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ABSTRACT

Various fabrication processes were developed in order to make graphene-based chemical and
biological sensors on different substrates. Single-layer graphene is grown by chemical vapor
deposition and then transferred to silicon dioxide as well as PolyEthylene Naphthalate (PEN)
substrate, where graphene solution-gated field-effect transistors (SGFET) are fabricated. The
graphene on SiO; and PEN SGFETs exhibit high transconductances of 5 and 1 mS.mm’’
respectively. They can be used as pH sensors in an aqueous environment with sensitivity at the
Dirac point of 22 mV/pH. No significant influence of the nature of the substrate and the amount
of residues on top of the graphene surface was found. This paves the way for developing low
cost, flexible and transparent graphene sensors on plastic. The functionalization of graphene with
glucose oxidase enables to build a graphene glucose sensor. The sensor exhibits reliably a high
sensitivity of 15mV/pG (pG=point of glucose concentration) at the Dirac point and the lower
detection limit found is 0.1 mM. Then, as the noise is the second crucial parameter along with
sensitivity for biosensors, it was characterized in graphene SGFETs. The noise measured at the
gate is very good around 20 puV, which is an order of magnitude lower than conventional silicon
SGFET.

Bilayer sensors were also investigated since they could potentially exhibit lower noise than
monolayer devices. A transfer method was designed to stack two monolayer graphene films in
order to make a bilayer film. Bilayer devices could also be used as pH sensor with similar
sensitivity compared to monolayer devices. However, the noise performance of bilayer devices
around 15 PV is slightly better than monolayer devices and bilayer graphene is therefore also a
promising candidate for sensing applications.

Finally, the commercialization of graphene sensors as well as innovative biosensors is hampered
in the US by an ill-adapted FDA regulation. The consequences of this regulation are very
negative with an outflow of capital from the US to Europe. Policy recommendations are made to
restore the US leadership in the biosensor market, especially the implementation of an adaptive
FDA regulation with a limited-launch, living-license process in which the effectiveness
requirement is removed.
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Chapter 1-Introduction

Carbon is one of the most fascinating elements in the periodic table. It can form allotropes of all
dimensionalities: three-dimensional graphite, two-dimensional graphene, one-dimensional
carbon nanotubes and zero-dimensional fullerenes. The most recent carbon material to have been
discovered is %raphene !, isolated for the first time in 2004. Graphene is a two-dimensional
material of sp”-bonded carbon atoms arranged in a honeycomb lattice. Since its discovery,
graphene has been intensively investigated within the scientific and industrial communities.
Indeed, its two-dimensional structure with each carbon atom connected to its neighbors through
strong covalent bonds, results in outstanding electrical, optical, and mechanical properties” .
Especially a unique property of its band structure is the strictly linear energy dlspersmn relation
at low energies where electrons and holes behave like massless relativistic particles®. This leads
to very hlgh charge carrier moblhty in the graphene sheet with mobility exceeding 15000
em?V s at room temperature™ ®, In addition, with regards to its future applications, graphene
possesses the attractive advantage of enabling large area mtegrauon thanks to the high quality
and uniform graphene growth by Chemical Vapor Deposmon Thus, numerous electronic
applications are being targeted by thls material, including hlgh frequency transistors®, frequency
rnu1t1p11ers9 and mixers, " solar cells'' and flexible dlsplays

Furthermore, graphene, being an all-surface material with very high carrier mobility, is also very
promising for chemical and biological sensing apphcatlonsu 13 that require high sensitivity, low
noise and a fast response. Graphene is extremely sensitive to its environment and atomic or
molecular adsorption on its surface can dope graphene. Indeed, the use of graphene quantum
Hall effect (QHE) devices has allowed the demonstration of single molecule detection for some
gases'®. When a gas molecule attaches to or detaches from graphene's surface, the adsorbed
molecules change the local carrier concentration in graphene electron at a time, which leads to
step-like changes in resistance. In addition to the outstanding achieved sen31t1v1ty, graphene is
also a low-noise electronic material due to its very high carrier mobility'’. Such sensitivity has
been beyond the reach of any detectlon techmque until now, including solid-state gas sensors
hailed for their exceptional sens1t1v1ty

In spite of the outstanding sensitivity of QHE devices, the high magnetic fields required to get
QHE prevent the use of these devices in low cost applications. A second sensing mechanism,
more suitable for detection of liquid analytes, consists in the use of solution-gated field effect
transistors>> to sense the surface potential of a graphene channel exposed to an analyte of interest.
Solution-gated transmtor technology has numerous advantages compared to conventional
electrode-based sensors®, such as intrinsic signal amplification and straightforward integration
with microelectronics. Therefore, the design and fabrication of a graphene solution gated
transistor array technology is very promising especially for applications in medical implantable
sensors. For example, the functionalization of graphene to allow glucose sensing could enable a
new generation of high performance implantable glucose sensors. Furthermore, graphene can be
easily transferred to plastic substrates. This integration on flexible substrates will expand the



range of sensing applications for graphene, including low cost, flexible and easily disposable
Sensors.

After reviewing the main properties of graphene in section 1, we will describe in section 2, some
fundamental electrochemistry principles in order to explain the concept of solution gated
transistor technology. Finally, as graphene holds great potential for chemical and biological
sensing applications, we will introduce the issues that are raised around the commercialization of
innovative and new biosensors like graphene sensors especially with regards to the US regulation
for market approval that is too stringent and not adapted to support innovation. These issues will
be analyzed thoroughly in chapter 5.

1- Graphene properties

Graphene is a two-dimensional material formed by spz-bonded carbon atoms arranged in a
honeycomb lattice. It has been studied theoretically for a long time but it was presumed that
graphene is not stable in single layer form and therefore could not exist™. It was only in 2004
that Novoselov and Geim demonstrated that graphene was actually stable and characterized
experimentally its properties on silicon dioxide'. Its outstanding characteristics rapidly capture
the intense interest of the scientific community’ envisioning its use for future electronic devices
applications.

e Atomic structure of graphene

The atomic structure of graphene is a one atom-thick layer of carbon atoms densely packed in a
honeycomb structure. Its structure has been studied with Atomic Force Microscope (AFM) %,
Scanning Tunneling Microscope (STM) *® and Transmission electron microscopy (TEM) *’. It
has an atomic distance of 0.14 mn and a height of 0.33 nm.

Figure 1: a) Atomic structure of graphene, from scientific report 2007 IMEC®, b) STM
topography revealing atomically resolved graphene lattice, from group of Prof Roland
Wiesendanger, university of Hambourg™



The atomic p, orbital that are perpendicular to the plane gives rise to the energy bands,
conduction band ® and valence band T for graphene’s electronic properties. The energy
dispersion can be described by the following equation in the first Brillouin zone using the tight

binding model with the k vector®®:

k,a k,a k.3a
E=%y, 1+4cosz(%)+4cos(—y—) cos( = )

2 2

Where the nearest-neighbor hopping energy ¥, = 2.8 ¢V and the lattice constant a = 2.46 A. This
energy dispersion causes the conduction band and the valence band to touch at the six corners of
the hexagonal Brillouin zone called the “Dirac points”. Close to the Dirac point, at low energies,
the energy dispersion becomes linear:

E = hvg /kyz + k,*

where v is the Fermi velocity, vi=10° m.s™. Due to this linear dispersion relation at low energies,
electrons and holes near these six points behave like massless Dirac relativistic particles. That’s
why the six corners of the Brillouin zone are called the Dirac points. The linear energy
dispersion relation makes graphene quite different from most conventional three-dimensional
semiconductors that exhibit parabolic bands and band gap. Therefore, graphene is a semi-metal
or zero-gap semiconductor.

ENERGY

Figure 2: Energy bands of graphene. On the left side, the energy spectrum in units of 2.7 eV
(nearest neighbor hopping energy). On the right side, zoomed portion of the linear energy band
near the Dirac point. From M. Wilson, Phys. Today (janv. 2006, p. 21-23).

e Electronic properties of graphene
The most striking feature of the electronic properties of graphene is its extremely high electron

mobility at room temperature, with reported experimental values for exfoliated graphene on
silicon dioxide in excess of 15 000 cm®.V™'.s™'°. Scattering of electrons by optical phonons of the



substrate is a larger effect at room temperature than scattering by graphene’s own phonons, and
limits the mobility to 40 000 cm”V™'.s'*. However, by suspending grajphene, the carrier
mobility can gain an order of magnitude and reach 200 000 cm”.V's" *°. In addition, by
transferring graphene onto a smoother substrate than SiO,, especially hexagonal boron nitride,
carrier mobility can also very significantly increase and reach up to 140 000 cm®.V'.s" 3!

Another important feature of graphene is its ambipolar electric field effect’ so that charge
carriers can be turned continuously between holes and electrons, as shown on figure. Indeed, by
fabricating a graphene transistor, the position of the Fermi energy Ey can be adjusted by applying
a top gate voltage Vgs. Positive Vgs induces electrons whereas negative Vgs induces holes.
Minimum charge carrier concentration and maximum sheet resistance is achieved with a gate
voltage that puts the Fermi level in the graphene exactly at the Dirac point’. A sharp and linear
decrease in resistance is observed on adding charge carriers of either sign.

p (ke

v, V)

Figure 3: Graphene resistance in terms of the top gate voltage V g that enables to modulate the
Fermi energy Eg. The ambipolar electric field effect is observed charge carriers can be turned

continuously between holes and electrons. Positive gate voltage V gs induces holes and negative
gate voltage Vs induces electrons’.

e The different ways of producing graphene

There are three main techniques of producing graphene. The first way is the mechanical
exfoliation of graphite. This was the method invented by K.S Novoselov and A.K Geim when
they isolated graphene for the first time'. It consists in sandwiching highly oriented pyrolytic
graphite (HOPG) between two pieces of sticky tape and then peeling the tapes apart. In this way,
the graphite flake is sliced into two parts, each one of them being thinner than the original one.
Repeating this method many times produce thinner and thinner flakes until some flakes reach the
single atom thickness. These one atom thick flakes are made of graphene. The flakes are then
transferred on a Si/SiO; substrate by peeling off the tapes directly on the substrate. The single
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layer graphene flakes can then be identified directly by optical microscopy32 33 Confirmation of
the number of layers can be done using Raman measurements>- §reat advantage of this
method is that the quah ?I of the graphene is the highest of any method , carrier mobility in
excess of 15 000 cm?. Vs on SiO, substrates has been achieved. However this method has a
great disadvantage, in terms of applications for the industry. It is not reproducible and the large-
scale production is impossible. Therefore exfoliated graphene cannot be used for any industrial
application but only for research purposes.

The second method for obtaining graphene is to heat silicon carbide (SiC) to high temperatures
(>1100 °C) to reduce it to graphene35 . This process produces epitaxial graphene with dimensions
dependent upon the size of the SiC substrate(wafer) so that is a scalable method for industrial use.
The surface of the SiC used for graphene formation, silicon- or carbon-terminated, highly
influences the thickness, mobility and carrier density of the graphene Thus although graphene
grown on the carbon face has hlgher mobility (values of ~5,000 em* VisT have been reported
compared with ~1,000 cm? V7! s for graphene grown on the silicon face®’, it is easier to grow
single-layer and bilayer graphene on the silicon face, which makes the silicon face of SiC better
suited for electronic applications. However, recently, hydrogenation method has enabled to
mcrease the carrier mobility of graphene of interest for industrial applications from 1,000
em? V7! 57! to around 2000 cm? V17! %8 A disadvantage of epitaxial graphene is the fact that
graphene is bound to the SiC substrate which limits the range of its applications espe01a119y
because silicon carbide wafers are very expensive, around 100 times the price of silicon wafers’

The third method for producing graphene is growing it by Chemical Vapor Deposition (CVD) on
metal substrates. The metals considered for industrial applications are copper or nickel foils
because they are relatively inexpensive. The metal foil is first brought to very high temperatures
around 1000 degree C and then methane gas is flowed in the CVD tube. The methane
decomposes on the surface of the metal and carbon atoms solubilize in the metal. By cooling
down the metal afterwards, some carbon atoms precipitate at the surface of the metal and
assemble to form graphene. Graphene growth by CVD on nickel produces large area graphene
films but the films are not uniformly single layer On the contrary, graphene growth by CVD
on cogper foils produces large areas of graphene films that are uniformly single layer (more than
95 %)’. Then, thanks to the etching of the catalyst metal, the graphene film can be transferred to
any arbitrary substrate. That is one of the most important advantages of graphene grown by CVD
notably because it enables the integration of graphene on plastic and flexible susbtrates, which
opens up a wide new range of applications for graphene. Another important advantage is that the
graphene film quality is quite high with carrier mobilities that can reach 4,000 cm? Vs at
room temperature.
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Figure 4: Temperature-Time diagram of the growth technique used to grow graphene by CVD on
copper foil

In conclusion, the CVD growth of graphene is the most promising method for producing
graphene at large scale for industrial applications because it has high carrier mobility and can be
transferred to any substrate.

¢ Other outstanding properties of graphene

Graphene has not only amazing electronic properties but it also has outstanding mechanical,
thermal, optical and chemical properties. First, graphene is the strongest material known. Indeed,
it has been found that graphene is harder than diamond and about 300 times harder than steel'.
Thus, the tensile strength of graphene exceeds 1TPa. Furthermore, graphene is also very
stretchable’ and can be stretched up to 20 % of its initial length. These mechanical properties
combined with the chemical properties of graphene are very promising for very high
performance flexible biosensors. Graphene has also impressive optical properties. Thus, despite
being the thinnest material ever made, it is still visible to the naked eye. Graphene absorbs 2.3 %
of light that passes through it, which makes it optically transparent*”. Graphene is also an
excellent thermal conductor. Its thermal conductivity was measured recently at room temperature
and is around 5x10° W.m . K" **. Thus, graphene could even outperform carbon nanotubes in
heat conduction ****. This very high thermal conductivity may have important implications in
graphene-based electronic devices. Indeed, as devices continue to shrink and circuit density
increases, high thermal conductivity plays an increasingly larger role in device reliability since it
is essential for dissipating heat efficiently to keep electronics cool. Finally, we already mention
that graphene has outstanding chemical properties for sensing applications since it is very
sensitive to its environment where weakly attached adsorbates can change its carrier
concentration and doping. However, graphene has other important chemical properties. It is
remarkable stable, chemically inert and crystalline under ambient conditions.
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2- Electrochemistry principles

Electrochemistry is the branch of chemistry concerned with the interrelation of electrical and
chemical effects. The field of electrochemistry encompasses a large array of different
phenomena (like electrophoresis and corrosion), devices (like electroanalytical sensors, batteries
or fuel cells) and technologies (like electroplating of metals or chlorine) *_In electrochemical
systems, electrochemists are concerned with processes and factors that affect the transfer of
charges across the interface between chemical phases, for example, between an electronic
conductor (an electrode) and an ionic conductor (an electrolyte). In an electrode, charge is
transported through the movement of electrons and holes. In the electrolyte phase, charge is
transported through the movement of ions. Many electrochemical processes involve chemical
phenomena where charge separation or charge transfer takes place at electrode surfaces. In an
electrochemical system, in order to preserve charge neutrality, there are always at least two
charge transfer reactions or charge separation phenomena taking place, and each of them
correspond to what is called a half reaction at a different electrode. The two different electrodes,
the electrolyte and the external circuit form an electrochemical cell. Each electrode in contact
with the electrolyte where the half reaction takes place at the interface electrode/electrolyte, is
called a half cell. Thus, in an electrochemical cell, when the sum of free energy changes at the
electrodes is negative, electrochemical energy is converted into electrical energy and therefore
the cell behaves like a battery. When the sum of free energy is positive, electrical energy from
the external circuit is provided for the reactions at the electrodes to occur. Electrical energy is
converted into electrochemical energy and the process is called electrophoresis.

e The electrode-electrolyte interface

When a semiconductor or metal electrode is in contact with an electrolyte, an electrode-
electrolyte interface is formed at which the electrochemical reaction process occurs. The
structure of the interfacial region is crucial because the thermodynamic driving forces and the
kinetics of the reactions depend on it. This interface has been shown experimentally to behave
like a capacitor. At a given potential, a charge qM exists on the semiconductor or metal electrode
and a charge qS in the solution. Depending on the potential across the interface and the
composition of the solution, the charge on the metal can be positive or negative compared to the
one in the solution but at all times, qM =- qs. The space-charge region in the metal represents an
accumulation of electrons or holes and resides in a very thin layer (<0.1 A) in the metal surface.
The charge in the solution is made up of an excess or deficiency of anions or cations in the
vicinity of the electrode surface. The whole arrangement of charged species and orientated
dipoles at the metal/solution interface is called the electrical double layer. At a given potential,
the interface is characterized by a double layer capacitance Cp, typically in the range of 10-40
uF.cm'z. The space-charge region in the solid phase of the semiconductor or metal is
comparable to the one in a classic semiconductor-oxide-metal interface. On the contrary, the
structure of the solution side of the electrical double layer in contact with the semiconductor is
specific to semiconductor-electrolyte interface and is described below™.

The solution side of the double layer is thought to be made of by several layers, as shown in
figure 4. The well-accepted final model for the structure of the double layer was elaborated by
Bockris and Devanathan (1963) *°. The layer closest to the electrode is the Helmholtz layer and
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contains solvent molecules and sometimes ions or molecules that are said to be specifically
adsorbed. The so-called inner Helmholtz plane (IHP) is defined by the plane going through the
centers of these specifically adsorbed ions. The total charge density, which represents the charge
by electrode area unit, from specifically adsorbed ions in the Helmholtz layer is often denoted o'
The second closest layer to the electrode and next to the Helmholtz layer is composed of solvated
ions with a primary hydration shell and the plan going through the centers of these nearest
solvated ions is called the outer Helmholtz plane (OHP). The interaction of the solvated ions
with the charged semiconductor involves only long-range electrostatic forces so that their
interaction is independent of the chemical properties of the ions contrary to the case of
specifically adsorbed ions. These ions are said to be nonspecifically adsorbed. With thermal
agitation, the nonspecifically adsorbed ions are distributed in the region called diffuse layer that
extends from the OHP into the bulk of the solution. The charge density in the diffuse layer is
often denoted . Therefore, the total charge density in the solution ¢ is
o’=ct + 0% = —g¥

The thickness of the diffuse layer depends on the total ionic concentration in the solution, for
concentrations greater than 10> M, the thickness is less than 100 A.

M IHP OHP

Specifically adsorbed anion

O = Solvent molecule

.
—

Figure 5: Model of the electrical double layer structure formed at a metal-electrolyte interface.
Specifically adsorbed anions can be seen at the IHP and solvated cations are non specifically
adsorbed at the OHP. *!
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o Thermodynamics of electrochemical reactions

The thermodynamics of electrochemical reactions describes the change in energy and entropy
during a reaction. These two fundamental state functions will determine to what extent a reaction
will process. Information about these functions can only be obtained at equilibrium and therefore,
thermodynamics does not give any information about the rate at which an equilibrium state is
approached or the mechanism of the reaction. In electrochemistry, the reference point for the
chemical potential is defined by convention with the standard hydrogen electrode (SHE) as zero
potential. In an electrochemical cell, each of the half reaction occurring at an electrode is
characterized by a standard redox potential E° of the half cell measured relative to the SHE
potential. The real electrochemical potential of the half-cell E is related to E° by the Nernst
equation:

E=E%+ RTl @
- nF n(ai)

Where F is the Faraday constant: 9.6485x10* C.mol *, R is the gas constant:

8.3145J.K mol™, n is the number of electrons exchanged in the reaction, a' is the activity of the
ions or molecules that are reactants at the initiation of the reaction and a’ is the activity of the
ions or molecules that are products of the reaction. For small concentrations, the activity of ionic
or molecular species in the solution is approximately its concentration.

In this regard, a reference electrode is a half-cell for which the potential is stable and well known.
The potential of reference electrode are therefore used as a reference to measure the potential of
other electrodes in terms of potential differences. The commonly used reference electrodes are
the SHE (E°=0V), the saturated calomel electrode (E°=0.242V against the SHE) and the
silver/silver chloride electrode (E°=0.197V against the SHE).

e Polarizable and non polarizable electrodes

Before introducing the concept of polarizable and non polarizable electrodes, it is worth noticing
that in electrochemistry, there are two types of processes occurring at electrodes: Faradaic and
non Faradaic processes45 . Faradaic processes concern reactions in which electrons are transferred
across the semiconductor/solution interface and cause oxidation or reduction. However, under
some conditions, an electrode/solution interface exhibit a range of potentials under which no
charge-transfer occurs because such reactions are thermodynamically or kinetically unfavorable.
And yet, processes such as adsorption, desorption and the formation of the electrical double layer
still occur. Furthermore, the structure of the double layer can change with changing potential or
solution composition, even though no charge transfer occurs. These processes are called non-
Faradaic processes. Even though charge does not cross the interface, external currents can still
flow (at least transiently) with a change in the potential or solution composition. In most cases,
these currents originate from charging of the electrode and of the double layer capacitor. During
this charging, species in the electrolyte may absorb or desorb from the interface, and therefore,
the structure of the interface may change.

One of the most important properties of the interface is what electrochemists call its

polarizability. The definition of polarizable? is to what extent an interface resists or accepts
potential changes. There are two ideal limiting cases of electrode-electrolyte interfaces:
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- The ideal polarizable interface at which no charge transfer can occur across the
electrode/solution interface regardless of the potential imposed by an outside source of voltage.

- The ideal nonpolarizable interface at which an infinitesimal change in the voltage drop
across the interface causes a very large (ideally infinite) faradaic DC current and therefore a very
strong charge transfer. In an electrochemical cell with one ideal nonpolarizable interface,
changes of total voltages applied to a circuit must be distributed among the other sections of the
circuit until new equilibrium concentrations are established across the interface.

No real electrode has ideal polarizable or nonpolarizable properties. However, some interfaces
can approach these ideal extreme behaviors over limited potential ranges. For example, a
mercury electrode in contact with deaerated potassium chloride solution approaches the behavior
of an ideal polarizable interface over a potential range about 2V wide®. A good example of an
ideal nonpolarizable interface is the reference Ag/AgCl electrode. In figure 6, the equivalent
circuit and current-potential curves of an ideal polarizable and nonpolarizable interface are
shown.

. — g —

Ideal polarizable electrode: leak Ideal non
proof interface polarizable electrode:
infinitely —strong leaking
interface
Equivalent CDL CoL
circuit
R> « Rs> 0 {
Current-potential _ i .
- , . |
curves | == =< AE | j l AE |
s

Figure 6: Tab representing the equivalent circuit and current potential curves of ideal polarizable
and non polarizable electrodes

3- Solution gated field effect transistor technology

To explain how a solution gated field effect transistor (SGFET) works, it is important to first
describe the basic operating principles of a metal-oxide-semiconductor FET (MOSFET) because
both types of devices work quite similarly.
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e MOSFET

A field effect transistor (FET) is a three-terminal semiconductor device and it is used for
amplifying or switching electronic signals. The three terminals are source, drain and gate. In a
FET, the resistance between drain and source is controlled by the gate via an electric field effect.
The MOSFET is a particular type of FET, characterized by the presence of a metal-oxide-
semiconductor (MOS) structure. The MOSFET is by far the most common transistor in digital
and analog circuits. The traditional MOS structure is obtained by growing a layer of silicon
dioxide on top of a silicon substrate and depositing a layer of metal on top to form the gate. As
the silicon dioxide is a dielectric material, the MOS structure is equivalent to a planar capacitor,
with one of the electrodes replaced by a semiconductor. When a voltage is applied across a MOS
structure, it changes the distribution of charges in the semiconductor. If we consider a p-type
semiconductor, a positive gate voltage Vgs, from gate to the body of the semiconductor creates
a depletion layer by forcing the positively charged holes away from the oxide/semiconductor
interface, leaving exposed a carrier-free region of immobile, negatively charged acceptor ions.
If Vgs is high enough, a high concentration of negative charge carriers forms in an inversion
layer located in a thin layer next to the interface between the semiconductor and the insulator.

The principle of a MOSFET is based on the modulation of charge concentration by a MOS
capacitance between the body of a semiconductor and a gate electrode located above the body,
separated and insulated from all other device regions by a gate dielectric layer that is an oxide.
The drain and source terminals are made by the creation of two highly doped regions separated
by the body region of the semiconductor. The two highly doped regions must be of the same
doping type (either p or n type) and the body of the opposite type. An n-MOSFET structure is
shown in figure 7.

W

X)L inversion layer
T y

p doped silicon

X

Figure 7: Structure of an n-MOSFET device

In the case of an n-MOSFET as represented above, in the body of the semiconductor, the
position of the Fermi level relative to the edges of the semiconductor energy-bands sets the
occupancy of the energy bands. As shown in figure 8, with a sufficient positive gate voltage,
close to the oxide-semiconductor interface, the Fermi level is driven away from the edge of the
valence band and closer to the conduction band. For gate voltage biases above the threshold
voltage Vr, the Fermi level becomes closer to the conduction band edge than to the valence band,
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populating the surface with electrons in a so called inversion layer that is n-doped, as shown on
figure 7. This inversion layer is a conducting channel that extends between drain and source and,
current can flow through it by applying a voltage between drain and source. For gate voltages
below the threshold value, the conducting channel disappears and the source-channel-drain
structure is a n-p-n junction. Therefore only an extremely small subthreshold current can flow
between the source and the drain.

Conduction band AT Conduction band
r E Y A E.
V I-" P aronsmamedi *
o . Valence band VG:[ {~ Valence band

0=Of| Q=Q,
-Q +Q, Q.

A
; “'ON

Figure 8: Channel formation in an n-MOSFET. Energy band diagram and charge distribution for a) positive
gate voltage bias lower than the threshold voltage, which bends the bands, depleting holes from the oxide-
semiconductor surface, the charge inducing the bending is balanced by a layer of negative charge.

b) positive gate voltage bias above the threshold voltage, which further bends the bands, depleting holes
enough so that the conduction band is closer to the Fermi level than the valence band and creates a conducting
n doped channel.

We can now derive a quantitative analysis of operation of an n-MOSFET. As shown in figure 6,
the direction from source to drain is defined as y-axis, and the x coordinate is to be downward,
perpendicular to the channel. Now consider the current flowing across the channel (in yellow).
According to the gradual channel approximation, the current flow is assumed to be one
dimensional*®. Then in an incremental length dy at position y in the channel, we can derive the
total mobile channel charge®:
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D (Jy pen(xy)dx ). Wdy = on(y). Wdy

where p.u(X,y) is the charge per unit area in the channel at position (x,y), W is the width of the
transistor and 6,;(y) is the total charge density in the channel in the plan transversal to the y axis
at the position y. The current being the amount of charge passing through a given area per unit
time, the channel current Ips at a given position y is:

d
(12)  Is=-0nIW = =0 W)
where v(y) is the average channel hole velocity at position y.

‘Let’s consider first the case where Vps = 0 V corresponding to the case of the chemical
equilibrium within the channel. An electrostatic potential Vo(x,y) is established such that
eVo(x,y) is the energy of the semiconductor with reference to the gate electrode Fermi level as an
equipotential plane. This potential establishes a detailed balance of drift and diffusion currents
leading to a vanishing total current density everywhere. When a finite non-zero drain source
voltage Vps is applied, the potential profile changes such that the sum of the modified diffusion
and drift currents leads to a uniform and non zero current. Usually in MOSFET devices, this sum
of currents can be approximated by the drift current itself. Then the velocity in (1.2) can be
replaced by the drift velocity so that: '

d
() = UE®) = —u(y)d—‘;

where W(y) is the average channel mobility and E(y) is the longitudinal electric field.
Therefore, the current density can be written:

av
Ips = 0. (V) W u(y) ay

However, the current is independent of y as it is constant through out the channel. In the
MOSFET structure, the mobile channel charge density c.,(y) depends only implicitly via the
voltage V(y)=V(¥y,Xcn) on the position y, with xc(y) the width of the channel in the x direction.
V(y) is in general monotonous function of y so that the integration of equation (6.6) over the
channel length L from source to drain can be transformed to an integration over voltage and
yields:

v V(L)

L d
IDS'L =W fo Uch()’) ﬂ(J’) ;y-dy = Wﬂ v(0) O'Ch(V) av

In the last step of the equation above, the average mobility was taken as an approximation and
extracted from the integral. With V(0)=-Vgs and V(L)=-Vgs+Vps, this gives

Wu (~VestVps
Ips = I f o (V) dv

-Vgs
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Then, with V1 being the channel threshold potential where inversion begins and Cox the oxide
capacitance, we have in the MOS structure g, = —C,x(V — V). Therefore, the current can be
expressed as:

W
(1-3) IDS = T ax[(VGS - VT)VDS - Vgs]

Note that Vr and the inversion region corresponds to Vgs > V.

¢ Solution gated transistors

The concept of the traditional Solution Gated Field Effect Transistor (SGFET) **°%!is based on
the concept of MOSFET. The fabrication of a SGFET consists in removing the metal gate from a
MOSFET and replacing it with a reference electrode and an electrolyte. SGFET are usually used
for sensing the concentration of certain ions and can be determined from the characteristics of
the transistor. That is why these devices are also called ISFET (Ion Sensitive Field Effect
Transistor) when the SGFET is used for sensing ion concentration.

In a MOSFET, it is the metal oxide semiconductor structure that induces the “field effect”, while
in SGFET this is achieved by the electrolyte-semiconductor interface. The reference electrode is
used to apply the gate voltage through the solution. Both the MOS structure and the solution-
semiconductor interface serve as plannar capacitors to induced the required electric field. Thanks
to the similarities of these devices, their resulting current-voltage characteristics are very similar.
The figure 9 shows the structure of a SGFET compared to a MOSFET.

. Figure 9: Schematic structure of a) a semiconductor-oxide SGFET and b) a MOSFET

For the correct operation of a Si SGFET, a stable interface between the silicon and silicon
dioxide is key, just like in the case of a MOSFET device. Indeed, an operational MOSFET
couples in a stable way an electric field, penetrating the oxide, to the current Ips between drain
and source in the channel underneath the oxide. In the case of a semiconductor-oxide SGFET,
the outer surface of the oxide is in equilibrium with an ionic solution in contact with the oxide.
The resulting interfacial potential will modulate the electric field applied through the solution by
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the reference electrode and penetrating the oxide. Thus, an operational SGFET couples in a
stable manner the electric field induced by the solution/oxide interfacial potential to the current
Ips between drain and source in the channel underneath the oxide. Thus, in a semiconductor-
oxide SGFET, the modulation of the electric field by the solution/oxide interfacial potential,
which is directly related to the concentrations of certain ions in the solution, enables to sense
these ions by recording the Ipg current.

Here we are going to explain more quantitatively how a specific type of SGFET, the
semiconductor-oxide SGFET works, as shown in figure 9. Thanks to the similarities between a
MOSFET and a SGFET, the equation (1.3) is valid for both devices?? and can be rewritten:

1
(14) Ips=p [Vas —Vr - EVDS] Vps

where f§ = % is a geometric sensitivity parameter. The threshold voltage Vt is given by:

Q
Vr = Vpp — 'C'-£+ 2¢F
ox

where Vgp is the flat-band voltage, Qg is the depletion charge in the silicon and ¢ is the Fermi
potential.
In the case of a MOSFET, the flat band potential is then given by:

q)M - cl)sc _ st + Qox
e Cox

Veg =

with the silicon work-function, the work-function of the gate metal, Qs the surface state density
at the silicon surface, and Q. the fixed oxide charge.

From equation (1.4), it can be seen that the threshold voltage of a MOSFET is determined by
material properties such as the workfunction and charge accumulation. For the stable operation
of a MOSFET it is of importance that the threshold voltage is constant which can be achieved by
applying an appropriate MOS process such as ion implantation.

In the case of a semiconductor-oxide SGFET the gate voltage is the voltage at the reference
electrode but the threshold voltage contains also terms that reflect the interfaces between the
liquid and the gate oxide on the one side as well as between the liquid and the reference electrode
at the other side. The latter term is in fact the reference electrode potential relative to vacuum Eg,
which includes ®),. The interface potential at the gate oxide-electrolyte interface is determined
by the surface dipole potential of the solution X, which is a constant, and the surface potential
¥,, which results from a chemical reaction, usually governed by the dissociation of oxide surface
groups®®. This results in a change in the expression of the flat-band voltage:

b +
Vig = Erer — Wy + Xgo1 — esc - QSSC Qox
ox
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Because all the terms are constant except Wy, it is this term that makes the ISFET sensitive to the
electrolyte pH, which is controlling the dissociation of the oxide surface groups. This
dissociation of the oxide surface groups modulates the surface charge density of the oxide and
can yield both a negatively charged (due to SiO’) and a positively charged (due to SiOH;)
surface. As shown in figure 10, according to the site-binding modelsz, during this reaction, the
hydroxyl sites bind or release hydrogen ions. This reaction creates a charge on the oxide surface
that is opposite to the ion charge in the solution. In this way a double layer structure is created
with capacitance Cq and a variable potential drop Wy, which is operating as a serial voltage
source with the gate electrode, and is linearly dependent on the hydrogen concentration in the
solution. That is why a semiconductor-oxide SGFET can be used as pH sensor. Their electrical
response depends on the pH linearly via the surface potential W,. Fig. 10 shows the SGFET
equivalent electrical circuit containing the FET, the double layer capacitance Cg and the current
source representing the charge resulting in the potential drop.
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Figure 10: a) Schematic representation of the site-binding model b) equivalent circuit of a semiconductor-
oxide SGFET

The sensitivity of a semiconductor-oxide SGFET is defined by the linear dependency between
pH and channel potential, and for high performance sensors can be up to 59 mV/pH at room
temperature.

As we will see in the next chapter, in the graphene SGFETs that we have built, there is no oxide
layer between the electrode and the sample surface, since the graphene surface is directly
touching the electrolyte. Thereby nearly no hydroxyl groups bind on the semiconductor surface.
As a result, the “site-binding model” does not work for these new type of SGFETs devices. In
this case, the semiconductor/electrolyte interface should be polarizable. In graphene, the
hydrophobic surface of graphene, when in contact with an aqueous electrolyte, indeed forms a
polarizable interface with most electrolytes and thus can be adopted without any further gate
insulation processes for SGFETs. The operating principle of graphene SGFET will be discussed
in chapter 3.

In conclusion, MOSFETs and all types of SGFETs share much in common because both devices
operate following similar charge control mechanisms. However, in graphene sensors, as the
graphene is directly in contact with the electrolyte without any oxide in between, the
mechanisms for sensing are different than the ones described for conventional semiconductor-
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oxide SGFETs.

4- Commercialization of innovations in the biosensor
market

Graphene holds great potential for many applications in chemical and biological sensing
applications. Research for the integration of this newly discovered carbon nanomaterial into a
biological sensor (biosensor) is part of an important research effort worldwide for the
convergence of nanotechnology, biotechnology and bioelectronics into exploration of radically
innovative biosensors. The success of this effort could bring many new applications to
revolutionize the way of doing medicine®®. However, commercialization of the revolutionary
innovations of biosensors lags several years behind research demonstrations and faces serious
hurdles due to the stringent regulation for market approval in the US. The US regulation is
indeed challenged by the need to support the fast paced-research needed for innovation while
maintaining the high safety standards of America’s health. This regulatory challenge is of crucial
importance because it may seriously hamper innovations in the field from reaching the market.
Therefore, significant policy controversies have been raised around the US regulation
implemented by FDA. Some policy recommendations may need to be formulated to make the
regulation more efficient and supportive of innovations in order to make the commercialization
of graphene sensors viable within a sensible timeline. The regulatory challenge as well as policy
recommendations to address it will be discussed in Chapter 5.
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Chapter 2- Fabrication Technology of
graphene SGFETSs

In this chapter, we will describe the fabrication methods of graphene SGFETs on silicon dioxide

as well as on plastic substrates. In this fabrication technology, it was very important to adopt

steps to ensure the complete removal of photoresist residues from the top of the graphene surface.

Indeed, the removal of photoresist residues could have an impact on the sensing performance of
1 4 i 3 .

graphene as was suggested elsewhere = and will be discussed in chapter 3. Finally, the

measurement set up is described.

1- Graphene growth and transfer on SiO,

The first step towards the fabrication of SGFET arrays is the growth of large areas of monolayer
graphene films by CVD on copper foils. For this purpose, we first anneal at 1000°C and low
pressure the copper foil in a CVD furnace for 30 min while flowing hydrogen (10 sccm) in order
to remove any copper oxide layer that would have formed at the surface of the copper foil.
Subsequently, graphene is grown at the surface of the copper foil by flowing methane gas (50
sccm) with hydrogen gas (20sccm) for 40 minutes. Finally, we cool down the foil by opening the
furnace while still flowing hydrogen (10 sccm). As a result, a mostly single layer (~90% single
layer) and continuous graphene film covers the entire top surface of the copper foil.

Temp . ’
a) An.nealg Growth
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100
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Figure 1: a) schematic of the graphene growth recipe on copper foil. b) Optical image of
continuous monolayer graphene film transferred on silicon dioxide

Prior to the transfer of the graphene film on the substrate, metal contacts are deposited on the
Si/Si0; substrate (290 nm of SiO;). This bottom-contact process ensures that the metal-graphene
interface is clean of any polymer residue from the transfer process or photo resist. Photo resist
residue is typically found in top-contact electrodes, which increases the contact resistance .|
However, in the bottom-contact technology, it is easy to remove any photo resist residues layer
due to the deposition of metal contacts before transferring graphene. Indeed, after deposition of
the metal contacts, an O, plasma etch on the surface with an Asher is performed in order to
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remove any photo resist residues on the silicon dioxide surface. This cannot be done in the case
of top contact electrodes, as the plasma treatment would completely destroy the graphene layer.

In our bottom contact process, two subsequent metal depositions are performed. First, Ti/Au
(10nm/300nm) contact pads are deposited by optical lithography using AZ5214 resist and e-
Beam evaporation on the substrate. These contact pads will serve for the wirebonding to the chip
carrier later on. Consequently, Ti/Pd/Au (2.5nm/45nm/15nm) drain and source Ohmic contacts
are deposited on the substrate.

The next step consists in transferring the graphene film onto the substrate with the already
deposited metal contacts. For this purpose, a Poly(methyl methacrylate) (PMMA) layer (PMMA
A9 from Microchem diluted 1:1 with anisole) is first spin coated on the copper foil. An O,
plasma etch of the back side of the foil is done to remove the graphene layer grown also on the
back side of the foil. Then, the copper foil is etched away with commercial Cu etchant (Transene
CE-100). After rinsing several times the graphene film in water, the film is cleaned in a
hydrochloric acid solution. Then, the film is finally transferred on the substrate.

In order to remove the PMMA layer, our approach is to first expose the sample to acetone vapors
instead of immersing directly in acetone because direct immersion would be a harsh process and
the graphene could come off from the substrate. The acetone vapors do a preliminary removal of
the PMMA but gently so that the graphene sticks well to the substrate. Then some liquid acetone
is flowed for 10 seconds to finish dissolving the PMMA. Finally, in order to completely remove
any PMMA residues left, the sample is put in a furnace for an annealing at 500 degree C for 2
hours with argon (400 sccm) and hydrogen (700 sccm).

Transfer to ,.-”(J

Si Annealing to remove
Spin B Copper substrate ’PMMA
- 4 d cnnd

Figure 2: Transfer technique process

The optical image of graphene SGFET arrays in figure 3 a) shows that the graphene film is
continuous. Figure 3 b) shows that the Raman spectrum of the graphene is characteristic of
monolayer graphene. The D peak is very weak showing that our graphene has very few defects.
In addition, the graphene surface is completely clean of any PMMA residues with this process as
shown on the AFM image in figure 3 c). The RMS surface roughness is 0.5 nm, consistent with
clean graphene surface.
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Figure 3: a) Optical micrograph of a sensor array on Si/SiO,. The inset on the bottom right
corner shows the detail of a CVD-grown graphene-on-SiO, transistor before depositing the
insulation. (b) Raman spectrum for a wavelength A=532nm confirms the presence of mono-layer
graphene. (¢) AFM image obtained with a Veeco Dimension 3100 system, of the graphene surface
after transfer.

2- Fabrication of graphene SGFET

e Graphene patterning

The next step consists on patterning the graphene. In order to protect the graphene layer from
any photo resist contamination, a thin layer of MMA is deposited on top of the graphene.
Subsequently, a layer of OCG photo resist is spin-coated and exposed to pattern the graphene.
An O, plasma etch is done to etch subsequently the MMA layer first and then the graphene. The
remaining OCG photoresist and MMA layer are removed by acetone cleaning. To remove any
MMA residues on top of graphene, a 2 hours annealing at 500 degree C is performed with
flowing hydrogen (700 sccm) and argon (400 sccm) gases.
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Figure 4: Graphene patterning process

As shown in figure 5, the graphene surface is still completely clean of residues and the use of a
MMA protective has thus enabled to perform the graphene patterning without contaminating the
graphene layer with OCG photo resist residues. The AFM images of the graphene before and
after the graphene patterning step are very similar and exhibit an almost identical RMS surface
roughness. At this stage, we have fabricated graphene-on-SiO, transistors.

e 1: Height 5.0

Figure 5: AFM image obtained with a Veeco Dimension 3100 system, of the graphene surface of
after patterning.

e Method 1: Insulation of devices with a small part of the metal contacts
exposed

After fabricating the device, the graphene-on-SiO, transistors are glued to a 28-pin chip carrier
and wire-bonded using a wet aluminum wire bonder. Then, it is very important to insulate the
device, which consists in avoiding and minimizing the contact of the solution with any metal
contacts or wires on the chip. Indeed, the contact of the solution with metals can significantly
increase the gate leakage of the device. This gate leakage not only perturbs significantly the
sensing measurements but also very quickly the device can break at high gate leakage. The first
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and most straightforward method insulation consists in applying manually on metal contacts a
Room Temperature Vulcanization (RTV) non-flowing silicone rubber (Dow Corning K738) that
cures at room temperature and will serve as an insulation barrier. Nearly all of the metal contact
area is covered with the rubber except the very end of the metal contacts that are in direct contact
with graphene because it is not possible manually to reach the necessary precision without taking
the risk of covering the entire graphene transistor with the silicon rubber. With this silicon rubber
technology, a well surrounding the contact pads is then built.

Finally, a flowing epoxy from Epoxy Technologies (OE 303-M) that cures at room temperature
is applied on the exteriors of the well in order to insulate the wires connecting the contact pads to
the chip carrier. The well is used to contain the flowing epoxy outside of its walls and avoid that
it flows on the graphene devices. Figure 6 illustrates the final insulation step.

With this insulation method, the gate leakage is generally around 1 nA at Vps=50 mV and is four
orders of magnitude lower than the current going through the graphene sheet and therefore is
negligible. This insulation method is therefore appropriate. However, a second method was
developed in order to cover entirely the metals, which decreases further the gate leakage.

a)

Silicone rubber

N\
epoxy
\

Graphene

§5i0, (290 nm)

n-Si

epoxy Well (in white) Metal contacts Grap}?ene
transistor

Figure 6: a) Schematic structure of the device wire bonded to a chip carrier and encapsulated. b)
Optical image of a chip carrier with the built-up well and the epoxy for insulation. c) Zoomed in
image showing the manual application of the rubber insulation on the metal contacts of the
graphene transistors. A tiny part of the metals are going to be exposed to the electrolyte



e Method 2: Insulation of devices with metal contacts completely insulated

This fabrication method has the advantage of totally insulating the metal contacts, which enables
to decrease, usually by an order of magnitude, the gate leakage due to the total lack of contact
between metals and the electrolyte. Indeed, gate leakage is around the nA in the case described
above where a tiny portion of the metals are exposed to the electrolyte whereas in the case of
total insulation of the metals, the gate leakage is around 100 pA.

In order to totally insulate the metals, we use an insulating SU 8 layer to cover the contacts.
However, in order to have a graphene surface clean of SU 8 residues, a sacrificial aluminum
oxide layer is used. Thus, we deposit a 5 nm thick layer of Al;O3 on top of the graphene-on-SiO;
transistors. Two subsequent layers of 1.5 um thick SU 8 are then spin coated. Then, the SU 8
layers are exposed and developed in order to create window openings in the graphene transistors.
Finally we remove the Al,O; layer in the openings by wet etch. The graphene in these openings
will be consequently directly exposed to the electrolyte. The graphene surface again is clean of
any SU 8 residues thanks to the use of the Al,Os protective layer. The use of SU 8 leads to the
creation of an access region, which is the area of the graphene channel covered by SU 8 that
cannot be biased by the gate voltage through the electrolyte. The length of this region is 3 pm on
each of the two metal contacts. This access region increases the global contact resistance and
decreases the transconductance.

sus Opening in the SU 8

graphene

Access
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Figure 8: Optical images of graphene transistors arrays with a zoomed in on a single transistor.

The chip with the graphene transistors arrays is then, as in the previous fabrication method,
mounted to a 28-pin chip carrier and wire-bonded. A well of (RTV) non-flowing silicone rubber
is fabricated and a flowing epoxy is applied on the exterior of the well to insulate the wires from
contact with the electrolyte.
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3- Fabrication of graphene sensors on plastic PEN

As explained in Chapter 1, the integration of graphene sensors on plastic substrates is very
promising for the fabrication of high performance flexible and low cost sensors. The successful
fabrication of graphene sensors on plastic substrate would significantly increase the range of
sensing applications for graphene.

In our work, a Polyethylene naphthalate (PEN) substrate was chosen because it is already used
for flexible electronics and has the advantage of being transparent. The substrate that we used is
a PEN Teonex® (Teijin DuPont) substrate 125 pum thick. The first step is to deposit metal
contacts on the PEN substrate. As with the fabrication on silicon dioxide, a bottom-contact
process is chosen so that the metal-graphene interface is clean of any polymer residue (e.g.
PMMA) from the transfer process. For this purpose, metal Ohmic electrodes (Ni/Au,
20nm/40nm, Ni being used as the adhesion layer) were fabricated on the PEN substrate by a low
temperature thin film metallization process, photolithography patterning and subsequent local
wet etching of both Au and Ni layers.

Subsequently, the graphene is transferred to the PEN substrate in the same way than on silicon
dioxide. The removal of PMMA is done by using acetone vapors and subsequent flowing of
acetone on the sample in the exact way as described previously for transfer on silicon dioxide.
However, in this case we cannot use the high temperature annealing to completely remove the
PMMA residues, as the PEN starts melting at 120 C.

Figure 9: a) Optical image of an array of graphene chemical sensors on plastic substrate. The
inset on the bottom right corner shows a detail of one of the devices. b) Schematic illustration of a
graphene-on-PEN transistor

Therefore, in the case of fabrication of graphene sensors on plastic substrate, some residues may
remain on the graphene substrate. However, due to the very rough surface of PEN (~10 nm in
RMS roughness), AFM could not be used to characterize the amount of residues. In order to have
an idea of the amount of residues on top of the graphene surface, the same fabrication treatment
based on acetone vapors and acetone flow and no high temperature annealing was used with
graphene on silicon dioxide. Figure 10 shows an atomic force microscope image of the resulting
surface. The RMS roughness of the graphene surface indeed increases significantly with these
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residues on the surface (2.11 nm) compared to the graphene surface clean of any residues that we
obtain after annealing (0.8 nm).

-
T 1: Helght 5.0 pm

Figure 10: AFM image obtained with a Veeco Dimension 3100 system, of the graphene surface
on silicon dioxide after acetone vapors and acetone flowing treatment

Different methods were used to try to characterize the structural quality of graphene on PEN.
Unfortunately Raman spectroscopy does not work in this case because the graphene Raman
signature is hidden by the PEN signature. However, the electrical performance of the fabricated
devices is excellent, which shows that graphene was successfully transferred and that the
graphene film is continuous and of good quality.

In order to make a totally flexible sensor, the packaging used for graphene-on-SiO, transistors as
well as the measurement set up should have been adapted. Especially the design and fabrication
of micro fluidics to put on top of the device would have been needed for this purpose. In this
work, we were more interested in characterizing the graphene-on-PEN SGFETs than actually
proving that it was possible to make a completely flexible sensor. However, in the future, it will
be interesting to adapt the technology to make the sensor totally flexible. Using micro fluidics
will definitely work in this outlook but it will not change in any way the validity of the
characterization that we performed in chapter 3.

In our work we used a chip carrier and the final step in the fabrication process was to therefore
place the graphene-on-PEN transistors in a chip carrier. As the aluminum wet etch wirebonding
on a flexible plastic substrate does not work, manual wirebonding was performed. Copper wires
were positioned so that they connect the pads of the transistors to the pads of the chip carrier.
Then silver epoxy was used to glue the copper wire as well electrically connect the wire to the
contact pads. RTV non flowing silicone rubber insulation was then used to protect the wires and
also the metal contacts from contact with the electrolyte, as shown in figure 11.
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Figure 11: a) Optical image of the manual wirebonding. b) Schematic illustration of a graphene-on-PEN solution-
gated transistor.

4- Measurement set up

All the different fabrication methods described above lead to the fabrication of graphene sensors
with differences in the amount of residues on top of graphene as well as the degree of insulation
coverage of metal contacts. After the encapsulation of the sensors, the very last step in the
fabrication of the sensors is to glue a glass ring onto the chip carrier and then a beaker to the
glass ring. This will enable to contain the electrolyte solution that will contact the graphene of
our SGFETS. At this point, the devices are ready to be used as a graphene SGFETS.

The graphene devices are then immersed in the solution we wanted to sense and an Ag/AgCl
reference electrode (WPI flexible dri-ref reference electrode), put inside the solution, is used to
apply the top gate voltage. The drain and source contacts of the devices, as well as the reference
electrode, are all connected through an interface to an Agilent 4155C Semiconductor Parameter
Analyzer in order to measure the transistor characteristics, as shown in figure 12 below.

37



a)
Reference electrode ]

. |
Semiconductor parameter
' TOP GATE analyzer
|

SOURCE

DRAIN

pH electrode

Reference
Beaker
- electrode
Chip carrier
Chip carrier Interface

Figure 12: a) Schematic illustration of the measurement set up, b) Photography of the chip carrier and the beaker
mounted on top. ¢) Photography of the measurement set up
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Chapter 3- Characterization of single-
layer graphene sensors

1-Electrical characteristics on different substrates

This section discusses the electrical characteristics of graphene SGFETs in electrolyte-gated
configuration and compared back-gated configuration measurements. In electrolyte-gated
configuration, the top gate voltage Vgs is applied to the solution with a reference electrode
whereas in back-gated configuration, the top gate voltage Vs is applied to the SiO, layer
underneath graphene through the conductive silicon back of the wafer. Then, we will compare
the electrical characteristics of graphene sensors on different substrates, especially silicon
dioxide and plastic PEN, in order to understand the influence of the substrate on the electrical
performance.

e Graphene on SiO; devices

To characterize the performance of the fabricated devices in electrolyte-gated configuration, the
drain and source contacts of the graphene transistors, as well as an Ag/AgCl reference electrode,
are connected to an Agilent 4155 Semiconductor Parameter Analyzer. Then, the devices are
immersed in a 10 mM phosphate buffer solution pH 7 with an ionic strength adjusted to 100 mM
with sodium chloride. The solution was constantly stirred at 140 rpm. The drain-source voltage
Vps is set to 50 mV and the gate-source voltage Vs sweep was limited between 0.1 V and 0.5 V
to avoid the creation of surface defects as mentioned elsewhere!. In the back-gated configuration
the gate-source voltage Vgs is applied between 0 V and 100 V at the back of the chip through a
300 nm thick SiO, layer and the active graphene channel is exposed to ambient air.

Figure 1 shows the transfer characteristics, i.e. the modulation of the drain-source current Ip with
the top gate voltage Vgs, of a device with dimensions 10x60 um? (Length x Width) in the back-
gated and electrolyte-gated configurations.
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Figure 1: Graphene transistor, 10x60 um’ in size; a) back-gated transfer characteristics in air;
b) electrolyte-gated transfer characteristics in 10 mM phosphate buffer. For all measurements,
VDS=50mV,

In the back-gated configuration, the minimum conductivity point Vgsmin cannot be observed in
the measured range of voltages, which indicates the p-type nature of the CVD grown graphene.
The substrate induced doping is commonly observed in graphene grown by CVD and is due to
negatively charged impurities trapped at the interface between graphene and SiO,, attributed to
the doping effect of a water layer underneath the grapheneZ. The high temperature annealing
further p-dopes the graphene sheet. In the electrolyte-gated configuration, on the other hand, the
transport properties are significantly different. First, the minimum conductivity point Vgsmin
shifts towards lower voltages to a value around 0.3 V.

Ay
The transconductance g,, = 3Vgs

response, which is the sensor output for a small modulation of the gate voltage due to the
modification of the surface potential, i.e. a change in analyte concentration. Therefore, the
transconductance directly gives the sensitivity of the sensor. For the measurements in the
electrolyte-gated configuration, there is an asymmetry in transconductance values in the hole
conduction and electron conduction regimes The maximum transconductance of the device in
the hole conductlon regime is 5 mS.mm™ when normalized by gate width whereas it is only 3.8
mS.mm™" in the electron conduction regime. This is a very high transconductance, twenty times
higher than for common silicon SGFETs3-5. This is due to the high interfacial capacitance® at the
graphene/electrolyte interface as well as the high carrier mobility in graphene3. Therefore our
graphene sensors have the potential to be much more sensitive than the silicon ones.

—=is a key parameter for sensors because it determines the current

- a1
In addition, the transconductance g,, = #
gs

in operated in the electrolyte-gated configuration. This increase in the transconductance is
mainly due to the much larger gate capacitance in the electrolyte-gated configuration compared
to the back-gated configuration.

, 1s more than 300 times higher when the graphene is
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Figure 2: a) Model of the graphene SGFET with the double layer and quantum capacitances; b)
Modulation of the charge carrier density by the electrolyte gate: the applied gate voltage shifts
the Fermi level Er in graphene below (shown) or above the Dirac point (Egy,.), defining the
density and type of charge carriers.

For the electrolyte-gated configuration, the top gate voltage drops at the electrostatic double
layer formed by the accumulation of ions near the graphene/electrolyte interface to maintain
charge neutrality, leading to the formation of a double layer capacitance Cpi. Actually, the
graphene/electrolyte interface capacitance Ciy, is formed by the series combination of the double

: ) 1 1
layer capacitance Cpr, and the quantum capacitance of graphene Cg so that CL = L For
int DL Q

the back-gate configuration, the total capacitance Cggis formed by the series combination of the

; : s 1 1 1 ;
oxide capacitance C,x and the quantum capacitance of graphene Cg: e It is worth
BG ox Q

noticing here that the back-gated measurements were performed without any solution on top of
the graphene that was exposed to air in order to avoid any influence of the solution on the
measurement due to the electric field applied to the back gate that would penetrate into the

: : : o % : (-
solution 7. Assuming that the capacitance is, in first order, described by C =~ % , with ¢ the

dielectric constant, d the thickness of the capacitance and A the area, differences in both
dielectric constant and thickness of the capacitance are responsible for the difference in
capacitance in the two configurations.

Indeed, the very small thickness of the double layer is only limited by the size of the ions (~1
nm) whereas the back gate capacitance Cpg is limited by the 300-nm-thick backside oxide. In
addition, the dielectric constant of the electrolyte is around 80, similar to water, whereas the
dielectric constant of the SiO, is only 3.9. Thus, by taking into account that the quantum
capacitance is around 2 pF.cm™8, and since Coy is nearly three orders of magnitude lower, we
have Cgg~ Cox=1.4 nF.cm™. For the interfacial capacitance in the electrolyte-gated configuration,
the quantum capacitance is of the order of the double layer capacitance and we found that
Cin=1.6 pF.cm™, which is in agreement with what was obtained by a more complex model®.
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Therefore, this substantial difference in capacitances between the configurations accounts for the
increase by 300 times in transconductance in the electrolyte-gated configuration compared to the
back-gated configuration.

e Electrical characteristics on SiO; and PEN

The electrical characteristics of graphene sensors on silicon dioxide and PEN substrate have been
compared in order to study the influence of the substrate. All the devices were fabricated as
described in chapter 2. During the measurements, the devices are immersed in a 10 mM
phosphate buffer solution pH 7 with an ionic strength adjusted to 100 mM with sodium chloride.
The solution was constantly stirred at 140 rpm. The drain-source voltage Vpg is set to 50 mV and
the gate-source voltage Vs sweep is limited between -0.1 V and 0.4 V.

Figure 2 shows the transfer characteristics of a graphene-on-PEN transistor, compared to a
graphene-on-Si0; device, for a 10 mM phosphate buffer solution pH 7.2.
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Figure 3: Transfer characteristics in a 10 mM phosphate buffer solution of a) 20x1000 um’
graphene transistor on PEN as well as of b) 20x40 um’ graphene transistor on SiO, for a drain-
source voltage Vps=50mV.

The gate-source voltage Vgsmin at minimum conductivity point, which corresponds to the Dirac
point, is 0.12 V for the graphene-on-PEN transistor and 0.22V for the graphene-on-SiO;
transistor. This indicates that in both cases, the graphene is p-doped, as usually observed for
graphene grown by CVD. The more significant p-doping effect observed in the case of graphene
on SiO; is mainly due to the additional annealing at 500 degree C in hydrogen atmosphere
performed in order to totally remove the PMMA residues.

The maximum transconductance of the graphene-on-PEN device is 1020 uS in the hole
conduction regime and 716 uS in the electron conduction regime. When normalized by the
transistor width, the maximum transconductance of the transistor is then 1 mS.mm™'. This
transconductance value is 5 times smaller than the maximum transconductance of the reference
graphene-on-Si0, devices (5 mS.mm™). It should be noted that the transconductance of our
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graphene transistors on PEN substrate is quite high compared to conventional planar silicon
SGFET technology, about 4 times higher3'5. This is due to the high interfacial capacitance at the
graphene/electrolyte interface as well as the high carrier mobility in graphene even on PEN
substrate.

The higher transconductance in graphene-on-SiO, devices can be attributed to the higher carrier
mobility on silicon dioxide than on PEN. Indeed, the field effect carrier mobility of the transistor

: d : : .
upg can be calculated using ppg ZCLEVL’ where Cjy is the interfacial graphene/electrolyte
int W¥gs

capacitance and o is the conductance. Following our previous estimation of the interfacial
capacitance, we can extract a maximum hole mobility of 300 cm®.V"'.s™" and an electron mobility
of 220 cm®. Vs for the graphene-on-PEN transistor, while for the graphene-on-SiO; transistor,
the maximum hole mobility is 1095 cm”.V™"'.s" and the electron mobility is 1250 cm>.V"'s™. The
lower carrier mobility in the graphene-on-PEN devices as compared to devices on SiO; is
expected for two reasons: first the PEN substrate has more than 10 times higher RMS surface
roughness (~5-10 nm) than SiO»(~0.4-0.5 nm) and secondly, the graphene transfer technique on
PEN leaves more PMMA residue on the graphene due to the lack of a high temperature
annealing, which increases the carrier scattering and degrades the transport properties® 10,

2- pH sensing

In this section, we demonstrate the use of graphene SGFETS for pH sensing. Devices fabricated
on different substrates were evaluated, which gives very important insight about the pH sensing
mechanism for graphene sensors.

We first compare the pH sensing mechanisms taking place in graphene SGFET and the one in
Si/SiO, ISFET. This comparison emphasizes the differences in the two mechanisms and the
different pH sensitivities that they induce as well as it underlines the specificity of the graphene
pH sensing mechanism. The study focuses then particularly on the impact of the substrate on
which the graphene is transferred or the amount of residues left on top of graphene during device
processing since they are not well understood. Understanding the influence of these different
elements on the sensor response is of paramount importance since it will enable to improve the
intrinsic graphene sensor response to targeted molecules. Indeed, graphene-based chemical
sensors show an intricate response of their transfer characteristics to changes in electrolyte
properties such as salt concentration, type of ions or pH1. And yet, in sensing experiments, the
specific electric signal from targeted biomolecules could be obscured by signal perturbations like
substrate charging effects as well as charging effects of ionizable groups of residue on top of the
graphene surface® 11 12, Finally, some experiments confirm that, contrary to the case of Si/SiO;
ISFET, no chemical bonding is taking place between HO" ions and the graphene surface in the
pH sensing mechanism.

e pH sensing on silicon dioxide

In this section, the pH sensing of graphene sensors on silicon dioxide is described and the
comparison in pH sensing between a graphene surface with or without PMMA residues
highlights the influence of residues on the pH sensing mechanism. Indeed, it was hypothesized
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that the presence of ionizable acidic groups of organic absorbents such as resist residue or
amorphous carbon on top of the graphene surface could create pH-dependent surface charges in
the vicinity of graphene, which would be responsible for the electrical response of the graphene
devices with pH!1. Our experiments will test the validity of this hypothesis.

The graphene-on-SiO, devices are fabricated according to the technology described in chapter 2
section 2). The graphene surface is completely clean of residues but part of the metals are
exposed to the electrolyte since we did not use SU 8. The gate leakage is negligible around 1nA,
e.g. 4 orders of magnitude smaller than the drain-source current Ij,. The dependence of the
graphene-on-SiO; transistor transfer characteristics with the pH was evaluated. For these
measurements, the device was immersed in a 10 mM phosphate buffer solution with an ionic
strength adjusted to 100 mM with NaCl. Then, aliquots of 0.5 M HCI and NaOH were added to
change the pH of the solution.

The dependence of the graphene-on-SiO, transistor transfer characteristics with pH is shown in
Figure 3.
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Figure 4: Transfer characteristics of a 20x40 um’ graphene-on-Si0, SGFET at a constant drain-
source voltage of Vps=50mV, for different pH

The Dirac point in the graphene transistor shifts towards more positive voltages when the pH is
increased. This allows pH sensing by measuring the graphene electrical characteristics. The shift
of the Dirac point is due to the increase in negative charge close to the graphene when the pH
increases and indicates that the electrochemical double layer at the graphene/electrolyte interface
is sensitive to pH allowing the capacitive charging of the surface by H;O" or HO™ ions1314, As
shown on Figure 5, the Dirac point shifts linearly with the pH, with a sensitivity of 22 mV/pH.
The same sensitivity at the Dirac point was found with transistors of other sizes confirming that
the graphene pH sensing is independent of the transistor size. Besides, this sensitivity is quite
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similar to the one reported at the Dirac point for mechanically exfoliated graphene on SiO,(26
mV/pH)15 and for epitaxial graphene on silicon carbide (19mV/pH)!. It should be noted that the
graphene sensor is very stable and that after the pH experiment, the device was washed in water,
dried in nitrogen stream and put a day later in phosphate buffer exhibiting the same transfer
characteristics.
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Figure 5: Voltage at Dirac point shift with the pH for the 20x40 um’ graphene-on-Si0; SGFET

e Comparison of pH sensing mechanisms in graphene and Si/SiO; SGFETs

It is worth comparing the pH sensing mechanisms in graphene and Si/SiO; SGFETs in order to
better understand the specificity of graphene pH sensing mechanism. We are going to see that
these two pH-sensing mechanisms are indeed different and this explains why the pH sensitivities
in the two devices are different.

Graphene is a sp” arrangement of carbon atoms densely packed and the pristine graphene surface
has no dangling bonds sticking out of the graphene plane®. Therefore, hydroxide or hydronium
ions that physically adsorb on the graphene surface!* in pH sensing experiments, cannot attach to
the graphene surface by a chemical bonding as there are no dangling bonds on the graphene
surface. On the contrary, in the case of Si/SiO, SGFETs, the outer surface of the silicon dioxide
in contact with the solution has dangling bonds. That’s why, hydroxide or hydronium ions that
adsorb to the SiO, surface can attach to the SiO; surface by forming chemical bonding with the
dangling bonds. As shown in figure 6, the attachment of hydroxide or hydronium ions change the
concentration of the 3 surface groups of SiO,: SiO", SiOH and SiOH,", according to the site
binding modell7. 18, It therefore changes the surface oxide charge of SiO, and induces a pH
dependence of Si/Si0O, SGFETs with a pH sensitivity of 30 mV/pH.
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Now, in the case of graphene SGFETs, the graphene surface has no dangling bonds and so the
ions cannot bind chemically to its surface. However, the fact that the graphene has a significant
pH dependent response with a sensitivity of 22 mV/pH emphasizes that there is some electron
transfers between the graphene surface and the hydroxide or hydroniums ions. Therefore, it
strongly suggests that the pH dependence is due to a chemical doping mechanism of graphene by
the physical adsorption of ions as graphene is very sensitive to its environment. Out of the two
possible chemical doping mechanisms that are surface transfer doping and substitutional
doping?®, the doping mechanism taking place here is a surface transfer doping. Surface transfer
doping is already at stake in gas sensing experiments with graphene?0. Thus, the hydroxide and
hydronium ions when adsorbed will interact electronically with the graphene surface and dope it.
Therefore, surface transfer doping very likely induce the pH dependent response of graphene
with a pH sensitivity of 22 mV/pH.

In conclusion, the very different pH sensing mechanisms taking place in graphene and Si/Si0;
SGFETs explain the different pH sensitivity observed. The observations about the graphene pH
sensing mechanism that are done below are all in agreement with a surface transfer doping
mechanism for pH sensing.

It is worth noticing here that even though graphene is only a one atom thick membrane, there is
no direct interaction of the ions in the solution with the Si/SiO, substrate underneath graphene
since graphene is believed to be impermeable to most gases and liquids 2% 22, Therefore, no
chemical bonding between the ions in solution and the substrate underneath graphene can occur
as graphene covers the dangling bonds of the substrate.

e pH sensing on silicon dioxide for graphene surface with and without residues

An interesting hypothesis that we wanted to test experimentally was whether or not residues on
top of the graphene had an influence on the pH sensing. Indeed, it was suggested that the
presence of ionizable acidic groups of organic absprbents such as resist residues or amorphous
carbon on top of the graphene surface could create pH-dependent surface charges in the vicinity
of graphene, which would be responsible for the electrical response of the graphene devices with
the pH.

In order to understand the influence of residues on pH sensing, we compare these results with the
pH sensing obtained for a graphene surface with residues on top. For this purpose, the PMMA
removal after graphene transfer is only done using acetone vapors and acetone flowing. No
annealing at high temperature was performed so that PMMA residues remained on top of the
graphene surface. Likewise, the graphene etch is done without the high temperature annealing to
remove the MMA residues only with acetone. Figure 6 shows the residues on top of the graphene
surface at the end of the fabrication of the graphene-on-SiO; transistors.
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Figure 6: AFM image obtained with a Veeco Dimension 3100 system, of the graphene surface on
silicon dioxide after acetone vapors and acetone flowing treatment

For a graphene surface with residues on top, the dependence of the graphene-on-SiO; transistor
transfer characteristics with pH is shown in Figure 7.
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Figure 7: Transfer characteristics of a 20x40 um’ graphene-on-Si0> SGFET, with residues on
top of the graphene surface, at a constant drain-source voltage of Vps=50mV, for different pH

It can be noticed that the graphene is a much less p-doped than the graphene processed with a
high temperature annealing, which emphasizes that most of the p-doping induced in graphene
originates from impurities added during the high temperature annealing. For a graphene surface
with residues on top, the pH sensitivity is 21 mV/pH, as shown in figure 8.
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Figure 8: Voltage at Dirac point shift with the pH for the 20x40 pm’ graphene-on-SiO, SGFET
with residues on top of the graphene

Thus, the same pH sensitivity found in graphene SGFETsS for a graphene surface with or without
residues emphasizes that the photoresist residues are not directly with the pH sensing mechanism.
This observation opposes the hypothesis that the presence of ionizable acidic groups of organic
absorbents such as resist residues or amorphous carbon on top of the graphene surface could
create pH-dependent surface charges in the vicinity of graphene, which would be responsible for
the electrical response of the graphene devices with pH!1.

This observation is also of particular importance for the processing of graphene pH sensors in
general since the presence of a reasonable amount of residues will not influence the pH
sensitivity. However, it is possible that the electronic noise of the sensor may be increase due to
the increase scattering of carriers with residues.

¢ pH sensing on PEN substrate

We have also investigated the pH sensing mechanism on different substrates especially on plastic
substrates. The interest of doing graphene pH sensors on plastic substrates is to pave the way to
the fabrication of high performance but low cost, flexible and transparent sensors. This work was
done in collaboration with Dr. Vinciguerra and Dr. Pappalardo from STMicroeletronics Inc.

As in the previous experiments, the device was immersed in a 10 mM phosphate buffer solution
with an ionic strength adjusted to 100 mM with NaCl. Then, aliquots of 0.5 M HCI and NaOH
were added to change the pH of the solution. The dependence of the graphene-on-PEN transistor
transfer characteristics with pH is shown in Figure 9.
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Figure 9: Transfer characteristics of a 50x1000 um’ graphene-on-PEN SGFET at a constant
drain-source voltage of Vps=50 mV, for different pH values.

As shown on Figure 10, the Dirac point shifts linearly with the pH, with a sensitivity of 22

mV/pH.
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Figure 10: Voltage at Dirac point shift with the pH for the 50x1000 um’ graphene-on-PEN

The similar sensitivity values obtained in the graphene-on-PEN and graphene-on-SiO, devices
strongly suggest that the nature of the substrate underneath the graphene does not significantly
influence the electrical response of the devices to pH. Therefore, the pH response of graphene
transistors is not likely to arise from substrate charging effects. The lack of substrate influence on
the pH mechanism in graphene sensors is in fact expected since graphene is believed to be
impermeable to most gases and liquids?? 22, which would prevent the direct interaction of ions in
the electrolyte with the substrate. The lack of substrate influence on the pH mechanism is also in
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agreement with the suggested pH mechanism above in this section that would be a surface
transfer doping by hydroxide or hydronium ions of the graphene surface. In addition, this
mechanism is probably similar to what has been reported for the pH response of single-walled
carbon nanotubes (SWNT) 12,

On the contrary, in the case of Si/Si0, SGFETs, there is a very strong influence of the nature of
the oxide substrate since the pH sensing mechanism is due to substrate charging effects. For
Si/SiO, SGFETs, the surface charge density of SiO, varies with pH and can yield both a
negatively charged (due to SiO") and a positively charged (due to SiOHy) surface'®. However, if
the SiO, is replaced by a layer of ALLOs, the Si/ Al,O3 SGFET has a higher pH sensitivity than
the Si/SiO, SGFET and even by putting a Ta,Os layer a pH sensitivity of 58 mV/pH can be
reached!8. The different substrate charging effect is the reason why the pH sensitivity for
Si/Si0, sensors is different than the one for Si/Al,O3 sensors. The lack of substrate influence on
the pH mechanism in graphene sensors is in fact expected since graphene is believed to be
impermeable to most gases and liquids?! 22, which would prevent the direct interaction of ions in
the electrolyte with the substrate. This mechanism is similar to what has been reported for the pH
response of single-walled carbon nanotubes (SWNT) 12,
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Figure 11: pH monitoring with a 50x1000 um® graphene SGFET by recording the drain-source
current Id versus time while changing the pH: a)For a gate-source voltage V55=0.22 V and b) for
Ves=-0.01V

The use of the graphene-on-PEN devices for real time monitoring of pH is demonstrated in
figure 11. In these measurements, the voltage between gate and source was fixed first at
Vis=0.22 V and, in a second experiment, to Vgs=-0.01 V to show pH monitoring in the two
conduction regimes (hole and electron conduction regimes) enabled by the ambipolar transport
properties of graphene. As shown in Figure 11, the change in pH as a function of time is
recorded as a change in the drain-source current Ip. A decrease in pH induces an increase in the
Ip value at Vs=0.22 V whereas a decrease in pH induces a decrease in the Iy value at Vgs=-0.01
V, which is consistent with the shift of the transfer characteristics curve when changing pH. It
should be noted that the pH sensing exhibits a good reversibility, although there is a small
decrease in the current level after going down to very acidic pH.
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A new design for these graphene sensors on plastic should be developed which will effectively
demonstrate the low cost and flexibility of the sensor by removing the use of a chip carrier. This
design will integrate a reference electrode printed directly on the plastic substrate so that we also
remove the use of an external reference electrode. The device will then be very compact, low
cost and flexible and will use microfluidics as shown in figure 18.

Reference electrode Ohmic contacts

Figure 12: New design for graphene plastic sensors

e The absence of chemical bonding in the pH sensing mechanism

We would like to gain more insight into the pH sensing mechanism. In this section, we would
like to confirm that no chemical bonding takes place between ions in the solution and the
graphene surface. In this section we describe an experiment to test this hypothesis.

In a recent study, Q.H Wang et al demonstrated the influence of the substrate on graphene
chemical reactivity and the electron-transfer reaction rates using Raman spectroscopy?3. Indeed,
they showed that graphene on SiO, and Al,O; is more reactive towards covalent
functionalization by aryl diazonium salts than graphene on hexagonal boron nitride or on an
alkyl-terminated monolayer like Octadecyltrichlorosilane (OTS) self-assembled monolayer
(SAM). To explain the differences in chemical reactivity of graphene on different substrates,
they use a model describing the reaction kinetics from electron-transfer theory as a function of
the Fermi level of graphene. This model emphasizes the determinant role played by the presence
of charged impurities in the substrate and polar surface groups that can induce electron—hole
charge fluctuations in graphene. The lower chemical reactivity of graphene on OTS compared to
Si0; is therefore explained by the fact that the charge fluctuations on SiO; are caused by charged
impurities in the substrate and polar adsorbates on the surface, so that adding the OTS monolayer
decreases the fluctuations by increasing the distance between the graphene and the charged
impurities and by reducing the adsorption of polar adsorbates such as water.

Thus, in order to understand if specific adsorption of hydroxile ions or polar absorbates such as
water was not leading to any chemical bonding with the graphene surface during the graphene
pH sensing mechanism, we performed pH sensing experiments with an OTS substrate.
According to the publication by Q.H Wang et Al, the OTS substrate should reduce the chemical
reactivity and the electron transfer reaction rate due to the chemical binding of ions on graphene
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surface. If any chemical bonding is taking place with specific adsorption in the graphene pH
sensing mechanism, we should therefore observe a decrease in pH sensitivity for graphene on
OTS.

On freshly plasma-cleaned SiO, substrates with previous deposition of metal contacts on the
substrate, Octadecyltrichlorosilane (OTS) (Sigma-Aldrich, 90p%) SAMs were formed in OTS
solution (10 mMin toluene) overnight in a closed vial, then rinsed in fresh toluene and blown dry
with nitrogen. Then, graphene was transferred on the substrate as described in chapter 2 and the
PMMA was removed only by an acetone vapor and acetone flowing treatment. Graphene was
then patterned with a 0, plasma etch and the device was encapsulated with the method that leaves
part of the metals exposed to the electrolyte.

The AFM image of the surface of OTS on silicon dioxide is shown in figure 13. The RMS
roughness of the surface is 1.97 nm, which is higher than the RMS roughness of silicon dioxide
around 0.1 nm.

Data Zoom 20.0 nm

0.0 1: Height 5.0 pm

Figure 13: AFM image obtained with a Veeco Dimension 3100 system, of the OTS surface on SiO,

The device was then immersed in a 10 mM phosphate buffer solution with an ionic strength
adjusted to 100 mM with NaCl. Then, aliquots of 0.5 M HCI and NaOH were added to change
the pH of the solution. The dependence of the graphene-on-OTS transistor transfer
characteristics with pH is shown in Figure 14.
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Figure 14: Transfer characteristics of a 20x40 um’ graphene-on-OTS SGFET at a constant
drain-source voltage of Vps=50 mV, for different pH values.

We observe that the graphene is slightly n-doped. This very slight n-doping effect could be
attributed to the absence of high temperature annealing in the fabrication and the increased
distance with between the graphene and the charged impurities in SiO; due to the presence of the
OTS layer.

As shown on Figure 15, the Dirac point shifts linearly with the pH, with a sensitivity of 19

mV/pH.
-0.02 A /

-0.04 4

-0.08
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Figure 15: Voltage at Dirac point shift with the pH for the 20x40 wm” graphene-on-OTS SGFET

Vg at Dirac point(V)

This pH sensitivity is again similar to the one obtained for graphene on SiO,, even though it is
slightly lower. This strongly suggests that no chemical bonding is taking place between graphene
and hydroxide ions or water in the pH sensing mechanism. Thus, chemical bonding from ions to
the graphene surface seems to be ruled out for being a possible sensing mechanism, contrary to
the case of Si/SiO, SGFETs.

This confirms that it is indeed very likely that a surface transfer doping effect induced by a pH
change is taking place, as described earlier. That is why, the presence of the OTS layer does not
influence the pH sensing mechanism. This explanation of the pH sensing mechanism account
also for the fact that the pH sensing mechanism in graphene is not significantly influenced by the

54



nature of the substrate underneath graphene or the amount of residues on top of the graphene
surface.

In conclusion, in this section, we have demonstrated that graphene can be used as a pH sensor
with high sensitivity on silicon dioxide as well as on plastic substrates for flexible and low cost
sensors. The pH sensing mechanism is not significantly influenced by the nature of the substrate
underneath graphene or the amount of residues on top of graphene. The pH sensing mechanism
is very likely due to the adsorption of hydroxide ions at the graphene surface in the electrical
double layer that induces an additional p-doping of the graphene sheet without any chemical
bonding taking place.

3- Glucose sensing

This work is done in collaboration with Dr. Zhong Jin from Professor Michael Strano’s group at
MIT. Glucose sensing is of paramount importance in the biosensors industry. Indeed, blood
glucose monitoring sensors represent about 60 % of the biosensor market. It is an accurate and
invaluable tool for diabetics who need to monitor their glucose level. Therefore, being able to
fabricate graphene glucose sensors is a very interesting opportunity for graphene technology.

In our sensing experiment, we use graphene-on-Si0, SGFETs that were insulated using SU 8 in
order to cover completely the metals. Also instead of a Ag/AgCl reference electrode, and
Ag/AgCl wire was used. Glucose sensing cannot be performed directly on bare graphene, as it is
the case for pH sensing. Indeed, the experiment of using bare graphene was performed and no
glucose detection was observed. Therefore, the first step is to develop the functionalization for
glucose sensing. The graphene devices were functionalized with glucose oxidase. Glucose
oxidase is an oxido-reductase enzyme that catalyzes the oxidation of glucose in the following
reaction:

B-D-glucose + O, + HO —» Gluconic acid +H>0,.

The glucose oxidase has an active site to which glucose binds and then glucose oxidase starts the
catalysis of glucose. The possible mechanism by which graphene functionalized with glucose
oxidase could be sensitive to glucose is by the direct transfer of electrons generated from the
oxidative reaction of glucose to graphene, as shown in figure 16. Another mechanism that could
take place in the same time is the decrease of pH due to the decomposition of gluconate acid into
gluconate : Gluconate acid —» gluconate + H*, since graphene is sensitive to pH, as shown
earlier. However, the dissociation constant of the reaction is low and in Si/SiO, SGFETs, the
sensitivity to glucose due to this decrease in pH is only a few mV/decade?.
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Direct electron transfer to
graphene when binding

Figure 16: Mechanism of direct electron transfer to graphene when glucose binds to glucose
oxidase

Graphene-on-SiO; devices were prepared with a SU 8 insulation as described in chapter 2. The
devices were then functionalized. The functionalization is a 2 steps process as shown in figure
17: first we covalently attach an intermediary molecule to graphene and secondly, we attach the
glucose oxidase to the intermediary molecule. As shown in figure 17, the intermediary molecule
attached to graphene is 4-carboxybenzenediazonium tetrafluoroborate. Then the carboxyl group
of this molecule binded with an amino group on glucose oxidase, and formed a amide derivative
of glucose oxidase fixed on graphene. NHS molecule is N-Hydroxysuccinimide and EDC is
ethyl(dimethylaminopropyl) carbodiimide. These two molecules served as coupling agents for
the formation of amide.

COOH

COOH

CVDG device Vs

Figurel7: a) The different steps of the chemical functionalization of graphene that leads to the
attachment of glucose oxidase to graphene, b) Optical image of the device after functionalization

After functionalization, the device is ready to be use as a glucose sensor, as shown in figure 18.

glucose

Glucose oxidase

Other molecule
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Figure 18: a) Schematics of a graphene glucose sensor, b) Optical image of a device after functionalization

We then proceed to some preliminary glucose sensing experiments. For this purpose, using the
same measurement set up as for characterizing the SGFET arrays, the sensor was immersed in a
10 mM phosphate buffer. Then glucose was added to a concentration of 10 mM. The voltage
between drain-source is 100 mV. The results of the experiment are shown in figure 19.
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Figure 19: Transfer characteristics of a 30x40 ,um2 glucose sensor device at a constant drain-source voltage of V=100
mV in a 10 mM phosphate buffer with and without glucose in 10mM concentration

We can observe a shift of the entire transfer characteristics of the graphene device, especially at
the Dirac point, to lower positive voltage with the addition of glucose due to the binding of
glucose with glucose oxidase. This clearly emphasizes that the functionalization of graphene
with glucose oxidase enables the glucose sensing. This glucose sensing is due to the enzymatic
activity of glucose oxidase since bare graphene cannot perform the sensing. Such a negative shift
of the transfer characteristics is in agreement with the effect of a direct transfer of electrons
generated from the oxidative glucose-glucose oxidase reaction to the graphene that would indeed
induce a negative shift of the transfer characteristics. The pH decrease due to the decomposition
of gluconic acid can also participate to the negative shift observed. However, the negative shift is
significant and such a shift is very not likely due only to this small pH decrease as the
decomposition constant at pH 7 is low. Thus, the experiment strongly suggests that our
functionalization leads to the direct electron transfer from glucose to graphene. Another glucose
sensing experiment using graphene SGFET on SiO» was reported by Huang et al™,

57



They use a different functionalization of glucose oxidase as well as a different fabrication
technology with silver paint for contacting a very large area graphene (8 mm?” in size compared
to 800 um’ in our devices). Furthermore, they grow graphene on nickel (we grow on copper foil
on the contrary) and the film is quite heterogeneous with only 50 % of the film that is monolayer.
In their experiments, Huang et Al observed a very small shift of the transfer characteristics25. At
the Dirac point, their device exhibits nearly no shift and the binding of glucose seems to only
change the characteristics of the saturation regime of graphene without inducing a noticeable
shift of the entire transfer characteristics. They suggest that the shift could be due to the products
of the glucose-glucose-oxidase reaction but not a direct transfer of electrons to the graphene.
Possibly, the pH variation due to the decomposition of gluconic acid may be at stake in their
glucose sensing. The differences in functionalization, fabrication technology and quality of
graphene in our experiments compared to Huang et al explain the difference in glucose
sensitivity in the two experiments and underlines that our high glucose sensitivity is probably
due to a direct electron transfer to graphene during the glucose-glucose oxidase reaction.

Recently, Y.H Kwak et al reported glucose sensing on plastic substrate using CVD graphene 26.
In their experiment, they have a clear negative shift as in our experiment. They also see a very
similar shift when they introduce hydrogen peroxide in the solution and suggest that the negative
shift of graphene transfer characteristics may be due to the increase in hydrogen peroxide as a
product of the glucose-glucose oxidase. In their case, this is true because they use a platinum
electrode immersed in the solution to apply the top gate voltage and it was already reported that
platinum catalyzes the decomposition of H>O,, which produces two hydrogen ions[ref]. Thus, as
graphene is pH sensitive, the shift of the transfer characteristics they observe is very likely due to
the decrease in pH caused by the decomposition of H,O,. In our case, we use a Ag/AgCl wire
and so the decrease in pH due to decomposition of H>O, on platinum does not take place.
Therefore, our sensing mechanism is different from the mechanism used by Y.H Kwak et al. A
very interesting future direction of our work will be to use a platinum electrode to see if we can
increase significantly the glucose sensitivity of our devices.

In order to quantify the glucose sensitivity of our devices, we performed a glucose sensing

experiment by progressively adding some glucose to the solution from a concentration of 0.1
mM to 10mM and recording the transfer characteristics every time, as shown in figure 20.
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Figure 20: a) The different transfer characteristics of a 30x40 um’ glucose graphene sensor with change in glucose
concentration berween 0.1mM and 10 mM; b) Top gate voltage at the Dirac point as a function of the logarithm of the
glucose concentration, the red line being a linear fir.

As shown in figure 20, the Dirac point shifts towards lower positive voltage when the glucose
concentration increases, as a direct electron transfer from glucose to graphene suggests. A linear
relationship between the logarithm of the glucose concentration and the shift in the Dirac point is
observed. From this relationship, we can extract the sensitivity of the device for glucose at the
Dirac point, which is 15 mV/pG, where pG is a unit in the logarithm of the glucose concentration.
The same sensitivity was reliably found in many different devices as shown in figure 21 below.
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Figure 21: Glucose sensitivity at the Dirac point of several graphene sensors functionalized with glucose oxidase

In addition, more experiments are needed to determine the ultimate glucose concentration
detection limit possible with our graphene sensors. In our preliminary experiments, we got a
detection limit of 0.1 mM, which is similar to the one in commonly used electrochemical
sensors2’, and higher than the detection limit for SWNTSs network25. It is however still lower
than the one in some state-of-the-art electrochemical sensors integrated with functional
nanomaterials28.

In summary, we have demonstrated a graphene glucose sensor in CVD graphene using glucose
oxidase with a sensitivity of 15 mV/pG at the Dirac point. The shift in the transfer characteristics
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with glucose concentration strongly suggests that a direct electron transfer from glucose to
graphene via the oxidative reaction with glucose oxidase is taking place. The lowest detection
limit was 0.1 mM in these experiments but further experiments with more optimized devices are
expected to lower the detection limit even further.

4- E. Coli detection

Food monitoring is becoming a growing concern in developed as well as developing countries
around the world in the aftermath of various recent threats like the spreading of deadly
Escherichia Coli (E.Coli) bacteria around Europe in 201129, Biosensors are used for the detection
of food pathogens as well as the water supply and it represents a growing sector for biosensors.
In collaboration with Dr Dawn Nida from U.S. Army Natick RDEC, we explore the use of
graphene for E.Coli O-157:H7 detection. Escherichia coli O157:H7 is a type of fecal coliform
bacteria which is a major hazard in the water supply, causing outbreaks of disease. This strain
has some unique characteristics that differentiates it from other strains of E.Coli. First, it is one
of the few strains that can cause renal damage, causing death. Secondly, it is persistent in the
environment, and, third, it is infective in ever very small doses.

Conventional methods of E. coli O157:H7 detection like the Autoanalysis Colilert (AC) test 30
usually take 1-2 days and require hands-on preparation. There is a need to develop a rapid,
inexpensive approach to detecting this organism. Biosensor technology offers many advantages
for organism detection and quantification including specificity, sensitivity, portability, real time
analysis, and simplicity of operation. Different methods of detection with their detection time
and limit are summarized in the table below [ref Deisingh].

Method Approx. detection time Detection limit
Plating /culturing 1 day to I week Low CFUs
Biochemical tests 1 day o several days Low CFUs
ELISA 12 h 1o 2 days 10100 CFU ml™
Fluorescent bacteriophage assay 10 h 10-100 CFU ml™
Chemiluminescence enzyme immunoassay 68 h 10°-10* cells ml™!
Capillary immunoassay 7h 05 1 CFU ml™
Time-resolved fluorescence immunoassay 6 h 10-100 CFU ml™!
PCR 224 h depending 102-105 CFU ml™'
on enrichment
Muldplex PCR 24 h 1-2 CFU ml™
RT- PCR 612 h 107 CFU m!™
Laser-induced fluorescence Few hours Single organism
Fibre optic biosensor ca 30 min 52 x 10* CFU ¢!
SPR biosensor 1h 5% 107 CFU ml™
Microarrays <l h 55 CFU mi™'
Molecular beacon 16 h depending 1 10° CFU mI™!
on enrichment
Integrated systems (lab-on-a-chip) 16-45 min 107 10* organisms ml™'

Table 22: Summary of methods used to detect E.Coli O-157:H7
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A graphene-based detector of E.Coli could be very interesting if its detection time or limit
outperform the other sensors. As in the case of glucose sensing, bare graphene cannot be directly
used for E.Coli detection and it needs to be functionalized. The functionalization will enable the
attachment of the antibody receptor of E.Coli to graphene. Thus, during the detection process,
the E.Coli will bind to the antibody. There are two possible mechanisms by which graphene can
detect and be sensitive to E.Coli: 1. the E.Coli is a negatively charged bacteria and so by binding
to the antibody it will get close enough to the graphene to dope it, and 2.- there is an electron
transfer from E.Coli to graphene when the E.Coli binds to the antibody.

For the functionalization of graphene, two approaches were followed: direct surface
tfunctionalization of graphene and functionalization of Al,O3-coated graphene.

e Al,Os-coated graphene functionalization

Aluminum oxide was deposited on graphene by oxidizing a 2.5 nm aluminum layer deposited by
electron-beam evaporation. The first advantage of functionalizing Al,Os- coated graphene is that
the graphene remains protected during the entire functionalization process. The second
advantage is that the surface functionalization is much more uniform. However this Al,Os layer
prevents the direct contact of the analyte with the graphene. In order to functionalize the surface
of the sensor, the Al,Os top layer was reacted with a silane containing the moiety of interest (e.g.
3-glycidoxypropyl)trimethoxysilane. Then, the active epoxy groups on the silane couple,
depending on the pH, attach to the antibodies: hydroxyl groups at pH 11-12, amine nucleophiles
at pH 9, sulfhydryl (most highly reactive nucleophiles with epoxides) at pH 7.5-8.5. As shown
on figure 23, the fluorescence confirms that the antibodies have attached to the Al,O3 surface via
the epoxy groups.

a)

Figure 23: a).b) Confocal fluorescence microscopy image of Al,O; slides functionnalized with epoxysilane and a
fluorescently labeled anti-0157 antibody (to the 1057 receptor of Escheria Coli), c),d) Al,Oj; slides without epoxysilane

Functionalization of fabricated devices was also performed as shown on figure 24. A fluorescent
dye Alexa 633 was conjugated to Anti-E.Coli antibody in order to be able to map the efficiency
of the functionalization. Thus, the functionalization covered well the entire surface of the Al,Oz-
coated graphene.
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Metal contacts

Graphene surface

Figure 24: Confocal fluorescence microscopy image of AlLO; coated Graphene-on-SiQ, transistor
functionalized with epoxysilane and then Alexa 633 conjugated to Anti-e.coli antibody. Silicon reflection is
Jalse-colored blue, alexa 633-antibody is false-colored red.

The mobility of the graphene layers was measured before and after surface functionalization. The
lack of degradation shows that functionalization is gentle enough to preserve the transport
properties of graphene.

Some live stained E.Coli (Syto 9) were then incubated in order to assess capture efficiency. A
Syto 9 dye was conjugated to the live E.Coli in order to map the capture efficiency of E.Coli. As
shown in figure 25, the functionalization managed to bind some E.Coli, shown as green pixels on
the fluorescent image. The more green colored edges of the graphene are due to the shape of the
SU8 walls that are slightly concave and retain more efficiently the E.Coli.

Figure 25: Confocal fluorescence microscopy image of of AL,O; coated Graphene-on-SiO; transistor
Jfunctionalized with epoxysilane and then Alexa 633 conjugated to Anti-e.coli antibody. Live stained
e.coli (Syto9) were then incubated with functionlized FETSs to establish capture efficiency. Silicon
reflection is false-colored blue, alexa 633-antibody is false-colored red and Syto9 stained e.coli cells are
false-colored green.
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¢ Bare graphene functionalization

For the direct graphene functionalization, there are two possible approaches: covalent or non-
covalent functionalization. The covalent approach has the advantage of maximizing the stability,
accessibility, and selectivity by controlling the location of the biomolecule and reduces the
leaching and dissociation of the biomolecule. To obtain a covalent functionalization, carboxyl
acid functional groups are exposed to the graphene surface, which is oxidized using nitric acid
reflux, ozonolysis and air oxidation. For the coupling to the antibody, the carboxylic acid couples
to the lysine of the antibody. An alternative approach for covalent functionallization is to convert
the carboxylic acid to an active ester and react the active ester with the amine of the antibody.

On the other hand, the advantages of the non-covalent functionalization are that it preserves the
carbon sp® character, it minimizes the number of steps involved in the functionalization and it
preserves well the bioactivity of conjugated antibodies/molecules. To perform a non-covalent
functionalization, a polymeric (PEG, PEI) or surfactant modification of the surface is done to
modify the hydrophobic interactions with proteins and provide some functional groups for
antibody tethering (PEI= amine groups).

To characterize the coverage of the surface functionalization, fluorescent confocal microscopy
was used, while atomic force microscopy was used to assess antibody positioning as the height
will fluctuate between the binding epitope outwards (15nm) versus laying flat (Snm).
Functionalization of fabricated devices was performed as shown on figure 26. A fluorescent dye
Alexa 633 was conjugated to Anti-E.Coli antibody in order to be able to map the efficiency of
the functionalization.

Figure 26: Confocal fluorescence microscopy image of bare Graphene-on-SiO, transistor functionalized with
epoxysilane and then Alexa 633 conjugated to Anti-e.coli antibody. Silicon reflection is false-colored blue, alexa
633-antibody is false-colored red.



After having completely functionalized the devices, we characterized their the performance for
pathogen sensing by introducing different concentrations of E.Coli bacteria and studying the
change in graphene characteristics.

Some live stained E.Coli (Syto 9) were then incubated in order to assess capture efficiency. A
Syto 9 dye was conjugated to the live E.Coli in order to map the capture efficiency of E.Coli. As
shown in figure 27, the functionalization managed to successfully bind E.Coli, shown as green
pixels on the fluorescent image. The functionalization on bare graphene seems more efficient
than the Al,Os-coated graphene one. However, more samples will be needed to confirm this.

Figure 27: Confocal fluorescence microscopy image of of bare Graphene-on-SiO, transistor functionalized with
epoxysilane and then Alexa 633 conjugated to Anti-e.coli antibody. Live stained e.coli (Syto9) were then
incubated with functionlized FETs to establish capture efficiency. Silicon reflection is false-colored blue, alexa
633-antibody is false-colored red and Syto9 stained e.coli cells are false-colored green.

We prove that both functionalizations on Al,O3-coated graphene and bare graphene manage to
capture E.Coli. The next step will consist in measuring the electrical characteristics of graphene
with the addition of E.Coli to see if we can achieve the electrical detection of E.Coli. A
schematic of the measurement set up we are going to use is shown on figure 28.

Other molecules not
specific to the
antibody

Silane to which the Carboxylic acid as a

antibody attached

functional group o
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GRAPHENE

Figure 27: Schematics of the pathogen graphene sensor devices a) with AlLO; coated graphene functionalized with
epoxysilane; b) with native graphene functionalized with carboxylic acid
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5-Noise characterization in monolayer graphene
Sensors

In addition to the transconductance, the low-frequency noise of a graphene transistor is a key
parameter for sensors because it will have a significant influence on its sensitivity31. Indeed, the
electronic noise gives the ultimate resolution of the electronic sensor signal output that can be
detected since any signal change due to sensing that is within the range of noise will be
indistinguishable from the noise perturbations. Noise can therefore limit the actual sensitivity of
the device. Furthermore, Si-based electronic devices for sensing applications suffer from
relatively high noise, which limits the device sensitivity 32. Therefore, it is crucial to find new
nanomaterials that could exhibit significant lower noise. Among these materials, graphene is an
ideal two-dimensional system that shows very high carrier mobility of both holes and electrons
even at room temperature and therefore should exhibit lower noise than silicon based sensors.
However, it should be noticed that the high transconductance and sensitivity of graphene
SGFETs also implies that any random perturbation in the environment could lead to device
current fluctuations and contribute to low-frequency noise.

In this section, we describe our work characterize the noise in monolayer graphene devices. The
graphene SGFETs were fabricated on silicon dioxide as described in chapter 2 using the SU 8
protective layer to cover the metal contacts. For the low-frequency noise measurements, the
SGFETs were immersed in a 10 mM phosphate buffer adjusted to an ionic strength of 50 mM
using NaCl with a Ag/AgCl reference electrode immersed in the liquid. Contrary to all other
measurement setups described earlier, the drain-source and gate voltages were applied by a
battery-powered setup. The entire set up was put in a Faraday cage in order to shield against
external noise. A battery-powered low-noise current pre-amplifier (Stanford Research Systems
model SR 570) was then used to amplify the drain-source current (x 10%). Signal frequencies
lower than 0.1 Hz and higher than 300 kHz were than filtered using another battery-powered
low-noise amplifier (EG&G Parc Model 113). The noise power spectral density was finally
measured with a spectrum analyzer (Stanford Research System SR 760) in a frequency range of
1 Hz to 100 kHz.
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Figure 28: Noise measurement set up. The upper picture shows the inside of the Faraday cage where the graphene

device is connected to an interface. The lower picture displays all the instruments used in order to make a noise
measurement

In figure 29, the current noise spectral density S, 4 is measured for different devices in
electrolyte-gated configuration (using the reference electrode). For all the devices, we have
found that the current noise spectral density is 1/f dependent, where f is the frequency. We have
also varied the gate voltage in noise measurements in order to compare the noise at different
biases. The noise performance is expected to vary depending on whether the gate voltage bias
puts the graphene device in the linear regime close to the saturation regime in the hole or in the
electron conduction range where the transconductance and current density are high, or if the gate
voltage bias puts the graphene device close to the Dirac point regime, where the
transconductance and current density are low.
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Figure 29: Spectral noise density measurements in 10mM phosphate buffer with ionic strength adjusted to
50mM with NaCl, for sweeping V, between OV and 0.8V with Vpg=100mV

This 1/f dependence is often characterized with the empirical Hooge law for electronic devices33.
According to the Hooge law, the noise is inversely proportional to the number of carriers (N)

Y 5 ¥ 5 i . 4
contributing to electronic transport and it can be written: S;, = SHog2 S;, linear dependence
g p d N f d d p

onlF stems from the fact that the 1/f noise in single layer graphene is due to resistance

Sk _S . : ,
=% == 3. Here, ay is the Hooge parameter that characterizes the noise

properties of electronic conductors like semiconductors and metals. However, since in device
. . . . ay .
measurements, the number of carriers N is often unknown, the noise amplitude A = TH is

therefore commonly used to evaluate the noise performance. The noise amplitude A of 4
graphene devices is shown in figure 30. The noise amplitude was measured for different gate
voltages in order to show its gate voltage dependence. The noise amplitude tends to be higher
close to the Dirac point for all devices and to be minimal far away from the Dirac point, which is
in agreement with the fact the noise amplitude A is inversely proportional with the number of
carriers N.

fluctuations, i.e.,

In addition, transistors T2 and T15 have better and similar noise amplitude performance around
10 ® Hz! than the transistors T23 and T7. The main reason is that T23 and T7 were damaged
during the SU 8 process even though an aluminum oxide protective layer was used. The current
density and transconductance was lower for these transistors than for T2 and T15. For transistors
T15 and T2, the values of noise amplitude are in good agreement with reports on low-frequency
noise in graphene devices.6 31,34.35
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Figure 30: Gate voltage dependence of the noise amplitude A = aTH where N is the total number of carriers

As in the Hooge model, we indeed find that the current noise density is proportional to the drain-
source current squared, which confirms that the 1/ f noise is generated by resistance fluctuations.
The global noise performance, frequency-independent is then the root-mean square (RMS) noise

v : ; Si :
which is the integration of I—f over all frequencies.
d
However, the relevant noise parameter for the device sensitivity is the gate voltage noise spectral

density S; = jf—, which gives the minimum resolution in the gate signal that can be detected by
m

. aly . : ;
the device = —£2 is the transconductance). Indeed, in the glucose or pH sensing case, the

gate signal represents the surface charge modulation induced by a local glucose or pH variation.
It is therefore the variation of the drain-source current caused by a gate signal modulation that
must be taken into account in calculating the relevant noise. Thus, the gate voltage spectral
- density noise was measured at different gate voltages in order to extract the noise at the gate. In
figure 31, the RMS of the gate voltage noise power density is calculated at different gate
voltages considering the typical bandwidth used in biosensors applications (1 Hz to 5 kHz).

68



1000 — ' r ' .

L L N

E - ]

- . -

- @ - e

s b 4

///

L . o _
o~ R\ Y -T2
31, 100 |- IR —o—T7 o

@ & f Y —a&— T15 ]
S : f1\] —ig—T23 ]
- j wl = :
) T e ;
- I’ A = *{,- -
g e [ 1
A‘A
10 1 i 1 1 1 " 1
-0.2 0.0 0.2 04
L e td e £ V)

S
Figure 31: Gate voltage noise spectral density S; = ;—z“ at different gate voltages for 4 monolayer graphene
m

devices with U, the top gate voltage and Up, the gate volte at the Dirac point

The maximum noise is for all devices at the Dirac point, which results from the minimum of the
transconductance at this gate potential. The device with the minimal RMS gate noise is T15 with
a noise of 20 V. This is a very good noise performance compared to conventional Si/SiO;
SGFETs that typically have one order of magnitude higher RMS gate noise of 200 uV36.
Furthermore, our devices have similar RMS noise value than the state of the art ultra-low noise
Si/Si0, devices® 32,

The graphene SGFETs, compared to graphene transistors with oxide dielectrics, avoid some
sources of noise such as the defects at the graphene-oxide interface since they are directly
exposed to an electrolyte, even though the interface with the electrolyte represents itself an
additional source of noise. We believe that is the reason why the noise performance of our
devices differ from graphene devices using solid gates3!.

In conclusion, graphene SGFETs exhibit very high performance in terms of noise with an order
of magnitude lower noise than in conventional Si/SiO, SGFETs. There is however still a large
room for improvement. For example, the transconductance could be significantly increased by
decreasing the access region length (area of graphene covered by SU 8 that cannot be biased, see
chapter 2) and by increasing the carrier mobility especially by transferring graphene on a
substrate like hexagonal boron nitride3”. Therefore, the noise performance of graphene SGFETs
could be increased notably with the transconductance increase and could outperform the best
available technologies.
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Chapter 4-Bilayer graphene sensors

The fabrication of bilayer graphene sensors is interesting because these devices could exhibit
potentially lower noise than devices fabricated on a single layer of graphene.

Indeed, in electrolyte-gated configuration, there are two major sources of 1/f noise. First, a main
source of noise comes from the fluctuating presence of ions or dipoles at the graphene/electrolyte
interface due to the formation of the double layer and the effectiveness of the ionic screening in
the channel. The second source of noise is due to the presence of the underlying oxide, where
fluctuating trap charges in the oxide modulate the carrier mobility in the channel and the noise in
the graphene sheet depends on the effectiveness of the impurity charges screening.

In our work, we stacked two monolayers graphene in order to make bilayer graphene by CVD
and there is therefore no coupling between the two graphene layers that can be considered as
independent. Two possible screening effects taking place in this bilayer system could induce a
lower noise than in monolayer. One is the screening of the ions in solution by the top graphene
layer (facing the electrolyte) on the bottom layer (closer to the substrate) and the second effect is
the screening of the charged impurities in the substrate by the bottom graphene layer on the top
layer.

lons in . Potential screening of ions
electrolyte — —”. . = 0n bottom layer
Charged impurities = EEEoe=e— Potential screening of charged

in substrate . . impurities on top layer

Figure 1: Schematic of the bilayer graphene system of two stacked monolayer with the possible
screening effects that could reduce the noise in bilayer

As shown in figure 1, since the bottom graphene layer (closer to the substrate) is separated from
the electrolyte by the top graphene layer (facing the electrolyte), the bottom graphene layer could
be less sensitive to the noise effect induced by the ions and dipoles in the electrolyte contact due
to a screening effect by the top graphene layer. Therefore, the graphene bottom layer could have
lower noise than monolayer graphene. Likewise, since the top graphene layer is separated from
the substrate by the bottom graphene layer, the top graphene layer could be less sensitive to the
noise effect induced by the substrate due to a screening effect by the bottom graphene layer.
Therefore, the graphene top layer could also have lower noise than monolayer graphene. Thus,
both graphene layers in our bilayer graphene devices could potentially exhibit lower noise than
single layer graphene devices and so could therefore the bilayer system as a whole.
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In addition, it is worth noticing Lin et al demonstrated that there is a strong suppression of the 1/f
electronic noise in bilayer transistors compared to single layer ones '. However, Lin et al use
bilayer graphene that was A-B stacked and this coupling between the two layers gives rise to a
unique field-dependent band structure that is expected to be responsible for the suppressed
electronic noise. However, in our bilayer system where there is no A-B stacking order, this
suppression effect of the electronic noise may not take place due to the fact that the band
structure of our bilayer is closer to monolayer than A-B stacked bilayer as the two grpahene
layers are considered to be uncoupled.

1- Fabrication process

In order to fabricate bilayer devices, we first grow graphene on two separate copper foils as
described in Chapter 2. Then, a PMMA layer is spin coated on one of the copper foil and after
etching away the copper, the graphene-PMMA film is rinsed in water as described in Chapter 2.
The graphene-PMMA film is then transferred onto the other copper foil where graphene was
already grown onto it. By this process, we can obtain a copper foil with two graphene layers
stacked one onto the other and covered by a PMMA layer. After etching away the copper,
cleaning the film with hydrochloric acid and rinsing the bilayer graphene-PMMA film in water,
the film was transferred onto a silicon dioxide wafer with already deposited metal contacts on it.
The device is then processed as described in chapter 2 with a SU 8 insulation layer that covers
the metal contacts.

Bt Transfer to
P Cu foil

CHy; >2H,+C coat

CHy->2H, + C

o®

Copper

4 Transferto etch

Si
substrate

Annealing to
remove
PMMA

Figure 1: Schematic of the transfer process for bilayer graphene on silicon dioxide
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An alternative fabrication process would have been to transfer onto a Si/SiO; substrate a first
graphene monolayer and remove the PMMA layer. Then, subsequently transfer a second
graphene monolayer on top of the first graphene film on the Si/SiO; substrate. However, the
method is less advantageous than the one we use because PMMA residue on the first grahene
layer would be sandwiched in between the two graphene layers and will not enable an intimate
contact and stacking of the two layers.

2- Bilayer graphene sensor characterization

As described by the fabrication process, we use bilayer graphene with an arbitrary orientation
between the two layers since we stacked two independent monolayers of graphene onto each
other. This bilayer sheet is really different from the conventional bilayer graphene that is usually
obtained by exfoliation % and where the two layers have an A-B stack orientation. The A-B
stacking induces a very different band structure for bilayer exfoliated graphene compared to
monolayer with a band gap opening that can be induced with an electrolyte gated configuration !
On the contrary, the two layers in our bilayer system are not coupled and they have the same
band structure as monolayer graphene. Thus, the electrical characteristics of our bilayer sensors
are expected to be quite similar to the ones in monolayer graphene with the hole and conduction
regime separated by a minimum conduction point.

Figure 2 shows the transfer characteristics of a bilayer device compared to a monolayer device,
for a 10 mM phosphate buffer solution pH 7.2.
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Figure 2: a)Transfer characteristics ozf a 30x40 um’ bilayer graphene-on-SiO, SGFET. b)
Transfer characteristics of a 20x40 um” monolayer graphene-on-SiO; SGFET for V;=50mV

As expected the transfer characteristics of the bilayer graphene-on-SiO, SGFET are similar to
the ones of monolayer graphene-on-SiO, SGFET with a hole and electron regimes separated by a
minimum conductivity point, i.e. the Dirac point 3. This was also observed in back gate
measurements elsewhere . The Dirac point in bilayer devices is slightly shifted to lower voltages
compared to monolayer devices. This shift underlines that the bilayer devices are slightly less p-
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doped. This shift can be due to two screening effects taking place. The first one is the screening
effect of charge 1mpur1t1es of the substrate by the bottom graphene layer on the top graphene
layer. As found elsewhere * this screening effect is indeed limited for the first two layers but
becomes significant after the third layer in multilayer graphene. Thus, this screening effect is
expected to be weak. The other screening effect is a screening of the ions in the solution by the
top graphene layer that is in contact with the electrolyte on the bottom graphene layer. Again this
screening effect is weak since the bilayer devices are only slightly less p-doped.

The conductivity in bilayer devices is about twice higher than in monolayer, which is expected
since we have two independent monolayers stacked together. Indeed, the minimum conductivity
point in bilayer devices is about 4 times higher in conductivity than the monolayer one. This was

. . aI .
also similarly observed elsewhere >. The maximum transconductance Im = 5—‘-;‘1- of the bilayer
gs

device is 220 uS in the hole conduction regime and 320 uS in the electron conduction regime.
When normalized by the transistor width, the maximum transconductance of the transistor is then
8 mS.mm™. In order to compare transconductance with the monolayer graphene device, the same
length of device is needed since with an increase in device length, the transconductance
decreases. As the monolayer transistor in Chapter 3 is 20 um in length compared to 30 um for
the bilayer transistor shown in figure 2, we measure the transfer characteristics of another bilayer
device w1th 20 pm in length. This maximum transconductance value of this device is 11.1
mS.mm™ and is a little more than twice higher than for monolayer devices (5 mS.mm1). This is
consistent with the fact that our bilayer system consists of two uncoupled monolayer graphene
and that therefore the transconductance is twice higher than in monolayer graphene.

The field effect carrier mobility of the transistor gz can be calculated using yugy = ﬁ d‘:’:s )
where Ciy, is the interfacial graphene/electrolyte capacitance and ¢ is the conductivity. Since both
layers are completely uncoupled and if we assume for simplicity that there is no screening effect
of the electrochemical double layer by the top graphene layer for the bottom graphene layer, we
can consider the two graphene layers to be capacitors in parallel. Therefore the carrier
concentration is the same in the two layers of graphene. The interfacial capacitance of the bilayer

system is then the combination in series of the double layer capacitance and two equal quantum

1 1 2 . . . .
capacitance of a monolayer graphene: o=t where Ciy is the interfacial capacitance,
int DL Q

Cpr the double layer capacitance and Cq the quantum capacitance of a monolayer graphene, as
shown in figure 3.
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capacitances of both graphene layers in series

Following an interfacial capacitance model for monolayer graphene but introducing two
quantum capac1tance of same value, we can extract a maximum ho]e moblhty for our bilayer
system of 1240 cm®.V'.s' and an electron mobility of 2010 cm?. Vs The carrier mobility
obtained for the bilayer system are in agreement with the usual mobility obtained for the
monolayer device, even though the electron mobility in bilayer device tend to be a bit higher
than for the monolayer dev1ce Indeed, the maximum hole mobility in monolayer is usually
around 1100-1200 cm”.V™.s™ and the electron mobility around 1600-1700 cm”.V'.s™. The fact
that the carrier mobility in the bilayer system is similar to what was obtained for a monolayer
system is quite expected since the two monolayers in the bilayer device are completely
uncoupled.

3- pH sensing

The dependence of the bilayer graphene-on-SiO, transistor transfer characteristics with the pH
was evaluated. For these measurements, the device was immersed in a 10 mM phosphate buffer
solution with an ionic strength adjusted to 100 mM with NaCl. Then, aliquots of 0.5 M HCl and
NaOH were added to change the pH of the solution.
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Figure 4. a)Transfer characteristics of a 30x40 um? bilayer device at a constant drain-source voltage of
Vas=50 mV, for different pH values. b) Voltage at Dirac point shift with the pH for a 30x40 um? bilayer
graphene SGFET

As in the case of monolayer devices, the Dirac point in the bilayer graphene transistor shifts
towards more positive voltages when the pH is increased. Therefore, the same pH mechanism is
at stake in bilayer and monolayer devices. The shift of the Dirac point is due to the increase in
negative charge close to the graphene when the pH increases. The physical adsorption of ions at
the surface of graphene with doping effect of the graphene sheet as described in Chapter 3 is in
agreement with this result. This pH-induced doping would dope monolayer and bilayer graphene
in a similar fashion.

0.12

0.10 |

0.08 -

point (v)

0.06 1

Vv, at Dirac

=]
0.04 4

0.02

pH

Figure 5: Voltage at Dirac point shift with the pH for the 30x40 um?bilayer graphene-on-
SiOz SGFET
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As shown on Figure 5, the Dirac point shifts linearly with the pH, with a sensitivity of 18 mV/pH.
This pH sensitivity is 18 % lower than the pH sensitivity of 22mV/pH found for monolayer
devices. The quite similar pH sensitivity in bilayer and in monolayer graphene emphasizes that
the same pH mechanism is taking place. However, bilayer devices seem to be a little less pH
sensitive. This lower sensitivity could be explained by the fact that the physical adsorption of
hydroxide ions when increasing pH does not have as much an influence on the bottom graphene
layer as on the top layer due to the screening effect of ions in solution by the top graphene on the
bottom graphene layer.

Additional experiments are needed to first confirm the slightly lower pH sensitivity of bilayer
devices by measuring the pH sensitivity on many different bilayer devices. Secondly,
experiments should be designed to understand in depth the mechanism for the lower pH
sensitivity of bilayer graphene.

In conclusion, bilayer graphene devices exhibit high pH sensitivity, though slightly lower than
monolayer devices, and therefore could be used for high performance pH monitoring
applications.

4- Noise in bilayer graphene devices

As mentioned in chapter 3, in addition to the transconductance, the low-frequency noise of a
graphene transistor is the other key parameter for sensors because it will have a significant
influence on the sensitivity '. One of the possible advantages of bilayer graphene devices
compared to monolayer devices is that they could exhibit lower 1/f noise. As mentioned earlier, a
lower noise in bilayer devices could be explained by two possible screening effects: a screening
of ions in the double layer by the top graphene layer on the bottom layer that would reduce the
noise influence by ionic fluctuations of the electrolyte on the bottom graphene layer; and, a
screening effect by the bottom graphene layer on the top layer that would reduce the noise
influence by charge impurities fluctuations of the substrate on the top graphene layer.

Here we measure the noise in 4 different bilayer devices as well as 4 monolayer devices for
comparison with size 20x40 um’.

First, noise measurements were performed in the dry state, which means that the devices were
not immersed in any electrolyte but exposed to the air. The back gate configuration was used and
the top gate voltage was applied through the silicon on the back of the sample. The top gate
voltage was set at OV. In figure 6, the current noise spectral density S;, is measured with a
spectrum analyzer for 4 different bilayer and 4 different monolayer devices in dry state. For all
devices, we found that the current noise spectral density is 1/f dependent, where f is the
frequency.
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Figure 6: Spectral noise density measurements in dry state and back gate, for Vgs =0V with
Vps=100mV, for a) 4 bilayer graphene devices, b) for 4 monolayer graphene devices.

As described in chapter 3, the 1/f dependence is often characterized with the empirical Hooge
law for electronic devices” . According to the Hooge law, the noise is inversely proportional to

: _ ; . . 1
the number of carriers (N) contributing to electronic transport and it can be written: S; = aTH}—rIé,
with ay the Hooge parameter that characterizes the noise properties of bilayer and monolayer

graphene. Using the Hooge model, we can deduce from the spectral noise density, the noise
amplitude A =%", commonly used to evaluate the noise performance. In figure 7, the noise

amplitude of the 4 different bilayer and 4 different monolayer devices is plotted as well as the
drain-source current I for Vgs=0V.
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Figure 7: a) noise amplitude deduced from the noise spectral density measurement, b) drain-source
current Iy for Vo, =0V with V;,=100mV for 4 different bilayer and 4 different monolayer devices.

As expected and shown in figure 7 b), we can see that the bilayer devices have more than two
times higher drain-source current than monolayer. We see also that there is some dispersion in
the drain-source current among bilayer and monolayer devices. The reason for the dispersion can
be attributed mainly to the SU 8 processing step that sometimes degrades the graphene quality
for some of the devices. However, clear trends can be drawn thanks to the use of 8 different
devices. Figure 7 a) shows that the noise amplitude also is on average an order of magnitude
lower in bilayer devices than in monolayer devices. This emphasizes that in the dry state, the
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noise performance of bilayer devices is significantly better than monolayer devices. Thus, bilayer
graphene made of stacked monolayer have lower 1/f noise in dry state. However, only the noise
performance of bilayer devices in electrolyte-gated configuration is of interest for chemical and
biosensing applications.

Therefore, the bilayer and monolayer graphene-on-SiO, SGFETs were immersed in a 10 mM
phosphate buffer adjusted to an ionic strength of 50 mM using NaCl with a Ag/AgCl reference
electrode immersed in the liquid. The noise measurement set up used was exactly the same as
described in chapter 3. The spectral noise density of all devices was measured in a frequency
range of 1 Hz to 100 kHz. We also vary the gate voltage in noise measurements Vg between -0.2
V and 0.4 V in order to compare noise with different biases. The devices exhibit the expected 1/f
dependence.

Using the Hooge model S;, =

28 -1-12, the noise amplitude A = ZZ is extracted from the
d p
N T N

measurement as shown in figure 8.
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Figure 8: Gate voltage dependence of the noise amplitude A =%”, where N is the total number of
carriers, a) for monolayer graphene devices, b) for bilayer graphene devices

On average, the bilayer devices exhibit more than 3 times lower noise amplitude than the best
low noise monolayer graphene devices. In addition, the bilayer devices exhibit more
reproducible noise amplitude than monolayer devices with values around 3.10™"° Hz™'. However,
regarding device sensitivity, the relevant noise parameter to evaluate chemical sensors is the gate
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voltage noise spectral density S; = ;—2“, which gives the minimum resolution in the gate signal
m

that can be detected by the device. In figure 9, the RMS of the gate voltage noise power density

is calculated at different gate voltages considering the typical bandwidth used in biosensors
applications (1 Hz to 5 kHz).
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Figure 9: Gate voltage noise spectral density S; = g—lz‘i at different gate voltages for 4 monolayer
m

graphene devices with Ugs the top gate voltage and Up, the gate volte at the Dirac point

On average, the RMS of the gate voltage noise power density of bilayer devices is four times
lower than the monolayer devices. The bilayer devices exhibit more reproducible values of RMS
of the gate voltage noise power density than monolayer devices. Three bilayer devices exhibit
values around 15 UV whereas the best monolayer device has a 20 WV noise. Thus, bilayer

devices have reproducibly better noise performance but their noise is not significantly lower than
the best monolayer devices.

Therefore, the two screening effects mentioned earlier did not have a significant impact on noise
performance but only a weak effect that induces a slightly lower noise in bilayer devices than
monolayer devices. More experiments would be needed to get more reproducible noise

performance in monolayer devices as well as optimizing the bilayer fabrication process to lower
further its electronic noise.
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In conclusion, bilayer graphene is a promising candidate for chemical and biological sensing
applications because it exhibits high pH sensitivity close to the one found in monolayer graphene
and also bilayer graphene has reliably very high noise performance, better than monolayer.
Optimization of the design of bilayer devices could potentially improve the noise performance
further. It would be also very interesting in the future to characterize and compare the noise
performance of bilayer graphene with A-B stacking since it has a very different band structure
that in dry state leads to a strong suppression of 1/f electronic noise . Another interesting
direction of the work would be to increase the number of graphene layers stacked on each other
in order to see if it decreases the noise of the device further as the screening effects between
layers mentioned earlier become more significant.
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Chapter 5: The policy implications of
moving from research to
commercialization in the biosensor
market

In previous chapters, we showed that graphene exhibits high performance and great potential for
many applications in chemical and biological sensing applications. Research for the integration
of graphene and other carbon-based materials (e.g. carbon nanotubes) into a biological sensor
(biosensor) is part of a general effort worldwide focused on the discovery on radically new
biosensors through the convergence of nanotechnology, biotechnology and bioelectronics.
However, there is a high risk that the benefits of graphene sensors or other radically innovative
sensors will not be soon available to society due to issues related to regulation. In this Chapter
we study the policy implications of the commercialization of biosensors.

1- Policy controversies around the commercialization of
biosensors

The biological and medical sensors (commonly called biosensors) market encompasses all
sensors that either rely on biological materials or processes to produce a signal, like a glucose
sensor, or any sensor that measures a biological process, like a blood pressure sensor. Nowadays,
the biosensor market is going through a technological revolution with the convergence of
nanotechnology, biotechnology and bioelectronics and it will bring many new devices that could
revolutionize medicine. For example, early detection of cancer could be achieved with
biosensors designed to detect early cancer biomarkers and determine drug effectiveness at
various target sites. This could lead to a lot more efficient way to treat cancer, since the earlier
cancer can be detected, the better the chance of a cure'. Although biosensors are used in a wide
variety of fields such as environment monitoring or biodefense, its main applications are in the
medical field especially for point of care testing (medical testing at or near the site of patient
care). However, commercialization of the revolutionary innovations of biosensors faces serious
hurdles due to the stringent regulation for market approval. This regulatory challenge is of
crucial importance because it may seriously hamper the innovations in the field to reach the
market. Therefore, crucial policy issues have been raised mainly around risk shielding and
evaluating the FDA regulation: can we shorten and optimize the market approval without
compromising the high safety standards of America’s health? But also regulatory harmonization
is a major concern especially for the industry: should FDA align its regulation to the European
one that seems more attractive to the biosensor industry in order to stay competitive? Finally, on-
going discussions exist about improving FDA regulation through an adaptive regulation with
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earlier approval and limited-launch, living-licensing process as well as about the need for
standardization of the use of biosensors in industry and government institutions.

After reviewing the biosensor field with its on-going technological revolution, the FDA
regulation for medical devices will be explained. Then, the negative impacts of regulation on the
industry will be described. Risk shielding, regulatory harmonization and evaluating the FDA
regulation in the biosensor market will be discussed. Finally, policy recommendations will be
proposed aiming at making the regulation more efficient and supportive of innovation while
maintaining the high standards for safety in the US.

2- The biosensor technological revolution

e The biosensor market

The biosensor market is a 9 billion dollars market today with a very rapid growth around 12%
estimated to reach 16 billion dollars by 2017. It has 6 different market segments: the point of
care testing (46%), the home diagnosis (20%), environmental monitoring (13%), research
laboratories (11%), process industries monitoring (7%) and biodefense which is the market for
all technologies to protect and fight against a biological warfare that is a growing market since
the anthrax case in the US (3%) 2(Frost & Sullivan 2010). It is essentially concentrated on
medical applications with point of care testing and home diagnosis representing more than 65 %
of the market. The blood glucose sensor market is by far the most significant one in medical
devices with 70 % of the market.

¢ Technological revolution

Biosensors represent a large and expanding field thanks to the development of a wide variety of
technologies. For example, the detection principle of biosensors technologies can rely on
electrical or optical detection but also on piezoelectric or thermal detection. Therefore, many
very different technologies with various technical advantages have been developed for many
applications with specific requirements. However, for the last two decades, the
commercialization and success of biosensors have been limited because they did not exhibit
superior enough technical performance 3, Indeed, they were competing with other technologies
already in use with similar prices and quite comparable technical performance. Biosensors did
not exhibit superior advantages especially in light of the 3 main technical requirements:
sensitivity, selectivity and fast response. Sensitivity of a sensor corresponds to its minimum
concentration level detection of an analyte whereas its selectivity corresponds to its capacity to
be specifically sensitive to the targeted analyte and insensitive to other molecules. The sensor
response corresponds to the time required for detection and transmission of the signal.

In the last decade, the parallel development of nanotechnology, biotechnology and bioelectronics
has led to current demonstration of technological breakthroughs for biosensors with new
materials and new principles, and it will lead to plenty of new research opportunities. Indeed,
tremendous breakthroughs have been demonstrated recently that reach the possible limits of
detection with sensitivity up to single molecule detection, as well as excellent selectivity and
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extremely fast response. For example, carbon nanotubes * > and graphene °, new carbon materials,
for biosensors have exhibited single molecule detection and extremely fast response. Although
these breakthroughs are still at the research state, their development into commercial
technologies will lead to an unprecedented boom of disruptive technological innovations for
biosensors in the next decade . Indeed, the use and integration of microelectronics fabrication
and micro fluidics technologies for biosensors has enabled the miniaturization required for
implantable sensors as well as the development of sensor arrays for multiple analyte detection on
a same chip. The miniaturized implantable sensor technology with wireless communication has
already impacted the point of care diagnosis. Its predicted mass implementation will change the
way of doing point of care diagnosis and treating chronic diseases. Their use in medical
applications could also considerably reduce the cost of diagnosis. Finally, a boom of new
applications for biosensors are being developed in genomic and proteomic research, which could
considerably expand the market >,

Thus, the convergence of nanotechnology, biotechnology and bioelectronics will lead to an
explosion of revolutionary technological innovations in the field of biosensors over the next
decade. It could very likely bring about a revolution in medical care in prevention and diagnosis
of diseases as well as treatment with tremendous benefits for America’s health ®.

However, although the technological biosensor revolution is arguably on its way, it is still
uncertain whether the benefits of its commercialization will reach the American citizens in the
near term. Indeed, commercialization of these new innovative chemical sensor and biosensor
technologies from the biosensor revolution that now meet the high technical requirements for
commercialization, has continued to lag behind research by several years 3. The difficulty for
innovations to reach the market needs to be corrected through better policies to support
innovation. For this purpose, we need to understand first the key drivers and restraints that exist
in the biosensor market.

3- Key drivers and restraints in the market

Since more than 65% of the biosensor market is dedicated to medical applications where most of
the innovations are being created, we will focus especially on this part of the market.

e Key drivers

There are key factors in the biosensor market that drive the huge investment in research for
innovations and push for its commercialization. First, the continuous development of
nanotechnology is a main key driver because it has facilitated nano-engineered biosensors. The
improvement in process techniques and enhancement in biosensor functionalities have resulted
in the expansion of applications and their extension to newer tests. An important driver is also
the large number of applications in which biosensors are used and the increasing number of new
applications. Indeed, their application ranges from medical diagnostics like small, cheap
biosensors for the sensing of all sorts of biomarkers or glucose for diabetics ? to security and
defense applications with the detection of dangerous virus like Ebola or of explosives 1 Tn all
these applications, the need for an efficient, compatible and user- friendly biosensor is
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imperative. The rise of genomic and proteomic research will drive the creation of new
applications for biosensors. Another important factor is the increasing awareness about
maintaining good health, which makes consumers to periodically check their blood chemistry.
With the increase in incidence of diseases such as diabetes, the need for using biosensors for
sensing or monitoring blood glucose levels regularly has significantly increased. Several assay
tests have moved to home diagnostic monitoring settings. The development of newer rapid assay
biosensors has facilitated such tests. With the increased importance of real time in-vivo sensing,
biosensors have great potential for growth in both the point-of-care and home diagnostic markets.
Finally, new investments in R&D are also a key market driver. Thus, the U.S. Congress in the
early part of 2009 had sanctioned $1.1 billion in funds for comparative effectiveness research as
part of its economic stimulus program . The main goal of comparative effectiveness research is
to bring down the costs of drugs, devices, and treatments and make them available to all.
Comparative effectiveness research looks at different treatment options for the same condition.
Such research provides physicians and patients with information on which they can base their
clinical decisions.

o Two significant restraints in the US

These drivers represent strong incentives for successful investment in the development of
biosensor technologies. However, two subsequent high barriers and restraints need to be
overcome for successful commercialization: high development costs>> and a long and uncertain
FDA market approval '" 12 This has led to a commercialization of innovation that lags behlnd
research by several years, resulting in a low technology transfer from laboratory to market *
especially due to a regulatory failure to support innovation. We are going to first describe the
negative impact of this regulatory failure on the biosensor market and then we w111 explain how
the regulation in the US is partially responsible for this situation.

¢ Negative trends in the US

The different barriers and restraints, especially regulation in the US, have negative impacts in the
biosensor market in the US that are alarming since a shrink of investments by venture capitalists
as well as an outflow of capital outside the US towards Europe and emerging countries are
starting to be observed.

Venture capitalist funding plays a crucial role in the biosensor market in order to bring to to
market disruptive revolutionary technologies with potentially tremendous benefits for America’s
health. However, the venture capitalist investments have dropped 37% since 2007 so that
commercialization of this kind of innovation is endangered. It is true that the financial crisis has
severely impacted the venture capitalist world that has dropped 27%, but the shrink in the
biosensor market by 37% i i$ more severe and does not show the recovery expected and observed
in other high tech markets . In addition, in 2010, total venture capital investing increased 19%
while investment in medical devices fell 9%. This shrink is therefore not conjectural but
structural. It has been related to the too long and uncertain FDA market approval process to
overcome for a successful commercialization of biosensor that makes the investment too risky to
insure a decent return on investment. Venture capitalism is considered one of greatest strength of
the American innovation system compared notably to Europe and its decrease in the biosensor
market highlights the regulatory failure and the urgency to solve it.
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Another negative consequence of the restraints in the US market is the fact that market approval
is traditionally sought in Europe before going to the US '*'*. Indeed, new entrants in the market
routinely start getting approval in Europe thanks to a more efficient, collaborative and shorter
market approval, especially in terms of clinical trials. In addition, marketing to emerging
countries also before the US is predicted to happen by 2020. As for example, Explora Med, a
medical device incubator has developed a strategy of going outside the US for first clinical
studies and out of 6 new products, only one reached the US market first, compared to 3 in
Europe ' Therefore, the benefits of medical devices go to European citizens about 3 to 4 years
before approval in the US and “medical tourism” from American citizens seeking to buy the
devices is getting more and more frequent. Even worse is the fact that more and more companies
are considering not entering the US market because it is too difficult to obtain approval,
depriving American citizens of technological benefits 15 A meaningful example is the case of Mr
Stirling, a venture capitalist that runs Synecor, a medical device company incubator in North
Carolina and investor in Spinal Kinetics, a company that does not plan to spend the money in
clinical trials in the US but in Europe o

Finally, as a logical consequence of seeking first approval in Europe, the concern comes from the
outsourcing of R&D and production to Europe. It is a growing reality as about 40% of
respondents to a survey by the Medical Device Manufacturing Association in October 2011
indicate that they were investing less in US medical devices and investing more in European
start-ups ' Tustrative examples are starting to become more common like the case of
Biosensors International, a medical device company, which shut down its operation in Southern
California because it took too long to get FDA approval for its new cardiac stent . Another
example is Spinal Kinetics, cited above, that is moving its manufacturing to Germany.

Thus, the negative economic trends observed in the biosensor market in the US make the
situation quite alarming and the sources of these trends need to be analyzed. As mentioned
earlier, two subsequent high barriers and restraints need to be overcome for successful
commercialization: high development costs and a long and uncertain FDA market approval. The
regulation in the US is the main cause for the negative trends in the market observed in the US
and the quite different regulation in Europe explain its attractiveness for investments.

4- Two high barriers: development costs and regulatory
approval

e High development costs

The first barrier that investors face when funding a new biosensor technology at the research
level is the process of development that represents a very high cost over a long time. The cost of
developing a biosensor ranges vastly and on an average can cost as high as $25 million to $30
million ®. If high costs of development are easily justified for example in the pharmaceutical
industry thanks to high return on investment expected with certain high volume products, on the
contrary, in the biosensor industry, the high cost of development is a difficult to justify due to the
uncertainty around the number of units sold > as well as the price competition by existing old
technologies that drive revenues and profits of biosensors down. In addition, even in the case of
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a high demand, the researchers are sometimes not successful at producing biosensors that meet
the high expectations of the market and its consumers. Indeed, the difficult technical problems to
overcome are the demonstration of selectivity, sterilization, reproducibility and reliability of the
sensor over long times at a competitive cost 3. This adds an additional risk to the investment
since failure to meet one of these technical standards will result in the discard of the sensor
technology. Finally, an additional technical requirement demanded by users of biosensors is to
increase the life spans of the analytes. Even if this may aid the growth of the market initially, the
long-term effects are likely to be negative. With replacement rates shortening, future revenue
growth may be in jeopardy 2,

Thus, the high development costs and the need to meet the challenging technical requirements
imposed by consumers > make the development of new biosensors a risky investment. However,
funding from government agencies for initial stages of high-risk technology R&D can be secured
to facilitate and incentivize the investment. These funding are however limited to the Department
of Defense small business innovation research (SBIR) program and to the Military, where they
have very unique and specific interests 2. More funding from institutions with more medical-
oriented interests like the NIH should be created.

However, as the research efforts become focused and an increasing number of biosensors that
meet the demand of the market are developed, the higher sales volumes are likely to support the
high R&D expenses.

Therefore, the high development costs for biosensors is a first barrier to investment but it is very
likely that it is surmountable with the increase in sales volumes in the future thanks to the strong
market drivers described above. However, if the investment for development of a new biosensor
turns out to be successful, the biosensor innovation still faces a daunting secondary barrier for
commercialization: the regulatory approval. As explained below, the FDA regulation is not
adapted to the biosensor market and it faces important challenges to support innovation by
approving reliably in a sensible time the innovative biosensors while ensuring the high safety
standards in the US. We believe these regulatory issues are the main cause of the deleterious
trends observed in the US market.

e The FDA market approval

Regulation for biosensors goes under the general regulation of medical devices established under
the Food, Drug and Cosmetic Act (FD&C Act) in 1976. Under the FD&C Act, FDA needs to
ensure the safety and effectiveness of medical devices. The regulation is based on a risk
classification with three levels:
e Class I: for devices without a potential unreasonable risk to health and are submitted to a
“general controls” test requirement
e Class 1I: for devices with a greater risk of harm than class I and are submitted to a “specific
controls” test requirement
e Class III: for devices that raise a potential unreasonable risk to health and are submitted to
a “premarket approval” (PMA) test. Genuinely novel devices are directly classified as
class III devices.

Biosensors, more than other medical devices, tend to be novel devices since they usually
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integrate innovations in nanotechnology. Therefore, biosensors tend to fall under class III due to
their novelty but an important aspect of the regulation is the reclassification possibility as class I
or II under what is defined as the 510(k) pathway. The 510(k) pathway is a significantly shorter
process to get market approval than the normal pathway that is the pre-market approval process.
In order to get access to the 510(k) pathway, it needs to be shown that the device exhibits
“substantial equivalence” to already approved devices. 90 % of devices are actually approved
through the 510(k) pathway. However, in the future, the convergence of nanotechnology,
biotechnology and electronics will provide many new biosensors that will fall more and more
under the pre market approval process.

The pre-market approval (PMA) is composed of 3 phases: phase I is the preclinical trial usually
on animals, phase II is the pilot trial with clinical trials on a representative portions of the
population and phase III is the pivotal trial with clinical trials on a greater number of patients.
The process takes between 5 and 10 years and costs between 50 and 150 $ millions. The 510(k)
process is significantly shorter and comprises at most the phase I of the PMA. Its costs is
between 10 and 50 $ millions. Finally, based on the results of the trials, FDA makes a risk-
benefit assessment to decide on approval 1

The 510(k) pathway and the PMA process as currently designed and implemented are not
adapted to support innovation by approving reliably in a sensible time the innovative
technologies while ensuring safety. Indeed, according to the survey by the Medical Device
Manufacturing Association mentioned above 16, the two third of life science investors are
reluctant to invest in the industry because of regulatory challenges. Therefore, the approval
process seriously hampers the commercialization of innovation and had very negative
consequences for the biosensor market in the US, which could soon lead to the loss of leadership
in the field for the US essentially in benefit of Europe.

e Issues with the FDA regulation

The main issue with the US regulation leading to the negative impacts that will be described later
is the too stringent, lengthy and unpredictable approval process in the US, both from 510(k)
pathway as well as the pre-market approval ‘" >, Since 2007, FDA has toughened and slowed
down its approval process in reaction to criticism that its former approvals for some products had
been lax, leading to a spate of recalls of some unsafe medical devices, like implanted
defibrillators and hip replacements. Indeed, from 2007 to 2010 the average time to approve a
medical device application increased 43 percent and the average time to obtain a pre-market
approval (PMA) application increased 75 percent 16

However, maintaining such a line in a weakened economy could be very detrimental to the
industry and profound changes are needed.

The approval process is firstly too lengthy with too long clinical trials and delays in moving to
the next step in the process. The all-or-nothing approach of FDA for market approval with the
trend of toughening and slowing down the process in order to presumably ensure more safety
and effectiveness has led to this length extension in the process. However, it is obviously crucial
to wonder if the very tough criteria of the US regulation are not an essential prerequisite to
ensure the high safety standards in the US? Comparing the results of the European and the US
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regulation resolves this primordial question. The same medical devices have been approved in
both Europe and the US as well as the same recalls of devices for additional proofs of safety
have been made as shown by two studies by PWC and AdvaMed ' '’. And yet, the European
approval process is twice shorter than the US one ',

Therefore, the results in terms of safety of both regulations have been the exact same, which
clearly emphasizes that the longer and tougher US regulation does not lead to better safety
standards. Therefore, it underlines that the additional safety requirements of US regulation may
be superfluous and unnecessary since they hamper innovation by lengthening the process of
approval and making it more costly without leading to better safety. The need to prove
effectiveness as well as safety under the Food, Drug and Cosmetic Act, compared to Europe
where only proof of safety is required, helps also to make the market approval process longer.

In addition, FDA’s lack of adequate resources and investment to keep up with rapidly evolving
technologies is also responsible in part for this lengthy process. The healthcare reform that will
give more responsibilities to FDA could aggravate this financial issue. The need for more staff as
well as investment in state-of-the art technologies is becoming critical. Therefore, it takes half
less time in Europe to get approval for the same technology. This lengthy approval process costs
a lot of money and loss-of-profits for companies in part due to the erosion of the market
exclusivity of their patent on the technology. And yet, a faster approval does not lead to a
degradation in safety since the same devices get approval in the US and in Europe and the same
number of recalls have occurred in both places, as mentioned by a study by
PricewaterhouseCoopers ewe)

Another issue with the approval process is the uncertainty around the approval decision. This is
essentially due to a lack of transparency in the decision making process. Indeed, another PWC
study shows that FDA changed its position on at least one review in more than 60% of approval
processes ', This lack of predictability and these changing decisions are in part linked with the
fact that politics has too much influence on the approval process, as 60 % of the respondents
agree on it. The lack of adequate review resources contributes significantly to the uncertainty
around FDA'’s decisions. Thus, 40 % of respondents to the survey think that FDA denied some
products because of inadequate review resources and only 22% of respondents disagreed with
this conclusion !'. Finally, the unpredictability is also due to the communication during the
development process between FDA and the industry that falls short on both sides. The FDA
usually fails to provide enough feedback during the process. The industry is not consistent in
scheduling presubmission and end-of-phase meetings with FDA, and FDA does not always
encourage these meetings. The industry usually lacks awareness of major FDA initiatives.
Therefore, the uncertainty surrounding FDA’s approval decision adds a layer of risk on
investments for commercialization of biosensors. Many companies already starting approval
process in Europe, will delay and in worst cases refuse to invest money to get US approval in a
logical risk-adverse decision faced with the uncertainty in the US approval process.

Finally, the premarket approval process is especially getting tougher and longer, which very
seriously hamper the commercialization and even the development of disruptive innovations in
medical devices and even more in biosensors. This concern is specifically relevant in the field of
biosensors where revolutionary innovations with the convergence of nanotechnology and
biotechnology usually will require taking the PMA process. The very long (between 5 and 10
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years) and tough approval is excessive for biosensors. The fact that the number of premarket
approval is considerably decreasing from 48 in 2000 to 19 in 2011, the lowest level since 1983,
emphasizes the more stringent position adopted by FDA 3. This is obviously a strong deterrent
for investors to even start investing in the development of the more novel and radical biosensors
technologies.

Thanks to the favorable environment for innovation with the excellence of the research done in
academic and private institutions, the US still keeps the leadership for innovation in the
biosensor market and medical devices market in general with some 32 of the 46 medical
technology companies with annual sales exceeding $1 billion based in the United States =
However, recent trends are alarming with investments and production moving to Europe because
the too tough and long FDA regulation, contrary to the European one, is a deterrent for
companies to spend the money and take the risk to get market approval in the US. Some policy
recommendations can be made to rectify this regulatory failure and invert the trends in a positive
way in order to maintain the US leadership in the biosensor market.

5- Policy recommendations

¢ Recommendations to lessen the burden of high development costs

The high development costs of biosensors due to the high technical requirements that they need
to meet are not likely to decrease. However, as an increasing number of demand-oriented
biosensors are developed and become more widespread as well as incorporated in operational
standards, the higher sales volumes will very likely support the high R&D expenses. Two policy
recommendations can be made here in order to ease the difficulty of investments in the
development process. A first one is to remove a new tax that could be detrimental to innovation
in the biosensor field. Indeed, the Patient Protection and Affordable Care Act imposes a new
excise tax of 2.3 percent on most of medical devices, biosensors included, effective in 2013. It
will be levied on the total revenues of a company, regardless of whether a company generates a
profit, starting in 2013. Thus, many companies will owe more in taxes than they generate from
their operations, especially smaller manufacturers that are responsible for the overwhelming
majority of innovation in the medical device industry '®. Consequently, the tax is estimated to
induce in the future a $2 billion dollars cut per year in R&D, ie $20 billion over 10 years, in the
entire medical device industry =

This reform is probably going to severely harm innovation in the biosensor market. Defenders of
the tax reform claim that the costs of this "innovation tax" will be offset due to an increased pool
of insured beneficiaries receiving treatment with the Patient Protection and Affordable Care Act.
However there is no data or studies that show that it is going to be the case. In fact, since the
majority of products impacted are used in acute care settings where there are legal obligations to
treat a patient, the effect of expanded coverage is not likely to increase utilization o Recognizing
the risk of investment in the high development costs of biosensors, the excised tax should be
repealed for the case of biosensor technologies in order to support innovation and avoid the flow
of investment to Europe and a more important shrink of venture capitalist funding.
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On the contrary, subsidies and tax credits should be granted to the most innovative biosensor
technologies in order to create some incentives for investments in the development of these
biosensors. Some of the funds for example of the Federal Coordinating Council for Comparative
research, founded and funded for $ 1.1 billion should be used to subsidize development process
of these technologies. The mechanism for subsidies should be copied on the Clean Energy and
Recovery Act that subsidy 1% of the innovative projects that were likely to have the most impact
on the economy. This Act enabled to bolster the clean energy sector with expected creation of
700 000 jobs in 2012 * and likewise a similar subsidy plan in the biosensor field should boost
the innovation in the sector.

The second recommendation is to impose or incentivize through regulation the standardization of
the use of biosensors in government institutions and industries in order to foster their widespread
use. Indeed, the development of new biosensors are gradually leading to standardization of
equipment, type of biomolecule, and test processes in the areas of drug discovery, biodefense,
environmental monitoring, and narcotic detection >*. However, despite significant innovations in
biosensors, there is still a low degree of technical change in industry and government institutions
2, The degree of technical change is measured in accordance with the introduction of newer
technologies in the market year round. An increase in the rate of technical change is important
for the introduction of newer products, leading to a quicker market penetration. Thus, the low
degree of technical change in the biosensor market limits the end-user base and therefore the
growth in revenues to justify the investment in the high development costs. This low degree of
technical change is essentially due to the fact that, in some cases, alternative analytical
techniques can roughly do the work of a biosensor. An integrated biosensor usually has
significant advantages over alternative diagnostic methods, but it may cost as much or even more.
Thus, many companies and institutions use non- biosensor technology where biosensors can be
used in a lot more successful way and open up new opportunities, especially because the
switching cost to biosensor can be a deterrent as people are used to old technologies and usually
don’t want to make the effort of changing the equipment 2

Therefore, the creation of regulation to impose the standardized use of biosensors would foster
their widespread use by replacing older technologies. For example, creating government
regulation to impose the standardized use of biosensors in the early detection of some diseases
like cancers in hospitals would both benefit the quality of prevention thanks to higher sensitivity
and rapid monitoring of biomarkers by biosensors. Doing early detection of cancer is still not
implemented in most hospitals, which implies that most cancers are detected when they are at
advanced stages. Implementing early detection of cancer could considerably reduce healthcare
costs and greatly increase the chances of cure for the patient !, The regulation here could
considerably speed up the standardized adoption of biosensors for early cancer detection.
Likewise, FDA could impose the use of biosensors for biomarkers monitoring in clinical trials
since they enable a rapid monitoring. . In addition, advertising and informing about the
advantages of biosensors as well as the new innovations in the field by federal agencies like FDA
or EPA would also help to promote the use of biosensors. For example, EPA has already
published much information about the advantages of biosensors for environmental monitoring
and FDA should pursue a similar informational policy. Likewise, FDA should inform and
promote every semester the new innovative biosensors on the market like for example, a new
developed biosensor which is a hand-held probe for real-time breast cancer diagnosis using RF
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spectroscopy developed by Dune medical devices that could significantly help the detection and
even surgery of breast cancer especially for older people 2

Thus, these policy recommendations would represent a strong signal for investors that higher
volume sales are to be expected thanks to the new policies and therefore it would further help to
support the high R&D expenses.

e Recommendations to improve the FDA regulation

The first and most important change is to optimize the market approval process through
regulatory harmonization with Europe, which has a two-times shorter market approval process.
Indeed, from 2007 to 2010, in the US, the average time to approve a medical device application
increased 43 percent and the average time to obtain a pre-market approval (PMA) application
increased 75 percent '°. Therefore, there is an urgent need to align with European standards that
are better adapted to support innovation by approving reliably in a sensible time the innovative
technologies while ensuring safety. As we describe earlier, the safety results of both the US and
the European regulation are the same with the approval of the same devices. However, the
European regulation is twice shorter and the entire market approval process is more understood
by the industry.

The longer US regulation entails significant additional costs for the industry that is more and
more reluctant to invest in the US market approval. Therefore, there is a crucial need to shorten
the US approval process and this should be made possible without any degradation in safety
since Europeans have done it. In this outlook, the first and most straightforward policy
recommendation to shorten the process is to remove the FD&C Act requirement of proving the
effectiveness of the device for the case of biosensors, and more generally of medical devices.
This would be an efficient policy to shorten the process and focus on the safety demonstration of
the device. This will speed up the market approval process and so will enable new biosensors to
start making revenues and reimbursing the investment at an early stage. Indeed, the absence of
effectiveness demonstration in the European regulation is one of the reasons that make the
European approval process twice shorter.

An specific example of this is the case of the GuardWire device by Medtronic. In the European
Union (EU), the GuardWire device was awarded CE marking by demonstrating safety and
performance (i.e., the ability to aspirate material during the stenting procedure) in a 22-patient,
single arm study. In the United States, this device was designated Class II. To demonstrate safety
and effectiveness (defined as the ability to reduce complications associated with stenting of
saphenous vein grafts) the FDA required an 800-patient, multicenter, randomized trial
comparing distal protection to usual care (no protection). As a result, the GuardWire was
available in the EU at least two years before U.S. physicians had access to the technology 2.

Is this policy recommendation compromising safety of American citizens? We believe the
answer is no. Indeed, effectiveness of the device is completely unrelated to safety and that is why
it should not be a requirement. An additional proof of this is that European safety is as good as
the American one, as mentioned earlier, even though there is no effectiveness requirement in the
European regulation and devices come earlier on the European market > **. However, we can
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still wonder if it is really needed or not to have effectiveness demonstration requirements for
biosensors, even though it does not affect safety of the technology. This policy controversy needs
to be resolved looking at the tradeoff of effectiveness versus bringing quickly the benefits of
technologies without costly delays. On the one hand, it would be better that all biosensors were
100 % proven effective but on the other hand, there are significant delays associated with
effectiveness demonstration. These delays have two negative consequences. First patients in the
US get innovative devices that can help 51§n1ﬁcantly improve their health two to three years in
average after their European counterparts <. Secondly, delays induce great costs for companies
that decide in some cases not to market in the US, depriving American citizens from their
innovations.

In light of this compromise, there are two reasons why the effectiveness demonstration should be
removed. First, biosensors are generally much more passive medical devices than drugs. In case
the biosensor is not effective, the patient’s health does not obviously get better but it does not get
worse either. Indeed, biosensors are not therapeutic in the sense that they are a detection tool or a
help for a better treatment but do not represent a treatment for cure. Therefore, if biosensors are
not effective, the patient does not benefit from this additional tool but his health is not affected.
That is why, drugs, on the contrary, absolutely need to be effective because if they are not, the
patient is receiving a useless treatment and suffering from the fact that instead of being cured, his
situation is usually worsening since the disease is aggravating. For example, in some cancers,

you can use biosensors to detect biomarkers close to a tumor and see if the treatment you are
using is effective 22 If the biosensor is defective, first the doctor does not have the additional
information about the efficacy of the treatment on the patient but the treatment to cure the patient
is typically not affected by this deficiency.

On the contrary, if the drug to treat the cancer is not effective, the patient health is getting worse
significantly as the cancer grows. The doctor could have prescribed another more effective
treatment and so here the ineffectiveness of the drug has harmed irreversibly the patient. Thus, a
drug needs to be absolutely effective because otherwise it is significantly harming the patient
whereas for a biosensor, its ineffectiveness means that the patient does not benefit from this
additional tool but his health is not affected. Therefore, the impact of biosensor ineffectiveness is
not significant. The second argument to justify the removal of effectiveness demonstration is that
it is pretty straightforward to figure out that a biosensor is ineffective and the market that already
requires very high technical standards will be quick to dismiss the technology Indeed, tests on
standard samples can quickly show that a biosensor is not effective. Therefore, post- market
surveillance of effectiveness will be quick and effective at removing inefficient biosensors if the
market has not already dismissed them.

For these two reasons and the deleterious consequences of delays induced by effectiveness
demonstration requirement, it is recommended that the effectiveness demonstration requirement
be removed, as it is the case in Europe.

Nevertheless, post-approval demonstration of effectiveness and market surveillance should be
required to the industry in order to maintain quality products on the market that are effective.

Another important reason that makes the market approval process of blosensors too. lengthy is
the zero risk and all-or-nothing attitude showed by FDA in the last decade !*. This approach has

96



led to major delays asking for always larger clinical trials than in Europe and the number of
PMA of medical devices has fallen from 48 in 2000 to 19 in 2011, lowest level since 1983. The
industry has intensely criticized the FDA approach and asked for a laxer approval decision and
an anticipated risk/benefit analysis to be considered. The policy controversy here focus around
the tradeoff between ensuring the highest safety before approval with trying to make risks tend to
zero and bringing quickly the benefits of technology to the market without costly delays. FDA
has decided to adopt the zero-risk approach without considerations of the 3 year delay compared
to Europe in order to bring benefits of new medical devices to American citizens as well as the
large costs these delays caused to industry with the outflow of capital outside the US that is
induced. FDA'’s approach to overlook the consequences of its delays would be probably justified
if it insured better safety results that really protect better America’s health.

However, as mentioned earlier, the safety results of the European and US regulation are the same
with the same devices approved and the same recalls. And yet, European decision for approval is
laxer than the US one and based on a risk/benefits analysis 13 Thus, the zero risk attitude does
not lead to an increment of higher safety. The reason for this is that the actual cause of a recall is
very often outside the scope of the approval process. The most frequent causes of recalls are
isolated lot-related subcomponent failures; manufacturing issues such as operator error,
processing error, or in-process contamination; latent hardware or software issues; and packaging
or labeling issues. In addition, company communications that describe incorrect and potentially
dangerous procedures used by some medical personnel are also considered a recall, even though
the device is not faulty %

Taking this in consideration, our policy recommendation is to implement a more adaptive and
laxer approval process taking into account risk/benefits analyses for the biosensor market since it
enables to bring benefits of innovation quicker to patients as well as remove the costs associated
with delays to the industry without any degradation of safety standards. The all-or-nothing
FDA'’s approach should be replaced with a limited-launch, living-license process as soon as a
reasonable risk/benefit analysis can be done from the studies. This process would be based on
gradual accumulation of data over time and conditional incremental approvals beginning with
evidence from smaller populations. This adaptive regulation is a lot more adapted to the
biosensor market because by doing a limited launch for people that would most benefits from the
technology, FDA can monitor and detect these potential additional safety issues that lead to
recalls and that are very unlikely to be possible to detect during the approval process even in the
current zero risk approach of FDA. Indeed, usually these additional safety issues when they
appear will be detected with the beginning of mass marketing during the limited launch %*,
Especially for the PMA process, getting a limited market approval before completion of phase
II in PMA should be given provided that phase II of the PMA process give very usually enough
insurance to do a reasonable risk/benefit analysis. Post market surveillance for safety should be
then required in this case in order to identify any new safety issues that might be identified.

In addition to making the process shorter, another important aspect of the regulation that needs to
be improved is the uncertainty surrounding the FDA decision-making process that makes the

investment in biosensors riskier.

This uncertainty comes in part from an inadequate level of FDA’s resources as emphasized by
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the PWC study"' showing 40 % of respondent think that FDA denied some approvals due to a
lack of resources. Increasing the Medical Device User fees would be a good policy
recommendation since most respondents to the PWC study consider these fees as not excessive
and would be ready to increase them if that could make the process review better .

The Medical Device User Fee Act (MDUFA) was first established by congress in 2002 and it
was allowed again until 2017 on October 1% 2012. The MDUFA allows FDA to collect fees from
industry and represents a-commitment between the U.S. medical device industry and the FDA to
increase the efficiency of regulatory processes in order to reduce the time it takes to bring safe
and effective medical devices to the U.S. market. The fees are collected when medical devices
companies register their establishment and list their devices with the agency, whenever they
submit an application or a notification to market a new medical device in the U.S. The fees give
FDA more financial means for their reviews and therefore speed up the process. Under MDUFA
111, the FDA is authorized to collect user fees that will total approximately $595 million (plus
adjustments for inflation) over five years. Most of the fees are limited to the pre-market approval
PMA process, which is logical since the process is longer and require more review means.
However, the contribution of fees towards the 510(k) pathway should be increased
proportionally because this pathway is the one taken by 90 % of devices.

Furthermore, MDUFA are essentially used for hiring more staff. As these fees are considered as
non excessive, a policy recommendation is to increase fees required from industry in order for
FDA to maintain the scientific and technological advances required for clinical trials of the more
and more complex technologies coming as in the case of biosensors. Indeed, industry would be
inclined to pay more fees if they could see clearly that it would improve the review process ''.
This increase in fees would then be easily balanced by the gains in reducing the costs of FDA
delays and the risk of investment perceived with FDA process. Having state-of-the art scientific
knowledge and technologies could significantly accelerate clinical trials and their review since
FDA will be able to understand and assess new technologies without having to delay clinical
trials as it is the case today in order to keep up with the advance presented by the technology.

In addition, even though these fees come directly from industry, there are not perceived as
creating any conflict of interest as respondents to the PWC survey suggest. The reason for it is
that when FDA collects the fees, the money goes to the general fund of Medical Device User
Fees that contributes generally to improve the FDA process. Therefore, the money is not tied
with any specific request for approval and a company could not try to exert pressure to accelerate
a particular approval process it is involved in. Increasing them will therefore not reduce FDA'’s
credibility. However the industry, in order to be willing to accept an increase in the fees, call for
even more transparency by FDA in the purpose and use of the fees in order to ensure that these
fees are efficiently used to improve the review process. Finally, in the case where FDA still does
not have the technical capabilities in house to perform efficiently the approval process, it could
rely on 3 party to conduct some parts of the process like clinical trials. This approach could
reduce significantly delays due to FDA'’s inability to conduct the process. This is commonly used
in Europe with the use of Notified Bodies that are independent third parties nominated and
monitored by Member State’ authorities. They carry out pre- and post-market conformity
assessment and certification of medical devices based on the requirements of the EU
Directives. This approach has been successful in Europe at compensating the limited resources in
some areas of the European Medical Agency without delaying the process and while maintaining
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the high safety standards of Europe d

In addition, the uncertainty around FDA procedures and its decision making process should be
reduced. Indeed, the PWC survey shows that FDA changed its position on at least one review in
more than 60% of approval processes. This uncertainty contributes to increase the risk associated
with investment in biosensors since the industry does not consider the approval process as being
reliable enough with clear expectations about all requirements in the process. A more predictable
process in its requirements and procedures could be obtained by a stronger collaboration between
the FDA and the medical device industry.

A better collaboration will be enhanced by an open and clear communication during all the steps
of the approval process between the FDA and the industry. The scheduling and encouragement
of more meetings between FDA and the biosensor company should be organized at all stages of
the market approval from pre submission to end-of-phase meetings. FDA should work to solidify
submission requirements and improve communications during the development process as well
as industry should ask for more guidance. The regulator should pay attention to encourage
industry participation in review meetings, especially later in the product approval process when
delays and failures are more costly. Finally, FDA should provide more guidance to industry
about the review process and also communicate more effectively its major initiatives. Indeed, for
example, half of the industry lacks awareness of the high-priority FDA programs like the Critical
Path plan or the Sentinel System plan '*. The industry also should make the effort to get updated
frequently with FDA new initiatives. A monthly publication of FDA’s guidelines for approval
process with possible current changes would definitely help industry keeping up with
requirements. The collaboration could be even pushed forward by having industry help FDA
develop guidance documents by participating in agency-sponsored work groups and reviewing
and commenting on drafts and proposals. Thus, these initiatives for an increased collaboration
and communication between FDA and the industry will definitely reduce the uncertainty
perceived by the industry in the decision making process and therefore make the investment for
market approval less risky.

Finally, the last policy recommendation made to improve even further the regulation for
biosensors is the creation of a Biosensor committee inside FDA. As mentioned earlier, the most
radical innovations in the biosensor field will come from the convergence of nanotechnology,
biotechnology and microelectronics. Therefore, FDA could find very difficult to review the
safety of a technology that gather technologies from all these three fields, which could lead to
considerable delays as FDA consult and gather expertise from these fields. The creation of a
Biosensor Committee could definitely avoid these delays. The committee will gather experts
from the nanotechnology, biotechnology and bioelectronics fields in order to assess the new
technologies. This will be an efficient way of doing a relatively fast approval while insuring very
high safety standards. Medical Devices User Fees coming from biosensor companies could
directly fund this committee. '

e Conclusion

In conclusion, despite the fact that the biosensor field is going through a technological revolution
that gives birth to radical innovations that could considerably improve America’s health, there is
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a risk that American citizens will not enjoy soon the benefits of them since these innovations
struggle too much to reach market. If the key market drivers are strong for the commercialization
of these innovations, their successful commercialization faces two subsequent high barriers: high
development costs and a too lengthy and uncertain FDA market approval. The FDA regulation is
not adapted to support innovation by approving reliably in a sensible time the innovative
technologies while ensuring the high safety standards in the US. On the contrary, the European
regulation with the same safety results as in the US but a two times shorter process is better
adapted. The consequences of the ill-adapted FDA regulation are very negative with a shrink of
venture capital funding and an outflow of capital from the US to Europe which enable European
people to get access to new technologies 3 years before American people. The situation has
become critical and led to a regulatory failure, which calls for urgent changes.

Therefore, policy recommendations can first be made to decrease the burden of development
costs by removing the new excise tax of 2.3% enacted by the Patient Protection and Affordable
Care Act as well as incentivize through regulation the standardized use of biosensors for higher
operational standards. Nevertheless, the main policy recommendations aim at harmonizing the
US regulation on the European one and make it even better to support innovation. First, FDA
approval should remove the effectiveness of device demonstration requirement as done in
Europe as well as adopting an adaptive regulation with a limited-launch, living-license process
instead of an all-or-nothing approach. This will reduce considerably the length of the process to
be in agreement with the European one without compromising the high safety standards required
in the US. In addition, in order to reduce uncertainty around the FDA decision making process
and the requirements for the approval process, the Medical Device User fees should be increased
so that FDA can hire more staff and keep updated with state-of-the art technologies. A stronger
collaboration between FDA and the industry should also be achieved with reciprocal feedback to
make the process more understandable. Finally, a Biosensor committee should be created in
order to assess new biosensor technologies that will be at the interface between nanotechnology,
biotechnology and bioelectronics. Following these policy recommendations should restore a well
suited regulation that supports innovation while ensuring the high safety American standards as
well as it will enable the US to keep the leadership in the biosensor market.
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Conclusion

In this thesis, we have investigated the potential of graphene sensors for chemical and biosensing
applications. Graphene is indeed considered as a promising candidate for biosensing because it is
all surface 2D material with very high carrier mobility. These properties should enable graphene
to combine the two crucial characteristics of a sensor’s performance: a very high sensitivity as
well as a low noise.

Here we have focused on the design of a graphene solution-gated FET technology because a
SGFET has numerous advantages compared to conventional electrode-based sensors such as
intrinsic signal amplification, simple electronic read-out and straightforward integration with
microelectronics. Using graphene grown by CVD on copper, we demonstrate and test a
fabrication process to integrate graphene with SGFET technology on silicon dioxide. We further
optimize the fabrication process to clean the graphene surface of any photoresist residues on top
of it. In addition, we demonstrate the integration of graphene on plastic substrates in order to
pave the way for flexible high performance but low cost sensors.

Then the graphene sensors on different substrates are characterized. Graphene-on-SiO; SGFETSs
exhibit a transconductance around 5 mS.mm"' and graphene-on-PEN SGFETs a
transconductance around 1 mS.mm™. This is an order of magnitude higher transconductance
than conventional planar silicon SGFET technology.

Subsequently, the use of graphene SGFET as pH sensor is demonstrated on SiO, as well as PEN
substrate. The pH sensitivity is quite high around 20 mV/pH. In addition, we demonstrate that
the pH sensitivity is not significantly influenced by the nature of the substrate or the amount of
residues on top of the graphene surface, which simplifies the design and fabrication process of
graphene pH sensors. Experiments shows that no chemical bonding between the ions in solution
and the graphene surface is involved in the pH sensing mechanism that is likely due to the
adsorption of hydroxide ions that dopes the graphene surface by surface transfer doping.

Graphene SGFETSs are also used to make glucose sensors arrays. We develop a functionalization
of graphene that enables to attach glucose oxidase to the graphene surface. The binding of
glucose to glucose oxidase likely leads to a transfer of electrons from glucose directly to the
graphene surface that dopes the later. This doping induces a shift of the entire transfer
characteristics of a graphene SGFET, which enables to sense glucose. The sensitivity is found
reliably to be 15 mV/pG and the lower detection limit is 0.1 mM. However an optimization of
the functionalization and fabrication process should lead to a lower the detection limit.

We also characterize the noise of graphene SGFETs. Graphene devices exhibit a 1/f noise that
follows the Hooge model. After calculating the noise amplitude, we characterize the noise
density of the device at the gate. The best performance of monolayer device is found to be 20 uV,
which is very good in comparison of the noise of planar silicon SGFET that is an order of
magnitude higher.

Therefore, graphene SGFETSs are very high-quality sensors with high sensitivity and low noise
and their commercialization is promising.
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Then, we investigated the potential of bilayer graphene for sensing applications. Indeed, bilayer
graphene could potentially exhibit better noise performance than monolayer graphene and
therefore be a better candidate for sensors. For this purpose, we design a transfer method that
enables to stack two monolayer graphene layer grown by CVD onto a silicon dioxide substrate in
order to form bilayer graphene. The bilayer devices are then characterized and exhibit similar
transfer characteristics as monolayer devices. However, bilayer devices exhibit twice higher
transconductance as expected since the two layers of graphene are uncoupled in our bilayer. We
demonstrate pH sensing with bilayer devices with pH sensitivity of 18 mV/pH at the Dirac point,
which is slightly lower than monolayer devices. The noise performance of bilayer devices is then
measured and compared to monolayer devices. The noise performance of bilayer sensors is
reliably better than in monolayer device, which makes bilayer graphene also a very promising
candidate for sensing applications. '

Finally, although graphene exhibits high performance and great potential for many applications
in chemical and biological sensing applications, there is a high risk that the benefits of graphene
sensors or other radically innovative sensors will not be soon available to American citizens
essentially because of an ill-adapted regulation by FDA of biosensors. The FDA regulation is not
adapted to support innovation by approving reliably in a sensible time the innovative
technologies while ensuring the high safety standards in the US. The consequences of this
regulatory failure are very negative with a shrink of venture capital funding and an outflow of
capital from the US to Europe. Policy recommendations are made to restore the US leadership in
the biosensor market, especially the implementation of an adaptive FDA regulation with a
limited-launch, living-license process in which the effectiveness requirement is removed.

As a final thought, if graphene potential for biosensing applications is demonstrated at the
research level in this thesis, the commercialization of graphene sensors will require the
demonstration of secondary but very needed properties of graphene sensors like stability,
biocompatibility, reliability and selectivity.
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