increased processing costs with multiple fabrication steps required using
additional machines for fabrication. Additionally, the environment used in dielectric
deposition can be hostile to graphene, as often high temperatures with reactive

plasmas are used during fabrication.

5.2.1 Materials & Methods

Base Substrate

For process optimisation of polymeric and dielectric passivation techniques plain
wafers without graphene were used to reduce fabrication costs.

Substrates include 100 mm plain Si wafers, 100 mm Si wafers with 300 nm
thermal SiOy growth and 100 mm Si wafers with 100 nm LPCVD Si3Ny deposition
(Si-Mat, Germany). Smaller test chips used for process development, the dimensions

were 20 x 20 mm pieces diced using diamond tip scribe pen (Fisher Scientific, UK).

Photoresist & Photo-Active Polymers

Polymer-based passivation techniques were photo-patterned using standard spin
coating and photolithography processes. Dielectric passivation methods required
photo-patterning to produce photoresist Lift-Off masks (nLOF 2070 protocol) and
positive masks to produce photoresist etch-masks for dielectric etching (AZ 5214 E
photoresist protocol).

All photolithography steps were performed using Laurell Spin Coater and SUSS
MAS8 Gen3 Mask-aligner (section 3.5).

SU-8 Photolithography parameters can be found in the (Materials & Methods
Chapter in section 3.5.3).

AZ nLOF 2070 photolithography parameters can be found in (Materials & Meth-

ods Chapter in section 3.5.3). The development time was shortened by 1 minute to



produce a straight edge wall profile. Hard-baking was performed using RTA with a

set temperature of 250 °C for 10 minutes under vacuum and Ar flow.

Silicon Nitride: PECVD

Silicon Nitride (SizNy) is a widely used passivation film used for gate and interlayer
passivation. SisNy4 can deposited directly onto the graphene Dip Chip followed by a

selective SizgNy etching process to reveal the graphene channels.

Silicon Nitride SizN, was deposited using PECVD tool (SPTS, UK) using the
deposition recipe (Materials & Methods Chapter section 3.8.2).

Silicon Nitride etch process was performed using the following RIE chamber
parameters; CF4 at 30 sccm diluted in 100 scem Og, 150 W and a chamber pressure

of 100 mTorr.

The film thickness was measured using J.A. Woolam Ellipsometer and the mea-
surement was analysed using Cauchy fit function and B-Spline fit function. Further
details of (Ellipsometry measurement can be found in Materials & Methods Chapter
section 3.12.5).

Figure 5.2 outlines the SigN, deposition and etch process flow; Figure 5.2 (a)
SizNy is PECVD deposited onto the Dip Chip surface (thickness 100 nm). Fig-
ure 5.2 (b) 200 nm of Cu (Quorum evaporator) was evaporated onto the SizNy
surface. Figure 5.2 (c¢) Photolithography (nLOF 2070 protocol) is used to photo-
pattern the “passivation window” onto the Cu layer. Figure 5.2 (d) The Cu was
specifically etched using wet etch 1:20 Nitric acid HNO3 : HyO5 diluted 1:5 in di
H>O (BYU Cleanroom 2019) to form Cu etch-mask. Figure 5.2 (e) The photoresist
was then removed using a Solvent Clean protocol to reveal the Cu etch-mask. Fig-
ure 5.2 (f) RIE SizNy etch process performed to reveal the graphene channel of the
Dip Chip.
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Figure 5.2: PECVD Si3Ny passivation process flow.

Silicon Nitride: Low Temperature PECVD

As an alternative approach to the SizNy deposited at 300 °C, SigN, can be deposited
using the PECVD at lower temperatures (including ambient temperature). This
allows for the use of a photoresist Lift-Off process. Figure 5.3 outlines the low
temperature SisgNy PECVD deposition and lift-off process flow; Figure 5.3 (a) Lift-
off photoresist is patterned onto the Dip Chip surface (specifically the graphene
channels). Figure 5.3 (b) Low Temperature PECVD process is used to deposit
SizNy onto the photoresist and Dip Chip surface. Figure 5.3 (¢) The sample is
submerged in solvent solution to perform photoresist Lift-Off removing the SizNy

selectively from the graphene channel, creating the “passivation window”.

Si3N4 LT-PECVD Deposition Si3N4 Lift-Off
t

(a) (b) (c)

Photoresist %Ifl-Off Mask

Figure 5.3: Low-Temperature (LT) PECVD Si3N, passivation process flow.



Low-temperature PECVD silicon nitride was deposited using the same parame-
ters for chamber pressure, gas flows and RF generators detailed above. The shower-
head, chamber and platen temperature were reduced to set temperatures 35 °C, 80
°C and 100 °C respectively.

To assess the lift-off process used to pattern the nitride layer, photolithography
was performed using the “Bi-Layer Protocol”, on three plain Si 100 mm diameter
wafers. For each of the the test temperatures (5 °C, 80 °C and 100 °C), approxi-
mately 100 nm £2 of SizN, was deposited. Post deposition a solvent lift-off process
using D350 Stripper (MicroChemicals, Germany) for 30 minutes in a bath at 80 °C
followed by a second D350 Stripper bath for 30 minutes at 80 °C. The wafers were

rinsed using two di HoO baths.

Silicon Dioxide: PVD

SiO9 can be deposited using physical vapour deposition (PVD) tool to fabricate the
passivation layer. PVD is a low temperature process compatible with photoresist lift-
off (parameters: Materials & Methods Chapter section 3.8.1). Figure 5.4 shows the
PVD SiO, passivation process; Figure 5.4 (a) Lift-off photoresist is patterned onto
the Dip Chip surface (specifically the graphene channels). Figure 5.4 (b) Deposition
of SiO4 using the PVD tool onto the photoresist and Dip Chip surface. Figure 5.4 (c)
The sample is submerged in solvent solution to perform photoresist Lift-Off removing

the SiOy selectively from the graphene channel, creating the “passivation window”.

Photoresist 1.iﬂ-0ff Mask Si02 PVD Deposition Si02 Lift-Off

[ .=-=.l S R

(a) (b) (c)

Figure 5.4: PVD SiO, passivation process flow.

Deposition parameters for PVD deposition of SiOy were: Chamber pumped down
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to 10~° mTorr for 1 hour, the RF power is slowly ramped up to 50 W with Ar flow
rate 80 sccm.

Passivated chips were tested was performed by Sulphuric Acid 40 % (Sigma
Aldrich, UK) submersion to examine the films porosity. Permeation testing was
performed on passivated chips diced into 20 x 20 mm squares from plain Si 100 mm
diameter wafer, coated with 50 nm of Cu by metal evaporation (Quorum Evaporator,
Quorum Technology UK).

Annealing was performed using RTA standard recipe found in Materials & Meth-
ods Chapter section 3.4.1. Recipe modified for 150 °C and 300 °C annealing tem-

peratures.

Silicon Dioxide: PECVD

Si0y can be deposited at a much faster rate using PECVD deposition tool, The
chamber temperature is set at 300 °C so is not compatible with the photoresist
lift-off process. To create a passivation layer and passivation window the SiO, is
deposited and selectively etched. Figure 5.5 shows the PECVD deposition etch
process; Figure 5.5 (a) SiO, is deposited using PECVD tool onto the Dip Chip
surface (thickness 300 nm). Figure 5.5 (b) Photolithography (nLOF 2070 protocol) is
used to photo-pattern the “passivation window” onto the SiOq surface. Figure 5.5 (c)
The SiO, passivation film is selectively etched using Buffer oxide wet etch. After

etching the photoresist etch mask is removed using a Solvent Clean process.

Si02 PECVD Deposition Photoresist Etch-Mask Si02 Wet Etch (BOE)

e——e e N

(a) (b) (c)

Figure 5.5: PECVD SiO, passivation process flow.

PECVD deposition parameters for SiO, deposition can be found in the Materials



& Methods Chapter section 3.8.2.
The SiOy wet etch process used a buffered oxide etch (BOE) a buffered Hy-

drofluoric acid-based etchant (Microchemcals GmbH Germany) and was performed
on photoresist etch masked samples. Photolithography “AZ nLOF 2070” protocol

used with passivation window photomask.

An RIE dry etch process was investigated using an optimised SiOs etch recipe:
100 scem flow rate of SFg with a flow rate of 4 sccm Oy at a pressure of 60 mTorr

and power of 100 W.

To create a protective layer on the graphene surface the Pre-Transfer yttrium
modified process is used during Dip Chip fabrication. The yttrium layer protects
the graphene during the SiO, deposition and etching processes. Figure 5.6 outlines
the SiOy passivation process with yttrium protective layer. Process steps are as
above with the addition of a final yttrium wet etch step (HCI 0.2 M), removing the

yttrium sacrificial layer revealing the graphene surface.

Si02 PECVD Deposition Photoresist Etch-Mask Si02 Etch (RIE or BOE)

.____V__.* .=.* : — !

Yttrium Sacrificial Layer

(a) (b) ()
Photoresist Removal Yttrium Wet Etch (HCI)
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(d) (e)

Figure 5.6: PECVD SiO, passivation process flow on yttrium sacrificial layer.

Yttrium evaporation was performed using Quorum evaporator using the process

developed in Graphene Sensor Fabrication & Optimisation Chapter section 3.7.2.
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Aluminium Oxide: MVD

A Molecular Vapour Deposition (MVD) tool from SPTS Technologies (UK) was
used to deposit aluminium oxide (AlyO3) passivation layer; using a commercial op-
timised recipe for Al,O3 deposition, with a deposition rate of 0.07 - 0.08 nm/cycle.
Each cycle requires 2 precursors (Trimethylaluminium and di H,O Pegasus Chem-
icals UK) to be released and evacuated from the chamber sequentially. Each cycle
takes approximately 20 s, for a thickness target of 30 nm Al,O3 approximately 715
cycles were required with an expected machine run time of approximately 4 hours.
This deposition time is much slower than the approximate 38 s for controlled SiO,
deposition of 100 nm.

During the photolithography process the chemical developer used AZ 726 are
Tetramethylammonium hydroxide (TMAH) 2.38 % based developer. AZ TMAH
based developers etch aluminium at a rate of 50 - 100 nm/min therefore to etch
through the AlyO3 the wafer was left in puddle developer for 3 minutes, allowing 1-2
minutes to fully develop the photoresist and an additional 1 minute to etch through
the graphene to the graphene channels and metal contact electrodes.

Figure 5.7 shows the MVD Al,O3 passivation process flow; Figure 5.7-(a) AlyO3
is deposited using the MVD tool onto the Dip Chip surface (50 nm thickness).
Figure 5.7-(b) photoresist etch-mask is patterned onto the Al,O3 surface, during
the photolithography development step the photoresist is developed and AlyOj is
etched in the same TMAH developer (AZ 726, MicroChemicals GmbH). Figure 5.7-

(¢) The photoresist etch-mask is then removed using a Solvent Cleaning process.

" Photoresist Etch-Mask
Al203 DTposmon & Al203 Wet Etch Photoresist Removal

Figure 5.7: MVD Al;O3 passivation process flow.



AZ 726 photo-developer (MicroChemicals, Germany) was used as part of stan-
dard photolithography “AZ nLOF 2070” protocol found in Materials & Methods
Chapter section 3.6.5.

IV Measurements & Resistance Calculation

IV measurements were performed using an IV Probe-station (Everbeing, China)
combined with a Keithley 2636B Source Measurement Unit. Details on the mea-
surement script, output file and resistance calculation can be found in the Materials
& methods Chapter in section 3.11.1.

Resistance was calculated using the equation R =V / L.

Raman Spectroscopy

The settings for Raman map scans used in this work can be found in Materials &

Methods Chapter section 3.12.3.

5.2.2 Results & Discussion

Photoresist & Photo-Active Polymer Passivation Layers

Photoresists and Photo-active polymers were optimised and compared as passivation

films to protect the metal contacts/electrodes of the graphene Dip Chip sensor.
Photoresists can be photo-patterned to an alignment accuracy of 1-2 pym using

mask alignment system. Negative photoresist is a single processing step and does not

require additional materials or chemical modification to produce the protective layer,

this simplifies production for research purposes but is limited in terms of medical

device production as a majority of photoresists are not biocompatible. Additionally

the use of certain photoresists has been known to leave residue on the graphene

surface modifying the graphene’s behaviour [7].
When exposed to the UV light, the negative photoresist becomes cross-linked /polymerized,

and more difficult to dissolve in developer. The negative photoresist remains on the
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surface of the substrate where it has been exposed and the developer solution re-

moves only the unexposed areas.

SU-8 Photoresist SU-8 2025 (Micro Chem Corp.) originally developed as a
masking photoresist but now predominantly used for microfluidics soft lithography.
SU-8 cross-linking process can be set off by a single photon reaction therefore, SU-8 is
know as a chemically amplified resist which is polymerized by photoacid generation.
The UV light interacts with the salt in the solution creating hexafluoroantimonic acid
which then protonates the epoxide groups in the resin monomer. The crosslinking
of the monomers begin at this stage but will not significantly start to polymerize
post exposure bake which raises the temperature and energy of monomers allowing
them to fully crosslink.

A test process was run on 8 Dip Chips on a single quarter wafer piece to assess
the effect of the photoresist on the graphene resistance measurements. Under optical
microscopy, the graphene channels were seen to be damaged / sections of graphene
had delaminated off the surface see Figure 5.8. No devices had an IV response so

no post passivation resistance measurements could be taken.



Magnification: X500.0 Magnification: X1000.0

(a) (b)

Figure 5.8: (a) Shows a Dip Chip graphene contact electrode with SU-8 passivation
film with photo masked passivation window revealing graphene channel on SiO, sub-
strate. The graphene channel appears to be damaged / delaminated although close
to the at metal contact region appears to still be in contact. (b) Graphene chan-
nel region short distance from the edge of the passivation window shows complete

delamination of the graphene and a full break in the channel.

The SU-8 photolithography method was repeated with a further 8 Dip Chips.
The Dip Chips were RTA annealed for 10 minutes at 400 °C to improve adhesion
of the graphene to the SiO, substrate. Figure 5.9 shows the resulting channels

appeared to be unbroken with only minor delamination of the graphene.
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Magnification: X500.0

Figure 5.9: Optical Image of SU-8 passivated Dip Chip, graphene channel present

after additional annealing step added into fabrication flow.

However, after [V measurements were performed, only 3 of the 16 channels pro-
duced a linear response, Table 5.1 shows the pre and post passivation resistance for
the 3 working channels the high resistances suggests highly damaged/doped chan-

nels.

Table 5.1: Resistance data for Dip Chip graphene channels prior (Pre-Pass) and
post SU-8 Passivation (Post-Pass). With the calculated change in resistance.

Dip Chip | Resistance (2) Resistance (£2) PercentageA (%)
Graphene | Pre-Pass Post-Pass

Channel 1 | 8152 26809 + 229

Channel 2 | 8335 52347 + 528

Channel 3 | 7921 38407 + 385

This could be due to stress on the graphene during the photolithography de-
velopment stages. Or the solvent lifting off the graphene and causing damage at

the SU-8 graphene boundary. Also during the heating steps of the SU-8 soft and



post-exposure bakes the SU-8 contracts and relaxes, this could also be the source of

stress on the graphene sheet leading to damage and breaking of the sheet.

AZ nLOF 2070 Photoresist (Hard-baked) AZ photoresists (MicroChemicals
GmbH) fall under the categories of positive, negative and multitone photoresists.
Negative photoresists are generally more chemically resistant. Once crosslinked they
are more durable over longer periods of time and are not broken down with further
UV light exposure. nLOF 2070 (abbreviated to nLOF) a negative photoresist nor-
mally used for metal lift-off processes by producing an overhang at the photoresist
edges. nLOF can be broken down by acetone and other solvents after photolithog-
raphy (lift-off resist). This makes it less suitable as a film to passivate the graphene
devices.

However, a further hardbaking step at temperatures above 150 °C can be done
to make the photoresist more permanent. This can not be done on hot plate in
atmosphere similar to he soft bake and post exposure bake step as 150 °C or above
can cause some oxidation of the graphene layer. Vacuum annealing using the Tube
furnace enabled the photoresist to be hard baked in an inert atmosphere.

The nLOF series photoresists have high thermal stability and can withstand
hard baking of temperatures up to 250 °C without deformation. The disadvantage
to nLOF is its lack of chemical stability although non-reactive to some organic
solvents and bases under normal conditions nLOF will fully dissolve in Acetone and
partially dissolve in ethanol and is reactive to acids.

A set of 8 Dip Chips were fabricated on a single quarter wafer piece to test
the passivation process flow using nLOF. Figure 5.10 shows the geometry of the
passivation window patterned onto the graphene Dip Chip.
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Magnification: X100.0

(a) (b)

Figure 5.10: (a) Full Dip Chip passivation window patterned using nLOF 2070
photoresist. (b) Examination of individual graphene channel shows no photoresist

present.

IV measurements were performed on the graphene channels before the passiva-
tion step. Following the RTA Hard bake step, the chips were left to cool and stabilise
in ambient conditions before a follow-up set of IV measurements were performed to
identify the effect of the overlapping passivation film. The effect of photoresist par-
tially covering the graphene surface yields an increase in two-terminal resistance
measurements (Table 5.2). The photoresist that overlaps the graphene channel, as
well as any residues from the development process, have the effect of depleting the
graphene electrostatically reducing the carrier mobility of the graphene. The total
area of the graphene channel that is covered with the nLOF passivation film is 30000
pm? this is 30 % of the total graphene channel area which caused an average increase

in resistance of 13 %.

Table 5.2: Resistance data for Dip Chip graphene channels prior (Pre-Pass) and
post nLOF 2070 Passivation (Post-Pass). With the calculated change in resistance.

Dip Chi Resistance (€2) Resistance (€2

PP (©) (©) PercentageA (%)
Graphene Pre-Pass Post-Pass
16 Channel Average | 8279 9371 + 13.14
Standard Deviation | 149 513 + 4.43




The resulting resistance measurements identified that nLOF increased the device
yield from effectively 0 % using the SU-8 passivation method to 100 % yield. This
suggests that thermal stability of nLOF is much better than SU-8 and causes less
thermal stress on the graphene channel, resulting in functioning channels.

To test the chemical stability of the hard-baked nLOF 2070, blank SiOs chips
were used to repeat the same photolithography process, including the passivation
photomask used for the Dip Chip samples. The resulting film was imaged using
Keyence microscope. Figure 5.11 (a) shows clean defined edges and a clean substrate
through the passivation window. To replicate a functionalisation environment the
chips were submerged in ethanol for a 12 hour incubation period followed by a di
H5O rinse step. The chips were then imaged a second time. Figure 5.11 (b) clearly
shows discolouration of the substrate as well as breaking down of the nLOF around

the feature edges.

Magnification: X200.0} Maanification: X200.0

(a) (b)

Figure 5.11: (a) SiOy with nLOF 2070 exposed using passivation window mask and
hard baked at 250 °C. (b) After 12 hours submersion in ethanol, some residues and

fragmentation can be observed on the chip surface.

This method of passivation would suffice for certain research purposes not using
solvent-based functionalisation and sensing approaches, but would break down over
time. This would never be up-scalable for industrial production due to low chemical

stability. Additionally, the biocompatibility issues of the AZ photoresists (Toxic &
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Hazardous chemical compounds) would severely limit its biological sensing based

applications.

EpoClad 5 The permanent photoresist EpoCladb part of the the EpoClad EpoCore
range of polymeric waveguide resists (MicroResist GmbH). EpoClad is a chemically
amplified negative tone photoresist that is developed in organic solvents including
acetone. The exposed polymer requires a post exposure bake to enabling cross-

linking of the monomer components.

EpoClad designed to be the permanent base layer for optical microfabrication
applications has excellent thermal stability within the 100 - 200 °C range. This pro-
vides a passivation film that does not expand due to thermal or solvent interactions
making it more suitable compared to the AZ nLOF 2070 and SU-8. Hard baking of

the photoresist between 120-140 °C improves stability and prevents delamination.

EpoClad and EpoCore are epoxy-based photo-active materials designed for op-
tical waveguides and optical multifunctional biosensor applications. The EpoClad
“cladding” resist was designed to adhere well to silica substrates and remain chem-

ically inert post UV curing.

EpoClad also has lower thermal stability compared to nLOF with a glass tran-
sition temperature of 180 °C, although this product does not need a hot bake for
permanent curing. To compare to nLOF a SiO, chip was coated, exposed to UV
using the passivation photomask and incubated in ethanol overnight to replicate a

solvent functionalisation environment.

Figure 5.12 shows EpoClad pattern on Silicon wafer substrate, no discolouration
of the surface and no changes to the EpoClad walls during the incubation step can

be seen.



Magnification; X250.0 Magnification; X250.0
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Figure 5.12: (a) Blank SiO5 with EpoClad 5 exposed using passivation window mask
and developed in Acetone followed by IPA rinse step. (b) After 12 hours submerged

in ethanol, no changes were observed for the substrate or passivation layer.

Subsequently, a series of Dip Chips were fabricated and passivated using the
EpoClad recipe. A batch of 8 Dip Chips on a single quarter wafer piece were
tested. EpoClad, designed for photonics, is transparent and the graphene metal
boundary can be observed through the passivation layer. Figure 5.13 shows all

channels optically appeared unbroken with minimal delamination.

Figure 5.13: Optical microscope image of Dip Chip Origin 3 graphene channels with

EpoClad passivation window.
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Before passivation, IV measurements were performed on the channels before and
after the EpoClad passivation process (followed by a drying/stabilisation period of
12 hours). Table 5.3 shows the calculated resistance data for pre and post passivated
Dip Chips. The resistance increase seemed greater than that of the nLOF passivation
method, although the standard deviation across multiple devices was also increased
compared to nLOF. The device yield was also high from pre to post passivation

staying at 100 %.

Table 5.3: Resistance data for Dip Chip graphene channels prior (Pre-Pass) and
post EpoClad Passivation (Post-Pass). With the calculated change in resistance.

Dip Chip Resistance (€2) Resistance ()

PercentageA (%)
Graphene Pre-Pass Post-Pass
16 Channel Average | 7858 11972 + 52.35
Standard Deviation | 1205 1917 + 59

The reason for the greater increase in resistance could be due to batch to batch
graphene variability. The photoresist epoxy structure could have a stronger charge
scattering effect on the graphene surface. However, with its high chemical stability,
this permanent photoresist is the most effective passivation based polymer trialled.

To investigate the effect of the passivation processing and identify potential
residues on the graphene Raman spectroscopy was performed on graphene the ex-
posed graphene within the passivation window.

Figure 5.14 shows Raman map scans showing the D/G ratio and 2D/G ratio
of EpoClad passivated graphene. The average D/G ratio was calculated as 0.1091
+0.0321 which is not significantly different to blank unprocessed graphene 0.1146
+0.0188, this suggests a lack of structural damage to the graphene surface. The
average 2D /G ratio was calculated as 1.5832 +0.2086 this is an increase when com-
pared to the blank graphene 1.129 +0.2004. When the ratio is calculated as 2
or greater this indicates monolayer graphene. Change of this peak can be due to

contamination and can be caused by electro or hole-doping of the graphene surface.



Figure 5.14: Raman map scan 50 x 50 pum of EpoClad passivated graphene, (a) D/G
ratio map. (b) 2D/G ratio map.

This could have occurred due to the EpoClad contact with the graphene or the
baking steps involved in the photolithography process [8]. The 2D peak in both
samples does not have a ratio of 2 suggesting hole doping from the anneal step. The
higher peak for the EpoClad sample suggests a different doping profile to the blank
sample, this could be due to time spent in ambient conditions or the epoxy/resist
in previously in contact with the surface.

Figure 5.15 shows a comparison of the spectra of annealed graphene with solvent

cleaning compared to graphene inside the EpoClad passivation window.
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Figure 5.15: Normalised Raman Spectrum’s of annealed clean graphene layer and

graphene from EpoClad passivated sample.

The EpoClad passivated sample appears to be shifted to a lower wavelength,
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with a slight broadening of the peaks. This would suggest a slightly higher level of
contamination introducing some defects into the graphene. However, this widening
could just be a result of the peak shifting [9].

A doping against strain scatter plot was used to investigate the changes seen in
the 2D peak. Figure shows the strain/doping scatter plot derived from the Raman
map scan showing an increase in applied strain to the graphene surface.

The Dirac Point measurement pre and post passivation of the graphene channel
with EpoClad was also obtained using gated FET measurements. Figure 5.16 shows
a slight shift and height change. This was expected with an epoxy photoresist
being in permanent contact with a 30 % surface area of the channel. Additionally,
photoresist residues on the main body of the channel could have charge scattering

effect on the graphene channel reducing the carrier concentration.

Gated FET Measurement: Pre-Transfer Dip Chip EpoClad Passivation
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Figure 5.16: Gated FET Dirac point measurement of Pre-Transfer processed Dip
Chip before and after EpoClad passivation process.

Graphene Sensor Passivating Films: Dielectric Materials

In the integrated circuits industry dielectric layers are deposited as various Gate,
Interlayer and DRAM (dynamic random access memory) insulating layers. Dielectric

layers for gate applications have primarily been SiO; based. Other methods of



producing gate dielectrics include addition of Nitrogen at the boundary layer and
more recently the use of metal oxides with high « that can be produced in thin film
depositions. Interlayer dielectrics traditionally require low x characteristics to avoid
capacitive couple and cross talk between the conductive layers. This enables devices
to be built up a of multiple with metal tacks passing over each other in 3D space.
This allows for increasing more and more dense components per chip.

For the purpose of passivating the metal tracks on the Dip Chip devices either
a low k dielectric or a high k dielectric can be used. The primary reason to pre-
vent functionalisation chemistries from binding and a secondly to avoid measuring

changes occurring at the metal surface can be achieved with either.

Silicon Nitride: PECVD

Unlike photo-active polymers, dielectric deposited films cannot be patterned directly.
A photoresist process is required in order to pattern the dielectric layer. For high-
temperature SizN, deposited films a patterned etch mask approach was taken. The
film was directly deposited onto the Dip Chip and the passivation window was
then etched into the Si3N4 material, following photoresist patterning. This window
exposes only the graphene channel.

A plasma enhanced chemical vapour deposition (PECVD) system (SPTS UK)
was used to deposit low-stress SigN, films at a deposition rate of 100 nm per minute.
This deposition rate allows for rapid processing in industrial settings. Silicon Nitride
is a low r dielectric and often used for interlayer passivation [10]. With both PECVD
deposition Nitride and Silicon Dioxide the deposition platen temperature of 300
°C prevents the use of a photoresist lift-off process. With this high deposition
temperature, the only approach is to directly deposit the Nitride onto the graphene
surface. This process is followed by photolithography patterning of a photoresist etch
mask on top of the Si3N, surface. The plasma mixtures required to etch the nitride
selectively (CFy/Hy, CF4/O9/Ny, SF¢/04/Ny, SF/CHy/Ny and SFg/CHy/Ny/Oq
[11]) were not available on our RIE system. The etch recipe chosen lacked Ny

carrier gas present in the literature recipe.



5.2. Passivation 271

A nitride etch series was performed on PECVD deposited SizNy film (110 nm
MSE 1.05) to determine an approximate etch rate. RIE etches were performed for
1 minute followed by Ellipsometer film thickness measurement. Table 5.4 shows the
new thickness measurement of the deposited film and calculated etch rate. The etch
rate was determined as 1 nm/min, this can be used to estimate total etch time (111

minutes) required to etch through the full thickness to open the passivation window.

Table 5.4: RIE etch series for PECVD deposited silicon nitride film

Etch Time | Thickness Etch Rate
(minutes) | Measured (nm) | (nm/minute)
1 109 1

2 108.2 0.9

3 107.3 0.89

4 105.45 1.14

5 104.7 1.06

The etch time of 111 minutes was performed on 8 Dip Chips using a Cu etch-
mask. The etch resulted in etching the graphene channels and SiO, substrate be-
neath.

The etch gases involved etched the base SiO, substrate much faster than the
SizNy. Even using a graphene protection layer (e.g. Ni, Y or Al), under etching of
the SiO, would etch the graphene and causing damage.

This process flow was assessed to be impracticable with current tool sets. The
SizNy etch process needs a greater level of control/feedback system to be applied as

a graphene passivation method.

Low Temperature Silicon Nitride Deposition

Using a low-temperature PECVD environment for SigN, deposition enables the use
of a photoresist lift-off mask, which can be patterned directly on the Dip Chip sur-
face. This allows a lift-off technique to be used instead of having to etch through the



passivation window. Reducing the chamber platen and shower head temperatures
in the PECVD system, reduced the deposition rate to a rate of 5 - 6 minutes per
100 nm.

Figure 5.17 shows the resulting lift-off optical images, the only deposition tem-
perature that resulted in photoresist lift-off was 35 °C as the higher temperatures

appear to damage the photoresist below.

Magniation: X200.0
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Figure 5.17: (a) Successful SizNy lift-off process, revealing SiO,/Si substrate be-
low, (35 °C Si3gN, PECVD deposition temperature). (b) Un-successful SizNy lift-off
process, the photoresist remains under the deposited SizNy, (80 °C Si3sN, PECVD
deposition temperature). (¢) Un-successful SigNy lift-off process, the photoresist re-

mains under the deposited SizNy, (100 °C SizNy, PECVD deposition temperature).

Although the photoresist has good thermal stability above 100 °C, the photore-
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sist could have been plasma hardened due to the process gases generated plasma
in the chamber [12]. The 80 °C and 100 °C samples were left overnight in solvent
bath D350 and both samples did yield complete photoresist lift-off, (slow perme-

ation/penetration of the hardened photoresist).

Using the SizNy deposition temperature of 35 °C and lift-off process was then
tested using graphene Dip Chips. A batch of 8 Dip Chips using a quarter wafer piece
was fabricated using the Pre-Transfer process, IV measurements were performed be-
fore the passivation process. The photoresist lift-off pattern and deposition param-
eters for the 35 °C silicon nitride film measured previously at 98.46 nm thickness
(5 minute 16 s deposition time), were used to deposited nitride onto the Dip Chip
sample that had been placed onto a carrier wafer for transport into the PECVD
chamber. The lift-off process was performed using two 30-minute submersions in
solvent D350 at 80 °C. Figure 5.18 shows the resulting graphene channels examined
optically to inspect for delamination and breaking points. No breakage or delami-
nation was observed across the graphene Dip Chip devices. All channels were then
measured using [V probe station the calculated resistances were then compared to

the IV results from before the passivation process.

Magnification: X100.0

(a) (b)

Figure 5.18: Low temperature silicon nitride PECVD deposition onto Dip Chip
devices using bi layer photoresist lift-off process. (a) opened passivation window to

graphene channels. (b) window opened to metal contact electrodes.



Table 5.5 shows an increase in resistance. This could be due to the doping effect
of silicon nitride but more likely due to structural damage sustained to the graphene
from the highly reactive plasma during the PECVD deposition process. The total
yield with a linear response was 96 % with repeats and further lift-off optimisation

the total yield could be increased further.

Table 5.5: Resistance data for Dip Chip graphene channels prior (Pre-Pass) and
post low temperature silicon nitride Passivation (Post-Pass). With the calculated

change in resistance.

Dip Chip Resistance (€2) Resistance ()

PercentageA (%)
Graphene Pre-Pass Post-Pass
16 Channel Average | 10112 12092 + 19.81
Standard Deviation | 1438 1585 + 4.42

Figure 5.19 shows partial delamination of the silicon nitride, visible after the
samples were immersed in and withdrawn from cleaning solutions. This could be
due to low substrate adhesion or reduced temperature during Siz4 deposition. The
mechanism of lifting off the film could also apply stress to the film at the edges of the
passivation. To improve this method further, substrate adhesion would need to be
investigated further, this is an added complication as surface treatments would bind
to the graphene channel in addition to the SiO, substrate. The nature of the silicon
nitride deposition does not lend itself to a lift-off process for an industry-based pro-
cess. A silicon nitride etch would be more practical and produce and more accurate
passivation geometry when scaling down the window size when miniaturising the

graphene channels.
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Magnification; X500.00

Figure 5.19: Low temperature silicon nitride lift-off after submersion in water. dis-

colouration of liquid under passivation layer at contact edges.

Silicon Dioxide: PVD

An initial investigation into the use of PVD deposited dielectric films for a lift-
off passivation approach was investigated. Due to the amorphous nature of films
deposited using PVD, films are routinely annealed at high temperature to form a
crystal structure. For dielectrics such as SiO, the required annealing temperature
is in the range of 400 - 1000 °C [13]. However, higher annealing temperatures in
the 400 °C or above range have been shown to change the doping and strain on
the graphene surface. Temperatures above 600 °C result in damage to the graphene
metal contact region [14].

Dielectric deposition by PVD systems has slower deposition rates than standard
conductive targets. A deposition rate of 0.01 - 0.02 nm per second was. To test the
porosity of the deposited SiO, films annealing at in a range of 100 - 300 °C, copper
was deposited on 20 x 20 mm Silicon wafer pieces before the deposition of SiOy 50
nm by RF sputtering. These pieces were annealed at different temperatures for 10
minutes using the RTA system. Sample 1 was not annealed, Sample 2 was annealed
at 150 °C and Sample 3 was annealed at 300 °C. The samples were then submerged
in HySOy to test the liquid porosity of the deposited films.



Samples 1 and 2 reacted strongly with the HySO, effervescing within 30 s of sub-
mersion in the solution. Sample 3 did not appear to react with the H,SO, solution.
Figure 5.20 shows sample 3 under magnification, the sample shows discolouration in
patches across the surface, these patches represent regions of copper partially etched
through SiO, film. This suggests the films are porous and would not make an ef-
fective passivation layer to protect the electrodes from acid-based functionalisation

chemistries.
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Figure 5.20: (a) PVD deposited SiOy 50 nm film onto PVD deposited Cu 10 nm.
Annealed in RTA 300 °C for 10 minutes. (b) Sample submersed in 0.25 M for 2
hours and rinsed in di H,O. Bright regions represent copper etched regions and

porous regions of the SiO, film

Silicon Dioxide: PECVD

The PECVD (SPTS, UK) can deposit SiO, at rate of up to 1 ym per minute. This
allows for rapid deposition of micron thick SiO,. Rather than focusing on a low-
temperature deposition solution a direct deposition followed by a SiO, etch process
was investigated.

The etch rate for BOE on SiOs and quartz is 2 nm/s (Brigham Young University
Cleanroom resources). The approximate etch time for a 100 nm thick SiOs film
would be 50 s based on aforementioned etch rate. A 100 nm PECVD SiO, film

was deposited on plain silicon wafer cleaved into pieces. An etch series of 30 s,
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35 s, 40 s, 45 s, 50 s and 55 s in BOE followed by di water rinse steps. The
remaining thickness of SiOy was measured using ellipsometry. Post 40 s there was
no measurable thickness of SiO5 remaining, with 9 nm remaining after 35 s. A target
etch time of 38 - 40 s was repeated and successfully etched the complete 100 nm
film.

PECVD deposited SiO, using the 300 °C chamber temperature and etching the
passivation window requires the SiOy to be deposited directly onto the surface of
Dip Chip. A batch of 8 Dip Chips were fabricated on a quarter wafer piece, IV
measurements were taken for each of the graphene channels. A 100 nm SiO, film
was then deposited onto the Dip Chips directly coating the graphene channels. Post
deposition the graphene was barely visible through the SiO, passivation layer, some
discolouration of the surface appeared around the graphene region see Figure 5.21.
This could be organic contaminants/photoresist residues reacting with the chamber
vapour reactants. Or this could be chemical reactions of the chamber gases reacting

with the graphene surface.

Magnification: X350.0)

(a)

Figure 5.21: (a) Graphene channels of Dip Chip coated with 100 nm PECVD SiO,
film deposited at 300 °C. (b) Examination of channel 1 shows discolouration of

regions, trapped bubbles of contamination.

To assess whether the graphene has high conductivity post PECVD deposition,
separately to post BOE etch, the Dip Chips were photo patterned with the pas-



sivation window etch mask, followed by etching the metal electrode window using
a BOE oxide 38 s etch process without etching the graphene passivation window.
This allowed for IV measurements to be made on the graphene channels whilst still
encapsulated with the SiO,.

The passivation window was then etched using the BOE 38 s second etch to
open the graphene channels to atmosphere (Figure 5.22). The channels were then

measured again using the IV probe station after the BOE etch.

Mannificaticn: k5000

Figure 5.22: (a) Photoresist etch mask on direct PECVD deposited SiO,, after 38
s BOE etch process. (b) Discolouration circular spots on graphene surface remain

after BOE etch of SiO,, the discoloured regions increase in size post etch.

Some graphene channels were unable to produce a response during IV measure-
ments this suggests the graphene channels were too damaged structurally or chem-
ically to create an electrical circuit. The major change occurred post-deposition
whereby channels still produced a linear response. However, the resistance increase
was so high (initial range 5-8 k2, after deposition 60 - 250 kS2) that effectively the
graphene SP? structure was no longer present. This suggests the direct PECVD
deposition of silicon dioxide onto graphene should be avoided during the fabrication
process flow, as it causes high resistances and variation.

Based on the previous work using yttrium as a sacrificial layer to improve device

yields and reduce contamination residues, the yttrium sacrificial layer could also act
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as a protective layer during PECVD deposition of SiO,. The use of a sacrificial layer
to protect the graphene during the etch phase would also open up the possibility of
a dry etch process to remove the oxide layer This would result in more control of
the etch and reduce potential undercut.

A 100 nm film 4+ 3 nm of SiO, was deposited using PECVD on a plain Si wafer.
Then cleaved into quarter wafer pieces. An etch series of 210 - 240 s was performed,
the 100 nm film was fully etched in 220 s (based on ellipsometry measurements).

To assess he efficiency of using the yttrium sacrificial layer in the fabrication
process, a batch of 8 Dip Chips were fabricated using the Yttrium modified top
contact process, up to the process step before the final HCI etch (used to remove
the Yttrium from the exposed region of the graphene channel). The wafer was then
moved into the PECVD using a carrier 100 mm wafer and a 100 nm film 4+ 3 nm of
SiO, was deposited.

The 8 Dip Chips were prepared with a photoresist etch mask in order to selec-
tively etch the passivation window. The PECVD SiO, was then etched using the
220 s RIE etch. The Yttrium was then removed using dilute HCI etch to reveal the
graphene channel both of these steps can be seen in Figure 5.23. The optical images

show no signs of damage to the graphene channel.
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Figure 5.23: (a) Graphene channel with Yttrium sacrificial layer fabricated using
the modified top contact process. (b) Graphene channel with yttrium sacrificial
layer present post PECVD deposition and RIE etch of SiOy (photoresist etch mask
still present). (c¢) Dip Chip, post HCI etching to remove yttrium sacrificial layer.
(d) Examination of graphene channel reveals no delamination or regions of intense

damage, slight under etch of graphene edges shown by discolouration.

IV measurements of the graphene channels were performed before the PECVD
SiOs passivation process. This data was not representative of the finished device
as the yttrium sacrificial layer was still present, reducing the channel resistance.
So in comparison, the average resistances from the previous 4 sets of Dip Chips
fabrications were compared to the averages post passivation and Yttrium removal.

Table 5.6 shows that the resulting resistance measurements of the Dip Chips are
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within 20 % of the previously averaged data. This increase could be down to some
Yttrium forming carbides with the graphene at the 300 °C temperature within the
PECVD chamber.

Table 5.6: Resistance data for an average Pre-Transfer Dip Chip graphene channels,
Dip Chip with Sacrificial Yttrium Layer prior (Pre-Pass) to SiOy passivation and
post passivation followed by Yttrium Etch (Post-Pass).

Averaged Pre-Passivation Post-Passivation
Resistance From and Yttrium Removed
Previous Processes (2) Resistance (£2)

16 Channel Average | 8599 10436

Standard Deviation | 1420 1466

To investigate whether there is any damage occurring to the graphene during the
plasma etch process the graphene channels were analysed using Raman spectroscopy

(Figure 5.24).

Figure 5.24: Raman map scan 50 x 50 pum of Yttrium SiOs RIE etched followed by
HCI Yttrium etched graphene, (a) D/G ratio map. (b) 2D/G ratio map.

Raman map scans looking at the D/G ratio and 2D/G ratio. The average D/G
ratio of the RIE etched sample was calculated as 0.0818 £0.0159 with an average
2D /G ratio of 0.9684 +0.0727 these figures were compared to Pre-Transfer Yttrium



processed non-passivated samples where the average D/G ratio was calculated as
0.991 +0.0446 and average 2D /G ratio calculated as 0.9569 +0.1254. The passiva-
tion process does not appear to introduce any additional damage to the SP? bonding
structure of the graphene seen in the D/G ratio. There is also no difference in the
2D /G ratio suggesting no changes to doping or strain applied to the graphene.
Figures 5.25 shows the similarities between the normalised spectra of the SiO,
passivated graphene compared to the non-passivated graphene (both using Yttrium
sacrificial layer). There is no real shift in the spectra or major changes in peak
intensities. This suggests that the use of Yttrium as a sacrificial etch mask is effective
at protecting the graphene sheet from both the PECVD deposition and RIE etch
process. This means the graphene Dip Chip can be effectively passivated using
PECVD deposited SiO,, an inert and chemically resistive film. Without causing

damage or introducing residues to the graphene surface.
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Figure 5.25: Normalised Raman Spectrum’s of Yttrium SiOs RIE etched followed by
HCI Yttrium etched graphene layer and Yttrium by HCl Yttrium etched graphene.

SiO; PECVD Deposited With SizIN, Substrate During the SiO, etch process
once the deposited SiO, film has been etched, any further etch time using the dry
etch RIE process and the wet BOE etch process results in under etching of the
graphene (Figure 5.26 a&b). This Introduces of structural damage to the graphene
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channel. These effects would become more noticeable during the miniaturisation of
this process, when decreasing the graphene channel size.

To improve the device process flow towards miniaturisation, an etch stop was
introduced to prevent the under etching. Using a SizN, coated substrate wafer
(University Wafer Inc, USA), to provide an etch-stop and prevent under etching of
the graphene channel for both etch methodologies (Figure 5.26 c¢). The etch rate of
SigNy in BOE less than 1 nm/minute [15].

Photoresist Etch-Mask Photoresist Etch-Mask
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Figure 5.26: (a) PECVD deposited SiOy during etching process (under-etched), the
yttrium/graphene channel is not fully exposed so cannot be functionalised. (b)
PECVD deposited SiOy during etching process (over-etched), the substrate SiOs
is also etched and the graphene channel is damaged. (c¢) PECVD deposited SiOy
during etching process, successful etch of deposited SiO, to the base substrate (SizNy

etch-stop, exposing the yttrium/graphene channel.

The next stage was to repeat the process of PECVD deposited SiO,, the RIE



etch using the yttrium sacrificial layer. However, Graphenea does not supply wafer-
scale monolayer graphene on silicon nitride wafers. The Post-Transfer fabrication
process was used with silicon nitride wafers to fabricate 8 Dip Chips. The yttrium
sacrificial layer was introduced after the graphene transfer step. The PECVD SiO,
passivation process using graphene protected with yttrium was then performed.
Figure 5.27 shows the resulting fabricated devices. This method produced a much
cleaner device without undercut of the graphene channel due to the Nitride acting

as an etch stop.

Magnfication X500.0
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Figure 5.27: (a) PECVD deposited SiO on top of graphene devices (using yttrium
protective layer) fabricated on silicon nitride wafer. Yttrium sacrificial layer etched
using HCl solution. (b) Graphene channels show no signs of delamination or damage

with little to no under cut of the graphene channel.

IV measurements were performed on a separate set of un passivated 8 Dip Chip
devices fabricated from the bottom contact process on the same silicon nitride wafer
to compare to the passivated devices. Table 5.7 shows the calculated resistance
data, the average resistance of the Dip Chips appears to increase post-passivation.
The standard deviation for the passivated devices also increases. In general the
device variability is higher on Nitride based devices. The higher variability and
higher resistance values (lower carrier mobility) for the Dip Chips would need to

be investigated further, to ascertain whether the benefits fabricating with nitride
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substrates is worth developing sensors with higher resistances compared to SiO,

substrates.

Table 5.7: Resistance data for Dip Chip with Sacrificial Yttrium Layer prior (Pre-
Pass) to SizNy passivation and post passivation followed by Yttrium Etch (Post-
Pass).

Resistance (€2) Resistance (Q2)

Pre-Pass Post-Pass
16 Channel Average | 19664 22048
Standard Deviation | 3061 9126

For results presented, using a SiO, substrate is suggested to produce the lowest
resistance-based devices with low variability. PECVD deposited SiO, passivation
films would allow for a commercial level process flows and potential further minia-
turisation of the graphene channels and die. Thermal metal evaporation is less
common in CMOS level fabs but PVD deposited yttrium has causes damage to
graphene to a point where the graphene channels conductivity is destroyed. Thus,
thermal evaporation or e-beam evaporation of yttrium is required for the yttrium

process step.

Aluminium Oxide: MVD

The most common methodology for passivation of graphene devices is the use of
aluminium oxide (AlyOj3), usually deposited via Atomic Layer Deposition (ALD)
[16], or via E-beam evaporation sources to minimise graphene damage [17]. Al3O,
is chemically resistant to solvents and low concentration acids. Al;Oj is etched in
strong acids and strong bases. Thus, etching of Al;O3 is possible using standard
photolithography developers e.g. AZ 726 (TMAH based). MVD deposited Al,O3
has a reported stoichiometry of Al/O = 41.0/59.0, at 10 nm a dielectric contant of
9, a breakdown field of 8 MV /cm and a leakage current of 4 x 1079 A /cm?

To assess the passivation process a set of 8 Dip Chips were fabricated on a quarter



wafer SiOy substrate. An MVD film of AlyO3 715 cycles was deposited directly onto
the exposed graphene channels. As the MVD chamber can process multiple wafers
simultaneously a Si control wafer was used to measure the deposited thickness using
ellipsometry (50.8 nm recorded).

To etch the deposited AlyOg3, sequential photolithography and was etched was
used. Using an AZ nLOF 2070 photoresist etch mask, the passivation window was
etched using AZ 726 developer. Once the soluble photoresist is removed from the
window the sample was left in developer for an additional 2 minutes to etch the
exposed Al,Og3, revealing to the graphene layer. The SiO4 substrate acts as the etch
stop preventing under etching of the graphene channel.

This process could be optimised further by using one photoresist developer AZ
400K to remove the soluble photoresist followed by a dilute Trimethylaluminium
(TMAH) solution to etch the AlyO3. The passivation layer post photolithography

etch can be seen in Figure 5.28.

Magnification: X500.0
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Figure 5.28: (a) MVD deposited AlyO3 passivation window on graphene devices
fabricated on SiO, wafer. Al;O3 was etched during a photolithography development
step using AZ 726 developer. (b) Graphene channels show no signs of delamination

or damage with little to no under cut of the graphene channel.

IV measurements were performed before the MVD deposition and can be com-

pared to IV measurements performed post photolithography etch of Al,Os3.
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Table 5.8 shows calculated resistances from the IV measurements. The resis-
tance change seen in devices post passivation saw no significant increase, an increase
(doubling) in standard deviation was seen. This suggests the MVD process has no

significant effect on the graphene channels in terms of electrical conductivity.

Table 5.8: Resistance data for Dip Chip graphene channels prior (Pre-Pass) and

post MVD aluminium oxide passivation (Post-Pass). With the calculated change in

resistance.
Dip Chip Resistance (€2) Resistance (Q2)
PercentageA (%)
Graphene Pre-Pass Post-Pass
16 Channel Average | 9978 10053 0.75
Standard Deviation | 1564 2331 30.43

Raman spectroscopy was used to identify levels of damage in the graphene struc-
ture, comparing pre and post passivation samples. Figure 5.29 shows the graphene
map scans looking at the D/G ratio and 2D/ G ratio. The D/G map shows very

low levels of damage overall graphene structural uniformity high.

Figure 5.29: Raman map scan 50 x 50 pum of MVD Al,O3 deposited and etched
passivated graphene, (a) D/G ratio map. (b) 2D/G ratio map.

Figure 5.30 shows the Raman spectra comparison of pre and post passivation us-
ing MVD deposited Al;O3. There is no visible shift in the peak positions suggesting

low levels of nanoscale-strain/doping.
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Figure 5.30: Normalised Raman Spectrum’s of Post-Transfer process Dip Chip pre

and post-passivation using MVD Al,O3 passivation process.

Table 5.9 shows the average peak ratios and derived grain size for Post-Transfer
fabricated Dip Chips before and after MVD Al,O3 passivation. From the D/G ratio
and grain size it is clear no damage occurred during the AlyO3 deposition or etching

process.

Table 5.9: Average peak ratios and calculated grain size for Post-Transfer Dip Chip

pre and post MVD aluminium oxide passivation Process.

Approximate

Grain Size (L,)

IQD/IG Ratio ID/IG Ratio

Graphene
2.5455 +£0.2658 0.0464 £0.0139 414.3 +124.11
Pre-Passivation

Graphene
1.6779 £0.1222 0.0138 £0.0077 1393.1 £777.3

Post-Passivation

The MVD Al,O3 passivated graphene shows a reduction in the damage peak (the
lowest seen in all Raman map samples). Similar effects are seen in the literature,
ALD Al;,O3 deposition onto graphene surface can have a “Healing” effect, removing

chemical defects to the graphene surface [18]. The decrease in 2D/G ratio would
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suggest a doping/strain effect due to either the deposition or the HCI etch step.

Dielectric Passivation Comparison

The two effective dielectric etch methods tested were the PECVD deposited SiO,
with Yttrium sacrificial layer process and the MVD deposited Al;O3. Figure 5.31
shows the comparison of normalised Raman spectra of the Post-Transfer MVD Al,O3
passivated graphene compared to Pre-Transfer PECVD SiO, Yttrium passivated
graphene.
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Figure 5.31: Normalised Raman spectra of graphene samples, post-Transfer Dip
Chip with MVD Al,O3 deposited and etched compared to Pre-Transfer Dip Chip
with sacrificial yttrium layer and PECVD SiO, deposited and etched.

Table 5.10 shows the average peak ratios and derived grain size for Post-Transfer
fabricated Dip Chip MVD Al,O3 passivated, and Pre-Transfer fabricated Dip Chip
Yttrium PECVD SiO, passivated. The total damage (D/G ratio) is substatially
lower in the MVD passivated sample a difference of 0.068 (142 %). Additionally
the 2D /G ratio is higher for MVD suggesting lower levels of strain/doping. This
method of passivation shows the least damage to the graphene structure with the
least change in doping as well. The total process steps and machine time costs are

also lower when comparing the dielectric passivation methods.



Table 5.10: Average peak ratios and calculated grain size for Post-Transfer Dip
Chip with MVD aluminium oxide passivation Process. Compared to Pre-Transfer

Yttrium sacrificial layer Dip Chip with PECVD SiO, passivation process

Approximate

Grain Size (L,)

IQD/IG Ratio ID/IG Ratio

MVD Al,O3

1.6779 +£0.1222 0.0138 +£0.0077 1393.1 £777.3
Passivation
PECVD SiOs

0.9684 £0.0727 0.0818 £0.0159 235.0 £45.7
Passivation

Dielectric passivation produces the most effective and chemically inert passiva-
tion materials. They could also be used as a gate oxide material in a top gate
FET based design (Figure 5.32). the two most effective in terms of stable resis-
tance measurements and low structural damage, were (1) the RIE etch of PECVD
deposited SiO using an evaporated yttrium sacrificial layer to protect the Pre-
Transfer graphene; and (2) the photolithography based etch of MVD deposited
Al;O3 passivated Post-Transfer graphene.

Gate

AZ03 e

Graphene Channel

Figure 5.32: Diagram of top gated graphene FET design.

To investigate the graphene surface after these passivation processes further,
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scanning electron microscopy was used to look for potential sheet defects. Figure
5.33 (a) shows the PECVD SiO, samples based on RIE etch show signs of being
partially under etched at the edge of the passivation window. Figure 5.33 (b) Addi-
tionally, the graphene channel edge appears quite rough due to the under etching of
the yttrium layer during the O, plasma etch step. Figure 5.33 (c¢) the MVD Al,O4
has a clean edge profile, Figure 5.33 (d) shows the graphene channel also appears
to have a well-defined edge etch profile. This indicates that the MVD Al,O3 pro-
cess produces a much more well defined process and would be better suited toward

industry and further miniaturisation.
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Figure 5.33: (a) Boundary region: PECVD deposited SiOs passivation film can
be seen at the top of the image with an over etched edge region bordering the
graphene channel and thermal SiO, substrate. The substrate SiO5 on the left of the
image shows signs of residues and graphene, due to yttrium residues preventing O,
plasma etching of the graphene layer. (b) Boundary region: MVD deposited AlsO3
passivation film can be seen at the top of the image. The boundary layer appears to
be crisp and well defined along both the graphene channel (right) and thermal SiO,
substrate. (c) Graphene channel edge region of SiO, passivation chip. The edge
appears undefined with unetched graphene islands close to the main channel. (d)
Graphene channel edge region of Al,O3 passivation chip, Clearly defined channel
edge. Some residues are present on the graphene surface, results from after the

graphene channel etch or the graphene transfer process.
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Further surface analyses were performed using AFM to compare the surface
roughness and height differences of the graphene channel that has undergone the
Al,O3 passivation method compared to SiO, passivation. The boundary region
between the passivation layer and graphene channel was investigated (Figure 5.34).
Figure 5.35 & Figure 5.36 show 3D map scans of this boundary region for the two

passivation approaches.

Graphene

Channel
l .~ AFM Scan

Passivation
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r|
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Figure 5.34: Diagram of AFM scan region.
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Figure 5.35: AFM 3D Map of graphene etch boundary with SiO5 substrate boundary.
The graphene has undergone metal evaporation, plasma deposition of dielectric, RIE

dielectric etch followed by HCI wet etch.
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Figure 5.36: AFM 3D Map scan of graphene etch boundary with SiO, substrate
boundary. The graphene has undergone direct MVD deposition of Al;O3 followed
by TMAH wet etch.

2 area of total

The resulting roughness measurements were taken from 250 pm
AFM map scan. Table 5.11 show a significant increase in roughness for the graphene
in both passivated samples. This is due to a combination of structural damage, as
a result of deposition and etch processes, as well as photoresist residues from the
multiple photolithography steps. The increase in root mean square height (Sq) for
Si0, passivated sample is 274 % with an increase of 187 % for the Al,O3 passivated
sample. Both processes bring imperfections with the increases in roughness, on
average the MVD deposited Al;O3 produces the lowest Sq and arithmetical mean

height (Sa), suggesting this process produces lower levels of graphene contamination

post-fabrication.

Table 5.11: AFM roughness root mean square height (Sq) and arithmetical mean
height (Sa) comparison of MVD aluminium oxide and PECVD silicon dioxide pas-

sivation process.

Graphene Roughness Graphene Roughness

Sq (nm) Sa (nm)
Blank Grapahene | 2.94 2.18
PECVD Processed | 10.92 7.57

MVD Processed 8.44 5.95
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5.3 Packaging

Packaging for biosensors enables connection between the sensor chip and the mea-
surement system to be made. The packaging is used to improve performance and
increase the functionality of the platform.

Microfluidic packaging can reduce total sample volumes and improve reliability
by keeping stable volumes over the active sensor area. Microfluidic packaging can
also be used for sample pre-processing, miniaturising procedures such as filtration
or amplification, otherwise performed separately in the lab [19].

The design of a sensor package, that can be applied post graphene chip fab-
rication, enables the functionalisation steps to be performed in a more controlled
system. Moving towards a commercial fabrication flow, chemical functionalisation
process will also need to be automated. Drop-cast functionalisation was not possible
using the current Multiplex design due to the hydrophilic nature of the passivation
film, this could take the form of an open microfluidic system made of hydrophobic
material.

However, for electrochemical functionalisation the graphene channel and two
external electrodes (Ag/AgCl and Pt electrode) are required for the electrochemical
three electrode setup. This would require an enclosed microfluidic system to isolate
each graphene channels in the functionalisation solution.

Figure 5.37 shows the initial package design for the Dip Chip, a single microfluidic
channel that crosses all three graphene channels. A separate inlet and outlet are
used, so that liquid can flow through the channel and a constant volume can be held

over the graphene active area.
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Figure 5.37: (a) Cross section CAD image of microfluidic channel applied to a
passivated graphene Dip Chip. (b) Top down view of Dip Chip graphene channel
cluster. Outline of microfluidic channel can be seen covering all three graphene
channels. Circular regions at either end of the microfluidic channel represent the

inlet and outlet junctions.

In order to develop a scalable microfluidic process, a series of methods have been
examined. The ability to photo pattern PDMS has been investigated extensively for
microfluidic systems [20]. The resolution of “photo-definable” PDMS does not result
in a residue-free process as some PDMS layers remain on the substrate surface, sim-
ilar to nano-imprint and substrate conformal imprint lithography an etching/ashing
process is required to remove residues from features. The resolution of the channels
achieved with this process is 250 pym. The main issue with upscaling is the lack of
commercial photo-curable PDMS and elastomer products. Products such as Oste-
mer (Ostemer, Sweden) and UV-PDMS Shin-Etsu (Japan) require cladding layers
to provide adhesion to the substrate, or would require etching to remove the base
layers. To etch the remaining cladding/base PDMS layers would require etch-masks
patterned across 3D features (trench walls).

To reduce process steps compared to a UV curing PDMS type process a direct

thermal curing PDMS process combined with a dry etch process was developed.

This way microfluidic channels could be patterned and etched away. An additional



5.3. Packaging 297

layer to seal the microfluidic would then be bonded to the etched layer. Traditional
thermal cured PDMS bonding to graphene Dip Chips was also optimised and tested
with H,O flowing across the graphene. A new fabrication method was developed for
direct 3D printing of microfluidic channels onto a silicon chip, this was then used
to print single channel and multiplex microfluidic packages onto graphene Dip Chip
sensors for functionalisation.

In a separate research component the sample pre-processing (whole blood), for
a blood clotting diagnostic sensor was investigated. Blood separation techniques
in microfluidic systems were fabricated and optimised, to produce a blood pre-

processing system suitable for a point of care diagnostic platform.

5.3.1 Materials & Methods

PDMS Microfluidic Bonding

The microfluidic design was created as a 2D AutoCAD file. This was converted to
a polymer film photomask supplied by JD Photo-Data (UK). To create the mas-
ter mould a plain Si wafer was used as the base substrate using the “AZ 125 nXT
Microfluidic” photolithography protocol (section 3.5.3), using the single-channel mi-
crofluidic packaging photomask. Post-development the photoresist was hard-baked
at 150 °C to create the master mould.

The silicon and photoresist master mould was inserted into a container so that
PDMS could be poured onto the wafer and set to a thickness of 3 - 4 mm. The
PDMS was then cured at 50 °C for 4 hours. The cured PDMS was then peeled off
the master mould and cut using a scalpel into individual die.

PDMS to Dip Chip bonding is achieved using RIE Os plasma, 50 W, for 30 s
and a chamber pressure of 75 mTorr for treatment of the PDMS layer. The treated
PDMS layer is brought into contact with the Dip Chip surface. After 30 seconds of
compressing the two surfaces together using a 100 g weight, the PDMS and silicon
chips are heated at 80 °C to complete the bonding process.

Methanol (Sigma Aldrich, UK) was applied by pipette to the Dip Chip surface



before contact is made with the PDMS as a lubricant. The volume of methanol
applied was not fixed and was added in excess until full surface coverage.

Figure 5.38 shows the full process flow for PDMS layer fabrication and bonding
to graphene Dip Chip.

- PDMS

Si
Si
(a) Master Mould (b) PDMS Curing
, 02 Plasma ,
¥ . \J PDMS
A\
PDMS e —
Graphene Dip Chip Sensor
(c) Plasma Treatment (d) PDMS SiO3 Bonding

Figure 5.38: (a) Photolithpgraphy process to create inverted master mould of mi-
crofluidic channel. (b) PDMS pouring and thermal curing at 50 °C for 4 hours.
(c) PDMS layer peeled off master mould, RIE Oy plasma treatment used to mod-
ify PDMS surface. (d) Activated PDMS surface is brought into contact with SiOs

surface for bonding.

PDMS Spin Coating & Etching

To produce thin-film PDMS microfluidic chips for testing, Slygard 184 Elastomer
(Dow) 10:1 ratio was mixed and degassed in a vacuum desiccator for 1 hour before

spin coating. A volume of 2 ml was spin-coated using a Laurel spin coater on a
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plain Si 100 mm wafer substrate. A spin curve was created by repeating the spin
coating process on multiple wafers (diffrerent spin speeds tested and PDMS thickness
measured). The spin coating recipe comprised of a single spin step for 45 s with an
acceleration of 500 rpm/s the final spin speed was adjusted per wafer from 1000 -
5000 rpm in 1000 rpm intervals.

A hard copper etch mask was used due to the etch depth required (10 pm) [21].
A recipe based on an existing RIE [22]. The etch gases 75 sccm CFy, 25 scem Oy
and the chamber pressure of 60 mTorr were kept constant. Due to the spin coating
thickness of PDMS, the total etch-time for PDMS is longer than standard thin film
etch recipes, this extended time increases the plasma heating effect on the sample.
To avoid the samples overheating the etch power was set at 150 W and the etch
time was broken up to allow for cooling into 15-minute steps.

For the PDMS etch series plain si wafers were coated in PDMS using a spin
coater speed of 3000 rpm. The cured PDMS was coated with 200 nm of evaporated
Cu (Quorum evaporator). Followed by photolithography “nLLOF 2070 protocol”,
of the passivation window photomask onto the Cu surface. The exposed copper
was etched using wet etch 1:20 Nitric acid HNO3 : HyO, diluted 1:5 in di HyO
(BYU Cleanroom 2019). The photoresist was then removed using a Solvent Clean
to reveal the Cu Hard etch mask. Figure 5.39 shows the process flow of PDMS

etching process.



PDMS

(a) Cu Deposition (b) PDMS Curing (¢) Cu Deposition
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Figure 5.39: (a) Cu deposited (thermal evaporation) using quorum sputter coater.
(b) PDMS pouring and thermal curing at 50 °C for 4 hours. (c) Cu deposited
(thermal evaporation) using quorum sputter coater. (d) Photo-patterning using
nL.OF 2070 to fabricate photoresist etch-mask. (e) Cu wet etched using Nitric acid
solution to create Cu etch-mask for selective PDMS etching. (f) RIE plasma etch
process of PDMS layer to Cu etch stop layer. (g) Photoresist removed using Solvent
Clean process. (h) Cu wet etch process to reveal base substrate and remove Cu

etch-mask from PDMS surface.

PDMS etching was performed using RIE plasma etching. A photoresist etch
mask AZ nXT 125 spun at 3000 rpm to produce a 20 pum thick etch mask. Protocol
for RIE PDMS etch uses CFy 75 sccm and Oy 25 scem with a pressure 50 mTorr.
Power was varied but set at 150 W with cycles of power on and power off to prevent
the substrate overheating. The photoresist etch mask was then removed using a

Solvent Clean.
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3D Printed Microfluidic Packaging

The details of file conversion and the polymer filament used in the microfluidic 3D

printer can be found in Materials & Methods Chapter section 3.9.3 (Figure 5.40).

(7 S\

/?4

(c) (d)

Figure 5.40: (a) Base layer COC printed directly onto Fluidic Factory print bed,
notch for embedding Dip Chip set to 530 um to allow for shrinkage of material. (b)
Dip Chip epoxy bonded to base layer aligned with notch region allowed to set for
15 minutes. (c) The top layer containing the microfluidic channel is then printed
directly onto the surrounding COC as well as the Dip Chip surface materials. (d)
Fluidic Factory conversion file showing individual filament path of open chamber

region.

To improve polymer filament to sensor surface adhesion and create a liquid-tight
seal of the microfluidic channel, screen printed passivation layer was integrated onto

the Dip Chip surface [6]. The mechanism for fabricating the packaged chip involved



splitting the print into two halves. Printing a base with a recessed region to place and
fix the Dip Chip substrate, inserting the Dip Chip and bonding it in place followed
by printing the second half of the design containing the microfluidic channels printed

directly onto the Chip.

Microfluidic Liquid Testing

Liquid testing of both open microfluidic chambers and sealed microfluidic chambers

were performed using di H,O and a red food colouring (amazon.co.uk, UK).

Electrochemical Functionalisation

Details of Electrochemical functionalisation using a 3 electrode setup can be found
in Materials & Methods Chapter section 3.10.2.

Details for electrodeposition of gold and electrochemical polymerisation of pDAN
can be found in Materials & Methods Chapter section 3.10.3.

For in packaging functionalisation of both methods the SD card connector is used
to enable submersion of the Dip Chip inside the ionic functionalisation solution. The
graphene channel represents the working electrode, the Ag / AgCl reference electrode
and Pt wire as the counter electrode see Figure 5.41. Firstly the process of multiplex
functionalisation was repeated using a passivated non-packaged Dip Chip. The first

functionalisation mechanism to be tested was the electrodeposition of Au
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Figure 5.41: (a) Foreground shows the Dip Chip inserted in SD card connector.
A single header pin connected by crocodile clip creates a connection to a single
graphene to act as the working electrode. Back left Pt wire counter electrode. Back
right the Ag / AgCl reference electrode protected with Double-Junction System
(Metrohm, Switzerland). (b) Graphene channel in three-electrode electrochemical

system.

Optical and Physical Analyses

For SEM imaging the parameters used (Section 3.12.1).
For AFM imaging the parameters used (Section 3.12.4).

Electrochemical Analyses

Square-Wave Voltammetry and Pulsed-Differential Voltammetry cycle settings (Sec-
tion 3.11.3).

Blood Separation Microfluidics

Details of blood collection and ethics (Section 3.9.3).
Blood was collected within 4 hours of testing the microfluidic devices. The
blood was removed from the collection tube using a 5 ml Luer-lock syringe (BD,

USA) and then connected to the syringe pump (Single Microfluidic Syringe Pump,



World Precision Instruments, USA). Microfluidic tubing was used for connection
with 1/16" outer diameter (Darwin Microfluidics, UK). connected via PEEK Micro-

Fitting connectors (Sigma Aldrich, UK) to the syringe.

5.3.2 Results & Discussion

PDMS Microfluidic Bonding

Polydimethylsiloxane (PDMS) is widely used for microfluidic-based research as well
used for early-stage rapid prototyping. And often used for substrate level pack-
aging through the use of imprinting and bonding to the substrate. Based on a
two-component mixture (monomer and curing agent), the end product is a flexible
polymer with a low Young modulus (1.32-2.97 MPa), which is optically transpar-
ent [23]. The initial design for Dip Chip packaging consisted of a single microfluidic
channel with regions to connect the inlet and outlet. This can then form a microflu-
idic cell to flow liquid across the graphene channel. The SiO, substrate makes up a

majority of the Dip Chip surface area so should provide a similar bonding surface

to PDMS glass bonding.

For PDMS to glass bonding, both surfaces are plasma treated and are brought
into contact. The two reactive surfaces react and covalently bond to each other [24].
However, this methodology cannot be used as O, plasma treatment of the graphene
surface would result in damage/removal of the graphene. In this modified process,
the Dip Chip was not plasma treated before being brought into contact with the
PDMS chip.

This modified plasma bonding process was tested by directly bonding PDMS
to non-passivated chips with metal electrodes (no graphene present). Bonding in a
single step process by manually manipulating the PDMS block proved difficult and
inaccurate. Figure 5.42 shows the PDMS that came into contact with the chip but
due to misalignment was required to be repositioned on the Dip Chip surface, as a

result of this movement the metal contacts were seen to partially delaminate.
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Magnification: X100.0 Magnification: X100.0

Figure 5.42: (a) Non passivated Dip Chip, PDMS was brought into contact with
the SiOy and metal electrodes incorrectly. The PDMS was repositioned to improve
alignment (b) PDMS accurately aligned using a single attempt. Metal contacts

appear intact.

Methanol was introduced lubrication agent to aid the alignment of the chips
without affecting the PDMS to SiO, bond. Figure 5.43 shows chips that were
successfully aligned, connected to syringes and tested with di HoO mixed with red
food colouring. Red food colouring was added for visualisation of the liquid transport

through the channel.



Magnification: x100.0] agnification: ¥200.0

(a) (b)

Figure 5.43: (a) PDMS Microfluidic chip bonded to graphene Dip Chip. Punc-
tured inlet region visible leading to microfluidic channel filled with di HoO (red food
colouring added). (b) Graphene channel fully exposed to di HyO inside microfluidic

channel.

Resistance measurements were performed on the graphene channel before bond-
ing, after bonding and after the introduction of di water into the microfluidic system.
Alignment by hand in this manner is incredibly time-consuming without high accu-
racy yields. Some chips were misaligned (approximately 40 %). Table 5.12 shows
there was no significant change in resistance on the three Dip Chips tested after
bonding PDMS microfluidic to the surface. A resistance increase was then observed
during the flow of di H,O across the surface. This suggests that liquid is flowing

across the graphene surface as a resistance change was observed.

Table 5.12: Calculated graphene channel resistance before PDMS bonding and cal-

culated change in resistance (%) after bonding and after liquid testing

Resistance (€2) | Post-Bonding di H20 Test
Pre-Bonding | PercentageA (%) | PercentageA (%)
9 Channel Average | 8481 -1.37 26.42

Standard Deviation | 793 0.57 4.80
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This method was successful in fabrication of a useable microfluidic package on
top of the graphene Dip Chip. Difficulties regarding the plasma bonding and the
alignment process result in a lower than optimum yield. Additionally, this pro-
cess is hard to upscale and would not be compatible with the miniaturisation of
the graphene channel. Alignment under these conditions would require specialised
equipment made more difficult with not being able to plasma treat the SiOy sub-

strate.

PDMS Spin Coating & Etching

The aim is to cure PDMS directly onto the finished graphene Dip Chip wafer. The
flat PDMS could then have photoresist spin-coated onto the surface to pattern a
photoresist etch-mask. Using a modified PDMS anisotropic dry etch to etch through
the PDMS down to the Dip Chip graphene [22]. The microfluidic would then be
sealed using a flat piece of PDMS plasma bonded, or pressured sealed using a rigid
material.

For the PDMS etching microfluidic process, first the PDMS layer was spin coating
in its liquid form, followed by thermal curing. A PDMS thickness spin curve was
created to calibrate PDMS thickness with respect to spin speeds. Figure 5.44 shows
PDMS thickness of 10 pym from using a speed of 5000 rpm, this speed was chosen

for for etch process development.
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Figure 5.44: PDMS thickness/spin speed calibration for a PDMS composed of 10:1
ratio PDMS elastomer to curing agent followed by 1 hour of degassing. After spin-
ning PDMS thickness was measured at multiple points using Keyence microscope.

Fitted with

To determine the etch rate of PDMS using an RIE process, an etch series was
created by etching quarter wafer test pieces of a silicon wafer coated with PDMS
film with a Cu etch mask. The quarter wafer samples were RIE etched for increasing
lengths of time (15-minute intervals to avoid overheating).

Figure 5.45 shows the resulting etch depths measured by profilometer. The
average etch rate of 12 yum per hour was estimated. For a PDMS spin of 5000 rpm,
8 - 10 pm thickness a 1 hour etch should be sufficient to etch through the PDMS

layer.
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PDMS Etch Series: Etch Depth Against Process Time
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Figure 5.45: PDMS RIE etch series, monitoring the effect of increasing etch duration

against measured etch depth.

For the PDMS microfluidic etch experiment a copper base layer on the Si sub-
strate was required, to clearly define when the PDMS layer is etched through to the
base substrate (Etch recipe would continue to etch Si after penetrating the PDMS
layer). In the final device packaging, the graphene surface would need to be pro-
tected by a sacrificial metal layer. Cu layer used to represent the sacrificial layer
required to protect the graphene during the RIE etch process. Figure 5.46 shows
the the PDMS etch experiment. Additionally, the Cu layer deposited on the sub-
strate can be wet etched as an indicator of the PDMS layer being etched through

successfully.
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Figure 5.46: (a) Cu etch mask created using Dip Chip Test Structure photomask on
top of spin coated PDMS layer. (b) RIE deep PDMS isotropic etch, Cu etch stop

layer used to prevent etching of the Si substrate.

Following the RIE etch process and complete etch through the PDMS layer, a
further Cu wet etch step was completed to remove the Cu etch mask. The Cu
wet etch step removed the substrate etch stop layer partially see Figure 5.47. This
suggests the etch has not fully removed the PDMS layer as the copper is only etched
in the break regions “cracks” in the PDMS film.

Exposed PDSM
Cu Etch-Mask On Top of Cu Layer

Base Cu Layer
Wet Etched

Partial
PDMS Etch

(a) (b)

Figure 5.47: (a) Patterned Cu etch mask on top of cured PDMS layer. Substrate
Cu etch stop layer visible through PDMS layer. (b) 60 minute RIE etch process
followed by Cu wet etch, Cu top etch mask layer removed, substrate etch stop layer

partially etched clustered in regions where PDMS film is thinnest.
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Further etching was required to fully remove the PDMS film from the base of the
etched regions. A second sample was etched for a total of 75 minutes using the stag-
gered 15-minute etch protocol, followed by a Cu wet etch for 5 minutes. The resulting
etch removed the patterned Cu etch mask as well as the Cu etch stop, which indicates
that the PDMS has been etched through completely (Figure 5.48). The residues left
behind could not be removed with di HyO rinse steps, which suggests that more
than pure Cu etching takes place. PDMS is known to absorb acids and break down
over time, the reactions on the surface are likely to be the break down products of

PDMS such as small weight oligomers ((CHj)3Si[OSi(CHjs)2],OSi(CHs)s) [25].

Magnification: X501 [Magnificateon; X50.0

b Cu Base
Cu Etch-Mask . Leyer

Figure 5.48: (a) PDMS sample etched for 75 minutes in RIE system. Substrate Cu
etch stop layer visible through PDMS layer. (b) 75 minute RIE etch process followed
by Cu wet etch, Cu top etch mask layer removed, Cu etch stop layer removed with

some minor residues visible.

The 75 minute etch process was repeated on 2 further samples. The next stage
of testing involved forming a seal on the top surface of the PDMS film to create an
enclosed microfluidic channel. The second layer of PDMS was drop cast and cured
on a smooth silicon wafer. The RIE O, plasma bonding process used to bond PDMS
to SiOy / glass was also used to bond PDMS to PDMS.

However, the resulting bonding process when applied to the previous RIE etched

sample did not result in bonding. Therefore it was impossible to produce a liquid-



tight between the two PDMS layers. This could be due to either the copper depo-
sition process, or could be due to the absorption/reaction of the PDMS surface to
the nitric acid during the Cu etch process, PDMS ageing and surface degradation
have been shown to reduce bonding effects [24].

To investigate whether the bonding issue was due to Cu evaporation layer or was
due to the nitric acid etch step. To investigate PDMS to PDMS bonding, PDMS
was drop cast, cured and cut into 10 mm x 10 mm pieces for testing. Standard RIE
O, plasma (40s), PDMS to PDMS bonding was performed as a control test. Three
pieces of PDMS were submerged in the Cu wet etch solution (Nitric acid) rinsed
twice in di HoO baths and dried using compressed air. The bonding procedure (40
s) RIE O, plasma was performed on both non-treated and treated PDMS samples
before bringing the section into contact for bonding. Permanent bonding was not
achieved in the nitric acid treated samples. This suggests that the acid treatment
of the PDMS damages the surface, reducing the number of active sites available for
covalent bond formation, and prevents bonding.

The PDMS etching method is better for direct alignment of the microfluidic
channel. However, the etching process damages the PDMS surface making further

bonding and device sealing impossible.

3D Printed Microfluidic Packaging

3D printed microfluidics is a growing research trend. The three main categories
of 3D printers used for microfluidic applications are Inkjet 3D printing (i3DP),
Stereolithography (SLA) and Fused deposition modelling (FDM). Each of these
methods has pros and cons regarding microfluidic 3D printing, as seen in the 3D
Printed Microfluidics section of the Literature Review Chapter.

The SLA based printers are currently limited in terms of printing materials
that can be used (e.g. biocompatible materials). SLA’s high resolution makes it
best suited for microfluidic channels with dimensions down to 150 pm in height
or width [26]. However, with a lack of pause capability (The ability to stop and

start the 3D print in an open to air environment), it would be difficult to insert
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the Dip Chip inside the microfluidic. A two-part system could be fabricated but
liquid-tight adhesion to the chip surface without the use of a gasket could lead to
leakage and contamination of the device. The i3DP based printers are currently
focused on large scale commercial manufacture. Open channels with 200 pm cross
are achievable [27]. The i3DP system has multi-material benefits but is not currently
targetted to microfluidic systems.

The need to create a liquid-tight seal on the Dip Chip surface favours specialised
FDM 3D printing (as the polymer can solidify on the chip surface). The Fluidic Fac-
tory 3D printer (Dolomite Microfluidics UK) is designed specifically for liquid-tight
microfluidic prototyping, and has pause functionality enabled within its standard
software. It has a channel resolution of 320 ym width and 150 pum height using
cyclic olefin (COC), a biocompatible polymer filament. Based on specifications
from Dolomite Microfluidics direct printing of a microfluidic chamber directly onto
a screen-printed electrode chip. It was recommended by the manufacturer not to
print directly onto a rigid substrate such as Si as the polymer contracts upon cooling
and could partially delaminate from the surface. In contrast, the screen-printed elec-
trode chip (Drop Sense Metrohm, Switzerland) is coated with a passivation ink layer,
this layer has a lower stiffness than the polyethylene naphthalate or polyethylene
terephthalate substrate. This low stiffness value allows for deformation upon cooling
of COC filament reducing the chance of delamination and producing a liquid-tight
seal shown to last for 2 hours upon testing.

The first microfluidic design was based on creating an open chamber over the
channel to allow IV probing the graphene channel as well as leak checking the COC
passivation ink film interface. The fabrication process of the first test package was
completed with a printing run time of 37 minutes and filament usage of 0.71 m. The
microfluidic cartridge was successfully printed, encapsulating the graphene region of
the Dip Chip (Figure 5.49). IV measurements were performed using the Everbeing
IV probe station, graphene channel resistances were calculated to identify changes

to resistance pre and post packaging.



Figure 5.49: (a) First half of print completed with full Dip Chip recessed inset. (b)
Dip Chip with blue passivation ink layer, epoxy bonded to COC print. (c¢) Second
half of print with alignment of window opening to graphene channel. (d) IV probing
of encapsulated Dip Chip.

The initial resistances were calculated before 3D printed packaging, post-packaging
and after di HyO pipetted into the open chamber. Table 5.13 shows the averages cal-
culated for each test step. There was a minor decrease in resistance post-packaging
and an increase in resistance after the application of H,O. The data shows FDM
printing with a nozzle temperature of 225 °C does not affect the graphene electrical

conductivity at a distance of 500 pm from the channel.
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Table 5.13: Calculated graphene channel resistance before 3D printed packaging and

calculated change in resistance (%) after packaging and after liquid testing

Resistance (§2) | Post-Packaging | di HoO Test
Pre-Packaging | PercentageA (%) | PercentageA (%)

3 Channel Average | 8829 -1.05 10.78
Standard Deviation | 108 0.62 12.53

Liquid leak testing was performed using the open chamber design, using red food
colouring to identify any leakage at the COC printed film interface. The red food
colouring (100 ul) was pipetted into the chamber and left for 2 hours inside a sealed
petri dish to prevent evaporation of the liquid. Figure 5.50 shows the microfluidic
chamber edges examined optically. No sign of leakage could be discerned, the screen
printing passivation ink appears to be an effective deformation layer when applied

to Si chips similar to screen printed electrodes.

a5 .
(Magnification: X50.0 Maniﬁcarion: X50.08
] : )

Figure 5.50: (a) Bottom left corner of 3D printed packaging open chamber. Visible
blue passivation screen printing ink and COC printed polymer. (b) Red food colour-
ing pipetted into open chamber and examined after 2 hours. No sign of diffusion

into the COC region.



The next stage of testing was to fabricate a complete microfluidic channel with
inlet and outlet so liquid can be flown through the chamber over the graphene
channel. Figure 5.51 shows he initial 3D design involves a simple vertical inlet and
outlet with a 1.5 mm width 5 mm length, 300 gm height microfluidic channel see
CAD design.

Exposed
Electrodes

(a) (b)

Figure 5.51: (a) 3D printed microfluidic Dip Chip cartridge with exposed metal
electrodes for IV probe measurements. (b) Sectional of the microfluidic channel

above the graphene channel of Dip Chip.

Figure 5.52 shows the microfluidic flow of red dye that was pipetted into the
microfluidic channel. The cartridge was left for 2 hours in a sealed container and
examined optically to check for signs of leakage. No signs of fluid leakage were ob-
served after the two hours. This suggests that 3D printed COC microfluidic channels
can be effectively printed directly on the chip surface, creating a microfluidic package

for the sensor.

This method of packaging can be used to create additional microfluidic features
in vertical space with a minimal footprint area, compared to PDMS soft lithography

which requires multiple layers of bonding to create vertical 3D features.



5.3. Packaging 317

(a) (b)

Figure 5.52: (a) ISO view of 3D printed microfluidic Dip Chip cartridge with exposed
metal electrodes for IV probe measurements. (b) Section analyses of the microfluidic

channel above the graphene region of Dip Chip.

Functionalisation in Packaging

Multiplex functionalisation was previously demonstrated using electrochemical de-
position techniques [6]. The 3 graphene channels present on the Dip Chip were used
to functionalise the first graphene channel with Gold (Au) nanoparticles. An Au
nanoparticle will preferentially bind a bio-receptor molecule that contains a thiol
group at its base [28]. The second graphene channel is then left blank as a control
channel, to monitor environmental change and later isolate the effects of physisorp-
tion vs chemical absorption of the target molecules. The third graphene channel was
functionalised via electro-deposition of poly 1,5-Diaminonaphthalene (pDAN) [29].
The exposed amine groups of the pDAN can then be modified with EDC/NHS
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide /N-hydroxysuccinimide) which al-
lows for direct immobilisation of enzymes/antibodies via connection of their amine
groups [30].
Figure 5.53 shows the resulting current measured during the 60 s electro-deposition

of Au . The graph shows an increase in current during deposition of Au onto the

graphene channel. The current saturates after 24 - 25 s, at this point it is thought



that the graphene channel is fully coated with a conducting film of Au. For op-
timised biosensor applications it would be important to tune this protocol for the
exact quantity of Au deposition required. However, for this multiplex study proving

the ability to deposit Au on a single graphene channel is the main outcome.

Au Electrodeposition: Current vs. Time

Current (pA)

I ..Time(s}lh . )
Figure 5.53: Electro-deposition of Au onto graphene channel 1. Graph showing
current against time measured using 3 electrode set up (counter electrode current

measurement).

The second functionalisation process, polymerisation of DAN molecules, was per-
formed on the third graphene channel. Using a 3-electrode system the third graphene
channel was connected to form the working electrode. Figure 5.54 shows the plot
of current against applied potential. The increasing oxidation and reduction peaks
represent the addition of more layers of pDAN onto the surface as the additional

amine groups of the DAN layer undergo redox reactions.



5.3. Packaging 319

pDAN Electropolymerization: Current vs. Applied Potential

Current ()

o 01 o2 03 o4 05 0& o7 08 03 1
Applied Patential (V)

Figure 5.54: Electropolymerisation of pDAN onto graphene channel 3. Cyclic

voltammetry plot showing current measured against the applied potential.

The graphene channels were imaged prior and post multiplex functionalisation
using a Keyence microscope (Figure 5.55). The images clearly show changes to the
graphene surface. A lot of residues from cross-contamination of solutions and the

functionalisation processes remained on the SiO, surface.



Channel 1

(e) (f)

Figure 5.55: (a) Pre-functionalised, graphene channels are blank. (b) Pre-
functionalisation, control channel 2. (c¢) Graphene Channels post multiplex func-
tionalisation; channel 1 Au deposited, channel 2 control not functionalised, channel
3 pDAN deposited. (d) Channel 1 showing dark orange colour fully coated with Au
an dark colouration due to other contaminants Cl, C. (e) Channel 2, not function-
alised, other contaminants have adhered to the graphene and surrounding surface.
(f) Channel 3 with pDAN deposited onto the graphene surface and expanding out-

ward from the channel as the total mass of pDAN increased with each CV cycle.
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Figure 5.56 shows SEM images from further examination of the functionalised
graphene surface. SEM clearly shows that the centre control channel is contaminated
due to the electrochemical functionalisation process. This could lead to bio-receptors
attaching to the surface by physisorption and suggests the channel is not a true

control.



Channel 2

Channel 1

Figure 5.56: (a) SEM images Pre-functionalisation (graphene channels are blank).
(b) Pre-functionalisation, control channel 2, some environmental contamination seen
on surface. (¢) Graphene Channels post multiplex functionalisation; channel 1 Au
deposited, channel 2 control not functionalised, channel 3 pDAN deposited. (d)
Channel 1 showing crystal like growth of Au on the surface, extreme growth can
be seen on the edges. (e) Channel 2 remains not functionalised. However, other
contaminants have adhered to the graphene surface, including Au and monomer
DAN clusters. (f) Channel 3 with pDAN deposited onto the graphene surface with

additional clusters of Monomer DAN adhering to the surface.
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To remove surface contaminants a solvent clean was used. The majority of
contaminants remained even after the solvent clean so a 2 s pulsed sonication step
was used in di HyO. Figure 5.57 shows the graphene channels after clean process,
the clean has removed a majority of contaminants but also removed the deposited

pDAN layer from the graphene surface.

Figure 5.57: (a) Graphene channels post sonication, Au remains on channel 1, con-
taminants removed and pDAN layers removed from channel 3. (b) Magnification of

channel 3 pDAN layers removed during sonication process.

Electrochemical analyses methods were conducted to further validate the effect
of functionalisation on the graphene channels. Firstly square wave voltammetry
(SWV) was used to measure changes in current through the graphene three-electrode
circuit. Secondly, differential pulse voltammetry was then performed as a secondary
voltammetry technique to measure the changes in current. Each graphene chan-
nel was measured before functionalisation. After the final functionalisation process
(pDAN), the Dip Chip was washed with buffer 10x wash steps and then measured
using SWV and DPV for a second time.

Figure 5.58 shows the resulting electrochemical plots, (a) and (b) clearly shows
a large increase in response from the initial blank graphene to the substantial Au
coated peak (graphene peak hidden due to the scale of Au peak). Figure 5.59 (a)
and (b) representing the control channel the SWV show a slight a shift/new peak



near 0.1 this could be due to the contamination seen on the surface of the control
channel. (b) DPV results also show a sign of peak shifting and new peaks appearing
at approximately 0.4 V. Figure 5.60 (e) and (f) display the functionalisation of
pDAN on the graphene surface forming 2 peaks representing the redox behaviour of

the amine groups.

SWV Non Packaged Dip Chip: Au Functionalised Channel DPV Non Packaged Dip Chip: Au Functionalised Channel

-0.2 0.1 0 01 02 03 04 05 -0.2 -0.1 o 01 02 03 04 05
Applied Potential 1(v) Applied Potential (V)

——rreF I ——Post:! ————Pre-Fundtionalisation === Post-Functionalisation

(a) SWV: Channel 1 (Au) (b) DPV: Channel 1 (pDAN)

Figure 5.58: (a) SWV of graphene channel 1 pre-functionalisation (blank) and post
Au electro-depostion showing large peak response at 0.19 - 0.2 V.(b) DPV result

showing similar trend to SWV for Au functionalised surface.
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SWV Non Packaged Dip Chip: Control Channel DPV Non Packaged Dip Chip: Control Channel

02 01 4 01 02 03 04 05 0.2 01 0 01 02 03 04 05
Applied Potential (V) Applied Potential (V)

—Pre-Fi a ———Paost-Functionalisation —Pref I —

(a) SWV: Channel 2 (blank) (b) DPV: Channel 2 (blank)

Figure 5.59: (a) SWV of the control channel shows a small increase in current for the
graphene peak post functionalisation but also shows additional peaks at 0.1 and 0.45
V. This could be due to contamination of the channel with Au/DAN. (b) The DPV
result confirms the additional peaks seen after the other channels had undergone

functionalisation.

SWV Non Packaged Dip Chip: pDAN Functionalised Channel DPV Non Packaged Dip Chip: pDAN Functionalised Channel

0.2 0.1 o 0.1 02 03 04 0s -0.2 0.1 0 0.1 02 03 04 0s
Applied Potential (V) Applied Potential (V)

—Fre ——Past ——rref i ——Post-

(a) SWV: Channel 3 (pDAN) (b) DPV: Channel 3 (pDAN)

Figure 5.60: (a) SWV result of pDAN functionalised channel shows two additional
peaks as a result of the amine groups of the pDAN surface at 0.11 V and 0.45. (b)

DPV result confirms additional peaks seen in SWV result.

This method of multiplexing the graphene channels appears to be effective in
terms of readable peak shifts due to the functionalisation process. Further research
would need to be conducted to create an effective electrochemical based sensor for

diagnostic purposes. Early work on pDAN based functionalisation has shown the



potential for binding sensing using enzyme-based bio-receptors to the NHy groups
of the DAN layer [29]. The difficulty faced with this process is the potential for
cross-reactions due to contamination of the graphene surface from the multiple
functionalisation solutions. To create a better multiplex platform, the graphene
channels must be isolated in the functionalisation solutions individually to prevent

cross-contamination.

Multiplex Packaging

To deliver a more stable electrochemical functionalisation process with less cross-
contamination of the channels, the Dip Chip: Multiplex (Dip Chip M) design could
be combined with a newly designed 3D printed packaging. The design of microfluidic
channels in the Dip Chip M package was redesigned to accommodate the additional
space used per channel. The inlet and outlet regions were reduced in size to enable
the increased distance between them. A better liquid-tight seal to the chip surface
and and alignment of the microfluidic channels can be seen in Figure 5.61. Using 3
individual microfluidic channels enables exposure of graphene channels individually
to electrochemical functionalisation by blocking the inlet and outlet of the other

graphene channels.

(a) (b)

Figure 5.61: (a) Sketch design of microfluidic channel centre top. (b) Alignment of
Dip Chip M with microfluidic channels of intended packaging.
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The next stage involved file conversion and test printing the microfluidic package,
the total print time calculated was 29 minutes and total filament usage 0.32m of. To
check the internal microfluidic structures were isolated the central channel (2) was
filled with di HyO and the outer microfluidic channels (1 & 3) were filled sequentially
with red food dye (mixed 1:5 di HyO). Figure 5.62 (a) show the microfluidic cartridge
after 2 hours in a sealed container. No signs of cross-contamination could be seen.
Figure 5.62 (b) shows the microfluidic channel was then filled with red food colouring

to confirm all 3 microfluidic channels are functional.

A H,“I
”’?Channel:’.
)

Figure 5.62: (a) Microfluidic channel 2 containing di H,O no colour bleeding from
surrounding microfluidic channels. (b) Microfluidic channel 1, 2 and three individ-

ually containing coloured di H,O.

Multiplex Functionalisation

The Dip Chip M packaging design was shown to be liquid-tight. The next stage of
testing was to repeat the multiplex electrochemical functionalisation process. The
design Dip Chip M 3D printed package enabled the attachment of the SD card
connector so that it could be used in the electrochemical three-electrode circuit
similar to a non-packaged Dip Chip (Figure 5.63). To guarantee that the ionic
liquid component of the circuit has made contact with the graphene surface, the

solution is first pipetted into the microfluidic channel before full submersion in the



solution.

~ DipChiplin
Microfluidic Packaging

PCB qu‘mm-:‘i:br

Graphene
king Electrode
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(a) (b)

Figure 5.63: (a) Dip Chip M packaged in 3D printed microfluidic, connected to SD
card connector PCB. (b) Submerged and packaged Dip Chip M completing the 3

electrode circuit for electrochemical measurements.

During each functionalisation step, the two graphene channels that are to be
excluded from the circuit are protected from the solution using a small volume
of silicone-based sealant. After functionalisation, the silicone was removed of the
inlets and outlets. The resulting channels cannot visually be inspected for function-
alisation. To identify functionalisation SWV and DPV were performed using the
same sweep parameters as for the unpackaged Dip Chip. The solution was pipet-
ted into each microfluidic channel before submersion of the fully packaged device
in the solution. Figure 5.64 (a) and (b) shows the SWV and DPV results for the
Au functionalisation of graphene channel 1 both show the same high peak at 0.2 V
representing the deposited Au. Figure 5.65 (a) and (b) shows the control channel
SWV has an additional peak pre and post-functionalisation between 0.5 - 0.6 V
this could represent additional material on the graphene channel or could be caused
by a reaction with the COC printed cartridge. The DPV result shows no sign of
the additional peaks post-functionalisation this suggests the graphene channel was
isolated from the functionalisation chemistries. Figure 5.66 (a) and (b) shows the

SWYV and DPV for the pDAN functionalised channels contain the same 2 additional
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peaks found that represent the amine groups present in the molecule. This suggests
both Au electro-deposition and electro-polymerisation of pDAN are possible within

a microfluidic package submerged in the electrochemical solution.

SWV Packaged Dip Chip Multiplex: Au Functionalised Channel DPV Packaged Dip Chip Multiplex: Au Functionalised Channel
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(a) SWV: Channel 1 (Au) (b) DPV: Channel 1 (Au)

Figure 5.64: (a) SWV of graphene channel 1 pre-functionalisation (blank) and post
Au electrodepostion showing large peak response at 0.19 V. (b) DPV result con-

firming Au peak post functionalisation.

SWV Packaged Dip Chip Multiplex: Control Channel Not SWV Packaged Dip Chip Multiplex: Control Channel Not
Functionalised Functionalised
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Applied Potential (V) Applied Potential (V)

———Pre-Passivation === Post-Passivation ———Pre-Passivation === Post-Passivation

(a) SWV: (Channel 2 (blank)) (b) DPV: Channel 2 (blank)

Figure 5.65: (a) SWV of blank graphene, pre-functionalisation shows secondary
peak at 0.5 - 0.6 V this could be a result of the COC polymer in the solution.
Post-functionalisation there is a small current increase but no additional peaks
present on graph. (b) DPV result does not show the additional peak pre or post-

functionalisation, overall current does increase but no additional peaks are present.
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Figure 5.66: (a) SVW result for pDAN functionalisation shows 2 additional peaks
representing the amine functional groups of pDAN. (b) DPV result confirms pDAN

functionalisation of graphene channel 3.

This method of multiplex functionalisation shows promise regarding isolation of
each graphene channel within individual liquid solutions. With better alignment
systems for the microfluidic packaging, the graphene channels could be miniaturised
along with the microfluidic channels. This would allow for a greater number of

graphene channels per chip and increase the multiplex capacity of a single chip.

Blood Separation Microfluidic Device

Regarding development of a packaged blood clotting diagnostics sensor, the ideal
system for measuring diagnostic analytes in blood would be to apply human serum
(Platelet poor plasma with post-coagulation) to the graphene surface. This would
limit the interaction of practically all cells present in the blood. This increases the
likelihood of detection by eliminating a majority of not useful mass in the sample
as well as reducing the effects of physisorption on the graphene surface by relatively
high mass blood cells.

However, for clotting based diagnostics a number of the molecules involved in
coagulation be removed if human serum was used for detection. Instead, plasma has

been chosen as the target fluid sample for preparation that would be required for a
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clotting diagnostic molecular assay sensor. This would retain the clotting molecules
that would be the target of clotting diagnostic assays whilst also removing the

majority of cellular mass from the sample, thus improving detection accuracy.

The standard methodology to produce platelet-poor plasma (PPP) containing
< 10 X 103/uL platelets, would be to centrifuge citrated whole blood samples.
This methodology is also used to generate platelet-rich plasma (PRP) also used
for diagnostic assays [31]. There are microfluidic devices based on small spinning
disks like centrifuges [32]. However, these systems often require multiple machines
with motors and moving parts. Equally these systems are not as compact as simple
laminar lab on chip style microfluidic that enables smaller packaging and point of

care style systems [33].

Multiple methodologies have been applied to blood separation microfluidics, in
addition to centrifugal based systems. These include filtration, sedimentation, capil-
lary hydrodynamics as well as active methodologies [34]. These methods have been
reviewed in the Blood Separation Microfluidics section of the Literature Review
Chapter. The methods involving filtering and hydrodynamic approaches have the
best potential for point of care based approach, due to their high speed and limited

device complexity.

Blood Separation Device 1

The first microfluidic design trialled was based on fluid resistance and flow rate
ratio control. Figure 5.67 shows this system with 1 inlet for whole blood, 1 blood
plasma outlet and 1 concentrated whole blood outlet schematic. A test design
geometry and fluid resistances was sourced from the literature [35]. The design
was created in AutoCAD and a photomask was purchased from (JD PhotoData,
UK). The microfluidic device had channels with dimensions of 10 pm. Additional
plasma extraction would change the flow rate ratio, increase the flow rate through
the plasma extraction channels allowing more blood cells to flow down them and

decreasing the separation efficiency.
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Figure 5.67: (a) The outer regions of the microfluidic device where inlet outlet holes
will connect to exterior tubing. (b) Separation Region of microfluidic device with 5

plasma extraction channels perpendicular to “whole-blood flow” channel.

The recommended flow rates for these size channels trialled within the literature
were between 10 pl/hour and 5 pl/min. A series of flow rates including 10 pl/hour,
100 pl/hour and 1000 pl/hour were tested using citrated whole blood. The first
test of the device was performed at 100 pl/hour. Figure 5.68 shows time-lapse
images of the separation process, the extraction channel region can be seen effectively
separating plasma for the first 15 s. After this period coagulation appears in the

main flow channel disrupting the geometry and flow rate.
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ole-Blood Flow

Initial
Whole-Blood Flow

(a) t=0s

ole-Blood Flow ole-Blood Flow

Coagulation (Clot)
hole-Blood| Altering Flow Rate|
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Figure 5.68: (a) Time point Os: Blood has yet to reach the extraction channels. (b)
Time point 1 s: Whole blood has reached the extraction channels, initially blood
cells also travel down extraction channels. (¢) Once flow rates stabilise at time point
15 s, plasma passes through extraction channels. (d) Coagulation occurs visibly close
to the extraction channel, disrupting flow. Blood cells can be seen travelling down

the extraction channel.

The flow rates chosen were then tested on new microfluidic devices. Figure 5.69
shows the resulting separation at the 5 extraction channels for each speed after 10
s of flow. The 10 pl/hour device did not produce a large flow rate through the
extraction channels, and post 20 s, the device did not extract plasma effectively.
The 100 pl/hour device showed signs of coagulation after 15 s resulting in a change

of flow rate. Similarly the 1000 ul/hour device showed signs of coagulation and



irregular flow after 16 s.
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Figure 5.69: Time-lapse images of blood separation device tested with whole blood.
(a) Flow rate of 10 ul/hour showed signs of physical blocking at 10 s. (b) Flow rate
of 100 pl/hour shows plasma flow. (c¢) Flow rate of 1000 ul/hour plasma separation

channels high flow rate containing plasma and red blood cells.

The resulting separated plasma was not able to be collected in any measurable
quantity. The device design would not enable the collection of a sufficient volume for
cell counting due to the small channel and sample volumes. Additionally, this design
was inefficient in terms of fabrication, as the small microfluidic channel dimensions
resulted in low yields and blockages. Microfluidic channels with larger internal di-
mensions would be less affected by coagulation, using an increased flow rate through

the device, a large enough volume of plasma could be obtained for analyses.
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Blood Separation Device 2

The second device design is based on pinched flow fractionation (PFF). PFF can
be used to separate particles out based on size, within a laminar flow microfluidic
channel. Figure 5.70 shows the blood separation microfluidic design, the whole
blood inlet channel constricts in width “Pinched”, before broadening out into a
wider channel. Smaller particles will move out towards the walls of the channel.
As the channel broadens, this separates the whole blood based on particle size. A
plasma extraction channel is placed at the immediate edge of the broadened region

see design.

Plasma Channel 60 ym

" Cells Of Smaller Mass

Cells Of Larger Mass

Inlet 600 ym Pinch Point RBC 600 ym
30 ym
Whole-Blood Flow >

Figure 5.70: Blood separation PFF design showing whole blood flowing left to right.
The channel height (40 pm), channel widths are annotated on the design.

The literature reviewed suggested this design could optimally separate blood at
both room and body temperature, based on a flow resistance ratio between the
plasma extraction channel and the red blood cell (RBC) channel of 1:5.7. There
was no optimisation of this ratio but the higher of the two ratios tested was more
efficient [36]. To investigate this design further the plasma extraction channel length
was varied from 16 mm to 34 mm. This produced flow resistance ratios 1:6.9, 1:13,

1:18.9 and 1:24.1. The flow rate of 200 ul/min was used to gather a minimum sample



of 20 ul. Figure 5.71 shows the plasma separation by PFF devices at different time

points.
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Figure 5.71: (a) Time point 0 s: Blood has yet to reach the pinch point. (b) Time
point 10 s: Whole blood has reached the broadened channel region, the plasma
extraction partially stalled as flow continues down RBC channel. (¢) Time point
150s: Plasma flows through extraction channel towards collection tube. (d) Post-
150 s Coagulation has occurred within the RBC channel disrupting flow, blood cells

can be seen travelling down extraction channel.

Each flow resistance design was fabricated and tested using three devices, plasma
was extracted by connecting the plasma extraction outlet via microfluidic tubing.
After a run time of 180 s per microfluidic device, the plasma extracted into the

microfluidic tubing was collected into a sealable 1.5 ml Eppendorf tube. The samples
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were diluted 20-fold in PBS to produce a volume of 400 ul. This allowed content
analyses using a haematology analyser, whole-blood was used as the control. The
total cell count per ul was then extrapolated out from the diluted sample data.
Figure 5.72 (a) shows White Blood Cell count (WBCs) for each flow rate ratio.
Each flow rate ratio produces a sample with fewer WBCs than the whole blood
sample. The highest flow rate ratio appears to produce the purest plasma although.
Figure 5.72 (b) shows Red Blood Cell count (RBC’s) for each flow rate ratio, the
higher flow rate ratio also produces plasma with the fewest RBC’s, suggesting the
higher the flow rate ratio the purer the plasma sample. Figure 5.72 (c¢) shows the
total platelet count per sample, no clear trend can be be determined, which would
suggest the platelets were not filtered out by the microfluidic separation device.
Platelet count was higher in the separated samples meaning the PFF separation

process does reduce the total platelet count compared to whole blood.
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Figure 5.72: (a) White blood cell count performed by dilution of microfluidic sample
measured by haematology analyser. (b) Red blood cell count performed by dilution
of microfluidic sample measured by haematology analyser. (c) Platelet count per-

formed by dilution of microfluidic sample measured by haematology analyser.

The microfluidic separation device 2 shows more promise than device 1 as mea-
surable samples were gathered over extended separation times. Although device 2
could not separate platelet cells it was able to reduce the total RBCs and WBCs
which make up the majority of the mass in whole blood. Future work looking at

filtration and capillary action microfluidic could also be beneficial for a point of care
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system. As this would remove the requirement of syringes and flow rates for the

sample to be separation, but does rely on a slower blood separation system.

5.4 Summary

With regards to the passivation processes developed, the use of a photoresist passi-
vation layer is an incredibly attractive approach for research-level development. The
single processing step is efficient time and resources. Using permanent photoresists
such as the EpoClad resist (Micro Resist Tech GmbH, Germany) which is chemi-
cally inert and requires minimal time for solvent-based processing. The difficulty
with photoresist processing on graphene is that the epoxy and carbon residues from
the photoresist adhere to the graphene surface Cleaning processes are difficult to de-
velop long solvent exposures can damage or even delaminate the graphene surface,
whilst using a plasma or sputtering process will cause damage.

The only available process for cleaning is the use of inorganic acids. However,
this method of cleaning is not compatible with photoresist-based passivation layers
or with certain metal electrode structures, depending on the acid concentration.
Upscaling graphene sensor technology would not be practical using a photoresist
based passivation layer. This is due to the different methods of functionalisation
(some HySO4 based) for the sensor. Overall photolithographic methods, although
reasonable for certain lab-based research, are not a practical passivation material
for the graphene sensor platform.

In comparison, deposited dielectric films require additional process steps and
complexity but the resulting passivation films are generally inert to all functionali-
sation chemistries. Additionally, photoresist layers do not come directly in contact
with the graphene surface, as they are patterned onto the dielectric layer, This re-
duces total organic/polymer residues on the graphene surface. PECVD deposited
dielectric layers have the advantage of fast deposition rates and a choice of SiO,
(most common dielectric choice for graphene fabrication). The difficulties of the

PECVD are the high temperatures, plasma and high power plasma generation which



results in damage to any exposed graphene. To protect the graphene through this
process, additional process steps are required to create a protective sacrificial layer
on top of the graphene surface. When these additional process steps are taken into
account the time advantages of the PECVD systems are removed.

The MVD deposited AlyO3 via an ALD style 2 step precursor deposition proved
the most promising technique. Although the deposition rate for MVD AlyO3 were
orders of magnitude different to the PECVD, the total thickness required for elec-
trical isolation is much lower than the PECVD SiO,. The ability to directly deposit
the AlyO3 onto the graphene surface without damage, and its potential “healing”
of the graphene’s chemical damage suggests Al,O3 passivation produces graphene
with a lower level of contamination or structural damage. The use of MVD Al,O3
creates a chemically resistant high  dielectric layer, without introducing damage or
residue to the graphene surface. Beyond these benefits, the change in Dirac point
(charge neutrality point) post-passivation creates a clearly defined peak with high
gradient closer to 0 V. This will increase the change seen in two-terminal resistance
measurement by functionalisation and finally sensing stages. In theory, this will
produce a graphene FET sensor with overall higher sensitivity to surface/doping

modification (Figure 5.73).
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Hole-Doped Graphene True Neutal Graphene

(a) (b)

Figure 5.73: Dirac point measurements of a graphene sensor (hole-doping sensing
response)(a) Measurement blank and post-sensing of a hole-doped graphene channel
(AR small). (b) Measurement blank and post-sensing of a true neutral graphene

channel (AR large).

Regarding packaging of the Dip Chip for functionalisation and later for sensing, a
PDMS soft lithography approach is highly useful for microfluidics focused research,
the only limiting factor is the requirement for photomask purchasing which can
limit prototyping and new iterations of designs. PDMS can also be used for all
dimensions of microfluidic channels required including sub pum scales meaning it
could potentially be used for miniaturised graphene sensor designs. The primary
issue with PDMS based microfluidic chips was the bonding and alignment to the
graphene devices. The direct etching approach solves the alignment difficulties but
also comes with bonding drawbacks. Further work would be required to reverse
the effects of the acid treatment of the PDMS if possible, to make PDMS etched
microfluidic structures an unscalable solution for miniaturised graphene microfluidic
packaging. Until then further work examining other packaging methods have been
investigated.

This severely limited the fabrication and testing of these devices. In comparison,
the 3D printed microfluidic cartridges enable rapid prototyping of more designs faster
than PDMS. Alignment of the device although not adjustable mid-print could be

achieved with the use of 3D printed alignment slots. This process of packaging



proved the most reliable as functionalisation tests of graphene devices in packaging
could be performed. The functionalisation processes of deposition and cleaning will
need to be optimised in future work, to deposit the required quantity/thickness of
Au s an optimised thickness of pDAN on the graphene surface. The microfluidic
packaging did not impede the functionalisation process and was able to isolate the
control channel improving the process overall.

Using microfluidic chips for sample pre-processing is becoming more common in
commercial biomedical devices and is no longer just a tool for research. Blood sepa-
ration is a standard process in hospital laboratories using large centrifuge machines.
This level of blood separation was not achieved with either of the microfluidic device
designs. However, blood cell separation was achievable, tuning the flow rate ratio

could achieved higher levels of blood cell separation.
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Chapter 6

Graphene Sensor Real-Time

Measurements

6.1 Introduction

Thus far the work within this thesis has developed fabrication processes for graphene
sensor chips to produce sensors with the lowest channel resistance. This has involved
ensuring the graphene channels have a high degree of structural integrity (SP? bonds)
and minimal residue on the channels.

Following optimisation of the graphene Dip Chip fabrication materials and pro-
cesses, electrical characterisation and sensing was performed. The results were com-
pared between of the optimised Dip Chip using Post-Transfer fabrication process
flow and MVD Al,O3 passivation (PT-MVD Chip) and the previously established
Pre-Transfer fabrication process flow with screen-printed ink passivation process
(PT-SPI Chip) [1].

To fully compare the electrical and sensing performance of the graphene Dip Chip
the electrical setup (grounded silicon, Faraday cage ect.) and timescales for mea-
surement were optimised for each chip. Following the electrical setup and timescale
optimization, the resistance response of the graphene channels for both the PT-
MVD Chip and PT-SPI Chip were measured in air, di HoO and other solvents that
the graphene comes into contact with during cleaning, functionalisation and sensing
steps. These include TPA and Acetone solvents used for cleaning and phosphate-
buffered saline (PBS). This was then used to characterise the responses at each stage
of the experiment for each chip. Resistance measurements were performed periodi-

cally at each stage of the experiment for both chips to measure the response to each

349



step in real-time.

The main goal of the work within this thesis was to develop a sensor to bind-
ing/sensing of a target antigen in real-time. This allows real-time feedback for sensor
optimisation for a range of targets/uses in future. The response data from the PT-
MVD Chip was used to design an experiment for real time quantitative sensing of
athrombin protein, spiked in PBS solutions. Thrombin is the key molecule in two
of the three main tests in the standard medical coagulation screen (PT and aPTT),
making it the analyte target for the sensor tests. A thrombin-aptamer was used as
the bio-receptor due to its high affinity and specificity to the athrombin antigen and
the short physical length of the aptamer maintaining proximity to the graphene sur-
face [2]. As the aptamer is chemically synthesised, either end of the DNA sequence
can be modified as part of the base-pair additive process. Thrombin-aptamers are
well established for testing biological assays and have an open source published se-
quence [3]. BNP levels are elevated in cases of cardiovascular disease and stroke but
for this work the BNP-aptamer is used as a negative control, the BNP-aptamer will
not bind the thrombin molecule so any change in resistance seen will be due to ph-
ysisorption of the athrombin on the graphene surface [4]. The Aptamer’s purchased
(Base-Pair Bio, USA), were synthesised with a pre-conjugated pyrene molecule at
the base 5" end to allow for -7 stacking directly on the graphene surface. Thus,
no additional functionalisation steps were required. The final part of this chapter
highlights the results of the real-time IV measurements and resistance change due

to target protein binding to the functionalised graphene surface.

6.2 Materials & Methodology

6.2.1 Real-Time IV Measurement Setup

IV measurement were performed on graphene channel Dip Chip sensors with the
bulk silicon grounded, the grounded silicon setup was used to reduce electrical noise

during the two-terminal (source drain) measurements (Figure 6.1. Parameters for
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real-time IV measurements (voltage sourced, step time ect) can be found in section

3.11.2.

&= Source
0 = Drain

Figure 6.1: (a) Infographic of two-terminal IV measurement performed on graphene

Dip Chip. (b) PCB Connector pin connections Dip Chip in Dip Station rig

A custom holder (Dip Station) was designed to enclose and interconnect with
the PCB Connector, Dip Chips can thus be suspended at a set height in solution
(Figure 6.2). The custom holder and sample pot were placed inside a Faraday cage
during the real time measurements. The PCB Connector was connected via BNC
(Bayonet Neill-Concelman) hook clip cables (RS Components, UK) fed through the
Faraday cage via slits in the side panel. Electrical IV measurements were made
using three separate Source Measurement Unit (SMU) across two Keithley 2636B
Source Measure Unit (Tektronix, USA).



Faraday Cage

Dip Station

Solution
Container

(a) (b)

Figure 6.2: (a) Hook clips connected to the header pins of SD Card PCB. Through
the housing window, suspended Dip Chip is connected to SD Card PCB Connector,
supported inside housing unit. Housing unit contains sample pots for liquid solu-
tion testing. (b) Housing and connection cables connected inside Faraday cage for

electrical shielding during experiments.

6.2.2 Gated FET Meaurement

To identify the Dirac point (charge neutrality point) of a Dip Chip graphene channel,
gated FET-style measurements were performed on the Dip Chip. The IV probe
station is used to probe the electrical contact pads connected to a single graphene
channel (source and drain) using a single Keithley SMU (SMU-A). The bulk silicon
of the chip was connected via an electrical probe to a second Keithley SMU (SMU-
B). Parameters for real-time IV measurements (voltage sourced, step time ect) can

be found in section 3.11.2.
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6.2.3 Real-Time Data Analyses

Files for real-time measurements were processed in Excel (Microsoft, USA). Resis-

tance was calculated using the equation R = V / I and plotted with time.

Rate Of Change In Resistance Calculations

The rate of change in resistance of the real-time resistance data was calculated by
Excel function “SLOPE” which calculates the linear regression of the x y coordi-

nates.

Real-Time Data Normalisation

Graphene resistance values of graphene have a large range (from 3 k2 - 15 k(2).
Visualisation of the real-time resistance change of multiple graphene channels on
a single graph is therefore impractical. Normalisation of the data converts all in-
put data to a common scale with an average of 0 and a standard deviation of 1.

Normalisation equation can be found in the Appendix.

Normalisation values were calculated in Excel (Microsoft, USA) using Real-Time

resistance data.

For the sensing experiments the “sample” was selected as the first 10 data prior
to the addition of the analyte. This would be the “base-line” of a diagnostic sensor

any change due the analyte can then be seen moving away from the base-line.

6.2.4 Testing Of Dip Chip In Real-Time

Firstly, three 9.8 k{2 resistor (RS components, UK) were tested over a 2 hour period
inside and outside of the Faraday cage test station, in order to access the background

noise of measurement, measurements were repeated five times.



6.2.5 Vacuum - Ambient Experimental Setup

The effect of storing the graphene in vacuum prior to experiments on the resistance
and rate of resistance change during real-time measurements was investigated. A
set of graphene Dip Chips were stored in cleanroom ambient conditions and a set
were stored in a vacuum desiccator. The parameters for the two storage conditions
can be seen below.

Vacuum Chips = Graphene Dip Chips were stored in vacuum desiccator (10
mBarr) for 12 hours overnight.

Ambient Chips = Graphene Dip Chips stored in ambient cleanroom conditions
(21 °C, 50 % humidity).

IV measurements were performed on vacuum chips within 2 minutes of removal

from vacuum desiccator.

6.2.6 Di H,O Submersion & Drying Experimental Setup

Dip Chips were submerged in a 5ml ABS plastic (acrylonitrile butadiene styrene)
container filled with 4ml of di H,O Dip Station. The water level was then 4-5 mm
above the graphene channels whilst submerged. The minimum submersion time of

2 hours was used prior to drying.
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Water Level

Figure 6.3: Graphene channels submerged 5 mm below liquid level in Dip Station

setup.

Drying was performed using compressed air to displace water off the surface.
Alternatively the liquid sample pot was removed from the Dip Station and the
water was allowed to evaporate off the graphene surface. IV measurements were

performed immediately following drying as a function of time.

6.2.7 Solvent Submersion & Drying Experimental Setup

Solvent-based experiments were performed by submerging the Dip Chip in 4 ml
of TPA or Acetone in the Dip Station setup. Due to the higher vapour pressure
of Acetone and IPA the solution pot would require a periodic top up, to keep the
volume at the 4 ml mark. This was done at 2 hour intervals during the submersion
phase.

During the drying phase of the experiment the solution pot was removed from

the Dip Station and the solvent was allowed to evaporate from the chip surface.

6.2.8 PBS Submersion & Drying Experimental Setup

PBS-based experiments were performed by submerging the Dip Chip in n 3.6 ml of
di H>O, 0.4 ml of concentrated PBS solution was then added to the di H,O solution



to make up 4 ml of standard 10 mM PBS. Submersion experiments were performed
using the Dip Station setup, IV measurements were performed during the addition
of the 0.4 ml concentrated PBS solution. For the drying-phase of the experiment
the Dip Chip was removed from the solution and dried with compressed air.

Concentrated PBS solution was made up from PBS sachet (Sigma Aldrich, UK)
added to 100 ml of di HyO.

6.2.9 Graphene Surface Functionalisation

The graphene surface was functionalised using thrombin-aptamer with pre-conjugated
pyrene stacking molecule (Base-Pair Bio, USA). The negative control graphene chan-
nels were functionalised with BNP-aptamer (brain natriuretic peptide) with pre-
conjugated pyrene molecule (Base-Pair Bio, USA). For aptamer functionalisation,
10 pl of “Functionalisation Solution” (5 uM) was pipetted onto each graphene chan-
nel followed by a 12 hour incubation in a sealed container at 5 ° containing a di
H,O-based humectant.

After the 12-hour incubation the excess Functionalisation Solution was washed
off the graphene surface using 10 mM PBS solution by pipette, the wash process
was repeated ten times.

After aptamer functionalisation of the graphene surface regions of unoccupied
space remain on the graphene surface, this could allow direct physio absorption
of other molecules onto the graphene surface, resulting in a resistance change and
lower sensitivity. To reduce the potential physisorption, the blocker molecule 10
kDa Polyethylene glycol (PEG) with a pre-conjugated pyrene stacking molecule was
used to fill open sites. PEG-pyrene (Sigma-Aldrich, UK), was made up in a 1 g
per 100 ml solution in 10 mM PBS solution. 10 ul of PEG-pyrene solution was
pipetted onto each graphene channel followed by a 12-hour incubation in a sealed
container with a humectant. After the 12-hour incubation stage, the excess PEG-
pyrene solution was washed off the graphene surface with ten repeats of PBS wash

steps. This excess concentration of PEG-pyrene solution will saturate the remaining



6.2. Materials & Methodology 357

unoccupied graphene surface.

Aptamer Functionalisation Solution

The aptamer Functionalisation Solution (5 pM) was made using the following pro-
tocol; 2 pl of Aptamer Re-Suspension Buffer (100 pM) (Base-Pair Bio, USA) was
added to 2 pl of Folding Buffer (Base-Pair Bio, USA), the solution was mixed us-
ing pipette force action. This combined solution (50 puM) was then added to 36
pl of Application Buffer (composed of 10 mM TrisHCI (pH 7.4), 150 mM NaCl, 1
mM MgCl, Polyethylene glycol sorbitan monolaurate 0.05%, Sigma Aldrich, UK ),

followed by “vortex” mixing for 5 s.

6.2.10 Thrombin Sensing Experiment

Thrombin sensing experiments using the Dip Station setup with vertical orientation
of the Dip Chip were not applicable for sensing. Due to the small sample volumes of
the athrombin 8.9 xl / ml (Thermo Fisher, UK). A set volume of 30 ul of “sensing
solution”, was pipetted onto the Dip Chip (orientated horizontally graphene surface
up).

A dilution series was created to test the sensors response to increasing concen-
trations of the target analyte (Table 6.1), this was done sequentially in real-time

measuring the Dip Chip IV response.



Table 6.1: Thrombin concentrations used in sensing experiments

Sensing Solution «aThrombin Concentration

1 pg/ml

5 pg/ml
10 pg/ml
100 pg/ml
1 ng/ml
10 ng/ml
100 ng/ml

co I O Ut k= W N =

1 pg/ml

Real-Time Sensing Experiment Protocol

First the graphene channels were stabilised in liquid, this was performed by pipetting
30 ul of PBS onto the graphene channel and incubating for 3.5 hours. The solution
was then washed off the graphene surface with ten repeats of PBS pipette washing.
This was followed by the application of the sensing solution 1 the protein was then
incubated on the graphene surface for 45 minutes. The process of PBS washing and
application of the next sensing solution was then repeated iteratively. After the final
sensing solution was incubated and washed off the surface, the Dip Chip was then

left to dry for the remaining period of the real-time measurement (12 hours).

6.3 Results & Discussion

6.3.1 Testing Of Dip Chip In Real-Time

The electrical setup for the real-time measurements was characterised and optimised
to reduce noise, seen previously for the graphene baseline measurements. A standard
9.8 k2 resistor was used as the control device as it would produce a known resistance

without much deviation.
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Figure 6.4 shows the three resistors simultaneous current measurements using for
both setups. From the measurements performed outside of the Faraday cage (non-
shielded) the standard deviation was calculated as 1.810 £0.377 Q with a relative
standard deviation of 0.0185 £0.004 %. In comparison the measurements performed
inside the Faraday cafe “shielded” the standard deviation was calculated as 1.461
+0.552  with a relative standard deviation of 0.0149 £0.005 %. The standard
deviation is marginally lower for the shielded setup but this was not calculated as
statistically significant (unpaired t-test). For graphene Dip Chip testing this noise

could prove important in performing reliable sensing measurements.

Real-Time 2 Hour Measurement: Resistor Shielded vs. Non-Shielded Setup
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Figure 6.4: Calculated resistance data from real-time IV measurements performed

over 2 hours on three 9.8 k() resistor in and outside of Faraday cage test setup.

The same measurement was repeated using a PT-SPI Chip in and outside of
the Faraday cage experiment setup. Figure 6.5 shows the simultaneous real-time IV

measurements on the graphene Dip Chip for both setups.



Real-Time 2 Hour Measurement: Dip Chip Shielded vs. Non-Shielded Setup
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Figure 6.5: Calculated resistance data from real-time IV measurements performed

over 2 hours on graphene Dip Chip in and outside of Faraday cage test setup.

The non-shielded graphene measurements yielded an average standard devia-
tion of 13.707 +1.711 © and a relative standard deviation of 0.140 £0.018 %. The
shielded measurements had an average standard deviation of 8.588 £2.920 () and
a relative standard deviation of 0.0914 +0.033 %. The standard deviation when
measuring the resistance of a graphene Dip Chip is higher than for a standard resis-
tor, this is expected as the graphene surface is far more sensitive to environmental

changes compared to the resistor (temperature, humidity, pressure etc.).

The shielded graphene measurements have a lower standard deviation than the
non shielded measurements. This means to reduce electrical noise the Faraday
cage should be integrated as part of the measurement setup. Future real-time IV

measurements will be performed using the Faraday cage experimental setup.

It is hard to visually compare resistance results and noise due to the difference
in starting resistances. Figure 6.6 shows a direct comparison of graphene channel 1
shielded against non-shielded. From this data it is hard to visual identify the levels

of noise and even the trend of the resistance values.
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Real-Time 2 Hour Measurement: Shielded vs. Not Shielded Setup
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Figure 6.6: Comparison of calculated resistance data from real-time IV measurement

of graphene channel 1 in shielded and non shielded electrical setup.

Figure 6.7 is a better illustration of this data set, Figure 6.7 shows normalised
data, plotting the Z-score against time of graphene channel 1 shielded against non-
shielded. It is clearly visible that the shielded measurement has less noise that the
non shielded measurement.

To compare multiple graphene channels simultaneously, data will be normalised

before plotting in future results.



Real-Time 2 Hour Measurement Normalised Data: Shielded vs. Not
Shielded Setup
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Figure 6.7: Comparison of normalised z-score data from real-time IV measurement

of graphene channel 1 in shielded and non shielded electrical setup

6.3.2 Auto 0 Function Test

The Auto 0 function improves measurement accuracy by removing internal voltage
offset due to temperature. It does so by measuring the voltage across the input
terminals and calculating the off-set voltage before each input measurement. It
then subtracts the off set voltage from the input voltage of the measurement.

For long duration experiments it is recommended to use the Auto 0 function.
This slows down the measurement, overall removing drift in the measurements as
it self calibrates before each individual measurement. Figure 6.8 shows the effect of
the Auto 0 (On vs. off) function for 3 graphene channels during a 10 hour real-time
IV measurement. From the graph it is not clear if either measurement produces a
higher degree of measurement drift.

To quantify potential drift in the measurement the original resistance data was
analysed to calculate the slope (rate of change in resistance). The slopes during
Auto 0 (On vs. Off) IV measurements were calculated as -4.1237 40.3861 Qmin~!
and -5.8033 4:0.4824 Qmin~! respectively. This shows the Auto 0 function produces
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a lower rate of change in resistance and therefore less drift in the measurement.
All future real-time based measurements use the Auto 0 On function to reduce the

degree of measurement drift.

Real-Time 10 Hour Measurement Normalised Data: Comparison Of Auto 0
Function On vs. Off
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Figure 6.8: Normalised data of real-time IV measurements performed over 10 hours

comparing a graphene Dip Chip Auto 0 set “Off” set “On”.

6.3.3 Vacuum - Ambient Measurements & Drift Determi-

nation

All the graphene channels measured previously appear to have a degree of drift
in their resistance, which decreases over a period of time (Figure 6.8 & 6.5). To
determine the extent of this drift over a longer duration, a Dip Chip was measured
over a 100 hour period in ambient conditions (four sequential 25-hour measurements
stitched together). Figure 6.9 shows the normalised resistance data as a function of
time. The average slope calculated over the full 100 hour period was -5.0627 +0.8144
Qmin~!. The average slope for the first 10 hour period and last 10 period were
calculated as -45.0460 £4.6998 Qmin~' and 1.6254 £1.6254 Qmin~! respectively.

The initial rate of resistance decrease appears to be much higher compared to the



rate of resistance change over the 100 hour measurement period.

Real-Time 100 Hour Measurement Normalised Data: Ambient Conditions
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Figure 6.9: Normalised data of real-time IV measurements performed on graphene

Dip Chip over a 100 hour period in ambient conditions.

This could be due to a variety of factors, environmental conditions, storage
conditions or could be due to current induced cleaning of surface residues / contam-
inants [5], [6]. The samples are stored under vacuum post fabrication, the return to
atmospheric pressure and humidity could also be the cause of the initial resistance
decrease.

To determine the cause of this effect an experimental series was devised whereby
six Dip Chips (PT-SPI) were stored in vacuum for a 12 hour period. The chips
were randomly paired for the experiment into groups A and B. Group A chips were
measured for 50 hour real-time measurement straight out of vacuum. B chips were
measured after the same 50 h period spent in ambient conditions.

Figure 6.10 and Figure 6.11 shows a representation of the normalised resistance
data for group A and B. The average Slope from group A channels was calculated
as -10.8642 £2.3460 Qmin~! and the average for group B was calculated at -3.1188
+3.4125 Qmin~!. The average change in resistance was calculated from the first

and final hour of measurement. Group A average equalled -8.3734 +3.6056 % and
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group B calculated as -1.1372 £1.6900 %. The initial increase in resistance seen in
Figure 6.10 could be due to initial adsorption of ambient air molecules.

The difference in slope and resistance change between group A and B suggests
that maintaining the graphene channels in vacuum is the primary cause of the initial
drop in resistance at the start of real time measurements. Exposure to ambient
humidity appears to reduce the resistance of the channel, and provide a more stable
baseline. This aligns with other research that suggests water vapour/humidity causes
hole-doping and reduces resistance, due to the lowest unoccupied orbitals of HyO
accepting charge from the graphene [7]. Future measurements will be left in ambient
conditions 3 days prior to IV measurements.

Real-Time 50 Hour Measurement Normalised Data: Vacuum To Ambient
Test (0 - 50 hours )
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Figure 6.10: Normalised data of real-time IV measurements performed over time

period 0 - 50 hours on Dip Chip stored in vacuum.



Real-Time 50 Hour Measurement Normalised Data: Ambient To Ambient
Test (50 - 100 hours)
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Figure 6.11: Normalised data of real-time IV measurements performed over time

period 50 - 100 hours on Dip Chip stored in ambient from 0 - 50 hours.

6.3.4 Di H,O Submersion Measurements

Functionalisation and sensing require the addition of a solution onto the graphene
surface. It is important to understand the effect of these solutions on the graphene’s
electrical properties, so that the sensing based experiments can separate the effect
of the solution compared to the effect of the analyte itself.

The ability to measure changes whilst submerged in liquid is vitally important
for a sensor based chip. A majority of bio-marker based diagnostics medical samples
are liquid based; blood, urine ect [8]. Figure 6.12 shows the normalised real-time
resistance data against time of a PT-SPI Chip submersion in di HyO after 10 minutes
measurement in air. The measured resistance increases rapidly within the first 2
hour period. The average change in resistance was calculated as 56.5828 45.3205
%. This resistance increase, induced by the application of H,O, does not follow the
behaviour normally exhibited by graphene in relation to exposure to humidity. The
most reported behaviour is a decrease in resistance due to the hole-doping effect

of the water vapour removing electrons from the graphene sheet was expected [9]
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[10] [11] [12]. Therefore, further investigation into the doping effect of the HoO

submersion was required to determine the cause of the resistance increase.

Real-Time 10 Hour Measurement Normalised Data: Graphene Submersion
di H20

Submerged
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Figure 6.12: Normalised data of 10 hour real-time IV measurements of graphene

after submersion in di HyO.

To investigate the change in doping of the graphene a IV probe station gated
FET (Dirac point) measurement was performed on a PT-SPI Chip, first in ambient
conditions followed a 20 ul volume of HoO pipetted onto the graphene surface and
incubated for 10 minutes. Figure 6.13 shows the resulting channel (source-drain)
resistance was measured as a function of the gate potential. The Dirac point (charge
neutrality point) is not captured within the -50 V - 50 V sweep for the “dry”
measurement. The Dirac point appears to be within the 50 V to 100 V region.
This range is expected for graphene devices fabricated using graphene sourced from
Graphenea (Spain). Graphenea recommends Acetone treatment (12-hours) to shift

the Dirac point close to 0 V for their devices
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Figure 6.13: Gated FET resistance data (Dirac point) of PT-SPI Chip in ambient

conditions prior and post application of di HyO.

The resistance calculated (source-drain) in ambient conditions prior to the ad-
dition of di H,O was calculated as 13269 €2.

The effect of HoO submersion shifts the Dirac point to within the -50 V - 50 V
range, measured at a gate bias of 17.5 V. This shift from +50 V down to 17.5 V
suggesting the graphene has been electron-doped by the HyO submersion.

This result can be explained by the electric double layer of water formed at the
surface of the graphene channel [13]. Similar to a liquid-gated graphene field-effect
(LG-FET) where an electric double layer of ions present at the graphene surface
form an electric field which dopes the graphene channel [14]. This electric double
layer could be formed by the weakly acidic HoO, this means that there will be
H30% and OH™ ions present which could form the double layer above the graphene
surface [15]. The induced electric field produced, has a electron-doping effect on the
graphene causing the Dirac point to shift toward the N-type region [16].

The resistance measured at 0 V whilst submerged in di HoO is 15847 € this is a

resistance increase of 19.43 % which fits the trend seen in the real-time submersion
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experiments. Further experimentation using different solvents and a comparison of
the PT-MVD Chip which had a starting Dirac point in N-type region, should be
investigated further to understand the water absorption an desorption effect on the

graphene prior to functionalisation based experiments.

6.3.5 Di H,O Drying Measurements

Standard IV measurements made on graphene resistors are done on a dry graphene
surface. Dry IV measurements were performed throughout the fabrication and early
graphene sensor experiments [17]. Following the submersion experiments and the
observation of the extended time required for the resistance of the device to stabilise,
an investigation into the effect drying / evaporation of di HyO on the graphene

devices was performed.

Figure 6.14 shows the normalised real-time resistance data against time of a PT-
SPI Chip drying after being submerged in di H20. The average change in resistance
was calculated between 0 - 3 hours as -11.6277 £2.2288 %. The resistance change be-
tween hours 3-4, calculated as -0.5689 4-0.3110 %, less than the baseline of drift seen
in ambient real-time measurements of (-1.1372 +1.6900 %). All graphene channels
exhibit a large initial drop in resistance “drying period” followed by a plateau where
the graphene channel resistance decrease is in line with the drift seen in real-time

graphene measurements.

This suggests that IV measurements performed on dry graphene Dip Chips
should be performed 3 hours post submersion in di HyO. Otherwise the change
in resistance seen could be due to the effect of drying and not related to specific

surface modification.



Real-Time 10 Hour Measurement Normalised Data: Graphene Drying Post
di H20 Submersion
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Figure 6.14: Normalised data Dip Chip 10 hour real-time experiment. Dip Chip sub-
mersed in di HyO for 2 hours then dried with compressed air prior to measurement

time point O.

6.3.6 Di H,O Submersion & Drying Measurements

To investigate the effect of liquid submersion and surface drying further the time
period for measurement was extended. Firstly, experiments on submersion in di
H>O and drying were performed. This method allows monitoring of the initial
device resistance, resistance change due to submersion and the end resistance post
drying. The changes seen due to the di HoO can be subtracted from the sensing
response in both wet and dry resistance measurements. This will allow a future

comparison of sensing wet vs dry measurements.

The first set of submersion drying experiments were performed on three PT-SPI
Chips, Figure 6.15 shows the normalised resistance data against time for one of these
chips. The data has been normalised to the starting resistance data points from the

first 15 minutes of the experiment.
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Real-Time 20 Hour Measurement: Di H20 Submersion & Drying
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Figure 6.15: 20 hour real-time experiment, data normalised to dry starting resis-
tance, After 15 minutes graphene submerged in di H,O. At 8 hours graphene removed

from liquid and dried using compressed air (PT-SPI Chip).

From the repeat experiments, the IV data was used to calculate an average
resistance of the dry (pre-submersion region), the average resistance of the wet
region (10 data points at 8-hours submersion) and the average resistance of the
drying (10 data points after 8-hours drying). These averages were used to calculate

the change in resistance due to submersion and resistance change due to drying

(Table 6.2).

Table 6.2: Table showing average resistance “dry” and percentage change in resis-

tance for submersion and drying (PT-SPI Chips).

Initial Dry 8 Hours Submersion | 8 Hours Drying
Resistance (©2) | AResistance (%) AResistance (%)
9 Channel Average | 6622 65.07 9.24
Standard Deviation | 528 10.45 3.35

This data suggests that to gain an stable resistance reading of the graphene,



whilst submersed in di HyO, the measurement should be taken a minimum of 4
hours post submersion. Stable dry measurements might not be possible within the
14 hours post submersion. The resistance change due to di H,O alone, is on average a
65.07 +£9.24 % increase. To use this system for sensing the response due to molecular
binding close to the surface would need to create a resistance change in excess of 75
% to even see the signal.

These submersion/drying experiments have been performed using the PT-SPI
Chips. To compare the response to the PT-MVD Chips, the same experimental set
up was used. Three repeats were performed on the PT-MVD Chips to calculate the
average resistance change due to submersion.

Figure 6.16 shows the normalised resistance data from the 20-hour real-time IV
measurement, for a PT-MVD Chip. The change seen was a decrease in resistance
over time, the complete opposite to the PT-SPI Chips. The reason for this decrease
in resistance must also be related to the doping effect of the electric double layer,

which is produced by the H3O™ and OH™ molecules whilst submerged.

Real-Time 20 Hour Measurement: ODC Di H20 Submersion & Drying
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Figure 6.16: 20 hour real-time experiment, data normalised to dry starting resis-
tance, After 15 minutes graphene submerged in di H,O. At 8 hours graphene removed

from liquid and dried with compressed air (PT-MVD Chip).
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Table 6.3 shows the average resistance dry (pre-submersion) taken from the first
10 data points. The resistance change was calculated based on the average resistance
calculated for 10 data points at the 8-hours of submersion time point, and 8 hours of
drying. Interestingly, all PT-MVD Chips tested showed the same decreasing trend
in resistance for each graphene channel. Similarly the change in resistance is large,
an average of -57 %, as with the PT-SPI Chips, any signal from sensing will need
to exceed this threshold to be detectable over the drying period.

The decreasing resistance trend returns over the a 6 hours drying period in
ambient conditions. This means that dry sensing measurements should be taken at

least 6 hours post drying for reliable measurements.

Table 6.3: Table showing average resistance “dry” and percentage change in resis-

tance for submerged and drying (PT-MVD Chips).

Initial Dry 8 Hours Submersion | 8 Hours Drying
Resistance () | AResistance (%) AResistance (%)
9 Channel Average | 7293 -57.41 -14.92
Standard Deviation | 1013 7.34 10.78

Further testing was needed in order to understand why PT-MVD Chips produces
a negative change in resistance compared to the PT-SPI Chips positive change.
Gated FET measurements were performed on a dry PT-MVD Chips, followed by
the addition of di HyO. Figure 6.17 shows the resulting Dirac points plotted on
the same graph and the doping shift. The response to di HyO is similar for the
PT-SPI Chips and PT-MVD Chips. The graphene for both devices are electron-
doped (shifted left on x-axis) by the submersion in HyO due to the electric double
layer. The difference is the starting position of the Dirac point for the PT-MVD
and PT-SPI chips which determines where the shift in resistance for the real-time

IV measurements.



Gated FET Measurement: ODC Dry & di H20 Submerged
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Figure 6.17: Gated FET (Dirac point) measurement before and after application of
di HoO onto the graphene surface (PT-MVD Chip).

6.3.7 Solvent Submersion & Drying

Prior to functionalisation, the graphene chips are cleaned using a solvent based clean-
ing protocol: 10-minute acetone bath followed a 5-minute IPA bath. To understand
the effect on the resistance of the graphene channel after these cleaning procedures,
the submersion and drying 20-hour real-time IV measurement was repeated using
three PT-SPI Chips for both solvents.

During the first set of Acetone experiments, all 3 measurements showed signs of
measurement error. Figure 6.18 shows an example of where the experiment failed
after 170 minutes of measurement (exceeding normal measurement range 100000
). The initial submersion can be seen to cause an increase in resistance to a
stable plateau for the first 40 minutes of measurement. This initial plateau was
observed for multiple PT-SPI Chips with an average resistance change of 311 +111
% calculated. However, with such a large standard deviation and the break down
in signal mid measurement these figures are not reliable indicators of the effect of

Acetone on doping. After this period the resistance begins to increase further in a
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chaotic pattern, full IV measurement can be found in the Appendix. After the real-
time experiment, IV measurements were performed on the chips in dry conditions.
No linear response was observed, therefore the graphene channel had been damaged
or delaminated.

As the breakdown occurred on all channels on the three PT-SPI Chips the ex-
periment was not worth repeating on the PT-MVD Chips. PT-SPI Chips have been
submerged in Acetone and other solvents for longer time periods during fabrica-
tion. So it is unclear why the channels failed between 40 - 170 minutes during the

real-time measurements.

Real-Time 20 Hour Measurement (first 170 minutes): Acetone Submersion
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Figure 6.18: 170 minute real-time IV measurement (normalised data), after first 10
minutes of dry measurement the chip was submerged in Acetone. At 170 minutes

the data no longer fits with in the IV measurement range (PT-SPI Chip).

The 20-hour real-time dry and submersion IV measurements were performed
using IPA solvent with three PT-SPI Chips (normalised data, Figure 6.19). After the
initial increase in resistance upon submersion in IPA, the resistance increases linearly
before starting to plateau after 6 hours. The resistance had not fully plateaued after
8 hours submerged when the chip was removed from the solution and dried. The

return to base line resistance was then measured during the drying period.



Real-Time 20 Hour Measurement: IPA Submersion & Drying
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Figure 6.19: 20-hour real-time experiment (data normalised to starting resistance),

After 10 minutes the chip is submerged in IPA. At 8 hours the chip was removed
from the IPA solution and dried with compressed air (PT-SPI Chip).

Table 6.4 shows the average increase in resistance over the first 8 hours was
calculated at 52.84% this is 12% less than the change relating to di HyO. After
the 8 hour drying period the Aresistance from baseline was 10.9%, similar to the
drying rate of the di HyO. The initial upward resistance spike at submersion full
encapsulation is likely due to the electric double formation effecting the resistance
measurement. With IPA having a much higher vapour pressure than H,O it could
be inferred that the resistance decrease back to baseline (dry) happens much faster
with IPA drying.

This data suggests a gradual doping of graphene and a large initial doping change,
due to the electric double layer. The gradual doping could be related to solvents
spreading to the interlayer region between the graphene and SiO, surface [18]. Both
H50 and IPA solutions produce a slow return to baseline (dry resistance). The slope
post 4 hours dry was calculated as -33.47 +1.13 Qmin~! compared to -34.52 +1.57
1

Qmin~" after 11 hours. These trapped interlayer molecules slowly escape and the

graphene returning to the doping state caused by the SiOy substrate.
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Table 6.4: Table showing average resistance “dry” and after 8 hours submersion
in IPA and the percentage change in resistance (Pre-Transfer screen-printed ink

passivated chip).

Initial Dry 8 Hours Submersion | 8 Hours Drying
Resistance (2) | AResistance (%) AResistance (%)
9 Channel Average | 7319 52.84 11.36
Standard Deviation | 649 10.90 12.43

Although the baseline (dry resistance) is not reached after 8 hours post com-
pressed air drying, the resistance decrease stabilises after 4 hours. For future sensing
experiments data taken dry would need to be measured at the same time point post
4 hours to account for the effect of drying / doping of the graphene surface.

The real-time IPA submersion drying experiments were then repeated using the
ODCs to compare the response between chip fabrication processes. Similar to the
di HyO experiment, the resistance of the graphene channel experienced an initial

rapid decrease upon submersion in the IPA (Figure 6.20).



Real-Time 20 Hour Measurement: ODC IPA Submersion & Drying
5 Dry Averaged Data Averaged Data

Submersion Drying

Z-Score

0 2 4

'
'
'

8 10 12 14 16 18 20

Drying Point Time (f
Submersion rying Poi ime (hours)

Point

w——Channe| ]l ====Channel2

Figure 6.20: 20-hour real-time experiment (data normalised to starting resistance),
After 10 minutes the chip was submerged in IPA. At 8 hours the chip is removed
from the IPA solution and dried in compressed air (PT-MVD Chip).

Table 6.5 shows the average resistance dry, change in resistance (dry to average
data) after 8 hours submersion and change in resistance (dry to drying average data)
after 8 hours drying were calculated. The resistance change is not as high in response
to IPA as for the di H,O result. This mirrors the results seen in the PT-SPI Chip
experiments. The recovery period back to baseline appears to be longer than for the
PT-SPI Chips. The recovery time to reach baseline once dry is much more gradual.
The change in resistance (slope) returns to a resistance decrease after 10 hours of

drying in ambient conditions.

This suggests that when processing and making real-time IV measurements of
PT-MVD Chips in future experiments, chips should be left for at least 10 hours
in ambient conditions prior to measurement. PT-MVD Chips in general behave in
a similar way to IPA and Hy,O. The change in resistance seen as a result of liquid
submersion is due to the starting resistance and predominant charge carrier (type

of doping) of the graphene channel after fabrication.
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Table 6.5: Table showing average resistance “dry” and after 8 hours submersion in

IPA and the percentage change in resistance (PT-MVD Chip).

Initial Dry 8 Hours Submersion | 8 Hours Drying
Resistance (2) | AResistance (%) AResistance (%)
9 Channel Average | 4882 -49.20 -17.75
Standard Deviation | 513 14.98 5.65

6.3.8 Phosphate Buffered Saline Submersion

PT-MVD chips are used primarily for the functionalisation and sensing research
because overall graphene quality was shown to be much higher post-passivation,
seen in Passivation & Packaging Chapter. Similar PT-SPI chips have been shown to
cluster functionalisation reagents around photoresist and screen printing ink residue
reducing sensor uniformity [19]. With limited bio-receptors and protein reagents
it was deemed inefficient to use both PT-SPI and PT-MVD chips for the sensing
experiments.

The di HyO submersion/drying experiments show a resistance change on the PT-
MVD Chips. However, both aptamer functionalisation and protein sensing will be
performed in phosphate buffered saline (PBS). To understand the resistance change
due to PBS exposure, a di HoO/PBS submersion experiment was performed.

Figure 6.21 shows the initial resistance change due to submersion in di H,O and

after 8 hours the resistance change due to the addition of PBS to the solution.



Real-Time 20 Hour Measurement: ODC di H20 Submersion Plus Addition
of Concentrated PBS
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Figure 6.21: Real-time 20 hour measurement: Data normalised to initial 10 minutes
dry resistance, followed by submersion in di H,O for 8 hours. An additional 400 ul
of 100 mM PBS was added to the di H,O after 8 hours to create a 10 mM PBS
concentration (PT-MVD Chip).

The average decrease in resistance after PBS exposure was calculated as -59.53
+14.21 %. This change is very similar within 2 % of the change due to di HyO. The
large standard deviation means it is difficult to see any significant difference between
submersion in di HyO vs. submersion in PBS. This suggests that PBS submersion
should be treated the same as di HoO submission when, a stabilisation time of
approximately 3-4 hours prior to sensing will suffice to create a stable resistance

baseline.

6.3.9 Surface Functionalisation

Prior to sensing experiments, IV probe station measurements were performed on
the PT-MVD chips prior to functionalisation and post aptamer and PEG function-
alisation experiments.

Figure 6.22 shows the resistance data for blank graphene and functionalised
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graphene. Not all functionalised graphene channels exhibit an increase in resis-
tance. This could be due to variations in the graphene chips or the uniformity of
the functionalisation chemistry. As mentioned in the Multiplex design chip testing
in Chapter 1, the hydrophilic chip surface causes the functionalisation solution to

spread unevenly around the the chip surface.

The increase in resistance seen after functionalisation of the graphene chan-
nel with 7-7 stacking aptamer (bio-receptor) and PEG-pyrene (blocker molecule).
Could be due to doping shift brought about by the 7-7 stacking molecule pyrene
Pyrene and pyrene derivatives have been shown to have hole-doping (electron with-
drawing) effects [20]. Or due to the reduction in the graphene’s carrier mobil-
ity, caused by the functionalisation molecules increasing the charge scattering sites
(density of electron-hole puddles) on the graphene, or by disrupting the SP? bonding
structure of the graphene [21].
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Figure 6.22: Box and whisker plot: IV probe station resistance measurements of

blank PT-MVD Chip prior and post aptamer and PEG-pyrene functionalisation.



The increase in resistance shown in the IV probe station measurements was
investigated further using FET style (Dirac point) measurements. Figure 6.23 shows
a Dirac point measurement of a functionalised device. This shows the Dirac point
of the graphene close to the 0 V. This means that a standard two terminal IV
resistance measurement would result in graphene resistance being close to its highest
resistance (charge neutrality point). A functionalisation process that results in a
Dirac point close to 0 V can be useful for real-time chemiresistive measurement,
further changes in doping (Dirac point shifting) during protein binding would result
in a large resistance change due to the high degree slope of the Dirac point.
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Figure 6.23: Gated FET (Dirac point) measurement of a graphene device function-

alised with Thrombin-aptamer and PEG-pyrene blocking molecule.

6.3.10 Thrombin Sensing Experiment

Sensing based experiments were performed on three PT-MVD Chips functionalised
with the thrombin-aptamer and Peg-pyrene, as well as three PT-MVD Chips func-
tionalised with BNP-aptamer as the negative control. The chips were submerged in
PBS for the first 3 hours to allow for stabilisation in liquid. The aThrombin protein

concentrations were added and allowed to stabilise/incubate for 45 minute periods,
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the thrombin concentration was increased at each 45 minute intervals from 1 pg/ml
to 1 pg/ml.

Figure 6.24 shows the resulting sensing experiment comparing the thrombin-
aptamer and bnp-aptamer. The resistance data was normalised and the average

Z-scores were then plotted against time.
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Figure 6.24: Real-time 12 hours measurement: Averaged Z-score values plotted
from averaged resistance data. Thrombin-aptamer positive control vs BNP-aptamer
negative control, after 3 hour stabilisation period. PBS spiked with concentrations

of aThrombin protein introduced at 45 minute intervals (PT-MVD Chips).

The decrease in resistance at each concentration of the thrombin added to the
thrombin-aptamer chips can be seen. However, a similar trend is also visible in the
BNP-aptamer chips. It is difficult looking at the normalised data alone to determine
changes due to athrombin binding.

Using the original IV measurement data, average resistances data was calculated
from 10 data points from the dry, submerged for 3 hour and 3 hours dry sections

of the experiment. Table 6.6 shows the resistances taken dry, submerged and dry



post sensing. The change in resistance from submerged to dry post measurement is

42.08 +£11.62 % in the negative control whilst the sensor produces a much smaller

change 5.91 £0.17 %.

Table 6.6: Table showing the average resistances calculated at key stages of sensing

experiment for thrombin-aptamer and BNP aptamer (Negative control) graphene

Sensors.
Final Dry
Initial Dry 3 Hours Submersion
Resistance
Resistance (€2) | Resistance (£2)
(©2)
Sensor Average | 22652 +2140 10976 £3308 11619 +3485
Negative Control
5961 +1852 4425 +838 6385 +1705
Average

Using the calculated resistance from the IV measurements, the resistance change
for each concentration of athrombin was calculated. To avoid the sharp initial
change in resistance seen at the application of the protein solution, the data from
the second half of the 45 minute protein incubation period was used to calculate the
average resistance.

Figure 6.25 shows the average change in resistance from submerged baseline
at each concentration across repeat experiments have been calculated. The resis-
tance change follows a pattern in the sensor based chips decreasing with increase in
aThrombin concentration. In contrast the negative control shows little to no change

in resistance with applied concentration of athrombin.
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Resistance Change Against aThrombin Concentration
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Figure 6.25: Resistance change calculated from the measured resistance of the
thrombin-aptamer and BNP-aptamer functionalised chips after 3 hours of submer-

sion in PBS. In response to increasing concentrations of athrombin.

The first concentrations of 1-100 pg/ml appeared to see the largest resistance
change in the thrombin-aptamer functionalised sensor. The slope of these first 4
data points was calculated as -0.185 % per pg/ml, the slope of the last 5 data points
was calculated as -5.44 x107% % per pg/ml. This suggests the graphene sensor
is highly sensitive in the 1-100 pg/ml region and above 100 pg/ml the sensor is
saturated.

These early results show signs that the thrombin-aptamer functionalised graphene
sensor effectively responds to specific binding as the negative control shows negligible
signs of resistance change with the increasing concentration of aThrombin.

This could lead to a diagnostic sensor with qualitative and quantitative capa-
bility. A quantitative sensor is required for certain diagnostic assays that require
information of protein concentration within specific ranges [22].

To explain the change in resistance it is important to understand how the ap-

tamer binding to thrombin causes a reorientation of the aptamer. Aptamers can



reorient closer to graphene surface hole-doping the sensor (e.g. dopamine, glucose).
Whilst other aptamers can reorient away from graphene channels and electron-dope

the graphene surface (e.g. serotonin, S1P) [23].

Previously studies have shown an increase in graphene resistance due to the
thrombin binding, (these sensors were not fabricated with the same blocking molecule
systems and could suffer interference from the solution) [2]. However, the change in
resistance during the real-time experiments will be determined by the starting and
end position of the Dirac point (doping shift). Figure 6.26 shows FET-style Dirac
point measurements, performed using IV probe station on dried PT-MVD chips af-
ter functionalised (aptamer and PEG-pyrene) and after thrombin sensing real-time
experiment. The functionalised chips Dirac point has height of approximately 10
k2 whilst the thrombin sensing chip has a height of 3 k{2, the slope of the Dirac
points can be used to calculate the carrier mobility of the graphene channel equation
details found in the Appendix [24]. A decrease in slope means a reduction in car-
rier mobility of the graphene after the thrombin sensing experiment binding. This
could explain the resistance decrease behaviour seen in the real-time based sensing

experiments.

Sensor Dip Chip Before & After Thrombin Application

P-Type

Figure 6.26: Gated FET (Dirac point) measurement of thrombin-aptamer function-
alised Dip Chip before and after athrombin exposure in real-time sensing experiment

(Figure 6.24).
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The pre-sensing submersion times (equalisation time) were determined in the di
H50 submersion and were shown to be similar in PBS submersion experiments (3-4
hours). This equalisation time was used during the thrombin sensing experiments to
create a better test system and reduce error. This allowed the resistance change due
to the addition of the thrombin could be isolated from the change due to submersion
in the aqueous environment.

This study did not look into the consistency of this equalisation time. However,
to translate this technology into a point of care testing system this equalisation time
would need to be removed from the test set up. One approach would be to study
the repeatability of the equalisation time and whether this resistance change could
be subtracted from the measurements change in resistance. Therefore the sensor
could be packaged in its dry state and the adsorption of water would be corrected
for during sensing.

Alternatively a much better approach would be to use a hydrogel component
which is applied to the sensing surface during the packaging of the device. This
remains on the graphene surface whilst packaged and during operation. This way
the graphene would be kept under a constantly hydrated environment with a set
pH (matching sample solution) and ion concentration. The “blood” sample would
make contact with the hydrogel and the proteins of interest would be able to diffuse
through the hydrogel and bind to the bio-receptor on the graphene surface. This
approach has been tested and shown to provide a detection limit of 0.2 mM and

does not require the extended equalisation time window [25].

6.4 Summary

Electromagnetic noise was eliminated for electrical measurements of “Dip Chip”
graphene devices via electrical shielding using a Faraday cage. The Auto-0 function
appears to reduce the current drift in the measurement system when turned on and
for real-time based experiments should be used for graphene devices.

With regards to the storage of graphene samples, although the use of vacuum



dessication has benefits for long term graphene storage, reducing risk of contamina-
tion, prior to performing IV based measurements, the graphene should be removed
from vacuum storage for 3-4 days prior to the experiment. Additionally a set of real-
time measurements should be performed prior to measurement to create a baseline
resistance of the device (e.g. 3-4 hours). These extra measurements are suggested to
have some joule heating/cleaning effect on the graphene if residues are present. This
will allow changes due to sensing can isolated from changes due to heating/cleaning
improving accuracy of the IV measurement.

The comparison of PT-SPI and PT-MVD Chips with respect to resistance change,
in solutions of di H,O and solvents, both chips respond to submersion with oppos-
ing changes in resistances (PT-SPI = increase in resistance, PT-MVD = decrease
in resistance). This does not give an indication of which chip would best perform
regarding sensing. However, the PT-MVD Chip has a measurable (definable Dirac
point) and previous Raman data (Passivation & Packaging Chapter), showed a
cleaner low defect graphene sheet. Therefore PT-MVD Chips were taken forward
to the functionalisation and sensing based experiments.

Further information gathered from submersion and drying experiment focused
around the resistance change seen due to HoO, PBS and IPA exposure. Using the
real-time data for submersion in the different solutions, the stabilisation times of
the submerged graphene and also the stabilisation once the device is returned to
dry ambient conditions, could be calculated. A minimum stabilisation time in PBS
of 3 hours was used in the athrombin sensing experiments.

The sensing experiment was not fully optimised in terms of automation and tim-
ings between cleaning steps and droplet spreading for both functionalisation and
application of athrombin spiked solutions. However, when the resistance change
data was analysed a change in resistance could be seen related to athrombin con-
centration in the Sensor based chips and but no trend could be seen in the Negative
control. This indicates that the effect of non specific binding / physio absorption
effects is negligible to the sensor performance. The graphene sensor platform is most

sensitive 1-100 pg/ml concentrations, the sensitivity was estimated at a resistance
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change of 0.2 % per pg/ml. Using the graphene sensor that has been optimised
throughout this work, real-time visualisation of the thrombin protein binding to a
graphene bound bio-receptor has been achieved. This is the first stage in producing

an effective protein detection system for point of care diagnostics.
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Chapter 7

Conclusion

The aim of this work was to develop a graphene-based biosensor platform for direct
detection of a blood clotting biomarker (Thrombin protein). This involved analysing
and optimising the current fabrication process flow as well as developing alternative

sensor design for added sensor functionality.

The use of chemical vapour deposition (CVD) grown graphene is widely used
due to its high quality, large area growth and low cost production. Lattice structure
damage and photoresist residue on the graphene surface can cause a reduction in
carrier mobility and often results in hole-doping, which causes the Dirac point of the
graphene channel to move further from 0 V. Therefore, graphene sensor fabrication
been optimised in this thesis to reduce total damage and residues present on the
graphene. The CVD growth and the graphene transfer process for sensor fabrication
were outsourced to professional suppliers who use a wet graphene transfer process.
However, the wet transfer process involves directly applying photoresist/polymers to
the graphene surface, therefore a residue is often present on the graphene regardless

of sensor fabrication.

The novel residue-free vacuum transfer system developed within in Chapter 1 of
this thesis could allow a completely residue-free solution to graphene transfer. The
process was partially successful, the pre-processing of the wafer was successfully
optimised to contain vacuum dicing tracks (VDTs) and through silicon vacuum
vias (TSVVs), these features were successfully etched out of the silicon substrate.
When these structures were tested as part of the vacuum transfer rig the foil sheet
was successfully held down onto the wafer surface producing a wrinkle free foil
layer. The vacuum successfully held the foil in place during the addition of the

liquid etchant and remained in place during the hours of etching. The graphene
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was transferred in small patches onto the SiOy substrate identifiable using Raman
single point measurements. However, this process was not successful at full graphene
sheet transfer, a majority of the graphene self-adhered forming rolled up patches and
delaminated from the SiO, surface. Further optimisation of the suction effect and
graphene surface adhesion is required in future to produce full graphene channels
using this process.

When comparing cost per chip and cost per graphene channel between the orig-
inal Dip Chip design (3 graphene channels) and the optimised Dip Chip designs it
was clear that the Shared Source design (5 graphene channels) decreased the cost
per graphene channel from £7.22 to £4.33, a reduction of 40 %, whilst keeping the
overall wafer/chip fabrication cost the fixed at £693.50. Drop cast functionalisation
by aptamers was shown as an effective method of functionalisation for the Shared
Source design to increase repeats per chip allowing it to be more cost-effective com-
pared to the standard Dip Chip. The only disadvantage of the Shared Source design
is that it is not suitable for electrochemical functionalisation and sensing; regardless
of chip layout all graphene channels are connected and act as a single electrode so
cannot be used for electrochemical functionalisation.

The Matrix design took the maximum graphene channels per chip even further to
9 graphene channels using the same number of contact electrodes (6). This process
flow required additional steps and machine time so the total cost per wafer and chip
increased by 45 % from £693.50 to £1007.50. However, the increase in graphene
channels allowed a reduction in the total cost per channel was to £4.11, a decrease
in cost of 5 % compared to Shared Source design. The marginal cost per channel
decrease would depend on the G-FET foundry so would need to be analysed individ-
ually per foundry. Despite the cost reduction of the Matrix design being marginal,
the main advantage of the design is the total number of channels per chip. This
increase to 9 channels enables more repeats per sensor in the same solution leading
to more accurate diagnostics. Furthermore, with appropriate multiplex packaging,
each of the 9 channels could be functionalised with a different bio-receptor resulting

in a more efficient diagnostic system.
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Dip Chip
Design

Table 7.1: Summary Table of Dip Chip Designs Part I

Graphene Fabrication
Functionality Channels Cost Per
Per Chip Channel (£)

Fabrication
Cost Per
Wafer (£)

Dip Chip
Standard

Shared
Source

Electrode

Matrix

(a) 3 Resistor

Measurements

(b) 3 Gated

Measurements 3 7.22
Using Substrate Si

(c) 3 Electrochemical

Measurements

(a) 5 Resistor

Measurements

(b) 5 Gated

Measurements 5 4.33
Using Substrate Si

(c) 1 Electrochemical

Measurement

(a) 9 Resistor

Measurements

(b) 9 Gated

Measurements 9 4.11
Using Substrate Si

(c) 1 Electrochemical

Measurement

693.50

693.50

1007.50



Table 7.2: Summary Table of Dip Chip Designs Part 11

Graphene Fabrication Fabrication
Dip Chip . .
Functionality Channels Cost Per Cost Per

Design
Per Chip Channel (£) Wafer (£)

(a) 3 Resistor
Measurements
(b) 3 Gated
Inverted | Measurements
MOSFET | Buried Metal
Electrode

3 11.43 1097.50

(c) 3 Electrochemical

Measurements

(a) Multiplex 3 times

Functionalisation

(b) 3 Resistor

Measurements

Multiplex | (¢) 3 Gated 3 7.22 693.50
Measurements

Using Substrate Si

(d) 3 Electrochemical

Measurements

The Inverted MOSFET (metal-oxide-semiconductor field-effect transistor) de-
sign was shown to effectively perform gated FET style measurements on graphene
channels in Chapter 1. The graphene channels conductivity was measured at a range
of gate voltages showing the change in charge carriers under the effect of the electric
field. The Inverted MOSFET device was compared to a standard Dip Chip device
using the P-type bulk silicon as the gate electrode, the bulk silicon gate appeared to
show a greater degree of resistance change 423 +96 €2/V compared to the Inverted
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MOSFET design (281 £71 ©/V¢). However, this could be due to the metal gate
only covering roughly half of the graphene channels area. Additionally, depending
on the position of the Dirac point for the graphene channel the shift in conductivity
would depend on the proximity to the Dirac peak and slope of the Dirac peak.

The Multiplex design was tested using a drop-cast functionalisation method
which allowed for each graphene channel to be encapsulated with a separate solution.
In principle, this was shown to be effective with small volumes (10 ul) applied to the
surface for a small time window 5-15 minutes. However, for drop-cast 7-m stacking
aptamer functionalisation the timescales were over 8 hours in length and during this
extended period, the hydrophilic surface caused the solution to spread across the
chip. To test the method two graphene channels were functionalised simultaneously
with two separate aptamers. Due to the functionalisation time being over 12 hours
the two solutions merged and cross-contaminated both graphene surfaces. Even
if the multiplex functionalisation was performed sequentially the spreading of the
solution would have contaminated the other graphene channels making drop-cast
multiplex functionalisation using this design not possible.

The Multiplex design was later tested during the investigation into electrochem-
ical multiplex functionalisation. During these experiments, electrochemical func-
tionalisation was first shown to be possible using a standard Dip Chip. Using
optical microscopy, SEM and voltammetry measurements cross-contamination was
identified due to graphene contact with each functionalisation solution. Using the
Multiplex Design chip and microfluidic packaging the functionalisation of Au and
pDAN was successfully performed on isolated graphene channels. This prevented
cross-contamination as the other graphene channels did not come into contact with
the solution. This showed that multiplex functionalisation was possible with the
Multiplex design chip. This also suggests that a drop-cast 7m-7 stacking functional-
isation would be possible using the Multiplex design chip in combination with the
microfluidic packaging.

The standard Dip Chip design was tested using the PCB connector system, first

the speed of handling and taking measurements using PCB connector vs. IV Probe



Station was compared. The results showed very similar time lengths required for
both measurement systems (25.2 £3 s and 23.8 £1.9 s respectively. However, using
modified measurement software it was shown that the Dip Chip with PCB connec-
tor was much faster and easier to perform multiple measurements. All graphene
channels were measured simultaneously with the same time spent handling the chip
(7.9 s per channel). The PCB connector also enabled the use of full submersion
IV measurements to be performed in various solutions. Overall this approach has
enabled the development of the real-time liquid submersion research despite it being
costly in terms of silicon chip size (Dip Chip size 182 mm? Resistor Chip size 16

mm2 .

The fabrication processes for both the Pre-Transfer and Post-Transfer routes
were investigated and optimised at each process step. The Pre-Transfer process
requires annealing to prevent graphene delamination during the photolithography
steps, this achievable with both rapid thermal annealing (RTA) and tube furnace
annealing (TFA) systems. Raman data from both methods show strong indicators
of graphene doping, 2D/G ratio reduction below the ideal (Ratio = 2) of pristine
graphene to 0.911 for TFA and 1.08 for RTA. There were little signs of graphene
lattice (SP?) damage both methods produced D/G ratios within the range of blank
graphene (0.05-0.15). The Post-Transfer fabrication process appears to be the pre-
ferred route as it does not require a pre-process anneal step. The photoresist used
for the Pre-Transfer process was also investigated, the multi-layer photoresist system
was shown to produce the most residue with additional Raman peaks around 1400
cm~!. The Raman spectroscopic mapping showed the single layer positive photore-
sist (with and without additional solvent cleaning), appeared to produce no residue
peaks in this region. The damage levels did not exceed the D/G ratio of blank
graphene. The 2D/G ratio remained in the range of annealed graphene (0.84-1.24)
suggesting no significant doping changes. The positive single layer photoresist was
also tested with the Post-Transfer process and showed no signs of residue peaks,
damage or doping from the Raman data. The metal used for graphene contacts

were tested in both process flows, data suggested that the average device resistance
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was lowest using Cr (5255 Q for a 500 ym x 100 pum channel), as the adhesion metal
in the Pre-Transfer process. The noble metal used for the Post-Transfer process was
not significant. The data does suggest that on average the resistance of Pre-Transfer
devices is lower than Post-Transfer devices (0..5 k € on average), this can be ex-
plained by the PVD step creating side contacts through the metal deposition in the
Pre-Transfer process.

The introduction of an yttrium sacrificial layer into the Pre-Transfer process
was shown to be beneficial in removing residues previously seen with the multilayer
photoresist process. The Raman spectra of the Yttrium and multilayer processed
chips showed no sign of the additional peaks seen around 1400 cm~! for the multi-
layer process alone. The sacrificial layer process also reduced the average resistance
of the graphene channels and also decreased the inter-device resistance variation
compared to the standard Pre-Transfer process (4998 +906 €2 and 5315 +2371 €.
There were fewer broken devices on average using the sacrificial layer increasing
process yield (7-8 %). In general, the yttrium sacrificial layer process seems very
beneficial even though it increases the total number of process steps by four (one
evaporation step, and three wet etch steps).

When comparing the optimised Pre-Transfer and the Post-Transfer process flows
the overall graphene quality in terms of residue, damage and doping are all better
with the Post-Transfer process. The device yields are both very similar with both
processes, the variation in device resistances appears total devices within 10 % of
the median between 10-15 % for Pre-Transfer Process and 14-21 % for Post-Transfer

Process. Overall the Post-Transfer process appears to be the better route.



Table 7.3: Summary Table of Fabrication Process Flows

Contamination Graphene Graphene Fabrication
Fabrication Doping Shift

To Graphene Damage Stress/Strain Cost Per
Process Of Graphene

Surface D/G Ratio 2D/G Wafer (£)

Photoresist Hole-Doping
Pre-Transfer 0.066 £0.015 1.106 +0.104 933.50

Residue Present 50+ V
Pre-Transfer Hole-Doping

None Reported 0.099 £0.045 0.957 +0.125 1003.50
4+ Yttrium 50+ V

Hole-Doping

Post-Transfer | None Reported 0.046 +0.014 2.545 40.266 693.50

50+ V
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The next stage of fabrication optimisation focused on the passivation material
used and method to produce the passivation window. Various processes (Spin Coat-
ing, PVD, PECVD, MVD) were trialled to improve from the previously developed
screen-printing method. Permanent polymer EpoClad was shown to be the most
effective method for direct patterning of a polymer-based passivation, it did not ap-
pear to increase photoresist residues there were no signs of additional Raman peaks
near the 1400 cm~! wavelength. The method of developing EpoClad post-exposure
in pure Acetone had some negative side effects, causing partial delamination of the
graphene breaking the channels. The PECVD deposited dielectrics caused damage
to the graphene when deposited directly onto the graphene’s surface. When using
an yttrium sacrificial layer, PECVD SiO, was deposited and the passivation window
directly etched through to the yttrium layer with the graphene channel remaining
intact and undamaged. The IV data suggested a small increase in resistance when
compared non-passivated devices, increasing from 8599 +1420 ) to 10436 +1466
2. Damage was seen to be within the normal D/G ratio range (0.0991). The MVD
deposited Al,O3 process was successfully deposited and passivation window etched
(TMAH etchant) without causing damage to the graphene surface, the MVD Al,O3
on average had a lower D/G ratio post-passivation (Pre-passivation calculated as
0.0655 and post-passivation 0.0138). This suggests the MVD process can effectively
heal the graphene of structural damage. The MVD process also electron-doped the
graphene channel moving the Dirac point closer to 0 V (-11 V compared to 50+
V). When comparing the two dielectric processes the MVD Al,O3 produced better

quality graphene post-fabrication.



Table 7.4: Summary Table of Passivation Techniques

Passivation | Contamination Graphene Damage Doping Shift
Technique | Of Graphene Surface D/G Ratio Of Graphene
Hole-Doping
EpoClad None Reported 0.109 £0.032
50+ V
SiO; With Hole-Doping
None Reported 0.082 +0.016
Yttrium 50+ V
Electron-Doping
Al,O4 None Reported 0.014 £0.008

11V

PDMS moulded microfluidic packaging was trialled on the Dip Chip graphene
devices, the plasma bonding proved successful and liquid could directly flow over the
graphene channel. However, the bonding process is not reliable due to the manual
alignment and short activation window. The direct 3D printing of a microfluidic
cartridge successfully produced a liquid-tight seal (2-hour liquid test) and proved to
be more reliable for alignment to the Dip Chip. This method was able to produce
a microfluidic channel across a standard Dip Chip, and a more complex Multiplex
cartridge aligning 3 microfluidic channels to each of the graphene channels.

Microfluidic devices were developed and tested for biological sample pre-processing.
Using whole blood these designs were tested with a syringe driver to separate the
blood and collect a volume of plasma. The pinch point fractionation system was
showed to be the most effective at collecting plasma. The device geometries were
optimised, the most effective device had the highest flow rate ratio (24:1) between
the plasma extraction channel and the whole blood waste channel. This device could
effectively reduce the total number of red blood cells (from 5.4x10° to 0.7x10° per
pl) and white blood cells (from 5700 to 1100 per ul), delivering a plasma sample to
a microfluidic chamber. This device was tested using controlled flow rates (syringe

pump) its role in a point of care system would need to be developed further.

The real-time measurement chapter looked at the optimisation of IV measure-
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ments of graphene submerged in liquids and solvents. The information regarding
stabilization times (3-4 hours) in water and PBS were used to develop the thrombin
protein sensing experiment. MVD passivated Post-Transfer process fabricated chips
were chosen for use in the protein binding experiment due to their low resistances
and measurable Dirac points within the gated sweep range. The thrombin aptamer
functionalised chips were shown to produce a resistance decrease with the increas-
ing concentration of athrombin protein. The graphene is most sensitive in the low
concentration range of 1 — 100 pg/ml, producing a resistance change of 0.2 % per
pg/ml of athrombin. The BNP aptamer (used as the negative experimental con-
trol) did not show any trend with increasing concentrations of /alphathrombin. This
helps validate the thrombin aptamer result suggesting that the decrease in resistance
scene was due to protein binding and changing the doping/carrier concentration of
the graphene channel. This result achieves the aim of a real-time protein binding
system which can be used to study future surface functionalisation approaches and

help develop a G-FET biosensor platform for POCD,

7.1 Future Work

Through this work multiple facets of the biosensor design and fabrication process
have been optimised. The sensor was shown to effectively detect low concentrations
of thrombin protein in real-time. The next stages of development will aim to re-
duce fabrication costs further, develop a multiplex functionalised sensor for multiple
diagnostic biomarkers.

For the residue-free graphene transfer system, the surface treatment of the wafer
can be investigated further to look at increasing hydrophobicity and improve graphene
adhesion preventing etchant from being trapped under the graphene sheet. The size
of the die and uniformity of the vacuum applied can also be investigated, smaller
die and an increase in vacuum features would increase the uniformity of the vacuum
across the graphene Cu foil.

Whilst assessing the designs tested in this thesis it is clear that the most effective



way to reduce cost per graphene channel is to implement a Matrix design with
additional contact electrodes (plus the 1-2 contacts for gating). The number of
graphene channels cubes with the number of drain contact electrodes, increasing
the number of contacts used from 6 to 10 would increase the number of graphene
channels in the Matrix design from 9 to 5. This would require a complete redesign
of the Dip Chip as well as the connection system. The way to reduce total sensor
costs is to reduce the total area of each chip, this would allow more chips to be
fabricated per wafer. This again would require a complete redesign of the Dip Chip
and connector system; the electronic packaging of the chip needs to be investigated
further. Reducing die size and wire bonding to a small PCB which in turn can be
connected to the measuring system for testing would help reduce cost per sensor.
However, to decrease die size further without reducing total electrical contacts would
require newer approaches such as metal filled TSVs and flip-chip bonding for 3D
integration.

The Inverted MOSFET design is only a proof of concept stage and has multiple
applications for future research. Firstly, for sensor-based research, a real-time sens-
ing experiment can be investigated using gated field-effect measurements to track
the doping shift of the graphene channel during the drop-cast functionalisation pro-
cess and the liquid drying process to further understand the changes that occur at
each step. Following up with an investigation into the sensing process itself com-
paring the level of analyte quantification using a gated measurement compared to
resistance- based measurement. The other route for research could involve a redesign
with additional contact electrodes so that multiple buried gates can be implemented
on a single chip tuning each channel individually to hold the gate voltage at each
channels Dirac peak so that the sift due to binding can be measured as larger change
making the device more sensitive.

For the Multiplex sensor design spreading the graphene channels across the sur-
face was not effective for drop-cast functionalisation. However, a simple permanent
photoresist or epoxy screen-printed coating could provide an open reservoir around

each graphene channel. The hydrophobicity of these polymers would keep the liquid
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within the reservoir preventing the functionalisation solution from spreading across
the chip’s surface. If these polymers did not have the required height to trap the
functionalisation solution, a 3D printed microfluidic package could be used instead.
This process will become more complicated and take up more space with additional
multiplex bio-receptors. Alternatively, If the chips were being redesigned to minia-
turise the silicon footprint and then bond the small die to a PCB, this could be taken
a step further and multiple chips could be bonded to a single PCB each of these
sensor chips could be functionalised separately using an open drop cast method then
combined onto a single PCB producing a multiplex sensor platform.

Device fabrication optimisation still has some areas that can be investigated
further. The length, width and geometry of the graphene channel has not been in-
vestigated in this body of work. How changing these parameters could affect device
resistance and sensitivity to analyte detection should be investigated. The use of
annealing to clean graphene and improve graphene metal contact resistance could
be explored further. This will become more relevant as graphene length decreases
reducing channel resistance to a point where contact resistance may dominate the
measured resistance of the device. Lastly to improve reliability and yield it would
be worth investigating parallel graphene channels per resistance measurement. This
could increase sensor yields as each graphene region would be made up of multiple
channels if one graphene channel is disconnected the sensor could still operate ef-
fectively. A compromise would need to be made in terms of lowered resistance and
possibly a reduction in sensitivity against the increased yield of working devices.

Future research to increase graphene wafer yield should also include advance-
ments in graphene transfer systems and graphene adhesion to the base substrate.
Adhesion was the primary problem throughout the optimisation of the Pre-Transfer
process. Alternatively using the Post-Transfer process and improving the contact
resistance of the graphene/metal contacts or the use of a shadow mask to produce
the metal contacts on the graphene would help increase yield. The introduction of
“Side Contacts” where multiple metal carbide bonds can form and decrease con-

tact resistance should be investigated further. The graphene channel geometry can



also be changed to increase yield and potentially increase total channel number by
decreasing the size of the graphene channels.

Looking into passivation further PECVD silicon nitride as a passivation material
should be investigated potentially as an interlayer-based passivation material. Using
the new APS (SPTS UK) dielectric etch tool etching the passivation window would
be achievable using the built-in feedback system. This would enable the etch to
stop once the Nitride layer has been etched through to the SiOs. This approach
combined with the use of a sacrificial protective layer such as Yttrium could result
in an undamaged graphene sheet post Si3N4 etch and result in a good passivation
technique. This could be used for a multilayer device such as the Matrix Design
or future combination designs. From a design standpoint reducing the size of the
passivation and changing its geometry to fully “picture frame” the graphene should
be investigated using different materials to alter the carrier mobility and doping of
the graphene channel.

The future of packaging research needs to be investigated regarding the use of
microfluidics for functionalisation, sensing or functionalisation and sensing. The
level of microfluidic sample pre-processing will depend heavily on the location of the
target analyte whether it is found in the bloodstream, inside cells or is the cell itself.
3D printed cartridges are not up-scalable beyond the research phase at this current
time point in technology but have been essential in prototyping a working design.
Laser cutting or injection moulding systems can be investigated for upscaling and
commercialisation once designs have been tested and finalised using the 3D printing
system.

There are many approaches to achieve blood cell separation by laminar microflu-
idics the difficulty with the designs used in this research is the control of flow rates.
This can be achieved with the use of pumps, even in a handheld point of care device.
For future research, a purely capillary driven system should be investigated to com-
bine with the Dip Chip packaged. With fewer moving parts operation of the sensor
will be much easier to implement as well as reducing material/fabrication costs. A

capillary system involving a filter-based system small volume microfluidic channels
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would be best suited for this area of research and could lead to the end goal of a
point of care diagnostic test where a patient would only need to supply a droplet of
blood for an accurate diagnosis.

There are different approaches to real-time sensing that can be explored further,
long term experiments would be beneficial with modifications to the software used
to control the Keithley SMUs, longer duration measurements with more data points
could be fully automated. This would allow for a long-term stability experiment of
weeks/months for the graphene channels in ambient conditions as well as submerged
in di H,O and other solvents. Looking at the dielectric constant of the solvent and
its effect on graphene resistance would also be worth investigating. An accurate
temperature humidity detector connected to the measurement system would also be
beneficial to see trends/changes in resistance due to atmospheric conditions would
allow for more dry measurements to be performed more accurately.

During functionalisation, the 30 pul of solution would spread around the chip sur-
face and the main mass of solution would not be focused on the graphene channel.
The issue with a plain AlyO3 / SiO, passivated surface is the hydrophilic nature of
the dielectric film. Due to the high surface tension of HyO, a precipitate deposition
effect (ring effect) will mean particulates are highly concentrated around the edge
of the volume. With this volume spread across a larger area of the chip, the ap-
tamer molecules could be unevenly distributed away from the graphene channel. As
mentioned previously a hydrophobic ring structure/packaging would benefit both
multiplex functionalisation but also standard all-channel functionalisation as well.
Repeats of this experiment will be required to prove the real-time specific binding
experiment. Knowledge gained from these real-time experiments suggests a longer
stabilisation period in PBS prior to the first experiment. As well as a longer in-
cubation period for the protein concentration on the graphene surface. Ideally, if
the resources allowed a vertical submersion in 4 ml of PBS with the same pot be-
ing spiked by the aThrombin would allow for clearer visualisation without drying a
re-stabilisation in each concentration of protein. The only difficulty with this style

of experiment besides large volumes of protein would be the build-up of additional



protein concentrations without washing off non-specifically bound aThrombin, it
would be difficult to accurately determine the true concentration of aThrombin in
the solution pot.

The functionalisation process could also be investigated further. Aptamer con-
centration was not optimised or blocking molecule length. There are many factors
for potentially improving functionalisation of the surface which can now be investi-
gated as the system has been set up and a baseline of sensitivity has been achieved.
The range of the aThrombin dilution could also be extended to test the sensitivity
limits beyond mg/ml. Lastly, the use of the buried electrode gated chips would
enable FET style Dirac point measurements to be made sequentially in the Dip Sta-
tion setup. Being able to do real-time Dirac point measurements would give more
information throughout the sensing experiment. Plotting the peak height, doping
shift and even the slope can give additional information about the interactions on
the graphene surface. With more information, the protein binding interaction and
environmental surface interactions can be examined further leading the development

of a POCD sensor with higher sensitivity and selectivity.

Planned Publications:

Effect of MVD aluminium oxide passivation of Graphene FET pH Sensor Perfor-

mance



Appendix

8.1 Materials & Methods

8.1.1 Introduction: Centre for NanoHealth Cleanrooms

The graphene sensors developed within this work were fabricated and characterised
using nano-fabrication based tools housed in the Centre for NanoHealth (CNH)
Swansea University. The facilities comprise of a fully equipped class 1000 and
100 cleanroom used for the fabrication of the semiconductor integrated graphene
chips. As well as a class 1000 biocleanroom that employed for the biochemical func-
tionalisation / modification of the sensor surface, as well as for the electrical and
electrochemical characterization of the sensor.

The centre also houses other analytical tools such as a Scanning Electron Mi-
croscope (SEM) and Energy dispersion X-ray spectroscopy (EDX) tool that can be
used for examination of device features down to 1-10 nm. An atomic force micro-
scope (AFM) that can determine device feature step height and surface roughness
within Inm. A Raman Spectrometer that can be used to measure graphene damage
as well as identify chemical bonds of the chemistries applied to the sensor.

Additional to the facilities of CNH tools from other research centres across
Swansea University were employed such as X-ray photoelectron spectroscopy (XPS)
for graphene surface analysis. As well as Screen printing facilities from the Welsh

Centre for Printing and Coating (WCPC).

8.1.2 Photolithography

Photolithography is an optical method used in the microfabrication industry to
transfer a pattern onto a substrate. The basic principle is similar to traditional

photography. A light source specifically UV 365 nm or 436 nm wavelength is shone
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through a photo-mask onto a light sensitive polymer film “photoresist” on the surface
of the substrate. The photo-mask consists of opaque and transparent sections that
form geometric patterns that are transferred onto the photoresist, see Figure 8.1 for
flow diagram of the whole process.

There are two main categories of photoresist; positive and negative and the
category can be determined by the effect of UV exposure on the chemical solubility

of the resist.

e Positive resist exposed to UV light becomes soluble when placed in resist
developer. The unexposed regions will remain insoluble in the resist developer

and remain on the substrate.

e Negative resist that is exposed to UV light becomes insoluble in resist developer
and remain on the substrate. Whilst the unexposed regions will dissolve in

the resist developer.

The insoluble resist forms a pattern that has been transferred from the photo-mask.
This resist pattern can be used to protect the underlying silicon or glass from further
treatments such as etching or chemical deposition. The resist can then be removed
using a solvent clean revealing the unprocessed silicon beneath.

Positive Photoresist Process: A. Clean silicon wafer, 100 mm diameter, 0.5 mm
thickness, N type doped. B. Positive photoresist AZ 9260 spin coated 3000 rpm for
30 seconds, softbaked 110 °C for 3.5 minutes. C. Resist exposed to UV 2000 mJ/cm?
through photomask. D. Exposed photoresist wafer submerged in developer AZ 726
for 2 minutes. Exposed photoresist is soluble in AZ 726, removed using developer and
rinsed in DI water then dried with compressed air. Negative Photoresist Process: 1.
Clean silicon wafer, 100 mm diameter, 0.5 mm thickness, N type doped. 2. Negative
photoresist AZ nLof 2070 spin coated 3000 rpm for 30 seconds, softbaked 100 °C
for 5 minutes. 3. Exposed to UV 240 mJ/cm? through photomask. 4. Exposed
photoresist wafer submerged in developer AZ 726 for 2 minutes. Exposed photoresist
cross linked and no longer soluble in AZ 726, removed using developer and rinsed

in DI water then dried with compressed air (Figure 8.1).
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Figure 8.1: Photolithography full protocol.

Photolithography is an integral part of the electronics and semiconductor indus-
try, as well playing a crucial role in the microelectromechanical systems (MEMS)
industry over the last 20+ years. Microfabrication is a collection of techniques that
include deposition, growth, etching, doping and etching. Lithographic techniques
enable the design and layout of the device patterned and to be developed in combi-

nation with these other techniques.



8.1.3 PDMS

This is due to its optical transparency, physical flexibility and its changeable sur-
face chemistry. PDMS has been used in micro-electro-mechanical-systems (MEMS)
industry to create microfluidic device components. So as a working layer for this
microfluidic device PDMS was a safe option to create the PDMS device and attain
functionality.

The fabrication of a polydimethylsiloxane (PDMS) device involves first creating
a master template fabricated on a silicon wafer. The templates were produced using
negative photoresist and the standard photolithography process as seen in figure
or using the etching process post lithography. Both lithography and etching were
trialled. The lithography method was favoured as optimisation of film thickness

requires a single wafer that can be cleaned after each set of photolithography.

8.1.4 Metal Lift-Off Photoresist

The metal contact layer is produced by a metal lift-off process. Whereby a photore-
sist layer is patterned on the surface followed deposition of a metal layer. When
the photoresist layer is later removed any metal deposited on the photoresist will
be removed and metal deposited directly on the substrate will remain. Photoresists
achieve clean lift-off with with the use of "over hang” geometry. Metal deposited
using a sputtering based method is deposited in a directional manner and therefore
does not form a single conformal sheet over the over hang of the photoresist enabling
a clean line of metal pattern on the surface see Figure 8.2 (a) Bi layer photoresist
LOR bottom layer microposit S1813 top layer over hang produced. (b) Metal depo-
sition step from sputtering source majority of metal deposited perpendicular from
sputtering source above. (c) Photoresist removal resulting in metal lift-off.

The bi layer photoresist system uses a non photoactive resist as the base layer
LOR 5A (DOW) with a positive photoresist microposit S1813 as the photoactive
top layer. The microposit layer is exposed to UV and becomes soluable in chemical

developer AZ 726. After the exposed material is removed the LOR resist is also
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(c)

Figure 8.2: Bi-Layer lift-off process.



removed by the AZ 726 developer, longer time spent in developer the larger the over

hang is produced.

8.1.5 Potassium Hydroxide Etch

Silicon dioxide is often used as an etch mask when using wet etching techniques.
Potassium hydroxide (KOH) etching can be used to etch silicon as seen in equation

8.1.1. To etch specific regions of a silicon substrate an etch mask must be produced.

Si+20H™ + 2H,0 — SiOy(OH)3 — +2H, (8.1.1)

Two standard materials can be used as an etch mask for wet etching. The first is
Si0,, where a film is deposited using PE-CVD on both sides of the silicon substrate.
A Photoresist mask is then patterned onto the SiOy surface. The resist protects
the oxide during HF exposure. The patterned substrate is then immersed in a HF
oxide etch. The SiO, is etched in the exposed regions but protected under the
photoresist. The photoresist is then removed. The silicon substrate is immersed in
a KOH solution and placed in a hot bath 70 °. The etch rate is dependent on KOH
concentration and hot bath temperature. The SiO, etches at a much slower rate
compared to the exposed silicon areas. Once the silicon is etched sufficiently, the

remaining SiOy on the surface can be removed by HF etch.

Alternatively if an etch stop layer is required, a SisN, film can be deposited using
PE-CVD. The same surface patterning process can be applied, however the KOH

etch rate for SigNy is significantly slower than SiOs.

If the crystal orientation of the silicon is 100, the KOH etched anisotropically,
with an angle of 54.74° from the plane, producing a cavity with a trapezoid cross

section (Figure 8.3).



8.1. Materials & Methods 417

Figure 8.3: KOH produces an anisotropic etch on silicon, with a <100> miller

indices plane at the base and <111> on the cavity walls.

8.1.6 Buffered Oxide Etch

Hydrofluoric etching has already been covered in the sample preparation section
as a method of removing oxides. However, when etching thin layers of SiOy the
reaction of concentrated HF (60 %) is fast at 2um/min. This makes it difficult
to control the thickness of oxide being removed during a single etch. In this case a
buffered HF solution or buffered oxide etch (BOE) is used. The buffering agent, often
ammonium fluoride (NH4F), reduces the etch rate of the HF to more manageable
levels 100 nm/min.

BOE is also used as a glass etchant, often combined with 20% HCI to produce

smoother etched features.

8.1.7 Scanning Electron Microscopy

Scanning electron microscopy (SEM), is one type of electron microscopy that pro-
duces an image using a focused beam of high-energy electrons as it scans across
the surface of the sample. The electrons interact with the surface of the sample

producing a variety of signals that are received by a detector or multiple detectors.



The signals are processed by the SEM’s computer to produce an image, from the
topography can be determined as well as crystal structure and orientation and even
the composition of the sample. Samples are imaged under vacuum to prevent the
electron beam from interacting with molecules in the surrounding environment. The
image is created by the detection of primary backscatter (electrons are backscattered
due to elastic collisions with atoms in the sample they lose little energy during a col-
lision), and secondary electrons (electrons from the primary beam ionise the atoms
in the sample, secondary electrons are emitted from the ionised atoms). The energy

signatures of these electrons depend on the surface topography of the sample.

8.1.8 Energy-dispersive X-ray Spectroscopy

Energy-dispersive X-ray Spectroscopy (EDX) is a technique for elementary analysis
to determine the chemical composition of the sample. The EDX penetrates the sam-
ple, higher accelerating voltages can penetrate the sample further. EDX capability
is achieved using Oxford instruments EDX detector in combination with the SEM.
The working principle involves using the SEM to identify the region that you wish
to analyse. The EDX uses the SEM’s focused electron beam to excite the sample
in this region. Ground state or unexcited electrons can be hit out of its shell by an
electron of the same energy from the electron beam. This leaves an electron-hole
in the energy shell. An electron from a higher energy shell can drop down to fill
this electron-hole, emitting excess energy in the form of photons. It is the emitted

photons that are detected by the EDX.

The electron will not return directly to its original energy shell it will release
photons of different wavelengths as it moves down the energy shells to its stable
state. This is called the X-ray emission spectrum. The EDX identifies the different
elementary components of a sample; this is due to each element having a unique

X-ray emission spectrum.
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8.1.9 Atomic Force Microscopy

In basic principles, it is a mechanical device able to measure very small changes
down to atomic and molecule level. The pointed tip is brought into contact with the
material that needs to be characterised. The force between the tip and the sample is
converted into a bending, or deflection, of the cantilever. This deflection is measured
using a laser that is reflected off the back of the cantilever onto a detector. This is

then converted digitally to a force map and height and roughness data.

8.1.10 Raman Spectroscopy

Cosmic Ray Removal

The process of cosmic ray removal if performed within the Wire software package

(Figure 8.4).

\hdth /oo Ramanfoft Spectnm
15613
78
157ET
1508

1

900080000
HUBEEENERS -

4224 E

sEEEE
: g

Figure 8.4: Cosmic ray removal process

8.2 Graphene Sensor Fabrication & Optimisation

8.2.1 Skewness & Kurtosis

Definitions of skewness and kurtosis come from IBM SPSS statistics (SPSS Inc).



Skewness

“Skewness measures the degree and direction of asymmetry. A symmetric distri-
bution such as a normal distribution has a skewness of 0, and a distribution that
is skewed to the left, e.g. when the mean is less than the median, has a negative

skewness.”

Kurtosis

“Kurtosis is a measure of tail extremity reflecting either the presence of outliers in

a distribution or a distribution’s propensity for producing outliers”

8.2.2 Graphene Sensor: Design & Fabrication

The drawing action of solvents to determine Dip Chip length were performed on
Si04 coated Si hand diced to the correct width. When one of the chip is submerged
(dipped) into a container of water. The chip was marked 5 mm from one end to
represent the position of the graphene channels. The chip was submerged into the
water the graphene channel mark approximately 1 mm below the meniscus. A
period of 10 minutes was given and the travel distance of the solvent up the chip
was marked and measured. The water travel was measured as 2 mm in water, the

experiment was repeated for ethanol the total travel was measured as 5 mm.

8.2.3 Inter Probe Station Comparison

In order to check the inter machine variability as well as the probe to SD connec-
tor variability. A single device was measured thirty times on both probe stations;
EverBeing and Inseto probe stations, using grapheme channels with dimensions 400
x 100 /mum and using the 0.2 s and 0.05 s step time setting on Keithley 2636 B
measurement unit (Table 8.1).

The difference in average (mean) resistance between the two probe stations is

24.78 Ohms a difference of 0.53 %. This is a statistical significant difference P = <
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0.0001, Unpaired t test with Welch’s correction. This difference could be accounted
for by the metallurgy of the contact probes or simply the length, brand or type
of cables used to connect the probe tips to the Keithley units. At this stage the
resistance of the individual connection wires do not need to be ascertained. Using a
single IV probe station for each experimental set will remove the inter probe station
variability.

The variance of the two probe stations was also compared. The relative standard
deviation of the Inseto probe station was more than double that of the EverBeing
station. The difference in variance between the two probe stations was statistically
significant P = < 0.0001, F - test of equality of variance. So further experiments
would be based primarily on the EverBeing station to reduce machine variance

within the results.

Inseto Station Everbeing Station
Mean (Ohms) 4718.28 4693.41
Median (Ohms) 4718.84 4693.45
Range (Ohms) 15.65 7.34
Standard Deviation | 5.05 2.00
Relative SD 0.11 % 0.04 %

Table 8.1: Comparison of resistance measurements made on 1 graphene channel, on

both Inseto and EverBeing IV probe station.

8.2.4 IV Data Analyses

The standard method for analysing an IV linear sweep measurement to obtain re-
sistance from a csv file is by opening taking 1 over the slope of the line graph.
Providing the line graph has a linear fit, (the contacts were ohmic). This uses the
Resistance equation R = %, where R = Resistance (Ohms), V = Voltage (Volts)
and I = Current (Amps). The IV sweep used has 101 data points and the time to

calculate this for a single csv file is negligible (approximately 1 minute). But when



measuring multiple repeats per graphene channel (e.g. 3) and 96 graphene chan-
nels per wafer (Dip Chip Origin design). This totals 288 csv to process, this could
effectively take almost 4-5 hours of monotonous tasks. Writing a Python Script to
improve data analyses speed for single or triple graphene channel reading enabled all

288 csv files to be processed in seconds. The Python code can be seen in Appendix.

8.3 Graphene Sensor Real-Time Measurements

8.3.1 Normalisation of Resistance Data

Normalising to the data mean and normalising to the baseline device resistance

(Z-score) was performed using the formula,

(8.3.2)

Where T is the mean of the sample and S is the standard deviation of the sample.

8.3.2 Extracting Carrier Mobility From Dirac Point Mea-

surements

The direct transconductance method (DTM) uses the gate voltage dependent transcon-
ductance (g,,) of the graphene measured during Dirac point measurement using the

formula,

9
LWV,,C,

Where g,, = DI145/DV, and the C, is the capacitance of the substrate dielectric.

KUDTM = (8.3.3)

8.3.3 Acetone Submersion & Drying IV Measurement

Full IV measurement of submersion and drying experiment performed on PT-SPI
Chip, data normalised to dry starting resistance, After 15 minutes graphene sub-
merged in acetone. At 8 hours graphene removed from acetone and dried with

compressed air (Figure 8.5).
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Figure 8.5:

Real-Time 20-hour IV measurement: Acetone Submersion & Drying
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20 hour real-time experiment, acetone submersion (PT-SPI Chip).





