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ABSTRACT

Graphene, a two-dimensional material with a high surface to volume ratio, has
drawn extensive research enthusiasm for applications in the field of electronic sensors.
The special material properties that make graphene a highly promising material include
its biocompatibility, very high mobility, low 1/f and thermal noise, modulation of carrier
concentration and fermi level by electrical, optical, and chemical means. To exploit these
properties for practical applications a large area high quality graphene, transferred on
appropriate substrates, is required. In this work, high quality single monolayer graphene
(determined from Raman spectroscopy) has been synthesized by chemical vapor
deposition (CVD) technique for bio-sensing applications utilizing methane and hydrogen
as precursor gases.

In this work, small channel graphene field effect transistors (GFETS) were
fabricated utilizing monolayer or few layer high quality transferred graphene, and
electrical, voltage bias stressing and temperature dependent characterizations have been
performed. The electrical characterization, carried out in a back-gated field effect
transistor configuration, yielded mobility as high as 1000 cm?V*s™.

Additionally, a novel bio-compatible device called lon sensitive field effect
transistor (ISFET) was fabricated using the CVD grown graphene. Graphene ISFET
senses the ions efflux from solutions using graphene as the active layer (conducting
channel). The graphene ISFETs were encapsulated using bio-compatible epoxy except

the active layer (graphene) region to perform highly sensitivity solution based
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measurements. The ISFET devices were used to perform real-time Potassium (K*) efflux
measurement from ion concentration change in electrolyte solution. The ion
concentration change is transduced into an electrical (current) signal due to surface
potential change in graphene. In this work, an extensive study of the I-V and C-V
characteristics of the graphene ISFET in an electrolyte solution with different K*
concentration has been performed and superior performance of the graphene ISFET has
been demonstrated.

During development and testing of the graphene ISFET, we also discovered that
the epoxy utilized for the sensor encapsulation has a significant impact on the electric
transport properties of graphene including conductivity, carrier concentration and field-
effect mobility. N-type doping impact of the epoxy on graphene has been demonstrated

through systematic experiments, which is promising as a new method for surface doping

of graphene.
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CHAPTER 1
INTRODUCTION

Carbon is considered as the fundamental building blocks of all life forms on earth. It is
chemically very versatile and forms larger variety of compounds. Each atoms of carbon
can bond with 4 different atoms or molecules. When the carbon atoms link amongst
themselves in tetrahedral fashion utilizing sp3 bonding, they form diamond the hardest
naturally occurring material with insulating properties, however when they bond with 3

carbon atoms only, in a honeycomb fashion, graphite is formed. It is three dimensional
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Figure 1.1 (a) Schematic representation of single planner hexagon consisting of 6 C
atoms connected to each other by sp? bonding with C-C bond length of 1.42 A. (b)
Periodic repetition of hexagonal unit resulting in 2-dimensional honeycomb structure of
graphene.

allotrope of carbon with sp? hybridization of carbon to carbon bond. Graphite is rich in
electrons and conducts along its layers. Graphite became well known after the invention
of pencil in 1564. Around that time the mining and production of high purity and soft

graphite from Cumbria, England was strictly controlled due to its strategic application as
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refractory lining of canon ball molds. The ability of graphite to write comes from the fact
that it made up of individual sheets of carbon which held together by weak Van der waals
forces which allows layers to slip under shear force and leave a trace of thinner graphite
on the surface. This very ability of slipping also makes them very good lubricants. Since
these sheets could slide upon each other they could be separated as very thin graphitic

sheet down to single layer as demonstrated on SiO, by Novoselov and Geim in 2004 [1].
1.1 What is Graphene?

These individual sheets of carbon, which are constituent of graphite, are made up
of planner sp? bonded carbon atoms arranged in honeycomb fashion consisting of
hexagon of carbon, as in benzene. This hexagon is depicted in Figure 1.1(a) with C-C
bond length of 1.42 A. The individual sheet structure as shown in Figure 1.1 (b) is

referred as graphene. While Graphene unique properties such as high conductivity,

v
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Figure 1.2 Graphene unique properties [24].
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strength, flexibility, transparency and structural properties shown in Figure 1.2 and

described in detail in next sections.
1.2 Thermal properties of graphene

The thermal conductivity of graphene was recently measured to be between (4.84
+ 0.44) x 10% to (5.30 + 0.48) x 10° Wm ‘K™ at near-room temperature. These
measurements, made by a non-contact optical technique, are in excess of those measured
for carbon nanotubes or diamond [31]. In addition, the ballistic thermal conductance of a
graphene is shown to give the lower limit of the ballistic thermal conductance, per unit

circumference, length of carbon nanotubes [34].
1.3 Mechanical properties of graphene

Graphene also has excellent mechanical properties and is a leading contender for
nanoelectromechanical systems (NEMS). To date, graphene appears to be one of the
strongest materials ever tested. Measurements have shown that graphene has a breaking
strength 200 times greater than breaking strength 200 times greater than steel, with a
tensile modulus (stiffness) of 1 TPa (150,000,000 psi)[36]. Using an atomic force
microscope (AFM), the spring constant of suspended graphene sheets has been measured.
Graphene sheets, held together by van der Waals forces, were suspended over SiO,
cavities where an AFM tip was probed to test its mechanical properties. Its spring
constant was in the range 1-5 N/m and the Young's modulus was 1 TPa, which differs
from that of the bulk graphite. These high values make graphene very strong and rigid.
These intrinsic properties could lead to using graphene for NEMS applications such as
pressure sensors and resonators [27]. Graphene is a flexible material as it can stretch up

to 20% to its original size without damaging.

3
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1.4 Optical properties of graphene

The unusual low-energy electronic structure of monolayer graphene provides
unique optical properties with an unexpectedly high opacity which allows absorption of =
2.3 % of white light [27]. The property of IR absorption of graphene highest of all known

materials with 2.3 % absorption per monolayer (ML) over a broad wavelength range [29].
1.5 Electronic properties of Graphene

Graphene as a true two-dimensional (2D) material possess many amazing
properties not seen before in bulk material. Figure 1.3 captures this description vividly
[2]. Its honeycomb structure is the fundamental building block of other allotropes of
carbon which can be stacked to form three-dimensional (3D) graphite which is formed by
stacking graphene sheets attached by week Van der Waal’s forces, rolled up to form one-
dimensional (1D) nanotubes, and wrapped to form zero dimensional (0D) fullerenes. This
phenomenal material was thought to be unstable before it was first isolated by Geim et al.
[1] in 2004 by a technique called mechanical exfoliation of bulk graphite.

Graphene is a zero-or near-zero-bandgap semiconductor with a linear energy
momentum dispersion relation at the Brillouin zone corners. Highly unique electrical,
optical, thermal and mechanical properties have been reported for few-layer graphene
[1]-[4]. In particular, graphene exhibits remarkably high electron mobility as the charge
carriers resemble Dirac fermions, and electron transport in graphene remains ballistic up
to 0.3 um through ambient condition [1]. Other significant properties include carrier-
density-dependent conductivity, anomalous quantum Hall effect, and minimum quantum
conductivity, plasmonic amplification to name a few [5]-[10]. These unique electrical

properties of carriers in graphene stem from its unique band structure, which exhibits

4
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Figure 1.3 Graphene as a building block of various forms of sp2 carbon materials such as
fullerene, carbon nanotube, and graphite [2]

conduction and valence bands with near-linear dispersion that touch at the Brillouin zone
corners to make it a zero bandgap material. The remarkable mechanical properties in
graphene originate from the covalently bonded C-C, the strongest bond in nature, which
locks these atoms in place. A suspended single layer of graphene is one of the stiffest
known materials characterized by a remarkably high Young’s modulus of ~ 1 TPa [10]-
[12]. All these properties combined making it a promising material in post Moore’s law
era, as a single-molecule gas sensor, in optical sensor and devices, in PN-junction diodes.
Electronic properties of graphene

1.5.1 Linear E-K relation

Graphene differs from most conventional three-dimensional materials. Intrinsic
graphene is a semi-metal or zero-gap semiconductor where E-k relationship is linear at
the Brillouin zone corners. Due to this linear dispersion relation at low energies, electrons

and holes near these six points, two of which are inequivalent, behave like relativistic
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massless particles described by the Dirac equation [18]-[19]. Hence, the electrons and
holes are called Dirac fermions, and the six corners of the Brillouin zone are called the
Dirac points [18]. The equation describing the E-k relation is E = hvgK where the

Fermi velocity ve ~ 10° m/s [19].

1.5.2 High electron mobility

Transport measurements show that graphene has a very high electron mobility at
room temperature, with reported values in excess of 15,000 cm*V s [1]. Additionally,
the symmetry of the experimentally measured conductance indicates that the maotilities
for holes and electrons should be nearly the same [20]. The mobility is nearly
independent of temperature between 10 K and 100 K [5], [21]-[22] which implies that the
dominant scattering mechanism is defect scattering. Scattering by the acoustic phonons of
graphene places intrinsic limits on the room temperature mobility to 200,000 cm?V *s*

at a carrier density of 10™ cm™ [22]-[23]. However, for graphene on SiO, substrates,

effects of scattering of electrons by optical phonons of the substrate is larger than

A

E [Conduction Band

ENERGY

Valence Band

Figure 1.4 (a) Parabolic bands in most semiconductors (b) Intrinsic graphene is a semi-
metal or zero-gap semiconductor where E-k relationship is linear at the Brillouin zone
corners.
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scattering by graphene’s own phonons at room temperature which essentially limits the
mobility to 40,000 cm? Vs * [22].
1.5.3 Minimum conductivity

Despite the zero carrier density near the Dirac points, graphene exhibits a
minimum conductivity on the order of 4e” / h. This is possibly due to rippling of the
graphene sheet or ionized impurities in the SiO, substrate may lead to local puddles of
carriers that allow conduction [20]. However, most measurements suggest minimum
conductivity depend on impurity concentration [26].
1.5.4 Effects of molecular doping

Recent experiments have probed the influence of chemical dopants on the carrier
mobility in graphene [17],[26]. Schedin et al. doped graphene with various gaseous
species (some acceptors, some donors), and found the initial undoped state of a graphene
structure can be recovered by gently heating the graphene in vacuum. They reported that
even for chemical dopant concentrations in excess of 10'2 cm? there is no observable
change in the carrier mobility [17]. Chen, et al. doped graphene with potassium in ultra
high vacuum at low temperature. They found that potassium ions act as expected for
charged impurities in graphene [27], and can reduce the mobility 20-fold [17]. The

mobility reduction is reversible on heating the graphene to remove the potassium.
1.6 Applications and trends

The combination of various amazing properties as shown in Figure 1.2 and Table
1.1 of the graphene enables its application in variety of diverse areas such as terahertz
devices, high speed transistors, displays, batteries, ultracapacitors, hydrogen storage,

solar cells, membrane for separation of gases, magnetic, charge, strain, and biological
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Table 1.1 Electronic and Material Properties of single layer graphene

Mobility 6.5x10* [30]- 10° Cm?V's™ [31]

Thermal conductivity (4.84+0.44) x10° to (5.30+0.48) x10° Wm 'K [34]
Young’s modulus 1.0[36]to (2.4 £ 0.4) TPa[32]

Breaking strength 42 N/m [36]

Breaking strain 25% [36]

(Na?:cnlallig?fljzr;oise spectral density 10° to 107 Hz™ [33]

o 0" 10738

sensors, composites etc. to name a few. This list has been ever expanding as new
applications come to light by choosing, mixing and matching the properties of graphene
alone or with combination with other materials. Due to its amazing properties graphene

used for wide range of application. Graphene is strong yet light material which makes it

e MOBILE PHONES
CLOSER . 5 ol
f LOOKAT
GRAPHENE

Graphene s a one-atom thick form. or
allotrope, of carbon — other allotropes include diamond
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suitable for aviation and space application. Due to its flexibility and transparency it can
be used to produce flexible screen, transparent mobile phones and computer chip. As
graphene is biocompatible it can be used for DNA sequencing and prostatic application
as shown in Figure 1.5. This shows major applications of graphene which have already
been demonstrated utilizing different properties of graphene. Figure 1.6 shows Future
trend of graphene surveyed in 2013. This chart was prepared after a comprehensive
survey of graphene companies and clearly highlights the versatility of graphene. The
graphene market expected to reach around 150 million in 2020. In this figure the global

graphene market is shown by its application, type, and geography and by its dynamic.

GLOBAL GRAPHENE MARKET GRAPHENE MARKET BY APPLICATION

GLOBAL Market is Expected to Reach $149.1 Million in 2020 - I Energy F Aerospace
GRAPHENE '

150 / " "
MARKET o . Biomedical and Automotive
\ life sciences
';’; aans - ‘ ,
. & /) Coatings Q Composites

25
0
2013 2020 @ Defense Sensors

GLOBAL GRAPHENE MARKET, BY TYPE s

: n Electronics Others
e +  Mono-layer & Bi-layer * FewLayer Graphene ~ ****
graphene

GLOBAL GRAPHENE MARKET, DYNAMICS

*  Graphene Oxide ¢ Graphene Nano
Platel .
* QOthers Vet Drivers
GLOBAL GRAPHENE MARKET, BY GEOGRAPHY * Rapid increase in graphene producers

*  Growing adoption of graphene in
various sectors
¢ Increased focus on r&d

ASIA-PACIFIC, EUROPE, LAMEA

NORTH AMERICA Restrai
y X estraints
. Highest Revenue Generating
For More Details See Geography $43.4 Million *  Absence of band gap
Table Of Contents by 2020 *  Susceptibility to oxidative environments

*  Hurdles in volume production

Figure 1.6 Future trend of graphene as surveyed in year 2013

1.7 Outline of the thesis

Despite of being highly promising material for various kind of application such as

those shown in Figure 1.5 graphene still remains a newer material. It completed 10 years
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of its first isolation in 2014. It therefore offers many challenges to be solved like any
other new material system such as nitride semiconductors before it could become a
commercial success. One of the major challenge graphene faces is its manufacturability.
Growing device quality, large area graphene still remains a challenge for mass
production. Two approaches appears promising, namely epitaxial and chemical vapor
deposition bases graphene growth. The later growth technique constitute the scope of this
thesis and is discussed in chapter 2, which also focuses on Raman spectroscopy as the
principle characterization technique of graphene to determine its quality and type and
even to determine of the grown material is graphene or not and weather it’s uniform or
not. Chapter 3 will be more focused on Transfer process of graphene on to Si/Sio2 from
Copper film and fabrication process flow for small channel devices GFET. GFET
mobility measurement, Raman characterization and AFM characterization shown further
to confirm quality and thickness of graphene. It will lead to annealing effect and bias
stressing effect on graphene based thin film transistor.

Chapter 4 will be design and development of biocompatible ion sensitive field
effect transistor (ISFET) from graphene, which has been proposed and demonstrated for
real-time K" efflux measurement from in electrolyte solution. In this work, we have
extensively studied the 1-V and C-V characteristics of the graphene ISFET in electrolyte
solutions with different K* concentration and doping effect of epoxy while encapsulating

graphene based ISFET.
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CHAPTER 2
GRAPHENE GROWTH

There are various routes to synthesis or procure graphene. Each technique comes with
their own sets of challenges. Broadly there are four well-recognized methods. These
methods include micromechanical cleavage, epitaxial growth, growth by CVD and
reducing graphene oxide. Epitaxial and CVD growth methods have evolved to generate
large area, good quality graphene. The reduced graphene oxide (RGO) is also capable of
large area graphene however the structural quality of graphene remains poor. These

growth techniques are surveyed briefly to put CVD based growth in perspective
2.1 Micromechanical cleavage and ultrasonication

In the very beginning, Graphene sheets were obtained by mechanical cleavage or
exfoliation of graphite, which consists of loosely bonded parallel layers of graphene [38].
The technique often referred to as a ‘“scotch-tape method,” can provide 2D graphene
crystals of high structural and electronic quality up to mm size. Though delicate and time
consuming, this is the only technique that can guarantee production of defect free
graphene without any contamination. Thus, it is very well suited for basic research and
for making proof-of-concept devices, which only requires a small size of graphene with
typical dimensions on the order of mm or less. Figure 2.1 shows a representative optical
image of monolayer and bilayer exfoliated graphene on 300 nm thick SiO2 substrate [39].
Instead of exfoliating graphite (typically highly oriented pyrolytic graphite) manually, it
is also possible to automate the process by using, for example, ultrasonic cleavage [40].

11
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Monolayer
Graphene

Bilayer
Graphene

Figure 2.1 The small size (10s of um) chunks of graphene obtained by exfoliation
method showing poor contrast for monolayer graphene and better contrast for bilayer
graphene [39].

This leads to stable suspensions of submicron graphene crystallites, which can then be
used to make polycrystalline films and composite materials [40]-[41]. Conceptually
similar is the ultrasonic cleavage of chemically “loosened” graphite, in which atomic
planes are partially detached first by intercalation, making the ultrasonication method
more efficient [41]. The ultrasonication method allows production of larger area

graphene, although controllability of the process and the structural integrity of graphene

are still challenges that need to be addressed.
2.2 Epitaxial growth of graphene

This technique is well established for producing large area graphene of high
quality by thermal annealing of SiC wafers [42]-[44]. In this method, which takes
advantage of well-established SiC epitaxy, 6-H or 4-H polytype of SiC is heated in the
temperature range of 1200 — 1600 °C in ultra-high vacuum (UHV) of 1x10™° Torr for
several minutes. At this high temperature Si leaves the SiC surface owing to its higher
vapor pressure than carbon. The remaining C rich surface then rearranges on the growth
the SiC substrate surface needs to be cleaned by H, etching at 1000 °C in UHV to

hexagonal lattice of SiC to generate single to few-layer graphene [45]. Prior to graphene

12
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remove native oxide that is often present. This method results in Graphene growth on
both Si and C terminated faces of SiC. Figure 2.2 shows the STM image of graphene

grown on semi-insulating C-face SiC [46]. In general, the growth on Si-face is slower and

Figure 2.2 (a) STM image of the graphene film formed on a carbon-face semi-insulating
SiC substrate showing 1.2 and 1.4 nm steps in the basal plane of the SiC substrate. (b)
Atomic resolution STM image of graphene showing triangular sublattice of carbon atoms
[46].

self- limiting, resulting in thinner and better quality graphene (1-3 monolayers), whereas
graphene on C-face is usually much thicker (5 — 10 monolayers). The major advantage of
this technique is growth of quite uniform, wafer scale and high quality graphene is
possible, taking advantage of the precise control of process parameters in a commercial
SiC growth chamber. Attempts have also been made to grow graphene on SiC substrate
in near atmospheric Ar pressure of 900 mbar and at relatively higher temperature of 1650
°C with a goal to obtain larger area low defect, mono, bi and tri-layer graphene [47]. One
of the disadvantages of this method of graphene synthesis is that it is very difficult to

remove or transfer the graphene to another desired substrate, due to the challenges

involved in controllably etching SiC. Therefore, processing of graphene devices needs to
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be done on the SiC substrate itself. This can be expensive due to the high cost of SiC
substrates, and also it does not readily allow the usage of a back gate for realizing

transistors, or sensors requiring back-gate modulation.
2.3 Reduced Graphene Oxide

It is chemical route to make graphene from graphite. In this method graphite is
oxidized in presence of strong oxidizing agents such as sulphuric acid. A redox reaction
takes place in between graphite and oxidizers in which electrons are removed from
graphite. The most common method to produce graphite oxide is treating graphite with a
mixture of sulphuric acid, sodium nitrate and potassium permanganate. Due to the
oxidation process the interplanar spacing between the layers of graphite is increased. The
resulting product is graphite oxide. When this graphite oxide is dispersed in solvents like

water, graphene oxide results by interaction of water molecules in-between increased

Figure 2.3 (a) Chemical structure of graphene oxide. There are carboxylic and carbonyl
groups at the edges but are not shown for clarity. (b) AFM image of exfoliated 1 nm thick
graphene oxide sheets [48].

separation of interplanar spacing of graphite oxide which helps to separate these layer of
Graphene oxide using sonication or stirring. This process causes lots of damage to

graphene oxide. The process of reduction of graphene oxide back to individual graphene
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layers introduces even more defects, therefore the resulting product is called reduced
graphene oxide (rGO). Figure 2.3(a) shows chemical structure of graphene oxide and
Figure 2.3(b) shows exfoliated graphene oxide [48]. There are various methods of
making rGO from graphene oxide such as thermal, chemical and electrochemical means.
Some of these techniques can produce very high quality rGO, similar to pristine
graphene, but can often be complex or time consuming in nature. The very common
technique to make rGO involves, treating GO with hydrazine hydrate at 100 for 24 hours.
rGO is ideally suited for large scale industrial application such as energy storage where

good quality graphene is not strictly required.
2.4 Chemical Vapor Deposition growth of graphene

Chemical vapor deposition (CVD) involves the activation of gaseous reactants or
precursors and the subsequent chemical reaction, followed by the formation of a stable
solid deposit over a suitable substrate. The energy for the chemical reaction can be
supplied by different sources such as heat, light, or electric discharge as in thermal, laser-
assisted, or plasma-assisted CVD respectively. Two types of reactions could be possible
for the deposition process namely homogeneous gas-phase reactions, which occur in the
gas phase and may results in formation of powders, and heterogeneous chemical
reactions which occur on or near a heated surface leading to the formation of powders or
films. Though CVD can be used to produce ultrafine powders, but in case of depositing
extremely thin graphene films heterogeneous chemical reactions should be favored and
homogeneous chemical reactions are avoided during the designed experiments. Figure
2.4 shows a schematic diagram of a typical CVD process to grow graphene in a tubular

furnace [49]. illustrating the generalized steps which involves reactant transport, their
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activation by thermal means, transport of reactant by gas phase diffusion through a
boundary layer, adsorption, chemical reaction, growth, desorption, removal of reaction

product etc. The CVD technique of graphene growth has assumed prominence due to its
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Figure 2.4 The generalized CVD growth of graphene on top of a metal catalyst. The
steps involved are: reactant transport, activation, transport of reactant thought boundary
layer, reactant adsorption on the surface, dissolution and bulk diffusion, chemical
reaction, surface migration, film growth, desorption, transport of product through
boundary layer, and transport by forced convection [49].

ability to grow large area, monolayer, low defect graphene on inexpensive substrates such
as cold rolled, high-purity (99.999%), 25 um thick Cu foils using inexpensive CVD
growth hardware and operational cost. There are host of parameter ranges such as
atmospheric pressure to ultra-high vacuum, range of precursor gas ratios, different types
of transition metal catalyst as substrate and the range of growth temperature that had been
explored to grow graphene by CVD technique. Each of the CVD system, that has
reported graphene growth, usually has a window or small range of parameters for most
optimized growth which also depends upon the system hardware and its capability. The

basic understanding of growth mechanism is needed in order to find suitable parameters
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for optimizing graphene growth with a given hardware. The CVD of large-area,
monolayer graphene on transition metal films and foils has been widely explored
recently. In spite of the significant progress, CVD-grown graphene remains a
polycrystalline film made of micrometer- to millimeter-size domains. It has been reported
that, the graphene films grown on Ni foils or films do not yield uniform monolayer
graphene. In most cases, a mixture of monolayer and few layers (polygraphene) are
obtained. Whereas the use of Cu substrate has proved to be excellent candidate for
making large-area, uniform thickness (95%), monolayer graphene due to the low
solubility of C in Cu. It was suggested and even demonstrated that the graphene growth
on Cu is surface-mediated and self-limiting. In this work the CVD of monolayer
graphene was obtained on Cu foil.
2.4.1 Graphene CVD System

A crude CVD reactor was built which involved a round tube furnace, the quartz
tube reactor, the precursor gases: CH4, H2, and Ar controlled by flow meters, and a low
capacity (up to 9 Torr) DryFast diaphragm pump. The gases tanks were connected by
polyethylene tubing. After building CVD systems it was revamped to optimize good
quality monolayer graphene growth. The CVD setup consists of the three gas cylinders,
each for CH4, H2 and Ar to the corresponding mass flow controllers (MFC) through
manual valves and "4” stainless steel tubing. The stainless steel tubing serves to provide
higher conductance path and better leak characteristics as compared to polyethylene
tubing. The MFCs were MKS Type 1179A each calibrated for the gas being used. Ar
MFC was 1000 sccm range for flow larger amount of Ar and a carrier and diluent gas. H2

and CH4 MFCs were 200 and 50 sccm range for keeping CH4 to H2 ratio low during the
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growth. The output from MFCs is joined together using a Swagelok Union Cross. One
end of the cross is connected to the 4" quartz delivery tube by a stainless steel bellows.
The reaction chamber consists of 1%” diameter wide and 2’ long quartz tube. It is also
fitted with %" thick compressed BN heat blocker at both the ends. The enclosure is
formed by stainless steel end caps with sleeves. The sample or substrate is mounted on a
flat quartz boat. The other end of the chamber has one outlet connected to stainless steel
tubing with bellows. A barometer and a Pirani gauge (MKS 901P, load lock transducer)
are attached downstream to this stainless tubing to monitor the pressure of the system.
This tubing then connects to the inlet of a mechanical pump. The mechanical pump is a
rotary vane pump from Pfeiffer Vacuum (Model: Duo 10 M) with a capability of 4.5
mTorr ultimate pressure. However the base system pressure remains in the range of 100
mTorr. The outlet of the pump is connected to room exhaust line though a manual valve

Pressure, temperature

and MFC Controls Quartz Tube

Il
Il

Mass Flow Controllers
Quartz boat

Cu foil

Figure 2.5 (a)The CVD graphene growth system with Pressure, temperature and MFC
controls (b) Cu foil after graphene growth on quartz boat shown in enlarged image
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which keep the CVD system isolated from exhaust and saves from occasional oil leak of
other pumps which are also connected to exhaust. The quartz tube reactor is housed
inside a horizontal single zone split tube furnace from Carbolite. This furnace is capable
of operating at 1100 °C for prolonged hours and takes about 45 min to reach that
temperature. The temperature is controlled by Carbolite 301 controller. Split furnace was
chosen to have a faster cooling rate and also to cut-down process time. Figure 2.5 ()
shows the picture of graphene CVD system in where precursor gas cylinders and
mechanical pumps are not in the frame. Figure 2.5 (b) shows Cu foil after graphene
growth The picture shows stainless steel tubing, MFCs, their controller and read-outs,
horizontal split-tube furnace and its controller, quartz tube reactor fitted with stainless

steel ends caps, pressure gauge and read-out etc.
2.5 Growth on Cu Faoll

By virtue of low solubility of C atoms in Cu (< 0.001 atoms % at 1000 C)

growing thinner (mono and bi-layer) graphene becomes easier compared to Ni. Here

Copper
Surface adsorption
3CH, 12CH,
KAL, e 2 23E2Ts
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>

Figure 2.6 (a) The graphene growth mechanism on copper foils [50]. (b) The graphene
growth by surface adsorption as revealed by use of C13 and C12 isotopes of carbon [51].
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thinner graphene layer is not affected much by cooling rates and CH4 flow rates. The
growth mechanism is surface adsorption of C atoms on Cu. At growth temperature say
1000°C carbon atoms are releases on Cu by dehydrogenation. These released atoms then
grow by nucleation and growth as more C atoms are added to the periphery. They keep
growing till they become large enough and coalesce to form full coverage of film.Figure
2.6 (a) show the schematic of this growth mechanism on Cu foils.[50] The use of C13
and C12 isotopes clearly indicates the surface adsorption type growth mechanism owing
to low carbon solubility in Cu. This is illustrated in Figure 2.6 (b) as reported by Li et al

[51]. where red colored C13 isotope is delivered to Cu foil at growth temperature by

Organic & acetic Bake Ramp- Annealing and
acid clean out up grain growth
Ramp- Graphene Ramp-
A down growth up
1035° Cf—
1000° CF~ CH,:

35 scecm

250° C}— A H, : 100 sccm =\
=/ Ar:900 sccm "\
|
35 35 135 30 20 ~45
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Figure 2.7 Series of steps involved in growing monolayer graphene on Cu foils. The
optimized process parameter is shown in the schematic plot.

3CH, and graphene starts to grow by nucleation and growth. When the gas was switched

to 12CH4 the black colored C12 carbon atoms continued the growth by getting embedded
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to the periphery of the red colored C13 carbon based growing grain. This suggests that C
doesn’t go in the bulk of Cu foils, therefore it does not segregate out at random places
resulting into thicker graphene growth. These conclusion were drawn by Li et al. using
Raman mapping and are indicative of the fact that the copper is the material of choice for
thin graphene growth. Graphene growth was optimized for Cu as a metal catalyst. The
optimization involved a good cleaning procedure for getting rid of copper oxides such as
CuO and CuO which are 37 present in cold rolled Cu foils. Figure 2.7 shows the
optimized process parameter and sequence of steps for graphene growth. The Cu foils
were first cleaned in acetone and isopropanol and then sonicated in acetic acid to remove
oxide. They were loaded in growth chamber under Ar over pressure. The system was

evacuated and then Ar was flown at 250 C for bake out. H2 was flown for 2 hours at

. o .

Figure 2.8 (a)Optical Image of Copper film before CVD process. (b) Optical image of
Graphene on Copper film after CVD process

1000C to anneal Cu to increase its crystalline quality and remove any remaining and
newly formed oxide. The actual growth was performed at further elevated temperature of
1035°C in presence of CH4. The forced cooling was done by use of a fan. It takes about

45 minutes to cool down the system to 100 C.
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2.6 Raman characterization of Graphene

In order to understand the type and quality of CVD graphene and to device the
strategy to improve the CVD, a reliable and quick feedback is very important. In case of
graphene Raman spectroscopy provides quick and immediate feedback on as-grown
graphene on metal catalyst without any need for sample preparation. In fact Raman
spectroscopy was used to determine if the thin film based CVD of graphene is suitable

since it will require very large extent of optimization.

Virtual
energy levels

Vibrational
energy
levels
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Infrared  payleigh Anti-Stokes
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Figure 2.9 (a) The basic physics of Raman scattering involving ground state vibrational
levels and virtual states. Infrared absorption is also shown for comaparison. (b) LabRAM
Raman Spectrometer from Horiba used in this work. (c) The ray diagram of Raman
spectrum set-up consisting of Laser, notch filters, lenses, grating and CCD detector [53].

22

www.manharaa.com



Raman spectroscopy is based upon vibrational spectrum of a material system. It is
becoming increasingly popular in detecting organic, inorganic species and crystallinity of
the system. It is sensitive to strain and can detect stress in the semiconductor in very
interaction of incident waves to matter results in scattering of waves apart from other
small region due to the ability of focusing light beam in very small region. The effects
such as absorption or transmission. The scattered waves can be of three types, the
predominant Raleigh scattered light which has same wavelength as that of the incident
wavelength as seen in Figure 2.9(a). The other two types have different wavelength or
energy than those of incident photons and are called Raman scattered. These scattered
photons interact with optical phonons of the material therefore contain the material
information [52]. When incident photons impart energy to the lattice by emitting a
phonon, the scattered photon comes out with lower energy or higher wavelength and the
process is called as Stoke shifted scattering. On the other hands if a phonon in absorbed
in scattering process it is referred as anti-Stoke shifted scattering as seen in Figure 2.9(a).
Anti-Stoke scattering has lower probability process than Stoke scattering therefore in
Raman spectrum Stoke shift is measured. However entire Raman scattering is very low
probability process as compared to Raleigh scattering (~1 in 108 parts) therefore a strong
monochromatic light source such as laser is a must for obtaining Raman spectrum.
Figure 2.9(c)[53] shows a simplified schematic of Raman setup consisting of laser
source, notch filters to avoid Raleigh scattered photon, grating and CCD detector to
measure the spectrum. Figure 2.9(b) shows the image of Raman spectrometer setup,
LabRAM 1B from Horiba.

The Raman peaks of interest in graphene material lies in the range of 1200 to

23

www.manaraa.com



3000 cm-1 as shown in Figure 2.10. This spectrum corresponds to a defective graphene to
capture all possible peaks in the range of interest since some of the peaks may be absent
in good quality graphene. The prominent peaks in the Raman spectra of graphene system

are G and G’ or 2D bands occurring at ~1580 cm-1 and ~2700 cm-1 respectively. The
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Figure 2.10 (a) Raman spectra of various sp2 carbon based system showing ability to
distinguish them based upon intensity, shape and with of D, G G’ or 2D peaks using one
simple scan of Raman spectrum [54]. (b) Using the shape of 2D band it is possible to
distinguish graphene from graphite and also determine the numbers of monolayers by
fitting different Lorentzians to the band [54].

shape, width, position and relative intensities of these bands or peaks helps in
distinguishing between graphite, graphene and various other sp? based C systems such
carbon nanotubes. Figure 2.10(a) captures this ability of Raman spectroscopy to
distinguish between various carbon based materials very clearly such as amorphous

carbon, CNTs, pristine and defective graphene and HOPG.[54] It also helps in

determining the number of monolayers present in the sample, based upon shape and
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width of 2D band, by fitting various different types of Lorentzians as seen in Figure
2.10(b).

The D peak as mentioned before corresponds to amount of disorder or defect in
graphene material system. Intensity ratio of D and G peaks in graphene (Ip/lg) helps to
quantify the amount of defects and disorder. In general when Ip/lg is high then the
material is considered highly defective. When the ratio of Ip/lg is less than 0.3 it

considered a good quality graphene having lesser density of defects and disorder.

The 2D peak in graphene is the result of double resonance process and is coupled
to electron and phonon in graphene dispersion relations. A monolayer exfoliated
graphene sample at room temperature exhibits a sharp 2D peak consisting of single
Lorentzian feature with a full width at half maximum (FWHM) of ~24 cm™. The
intensity of this peak relative to G peak is very high sometime reaching to 4 time more
intense than G peak or I,p/lg ~ 4 [55]. When the ratio of I,p/l is around 4 it considered a

monolayer to bilayer graphene.

2.7 Uniformity of Graphene

In order to understand the type and quality of CVD graphene quick feedback is
very important. In case of graphene Raman spectroscopy provides quick and immediate
feedback on as-grown graphene on metal catalyst without any need for sample
preparation. In fact Raman spectroscopy was used to determine if the thin film based
CVD of graphene is suitable since it will require very large extent of optimization.
Raman spectrum of graphene on Cu foils is shown in Figure 2.11. It plots the spectra for
two different locations on Cu foil. Both the locations show very low defect density as

indicated by Ip/lg value of 0.01 and 0.015. The Ip/lg value of 2.20 and 1.77 along with
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2D FWHM of 32.95 and 38.69 cm™ clearly indicate the presence of monolayer CVD

graphene on 25 um thick foils.
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Figure 2.11 (a) Raman spectra of two samples of graphene as-grown on Cu foils by CVD

growth technique with optimized parameters. The 2D FWHM of 32.95 and 38.69 is
indicative of monolayer graphene. (b) Graphene grown Copper foil after graphene growth

In summary a CVD reactor was set-up to perform graphene grown on transition
metal substrates. The reactor was built by assembling different components such as
quartz tube chamber, horizontal split furnace, mechanical pump, MFCs and pressure
gauges. The optimized process parameter were obtained by understanding growth
mechanism and by performing series of growth on different types of substrates and under
different growth conditions. The quality of growth was assessed by Raman spectroscopy
on as-grown samples. The device fabrication of CVD graphene would require the
development of a reliable graphene transfer process on any desirable substrate and also of
device processing techniques. The next chapter addresses the processing and different

characterization of graphene based devices.
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CHAPTER 3
GFET DevICE FABRICATION AND CHARACTERIZATION

In CVD based graphene growth on transition metal catalyst, the grown graphene cannot
be used directly since it sits on top of a metal film or foil. It is required to be transferred
on a desired substrate for all possible characterization and device making. The first step
in making any CVD graphene device is transfer of graphene on a desirable substrate and

followed by fabrication process which described in below sections.
3.1 Graphene Transfer

In our graphene growth on Cu foil it grows on both sides of the foil. In general
graphene grown on the bottom side of the foil is of inferior quality as compared to the
one gown on the top side. The graphene transfer process therefore entails the following
steps as illustrated in Figure 3.1The top side graphene is first protected by spin coating of
poly methyl methacrylate (PMMA) twice at 3000 rpm for 40 sec. It also provides
mechanical strength to graphene in the subsequent processing steps. The PMMA coated
sample is loaded upside down in reactive ion etching (RIE) chamber upside down in
order to expose the bottom graphene layer. This graphene layer is remover by oxygen
plasma which is sustained at 150 W for 180 sec. The sample is then kept in concentrated
Cu etchant over night for complete removal of Cu. Both FeCl; and (NH4)2S,0s
(ammonium persulfate) have been used. This results in graphene/PMMA layer floating in

the etchant as seen in Error! Reference source not found.(e).The poor contrast in
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Figure 3.1 Processing steps for graphene transfer on any desirable substrate.
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ammonium persulfate solution is the results of monolayer graphene coated with PMMA.
The floated graphene is rinses once with HCL and multiple times in deionized water. A
desired substrate can then be slid underneath the floating graphene/PMMA as shown in
Figure 3.1(g). The substrate containing transferred graphene/PMMA is allowed to dry in
air and then baked at 220 °C above the glass slide. This backing process will allow reflow
of PMMA in order to heal the wrinkles in graphene. The sample is then dipped in acetone
for 2-3 hours to remove PMMA from top of transferred graphene. This is followed by
organic cleaning of the sample in acetone and IPA. One such transferred graphene on 300

nm thick SiO; is shown in Figure 3.1(h).
3.2 Back-gated FET Based Device Fabrication

For making graphene based back gated FETs we chose 300 nm SiO,/Si substrate.
The Si was to be served as global back-gate therefore had low resistivity in the range of
0.008-0.02 Q - 50 cm. The graphene was transferred on top of 300 nm SiO2 using
process described in previous section 3.1 and as shown in Figure 3.1. The graphene with
si substrate was spin coated with positive resist S1811 at 4000 rpm for 30 seconds. After
spin coating sample photo lithography performed using projector. UV exposed for 8 to 10
second on photoresist to define pattern on resist. The patterns for metal contacts were
made in power point to control channel, source and drain scaling parameters. Once
exposer process finished sample was developed using MF351 developer. 20 nm of Cr and
80 nm of Au were deposited by DC sputtering or evaporated in e-beam evaporator. The
contacts were finally formed using metal lift-off in acetone. Graphene channel is formed
on top of 300 nm thick SiO; in between Cr/Au source drain electrodes shown in Figure

3.2
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Figure 3.2 Device processing steps for fabrication of graphene Field effect transistor
(GFET)
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3.2.1 Electrodes fabricated on Graphene

As process flow seen in Figure 3.3, Graphene transferred on Si/SiO, followed by
photolithography and metal deposition. As we can see in Figure 3.3 we observe damage
to the contact in lift off process of CVD synthesized graphene. Contact metals were not

continuous when metal deposited on graphene. As reported in some literature there are

Sio Graphene

2
Transfer

Graphene
Transfer

—

Metal peeled Photolithography &
off Metal deposition

Cr/Au

Graphene at Bottom
Back gated devices

e—

Figure 3.3 Graphene at bottom fabrication process flow.at end Optical image of
graphene FET showing 246 pum long and 2300 um wide graphene channel on top of 300
nm SiO, substrate.

some reason of metal peeling off while lift off like thickness and deposition rate of metal
while deposition, metal stress induced because of thickness of metal deposition, PMMA
residue left on graphene. To overcome this problem we changed process flow shown in

section 3.2.2 and in Figure 3.4
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3.2.2 Graphene transferred on electrodes
To overcome metal liff of problem discussed in above section we change the
process flow for fabricating back gated devices. For device preparation first performed

photolithography and metal deposition followed by graphene transfer as shown in figure.

Cr/Au

Photolithography
& Metal
deposition

—

Si0

RS

p Si

Continuous Graphene
Metal Transfer
Graphene

Transfer

—

Graphene at Top
Back gated
devices

Figure 3.4 Graphene on Top fabrication process flow
As we can see in Figure 3.4 by using this method after liff off process metal electrode

were continuous were graphene was transferred on top of contacts.

3.3 Raman Characterization of Back gated Graphene Devices

The optical property of Graphene is very unique. Even though graphene has just
one atomic thickness, it is observable by traditional optical microscope when it is
deposited onto the surface of SiO, (~300nm)/Si wafer. This is because of the interference
phenomenon which occurs from the multiple reflections between graphene and SiO,

layer. Raman is one of the powerful tools to characterize the optical properties of
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graphene. It is easy to determine the graphene layer thickness by examining the 2D peak

shape and the peak ratio between G and 2D peaks in Raman spectrum. Figure 3.5 shows

the Raman spectra taken using laser excitation wavelength of 514 nm with the prominent

G and 2D peaks of graphene occurring at ~1593 cm™ and ~2712 cm™ respectively. This

1000

800

(=2
o
o

400

Intensity (a. u.)

200

D

G (1593 cm™)

2D
(2712 cm™)

1600 2000
Raman shift (cm™)

2800 3200

Figure 3.5 Raman characterization showing D,G and 2D peak on Graphene on top back

gated device fabrication

spectrum corresponds to a high quality graphene since the D peak (at 1357 cm-1) which

indicates the presence of defective graphene is almost absent. The presence of G peak at

1593 cm™ which is close to the ideal G peak at 1580 cm-1 confirms the presence of

carbonaceous material with sp? bonding and its intensity is proportional to the thickness

of graphene. The other prominent peak 2D is also seen in Figure 3.5 resulting from a
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second order scattering process that involves double resonance and two iTO phonons

near K point.

1000 | : | : | : | : | :
2D |
00 (2712 cm’)
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- (1357 cm”) \ -
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Raman shift (cm™)

Figure 3.6 Raman characterization showing D,G and 2D peak on Graphene on top back
gated device fabrication

The intensity ratio calculated between D and G peaks is about 0.031 as shown in
Figure 3.6. This confirms the presence of high quality graphene with very less defects
and disorder. The ratio between 2D and G peak and the FWHM of 2D peak indicated in
Figure 3.6 confirms the thickness of the graphene to be in the order of monolayer or

bilayer.
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Figure 3.7shows the Raman spectra taken at 6 different locations on a back gated

GFET. The D peak intensity suggests low defect concentration in CVD graphene.
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Figure 3.7 Raman spectra taken at 6 different locations on a back gated GFET

However 2D peaks in Figure 3.7suggests monolayer to few layer graphene due to 2D
FWHM ranging between ~28 to ~41. At location 5 Ip/lg ration is 0.031, Ip/lg ration is
1.754 and 2D FWHM is 28.58 cm-1, which indicated presence of monolayer in GFET

devices.
3.4 Mobility of Back Gated Graphene Devices

The current-voltage measurements were performed using a Keithley 2612A/
Agilent B2900A Source measurement unit. Figure 3.8(a) illustrates the schematic of

global back-gated graphene FET and the biasing scheme for the measurement of

35

www.manaraa.com



transistor characteristics. In Figure 3.8(b) lgs vs Vs family of curves is shown where

back-gate bias Vbg varied from -40 to 0 volt with an increment of AVpg 0f 8V. The Vs

/

Ids (mA)

0 1 1 n 1 ! 1 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0

Vd 5 ( Volts)

Figure 3.8 Family of curves for graphene FET showing increase in lgs with more
negative Vg indicating p-type behavior

was varies from 0 to 1V. This shows p-type behavior of transferred graphene in negative

Vbg range. The more accurate picture of carrier types emerges from transfer
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characteristics of graphene FET from Figure 3.9 [56] which is also referred as GFET
which will be discussed later in the chapter. The lgs vS. Vg plot is ambipolar in nature
which is a direct consequence of liner dispersion relation in graphene with zero band gap.
The minimum conductivity point in transfer characteristics, also referred as Dirac point,

was observed at Vg 0f 42 V. The positive Dirac point reaffirms that CVD graphene

9 ! ! | ! | ! | ! | ' |

3 | 1 1 ) ] 1 | ) ] 1 |
-40 -20 0 20 40 60

( Volts)

Figure 3.9 lgs-Vpg transfer characteristics of the GFET with Dirac point at 45 V,
indicating p-type behavior of graphene transferred on SiO,.

transferred on SiO, is p-type in nature. Another important information about material
property that can be obtained from transfer characteristics of this device is field-effect

mobility, GFET, given by the following expression.

ImlL
= 3.1
UGFET WCoV e (3.1)
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Where gm is transconductance, L is length of graphene channel, W is width of the
graphene channel, Cox is the oxide capacitance per unit area. With improvement in the
quality of the graphene film we were able to obtain mobility values in the range of 1000
cm?/V/s on routine basis. We observed variation of mobility at different places on single
chip multi-channel devices. These variations may result from already exiting non-
uniform defect density in CVD graphene or can be introduced during the processing as

well. Our best GFET was calculated as 1000 cm2/Vs.
3.5 Bias stressing Effect on Graphene based devices

Graphene, the one-atom-thick carbon sheet with honeycomb structure, exhibits
very high carrier mobility and has great promise as a channel material for future high
speed transistor e.g., graphene field effect transistors (GFETS) [57]-[62]. The reliability
issues, such as positive bias temperature instability, in conventional metal oxide
semiconductor field effect transistors have been studied thoroughly, due to its critical
importance to device stability and lifetime evaluation [63]-[66]. However, positive bias-
induced Vth instability in single layer and multilayer GFETs has not been studied in
depth. In this section, the AVth dependence on stressing voltage, under positive bias
stress is investigated. The degradation is mainly originated from the electron trapping in
bulk SiO, or Graphene/SiO, interface, and trap generation in bulk SiOs.

For this study, Graphene were synthesized using CVD process and transferred
onto a heavily doped silicon substrate with thermally 300-nm grown SiO,, which serves
as a back-gate dielectric. The number of graphene layers (i.e., single-, double-, and
multilayer graphene: SLG, DLG, MLG) were identified by optical microscope and

further confirmed by Raman spectroscopy. The photo-resist patterned Cr (20 nm)/Au 70
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nm) electrodes were deposited on graphene by electron beam at room temperature,

followed by a lift-off process. Graphene channel length (L) and width (W) are ~200 um

and ~1800 pm, respectively. For electrical characterization, both Agilent B2902 and

Keithley 2612A source measuring units (SMU) were used. While Bias stressing were

performed using a probe station.

1100
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600
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400

Before Stlressing
After stressing, 5 min’|
After 45 min
= After 90 min
After 4 hour
Next day morning

After 20 day morning 7

30
V,, (Volt)
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Figure 3.10 The schematics of Vth shift of GFETs under positive bias stressing. AVth is

defined back-gate voltage Vg shift at constant Ids [67].

Positive bias-induced Vth instability in single- and multilayer graphene field

effect transistors (GFETS) with back-gate SiO, dielectric. The AVth of GFETs increases

as stressing time and voltage increases, and tends to saturate after long stressing time.

Figure 3.10 demonstrates the Vth shift of GFETs under the positive bias of 11 Volt

between drain and source at room temperature for 1 minute while gate was at 0 volt.
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AV1th is defined as the back-gate voltage Vbg shift at a constant drain current lgs [67], The
las—Vg Ccurve is observed to shift toward positive voltage with stressing time tstress. Note
that there is no degradation caused by measurement itself, as evidenced by the repeatable
lis—Vbg SWeep has been observed. The positive electric stressing induces the right shift of
Vth as shown in figure, while the negative stressing voltage causes Vth left shift has been
reported. It is believed that the change of subthreshold slope is an indication of interfacial
trap creation [68]. However, from Figure 3.10, it can be seen no apparent change in
subthreshold slope, and the mobility degradation may be negligible. It is necessary to
point out that the ON/OFF ratio of GFETs is small owing to the energy gapless in
graphene film. The Vth shift is believed to originate from electron trapping in the bulk
SiO; or SiOy/graphene interface and trap generation in bulk SiO, under positive bias
stressing, since the possible Si-H bonds in bulk oxide may be the source of trap
generation centers. The AVth of GFETs exhibits the saturation behavior after long
stressing time, indicating as well that the trap generation is possibly limited by the
number of Si-H bonds.

In summary, positive bias-induced Vth instability in single and multilayer GFETs
with back-gate SiO, dielectric is investigated. It is observed that the AVth increases with
power law dependence in the early stage of stressing and gets saturated for long stress

time.
3.6 Temperature effect on Graphene devices

In this section, the temperature dependency of diract point AVth studied. For
fabricating devices same process flow has been used as described in Bias stressing effect.

Temperature effect on GFETs was performed on Al wire-bonded devices on hot plate.
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Figure 3.11 GFET device mounted on Hot Plate for Ids-Vbg for temperature study and
real time measurement

HH11A omega thermocouple used to measure real time temperature. For electrical
characterization, both Agilent B2902 and Keithley 2612A source measuring units (SMU)

were used to measure current between drain and source for different Temperature range,
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Figure 3.12 1ds—Vbg measurement of GFET from Room temperature to 120 C without
stress. As temperature increases to 120 °C, the air ambient (O, H,0, etc.) [70] will cause
graphene hole doping effect, which can be seen that the Dirac point shifts to right.
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RT to ~120 °C. The image of experiment setup has shown in Figure 3.11.The devices
were wire bounded and kept on hot plate for temperature experiment while thermocouple
used to measure real time temperature for device. The lds—VVbg measurements of
graphene field effect transistor from Room temperature to 120 C without stress shown in
Figure 3.12. It is observed not only hole doping (Dirac point right shift) occurs but also
the mobility degrades when temperature increases. The hole doping at high temperature
may enhance the thermal activation for Positive Bias Temperature Instability. The
mobility can be extracted by p = |dlgs/dVyg| X [L/(W CgVds)]. The channel length (L) and
width (W) are ~200 um and ~1800 pum, respectively. Applied voltage between darin and
source is 0.1 Volt. The temperature study, GFETs device mobility was calculated around

~ 550 Cm2V'S™. The carrier mobility (Vth extraction region) is seen to be approximate
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Figure 3.13 (a) Current between drain and source (Ids) Vs time profile with temperature
increase for 1% Sample. (b) Current between drain and source (Ids) Vs time profile with
temperature increase for 2" Sample.
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nl/n2 (~1.8) times reduction when the temperature is elevated from RT to 120 °C. The

mobility reduction at high temperature may be attributed to the thermal driven scattering

on intraripple flexural phonons [69].

In summary, Mobility is seen to degrade with temperature increasing. Note that

there is no degradation caused by measurement itself, as evidenced by the repeatable Ids—

Vbg for for different temperature has been studied and shown in Figure 3.14. The

degradation is believed to be caused by the trapped electrons in bulk SiO, or

SiO,/graphene interface and trap generation in bulk SiO,. As temperature increases, the

carrier mobility decreases, and the ambient doping also results in hole doping in GFETS.
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Figure 3.14 GFET device mounted on Hot plate for I-V and real time measurement
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CHAPTER 4
DESIGN, FABRICATION AND CHARACTERIZATION OF GRAPHENE BASED
ION-SENSITIVE FIELD EFFECT TRANSISTOR (ISFET)

4.1 Introduction

Cell membrane shown in Figure 4.1, there are kinds of special proteins that can
act as channels responsible for the electrical ion conveyance. These channels are
associated in a wide range of extreme conditions such as epilepsy, diabetes, visual
impairment, chronic pain, migraines, and Alzheimer's diseases. Thus they have become

highly captivating salutary targets for drug revelation in pharmaceutical industry.

@ Extracellular space

'K+ Diffusio

Y ’ K A\ y . > c \ /(
9 4 c Q
) R - .
- E ~ S/ -

Figure 4.1 lllustration of ion channels in a cell membrane for Na+/K+ adopted from
Wikipedia

Over the course of the years, different ion channel screening assays test have been
developed including fluorescence, automated patch clamp system, and atomic absorption
spectrometry. In any case, instrumentation for the robotized examination of ion channels

in essential cells and stem cells is yet inadequate.

44

www.manharaa.com



lon sensitive field effect transistor (ISFET) [71] has various qualities making it
suitable for building up a novel ion channel screening test. Dissimilar to fluorescent
indicators, ISFETSs provide a label free direct estimation of ion efflux and are not subject
to imaging antiquities. Since the identification can be performed without devouring
additional reagent for labeling, it likewise generally increases system’s durability. As
opposed to atomic absorption spectrometry (AAS), ISFETSs can be fabricated for studying
a large variety of ion channels and provide real-time acquisition and analysis capability.
Its smaller than usual size and large scale integrative capacity also enable us to integrate
an array of ISFET sensors on a single chip for simultaneous ion efflux measurement from
different cell ion channels. Besides, ISFET based instruments could be utilized for
screening primary and stem cells which are not compatible with fluorescence and
automated patch clamp systems. In this chapter, we presented the design, fabrication and
characterization of a novel graphene based ion sensitive field effect transistor for real-
time measuring K+ growth of living cells on graphene to prove biocompatibility of

grapahene, epoxy effect of doping on graphene while packaging ISFET device.
4.2 Sibased ISFET and its limitation

ISFET, ion sensitive field effect transistor, was first announced in 1970 by Dr. P.
Bergveld from Spain [72]. It was initially developed and demonstrated for the
measurement of ionic fluxes around a nerve [73] and later evolved into various related
devices for other biological sensing applications[74]-[78]. Figure 4.2(a) schematically
illustrates the simplified device structure of a Silicon based ISFET. Similar to
conventional field effect transistors (FETs) [79]-[80], ISFET comprise of three terminals

called source, drain and gate. By adjusting the gate voltage (electric field) via a reference
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electrode, we are able to control the channel conductance that is the current flow from
drain to source electrode. For ion detection, the device is normally operated under a fixed

electrical bias configuration as shown in Figure 4.2(b). A target ion concentration change

in electrolyte immediately incites a surface

Ag/AgCl
(a) Reference Vs
Buffer Electrolyte Eelctrode 71
A~
Drain
Contact 9 Q
—9 = C
8 -
Y
Vbs Sl 4
,ﬁ Clrratmdictng A
4 channel
;./( ‘ . ;‘5
p-Si Substrate ’

Figure 4.2 (a) General device structure of an n-channel Si based ISFET sensor. (b)
Electrical biasing scheme for the sensor operation
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potential change at solution/oxide interface, which is further converted and amplified to
an output current signal change, in this way accomplishing the ion detection. The ion
selectivity of the sensor device is accomplished by incorporating an ion selective
membrane (ISM), with either inorganic [81]-[82] or organic nature [83]-[84], into the
gate of the FET. The membrane can be either an additional oxide layer deposited on top
of the gate dielectric or a polymer membrane drop casted/spin coated using spin coating.

Despite the fact that Si based ISFETs have been well developed and tested, it has
its own performance limitations including the relatively low mobility value of Si (~450
cm2/Vs) embraced in the cutting edge ISFET advancement constrains its affectability to
ion concentration change and As a result of the poor stability of Si in aqueous solution,
ISFET device normally require an extra oxide layer coated on top of the Si. This oxide
layer boosts the stability of the device. However, over the time this layer will trap ions in
electrolyte that create boisterous interface accordingly debase the sensing signal quality.
To beat these impediments, we considered choosing graphene as an alternative material
to develop a novel ISFET sensor with better sensor performance explained in detail in

section 4.3.
4.3 Graphene as an alternative for ISFET

Graphene has exceptional material properties [86] which are much superior
compared to Si with respect to developing sensors for bio-detection applications. The
ultrahigh carrier mobility over 10° cm? V-s demonstrated for graphene at room
temperature [87], is orders of magnitude better than Si (~450 cm? V-s), which is
commonly used for bio-electronic applications at present [88]. Higher carrier mobility of

an ISFET directly translates to higher sensitivity for ionic detection. In addition, the
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excellent chemical stability of graphene [89] enables us to use it as a sensing material in
direct contact with surrounding harsh biological environment without additional oxide
layer like in Si case. A much lower sensing degradation from graphene based ISFET can
be expected. Moreover, graphene also exhibit very low thermal and 1/f noise, which
indicate better sensing resolution [90]. In terms of biocompatibility, we have confirmed

direct cell growth on Graphene synthesized by CVD process in our lab. As showed in

<+— Graphene

B Graphene [ Muscle fiber actin

B Nucleus of a single cell

Figure 4.3 Florescent image of H9C1 cardiac muscle cells growing on graphene thin film
CVD synthesized in our lab.

the florescent image of Figure 4.3, H9C1 cardiac muscle cells were plated and growing
well on the thin film of Graphene, indicating very good biocompatibility of graphene.
Finally, large scale graphene synthesis can be done inexpensively through chemical vapor
deposition using a basic quartz tube furnace, as discussed in section 2.4.1. All these

properties are conducive for developing robust, low cost, and highly sensitive biosensors.
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4.4 Graphene Based ISFET Sensing mechanism

Similar to conventional silicon based ISFET, our graphene based ion sensor

operates based on the change in electrical conductance of graphene thin film with the

(a) Ionic liquid electrolyte

RE Graphene

Insulation
layer

_[ Au ; A _ Source-drain electrodes
(Au)

(b) Ve
N\ /

Bulk lonic Liquid «—— vl 2

Cepi2

Graphene +—

Figure 4.4 (a) Schematics of the proposed structure of the graphene based (ISFET)
including its bias configuration used in the electrical measurements. The ion sensor is
inserted in an electrolyte solution insulated by Epoxy in operating condition. (b) Cross
section of graphene based ISFET showing an electrical double layer forming at the
graphene/solution interface.[91]
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change in surrounding ion concentration. Figure 4.4 schematically illustrates the three
dimensional sensor structure and its operation principle. When graphene interacts with
electrolyte solution, [92]-[93] an electrical double layer will be formed at the
graphene/solution interface Figure 4.4(b), which generates a potential drop between
graphene and bulk solution. A change in surrounding ion concentration results in a
change in the capacitance of the electrical double layer (Cgp.). Under a fixed bias
configuration as shown in Figure 4.4(a), the capacitance change causes a subsequent
change in the surface potential of graphene thin film, which induces a detectable current
change in the conducting channel between drain and source electrodes .Thus the
transduction from an analog signal as a ion concentration change to an electrical signal as

current change is achieved.
4.5 Device fabrication and Encapsulation using Epoxy

In our sensor development, chemical vapor deposition (CVD) synthesized
graphene on copper foil samples [94] were used to fabricate the graphene based ISFETS.
The fabrication procedure is schematically illustrated in the flow chart of Figure 4.5,
which involves three major steps: a) CVD synthesis of graphene; (b) graphene transfer;
(c) Metal deposition and (d) Encapsulation of electrode using epoxy. CVD synthesis of
graphene, graphene transfer and metal deposition performed using same procedure as
described in section 0 and 3.2 using Figure 3.1 and Figure 3.2 respectively. ISFET
encapsulation using epoxy process detail discussed below using Figure 4.5.

To fabricate ISFET, Cr ('~20/~50 nm) and Au (70 nm) metal was patterned on
the graphene transferred on 300 nm SiO,/Si substrate via either shadow mask or standard

photolithography technique, defining the drain and source contact electrodes. For the
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Electrode Cr/Au
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Figure 4.5 Fabrication process flow of the graphene based ISFET, which consist of
Graphene transfer, shadow mask/photolithography followed by metal deposition using
DC sputtering/E-beam evaporation. Final optical image of graphene based ion sensor
electrodes encapsulated using biocompatible epoxy.

operation in an electrolyte environment, the wafer chip was mounted on a PCB board and
wire bonded to ease measurement, biocompatible epoxy glue was deposited over the
metal contact, SiO,/Si chip and bonding wires, leaving an opening window on the
graphene as the active sensing area to be in contact with electrolyte solution. The inset of
Figure 4.5 shows the optical image of a fabricated graphene based ISFET which
encapsulated by epoxy while leaving active graphene region open for current channel.
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4.6 1-V characteristics of graphene ISFET

With the fabricated prototype devices, we systematically studied their I-V and C-V
characteristics respectively in electrolyte solution. The experimental setup is
schematically illustrated in Figure 4.6. In 1-V measurement, DC bias of Vs and V¢ were
supplied by a precision source measurement unit of Agilent B2900A,while. Current

flowing from source to drain lgs and from gate to source lgs were simultaneously

—

-

||ds

RE gs
D
B Graphene Drain/Source contact

L
Vdsj__-_

Sio,

B Epoxy Electrolyte solution

Figure 4.6 Schematic diagram of the experimental setup for sensor electrical (I-V and C-
V) characterization

measured. By varying the K" ion concentration from 0 pM to 1 mM in deionized water
(DI), we obtained a series of left-shifted I-V curves from a representative epoxy coated
graphene ISFET, as plotted in Figure 4.7(a). The lgs-Vig curves measured all show a “V”
shaped p- to n-type transition and the dip in the “V” corresponds to a minimum
conductivity of ~4e’h at the Dirac point (ED).[106]. By comparing the slope of the
transfer characteristics of the ISFET measured in air and electrolyte solution, we found
the transconductance of the solution-gated graphene FET (~ 33 uS) is over 100-fold

larger than that in air (~0.3 puS). The transconductance enhancement can be mainly
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attributed to the high mobility of charge carriers in graphene and the large interfacial

capacitance at the graphene/solution interface [107], which will be discussed later in the

section.
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Figure 4.7 (a) I-V characteristics of an epoxy coated graphene ISFET in DI water with
different K™ ion concentration. In the measurement, Vg4 was set to be constant 0.5 V and
Vg (solution-gated voltage) was swept from 0 to 0.3 V via a Ag/AgCI reference electrode
(Bioanalytical System, Inc.) immersed in the solution. (b) Drain-source current lgs as a
function of K* ion concentration, at Vi =0.05 V.

In addition, Figure 4.7 (a) shows a clear K ion concentration dependence of the
ISFET transfer characteristics. The transfer curves shifted toward the negative direction
of the electrolyte-gate voltage (Vi) with increasing K* ion concentration, indicating that
the prototype graphene ISFET detected K* ion in DI water. By biasing the device at a
fixed Vi, we extracted the corresponding lgs with different K* ion concentration and
plotted in Figure 4.7 (b). As expected, the drain-source current Iy has a linear
relationship with the K* ion concentration on a semi logarithmic scale. The sensitivity of

the sensor was estimated to be 1 pA/decade from the slope of the linear fit.
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4.7 C-V characteristics of graphene ISFET

In addition to 1-V characterization, we also performed device C-V
characterization in electrolyte solution. In C-V measurement, an ac signal with excitation
amplitude of 50 mV at a frequency of 500 Hz was superimposed to the DC bias V. The
drain and source electrodes was shorted to ground. The capacitance was measured by the
out-of-phase components of detected current. By sweeping Vi from -0.8 to +0.8 V, we
obtained a series of up shifted C-V curves with different K* ion concentration as showed
in Figure 4.8 (a). Similar to the I-V measurement, by biasing the device at a fixed Vi, at
0.6 V, we obtained the measured capacitance values with different K* ion concentration
and plotted in Figure 4.8(b). Interestingly, the measured capacitance of the ISFET shows

a linear dependence on K* ion concentration like what was observed for the measured

current, lgs.
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Figure 4.8 (a) Device C-V characteristics in DI water with different KCI concentration.
(b) Measured capacitance as a function of K* ion concentration, at Vg = 0.6 Volts.
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To demonstrate our graphene based ISFET has the capability of real-time

detecting K+ concentration change in electrolyte solution, we operated the ISFET in its

capacitive-mode at a fixed DC operating point, i.e. Vgs = 0.5 V and Vi = 0.6 V. By

sequentially introducing different volume of concentrated KCI solution into DI water, we

were able to alter the K ion concentration in the testing solution. Figure 4.9(a) shows

the time dependent sensor response to K* ion concentration change from 0 uM to 1 mM.

As expected, the measured capacitance increased with higher K* concentration.

Moreover, the ISFET sensor also shows very good sensing repeatability in multiple

measurement cycles with different steps in K* concentration change. To determine the

sensor resolution, we also did a control test by introducing K* free control solvent as a DI

water into the testing solution. The results plotted in Figure 4.9(b)) clearly indicate our

ISFET sensor is able to detect K* ion concentration change down to 5 uM in DI water.
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Figure 4.9 (a) Time dependent capacitance measurements with varying K+ concentration
from 0 uM to 1 mM in DI water. Two measurement cycles were performed with different
steps in K+ concentration change. (b): Sensor response to 5 uM KCI (red curve) along
with a control test without KCI (blue curve).
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To further identify the measured capacitive components in the device C-V
characterization discussed above, we analyzed the equivalent electrical circuit involved in
the measurement. As illustrated in Figure 4.10, at a fixed electrolyte solution-gate
voltage Vi, two electrical double layers are formed at the interface between reference

electrode/solution and graphene/solution, respectively.[92]-[93]. In addition to these two

““ "1
N\ / c
Bulk lonic Liquid «—— o) 2 EDL1
+4++++ la .
CICIS) | bulk
K]
Ceoi2 s - Cis Ceolz

Graphene +

Quantum
capacitance of
— graphene

Figure 4.10 Schematic diagram of a graphene ISFET under C-V characterization in KCI
electrolyte together with the equivalent electrical circuit describing its operation [92]-
[93] In the circuit, Cepr1 and Ceppo represent electrical double layer capacitance formed
at reference electrode (RE)/electrolyte and graphene/electrolyte interfaces, respectively.
Reuik and Ry correspond to the electrical resistance of bulk salt solution and graphene
thin film, respectively.

capacitive components, the quantum capacitance of graphene also exists in the circuit
and is in series connection with the two double layer capacitances. Along with the
capacitive components, there are also resistive components contributed by the bulk
solution and graphene. Since LCR meter measures the out of phase components of

detected current, the measured impedance only consists of the capacitive components of

Cepur1, Cepr2 and Cgq, respectively. The two series connected capacitance Cepr2 and Cq
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constitutes the so called solution/graphene interfacial capacitance (Cinterfacial), Which acts

as the gate capacitance of the graphene ISFET.
4.8 Doping Effect of Epoxy on ISFET

The epoxy used to encapsulate ISFET was a biocompatible adhesive specially
designed for medical electronics including USP Class VI and/or 1ISO-10993 compliance
[95]. For biological sensing application, we assessed the epoxy encapsulated ISFET

sensors by electrical measurements and presented the results below

|

)

_—

(a) Cell culture media

Graphene

Encapsulated electrode
and Al bonding wire

(c)

Il Graphene [l Nucleus of asingle cell

[ Muscle fiber actin

Figure 4.11 (a) Optical image of an epoxy coated graphene ISFET with H9C1 cardiac
muscle cells directly plated and cultured on its active sensing area in red box. (b) Enlarge
view of the active sensing area defined by the epoxy. (c) Florescent image of the HOC1
cells growing on the graphene thin film
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We studied the biocompatible of the epoxy coated ISFET. By plating and culturing living
cells (H9C1 cardiac muscle cells) directly on epoxy coated graphene epoxy. Florescent
image of the H9C1 cells growing on the graphene film. as shown in Figure 4.11(c), we
found cells are growing well not only on the graphene film Figure 4.11(b) but also at
graphene and epoxy edges Figure 4.11 (b), indicating excellent biocompatibility of both
the CVD synthesized graphene and the epoxy.

4.8.1 Effect of epoxy on the electric transport properties of graphene

Apart from its good electrical insulation and excellent biocompatible, we noticed
that the epoxy used for the ISFET sensor packaging seems to have a significant effect on
the electrical properties of the sensing material, graphene. We conducted systematic
investigation and reported our results below.

In the preliminary study, we examined the |-V characteristics of a back-gated
graphene ISFET before and after epoxy encapsulation in air. Figure 4.12(a) illustrates the
device structure with its DC biasing for electrical measurement. In contrast to top gate
configuration discussed in Section 4.4, under back gate configuration [94], the channel
conductance of graphene ISFET is modulated by the gate bias applied via a heavily
doped Si substrate and SiO, layer serves as the gate dielectric layer in between graphene
film and the substrate. The measured transfer characteristics are given in Figure 4.12(b).
We observed Dirac point shift of over 20 Volts towards negative direction in I-V
characteristics as shown in Figure 4.12 (c).The shift in Dirac point indicates carrier
concentration change in graphene film. Noticing the recent investigations reported on
organic molecule doping of graphene [100]-[101], we inferred that the carrier

concentration change in graphene could be raised from the chemical doping from epoxy
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vapor to graphene film during epoxy curing process. However, as shown in the inset of
Figure 4.12, the interaction of epoxy with graphene not only occurs in ISFET conducting
channel but might also at graphene/metal contact interfaces. To further investigate the
effect of epoxy on the modulation of carrier concentration in graphene, we conducted

separate experiments on epoxy free graphene FET devices as discussed below.
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Figure 4.12 (a) Electrical biasing scheme of a back gate configured graphene ISFET. (b)
Device transfer characteristics before epoxy applied (C) Device transfer characteristics
after epoxy applied .

Figure 4.13(a) shows the experiment setup. CVD derived graphene on Cu sample

was transferred to a SiO,/Si wafer chip of 300 nm/ 500 um by the wet-etching method as
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described in detail section 3.1. Standard photolithography method was used to define the

drain and source electrodes of the graphene FET. The chip was later mounted on a home

— Before Epoxy Deposition _
—M1
—M2
—M3
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A: Epoxy Applied
Mx : Interruption for -V measurement
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Figure 4.13 (a) Optical image of the device setup for the epoxy effect study. A droplet of
uncured epoxy was deposited on the graphene 2~3 mm away from the conducting
channel of a back gated graphene FET. (b): Time dependent current change upon epoxy
deposition. Inset shows the device I-V characteristics taken at different time instants. (c)
Real time current measurement from point A epoxy applied and till it was cured.

built PCB board and using Al wire it was wire bonded for electrical connection.

Conductive silver paste from SPI Supplies, Inc. was used to make electrical connection
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between the Si substrate and the Cu pad underneath the chip, which serves as the gate
electrode here. To begin with, we grounded both gate and source electrodes and applied a
constant DC bias ~1 V across the drain and source electrodes. After a relative stable
current level (lgs) was reached, we deposit a small droplet of the epoxy on the graphene
film but 2 ~ 3 mm away from the conducting channel (L =1 mm and W = 4.5 mm) as
shown in Figure 4.13 (a). Upon the epoxy deposition, we observed a significant time-
dependent current decrease as shown in Figure 4.13 (b). In addition, from the device I-V
characteristics seen in Figure 4.13 (c) current measured at different time points during
the experiment, we found that the I-V curves were left shifted over time. Interestingly,
the slope of the transfer characteristics of the graphene FET, which indicates the carrier
mobility [94], seemed not being affected much by the epoxy deposition. To further
understand, the time dependent effect of epoxy on the electric transport properties of
graphene. We calculated the channel conductance (G), carrier mobility (urer) and
concentration (p) based on the measured transfer characteristics (at Vgs =1 V and Vpg =0
V) and listed them in Table 4.1. We found upon epoxy deposition, the field effect

Table 4.1 Electric transport parameters of graphene under the influence of epoxy

Time Current Dlrac Conductance Ca“_"_er Carrl_er
(mins) las (UA) Point G (us) Mobility concentratlo_n n(p)
ds (volts) (Cm?/vs) (102 cm™
0 457 >60 457 75 1.07
30 365 34 365 111 0.58
100 332 29 332 111 0.53
170 306 24 306 116 0.46

mobility of hole carriers increased, but its concentration decreased over time, which
indicates n-type doping occurring in the graphene film. Since both the carrier mobility

and concentration enter linearly into the graphene conductance. The current change
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observed from the time dependent measurement was dominated by the modulation of
carrier concentration under the effect of epoxy.

From the material safety data sheet (MSDS) [102] of the epoxy released by Epoxy
technology, Inc., we noticed that the curing agent consists of several organic ingredients
including 2,2,4-Trimethyl, 6-hexanediamine (CgH22N>).

Based on the investigation conducted so far, we concluded that the epoxy used for
ISFET encapsulation here has a strong n-type doing effect on graphene, which might be
result from the organic ingredients (e.g. CoH22N>) in its curing agent. The experiment
findings might lead to a new approach of organic molecule doping of graphene. On the
other hand, epoxy might also change the contact resistance between graphene and metal
electrodes, which results in transconductance degradation of the epoxy coated ISFETS as

observed in Figure 4.12
4.9 ISFET encapsulation using photoresist

As the encapsulation material for our ISFET sensor, epoxy has been proved to be
a good electrical passivation material with properties of good chemical stability and
excellent biocompatibility. However, electrical measurements conducted with epoxy
encapsulated graphene ISFET have revealed that epoxy has significant effect on the
electrical transport properties of graphene and more importantly the transconductance of
the ISFET. Transconductance directly related to the sensitivity of the ion sensor, which
degrades during sensor encapsulation using epoxy effect. On the other side, because of
scalability issue with graphene [103], further device miniaturization on graphene ISFET
is needed for better electronic performance which leads to increase in carrier mobility,

thus optimized sensor performance. Smaller device dimension will also allow us to

62

www.manaraa.com



realize high pixel integration of an array of ISFETs on a single wafer chip to detect
different ions in biological system or use the ISFET sensor in other biomedical
applications including bio-implantable devices. Because of its intrinsic material property,
epoxy is not process-compatible with the state-of-art of lithography techniques. With the
epoxy, we are not able to pattern the active area in graphene with well controlled

dimensions. Thus we considered to use alternative material for the sensor encapsulation.

A: Graphene
B: PR S1811
J C: Cr/Au metal contacts

Figure 4.14 Optical image of an array of three ISFETs fabricated on a single graphene
film. Photoresist, S1811 was used to passivate the drain/source electrodes. The channel L
~0.45 mm and W ~ 2 mm were defined by standard photolithography.

As a biocompatible material for sensor packaging applications, epoxy based photoresist,
e.g. SU-8 [104]-[105], has emerged as the material of choice for biosensor development
due to its well-known biocompatibility, high stability to chemical and radiation damage,
easy to process wafer-level capability and low cost. To prove the feasibility of using
photoresist for our ISFET packaging, we used positive photoresist S1811 as an
alternative encapsulation material to the commercial epoxy in the preliminary study.
Figure 4.14 shows the optical image of three parallel ISFETs fabricated on a single

graphene film using photoresist for the sensor encapsulation.
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CHAPTERS
CONCLUSION

This thesis explored the best possible process parameters to grow low defect monolayer
graphene in a home-build chemical vapor deposition unit. The optimized parameters were
obtained by a series of growth and characterization steps which involved learning from
day to day growth, and understanding growth mechanism from most recent publications
and incorporating these knowledge into improving the CVD of graphene. Graphene
transfer process was developed to fabricate devices on any desired substrates. The
graphene based device processing was developed and optimized. Graphene based devices
such as GFETSs, and ISFET were fabricated along with various test structures such as
small channel and long channel devices. Various characterizations was performed, on
graphene and devices, such as Raman spectroscopy, AFM, mobility, Temperature effect
and Bias stressing, I-V, C-V characterization. Graphene based ISFET sensor
development was pursued thereafter. Graphene ISFETs were used to tune sensitivity and

selectivity for K+ ion in electrolyte solution.
5.1 Summary

Amongst many amazing properties of graphene the one that makes it very
promising sensing material is the ability to change the carrier concentration of graphene
by electrical, chemical and optical means. In order to fabricate devices out of graphene of

good quality, large area graphene is needed. In chapter 2 such a reliable method of
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producing good quality, large area graphene for practical device application has been
investigate by chemical vapor deposition technique. The CVD reactor was built by
assembling different components such as quartz tube chamber, horizontal split furnace,
mechanical pump, MFCs and pressure gauges. The optimized process parameter were
obtained by understanding growth mechanism and by performing series of growth on
different types of substrates and under different growth conditions. Cu foils were found to
be ideal substrate to grow monolayer graphene. Due to very low solubility of C in Cu the
graphene growth is surface mediated and essentially self-limited resulting in monolayer
graphene which is also independent of the cooling rate as against Ni based growth.
Therefore sophisticated hardware for controlling the cooling rate is not essential for
growth on copper. The good quality, low defect, large area, monolayer graphene was
successfully grown in routine basis using optimized process parameters as suggested
from low ID/IG (0.1-0.2) and high 12D/IG (3 to 4) and small 2D FWHM (<30 cm-1) of
Raman spectrum of as-grown graphene.

After fabricating Graphene based small channel GFET device and its
characterization using Raman spectroscopy, Mobility measurement, temperature effect
and bias stressing experiment has been described in chapter 3.

Chapter 4 In the development of biocompatible ion sensor, we designed,
fabricated and characterized a novel graphene based ion sensitive field effect transistor .
To prove biocompatibility of graphene we planted cell culture on graphene and grow cell
on it.(ISFET) for real-time K" efflux measurement in electrolyte solution. I-V and C-V
characteristics of the ISFET sensor have been extensively studied in both electrolyte and

DI solutions. From the C-V measurement, we identified and calculated the interfacial
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capacitance at the graphene/solution interface, which consists of the electrical double
layer capacitance (Cepyr) at the interface and the quantum capacitance of graphene (Cq)

In the fabrication of graphene ISFET, we found the epoxy glue used for the sensor
encapsulation had significant effect on the electric transport properties of graphene
including conductivity, carrier concentration and field effect mobility. N-type doping
effect of the epoxy on graphene has been carefully identified and confirmed by

systematic experiments, which is promising for new alternative approach to dope

graphene.
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APPENDIX A : DEVICE FABRICATION PROCESS FLOW
A detail of Graphene Growth and device fabrication is described in Chapter 2 and
Chapter 3. This appendix gives more detail about process flow, steps required and

Table A: Photolithography process for GFETS fabrication

Chemical vapor deposition Process
Cu foil: 1x1.5 inch, Thickness: 25 um
Gas 1: Ar 900 SCCM,

Gas 2: H, 100 SCCM,

Gas 3: CH; 35 SCCM

Process time:-~5 hours

Graphene Growth

Equipment: Plasma RIE

Graphene Etching on back side of Cu foil

RIE Etching Spin coat PMMA twice on top at 3000 rpm for 40 sec
Gas 1: O, 50 SCCM,

Power: 150 W, Pressure: 300 mT, Time: 180 sec

Cu foil/Graphene/PMMA kept in Cu etchant

Cu etchant:- kept foil on FeCls/(NH,4),S,0g for overnight
Graphene Rinse with DI multiple times and HCL once

Transfer Scoop Graphene/PMMA on 300 nm Si/Sio,

Remove wrinkles of PMMA: Back sample at 220 °C for 5 min
Remove PMMA:- soak in aceton for 1~2 hours

Substrate: 300 nm SiO,/Si wafer with graphene film transferred on
Photoresist: Microposit S1811

Spin coating: 4000 rpm for 30 secs (thickness: ~ 1 um)
Lithography Softbake: 110 °C for 1 mins on hotplate

Exposure: A =436 nm, UV density = 150 mJ/cm?

Post Exposure Bake: 100 °C for 1 min on hotplate

Develop: MF 351 for 20~22 secs

Equipment: Denton DV-502 E-beam metal evaporator

Deposition of following metal stack at pressure below 2 x 107 torr
Chromium (Cr): 20/50 nm

Gold (Au): 70 nm

Metal deposition

Dipped in acetone for overnight and spray by syringe
Metal liftoff Rinse with Acetone, IPA and DI
Blow dry by N,
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associated parameters. First part will detail about Graphene growth and graphene
transferred and the second part will give the description about Lithography, Metal
deposition and metal lift off.

For ISFET device, Two types of graphene based ISFET sensors were fabricated
using two different encapsulation materials, biocompatible epoxy (EPO-TEK 301, Epoxy
Technology, Inc.) and positive photoresist (S1811, Shipley company). The fabrication
process for ISFET consists of same as above explained for GFETs followed by sensor
packaging as described in detail below.

A.l  Sensor packaging
For operation in electrolyte solution, fabricated graphene ISFETs were

encapsulated by two different types of encapsulation materials, the epoxy glue (EPO-
TEK 301) and photoresist (PR) S1811. In the epoxy encapsulation process, the wafer
chip with the graphene ISFET fabricated on was first mounted on a homemade PCB
board and wire-bonded. Epoxy glue was prepared by mixing the epoxy base (EPO-TEK
301-A) with its curing agent (301-B) under the weight ratio of 4:1. After properly mixing
the epoxy/curing agent mixture, under 60 °C in air, we encapsulated the ISFET sensor by
sequentially applying the mixture to cover the drain/source electrodes, four edges of the
graphene film, Al bonding wires and the rest area of the wafer chip. After the epoxy was
completely cured within ~ 2 hours, an opening window (i.e. the active sensing area of the
ISFET) was defined in the graphene film. Inset of Fig. 4.7 shows a representative
graphene ISFET encapsulated using the epoxy. Last, the epoxy coated ISFET sensor was
brought back to room temperature and stored in a vacuum sample box for future study.
The fabrication process of PR encapsulated graphene ISFET is illustrated in
Figure A.1. Adopting the same procedures discussed in sections i and ii above, CVD
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graphene was transferred on a 300 nm SiO,/Si wafer chip (Step 1) and then drain/source
metal contacts deposited (Step 2). Afterwards, a layer of PR S1811 (~ 1 um in thickness)

was spin-coated on the entire wafer chip covering both the graphene film and metal

Wet transfer 1t photolithography

Step 1 Step 2
CVD graphene on Cu
Graphene on SiO,/Si
Step3 ~ Photoresist
Contact pad for wire spin-coating
bonding to PCB
2" photolithography
Step 5 Step 4

A: Graphene
B: PR S1811

C: Drain/source metal electrodes

Figure A.l: Fabrication process flow chart of the PR encapsulated graphene ISFET.
After 2" photolithography (Step 4), the wafer chip is covered with a layer of PR S1811.
Only the center area of the graphene thin film (the active sensing area of the ISFET) and
the metal contact pads are exposed. For illustration simplicity, here only the photoresist
encapsulating the metal electrodes are shown in the figure. Inset of the figure shows the
optical image of an array of three ISFETS fabricated on a single graphene film.

electrodes (Step 3). In Step 4, a 2" round photolithography was performed, opening a
window on top of the graphene film in between the electrodes and exposing the metal

contact pads for wire bonding. The PR encapsulated ISFET chip was then mounted on a
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PCB board and wire-bonded (Step 5). The epoxy glue was used to encapsulate the Al
bonding wires and the peripheral edges of the wafer chip. The optical image at the end of

the process flow shows a representative graphene ISFET sensor encapsulated using the

photoresist.
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