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Abstract
Graphene’s unique properties, such as biocompatibility, high charge carrier mobil-

ity and surface sensitivity, make it a suitable material for biosensing devices. This
thesis aims to describe and demonstrate such sensors and the measurements performed
to detect fragments of DNA, specifically cytosine-based substances. The graphene is
employed in field-effect transistors as the conductive sensing channel. The doping of
graphene induced by adsorbed molecules on the channel causes changes in graphene’s
transport properties. These changes are reflected in electronic response measurements:
real-time measurements of graphene sheet resistance responding to the addition of
different solutions and dependency of the resistance to the continual change of gate
voltage. The latter can be performed either in the back-gated or electrolytic top-gated
configuration of the FET sensor. The difference between the two configurations was ob-
served, as well as the effect of the distance between graphene and top-gate electrode on
the sensor response. The results of these measurements are transfer curves exhibiting
typical peaks indicating the charge neutrality point (Dirac point) of graphene. Differ-
ent concentrations of the analyte solution results in different shift of the Dirac point
voltage, quantifying the doping level.

Abstrakt
Jedinečné vlastnosti grafenu, jako je biokompatibilita, vysoká mobilita nosičů náboje

a povrchová citlivost, z něj činí vhodný materiál pro biosenzory. Cílem této práce je
popsat a představit takové senzory a měření provedená za účelem detekce fragmentů
DNA, konkrétně látek na bázi cytosinu. Grafen je v polem řízených tranzistorech za-
pojen jako vodivý snímající kanál. Dopování grafenu vyvolané adsorpcí molekul na
vodivém kanálu způsobuje změny transportních vlastností grafenu. Tyto změny se
odrážejí v měření elektronických odezev: měření odporu grafenové vrstvy reagujícího
v reálném čase na přidávání různých roztoků a závislost odporu na průběžné změně
napětí hradla. Druhou metodu měření lze provádět buď v konfiguraci FET senzoru se
spodním nebo elektrolytickým horním hradlem. Byl sledován rozdíl mezi oběma konfig-
uracemi a také vliv vzdálenosti mezi grafenem a horní hradlovou elektrodou na odezvu
senzoru. Výsledkem těchto měření jsou transferové křivky vykazující typické píky oz-
načující bod neutrality (Diracův bod) grafenu. Různé koncentrace roztoku analytu
vedou k různým posunům napětí v Diracově bodě, což kvantifikuje úroveň dopování.
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Introduction

Graphene is a two-dimensional carbon semiconductor without a band gap. Although
this material was already theoretically described in 1947 by Philip Russell Wallace [1] as
one of the atomically thin layers that, when stacked, create graphite. It was only after
a few decades when graphene was first isolated from graphite in 2004 by a mere scotch
tape by Novoselov et al. [2]. Until then free-standing graphene layer had not been
thought to be thermodynamically stable enough to exist. However, despite being only
one atom thick and unprotected from the environment, graphene remains stable under
ambient conditions. Therefore, the discovery was a breakthrough moment for research
in the field of two-dimensional crystals, opening up new possibilities and promising
wide applications in electronics. Today, graphene is at the forefront of cutting-edge
science and technology due to its exceptional properties.

Because of its structure, graphene is remarkably flexible and at the same time
strong, adsorbs only a small fraction of visible light, has high thermal conductivity
and high mobility of charge carriers. All of these properties can be exploited, e.g. for
the production of transistors, energy storage devices, sensors, transparent conductive
layers, or photovoltaic cells.

On top of all that, graphene can be advantageously used in diagnostic medicine
as part of biosensors thanks to its biocompatibility, ability to be easily functionalized,
ambipolar character and extremely high sensitivity to adsorbed molecules caused by
its high surface to volume ratio. Specifically, field-effect transistor-based detection
of biomolecules is desirable and has drawn great attention as a label-free molecular
sensing platform since the transistors can be readily integrated with other electronic
components, such as data analyzers and signal transducers.

The field-effect transistors utilizing graphene as its sensing channel are able to
function as electronic sensors working on a principle of resistance changes caused by
adsorbed molecules acting as acceptors or donors. In this work, sensors in field-effect
transistor arrangement based on physisorption without the possibility of selectively
distinguishing only one specific substance are presented and used for the detection of
cytosine-based DNA fragments.
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1. Theory

1.1 Graphene and its properties

Graphene is a two-dimensional material formed by a single layer of carbon atoms
arranged in a hexagonal honeycomb-like lattice. Its structure is depicted in Fig. 1.1a.

The graphene primitive unit cell consists of two atoms, A and B. The bond length
between these atoms is 1.42Å. The Bravais lattice of graphene is a superposition of
two triangular sublattices described by primitive vectors 𝑎⃗1, 𝑎⃗2. The carbon atoms of
one sublattice are connected to three atoms from the other sublattice via equal length
bonds 𝛿⃗𝑖 (𝑖 = 1, 2, 3), which are rotated by 120 °.

Figure 1.1: a) Hexagonal lattice of graphene. b) The first Brillouin zone of the recip-
rocal lattice defined by vectors 𝑏⃗1 and 𝑏⃗2.

The ground state electron configuration of carbon is given by 1s2 2s2 2p2 (Fig. 1.2a),
making it an atom with four valence electrons. In the first excited state, one electron is
promoted from the 2s orbital to the 2p orbital. The carbon atoms in graphene are sp2-
hybridized (Fig. 1.2b). This means that valence-shell 2s orbital is combined with two
valence-shell 2p orbitals, 2p𝑥 and 2p𝑦, to form three equivalent hybrid orbitals. These
directional hybrid orbitals provide their electrons for the formation of strong covalent
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σ bonds between neighbouring carbon atoms, as shown in Fig 1.2c. The remaining
valence electron not involved in the binding of atoms occupies the unhybridized 2p𝑧

orbital perpendicular to the graphene plane.

Figure 1.2: The electron configuration of a carbon atom in a) ground state and b) sp2-
hybridized state. c) σ bonds in graphene as overlaps of the hybridized orbitals; p𝑧 or-
bitals creating π bonds. [3, 4]

The strong σ bonds formed by the carbon atoms are responsible for excellent me-
chanical properties of pristine graphene [5]. It is the strongest material ever measured,
100 times stronger than steel [6], with intrinsic tensile strength of 𝜎int = 130GPa and
extremely large Young modulus of 𝐸 = 1.0TPa [7]. At the same time, graphene can
be easily stretched and bent. However, the presence of defects like dislocations and
grain boundaries can significantly influence its plastic deformation and fracture.

Overlap of the protruding unhybridized p𝑧 orbitals results in delocalization of the
electrons from these orbitals along the plane of the graphene surface to form long-
range conjugated systems. This way, a valence (π) and conduction (π*) bands originate.
Since the 2p𝑧 orbital of each atom has only one electron, the valence band is completely
filled, and the conduction band is empty. That is, graphene has half-filled bands.
The electrons in these bands are responsible for the optical and electronic properties
of graphene.

The energy spectrum of graphene as a function of the momentum vector 𝑘⃗ = (𝑘𝑥, 𝑘𝑦)

is shown in Fig. 1.3. The momentum vector 𝑘⃗ belongs to the first Brillouin zone of
graphene reciprocal lattice shown in Fig. 1.1b. The points at the edge of the first
Brillouin zone K and K’ near the energy 𝐸 = 0 are high symmetry points referred
to as Dirac points. In pristine graphene, the Fermi level (𝐸F) intersects these points.
The spectrum near these points is given by linear dispersion

𝐸 = ±𝑣Fℏ𝑞, (1.1)

where the wavevector 𝑞⃗ is measured from the Brillouin zone vertex K, 𝑞 = |⃗𝑘− 𝐾⃗|, and
𝑣F ≈ 1.1 × 108 cm·s−1 is Fermi velocity of graphene [8]. The positive energy branch
indicates the conduction band, and the negative energy branch indicates the valence
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band. The conduction and valence band touch in Dirac points, therefore, graphene
is considered a zero bandgap semiconductor. This determines most of the optical,
electronic, and transport properties of graphene.

Figure 1.3: The electronic band structure of graphene (left) and detail of the linear
part close to Dirac point (right). Adapted from [9].

While in conventional semiconductors, the spectrum is parabolic, in graphene, it is
linear (equation 1.1), which accounts for some of the one-of-a-kind electronic proper-
ties. From this point of view, the charge carriers in graphene act as relativistic massless
particles with an effective speed equal to the Fermi velocity 𝑣F. Therefore, their trans-
port is governed by the relativistic Dirac equation instead of the Schrödinger equation
commonly used to describe quantum systems, where the quantum relativistic effects
are negligible.

If the graphene lattice contains only a small number of scattering centres such as
defects or adsorbed molecules, ballistic transport over longer distances occurs, even at
room temperature. Consequently, carriers in pure graphene can have long elastic mean
free paths up to several µm, resulting in large charge carrier mobilities. In a diffusive
transport regime, mobility is a parameter that quantifies transport quality. Intrinsic
mobility of suspended graphene can theoretically reach values up to 200 000 cm2V−1s−1.
On SiO2 substrates, scattering of electrons by optical phonons of the substrate limits
mobility to 40 000 cm2V−1s−1 [10].

Graphene conducts very efficiently along its plane, both heat and electricity. Its
thermal conductivity exceeds any other material with an exceptional value of 3 500–
5 000Wm−1K−1 [11] and so does its electrical conductivity, with a critical current den-
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sity of 1× 108 Acm−2 [12]. Graphene’s conductivity never falls below a minimum value
corresponding to the quantum conductance unit, even when the charge carrier density
is approaching zero [13].

Single-layer graphene adsorbs only approximately 2.3% of light of all visible wave-
lengths [14]. The high transparency is caused mainly by its thinnes. However, the
optical visibility can be affected by the underlying substrate [15]. A graphene layer
on SiO2 substrate can be seen by the naked eye due to light interference, allowing
observations with an ordinary optical microscope.

1.2 Graphene synthesis

1.2.1 Chemical vapour deposition

Chemical vapour deposition (CVD) is the most convenient and relatively inexpensive
method for large-scale production of high-quality graphene [16]. It is a technique in
which a metal substrate inserted into a reaction chamber is exposed to one or more
precursor gases that react or decompose on its surface to form graphene films.

The substrates usually used in CVD are transitional metals. The graphene growth is
conducted in two ways, depending on the substrate. The first type of growth is through
carbon diffusion and consequent segregation of whole graphene sheets in metals with
high carbon solubility (e.g., Ni, Fe). The other type, more preferred in application, is
growth initiated by surface adsorption in metals with low carbon solubility (e.g., Cu).
In this case, the carbon atoms nucleate and form graphene grains, gradually increasing
in size. The process ends when the grains merge and the substrate is fully covered by
one graphene layer [17].

As a carbon source serve so-called precursor gases, usually hydrocarbon molecules
like methane (CH4), which is also most popular, or acetylene (C2H2). The precur-
sors are introduced into the reaction chamber, leading to decomposition followed by
nucleation and graphene growth on a substrate surface.

Figure 1.4: Thermal chemical vapour deposition of graphene on copper substrate.
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Flown into the reaction chamber along with the precursors are the carrier gases
usually composed of hydrogen gas and inert gases such as argon. These gases enhance
surface reaction by removing the by-products of ongoing reactions out of the chamber.
In order to avoid unwanted results, the flow ratio of methane and hydrogen must be
carefully tuned. If not, formation of multilayers can occur.

There are several types of CVD that generally differ in operating conditions, sur-
rounding pressure and temperature, and in the means by which the reactions are initi-
ated. The most common approach is thermal CVD performed under sub-atmospheric
pressure. Lowering the pressure improves the thickness uniformity of the deposition,
and high temperatures increase the rate of reactions.

In case of thermal CVD, carbon sources decompose into carbon atoms and hydrogen
due to the heating of the substrate either directly or by radiation from an external
source (heated chamber walls). The temperatures used in research range approximately
from 500 °C to 1100 °C [18]. The formation mechanism of graphene growth by the
thermal CVD method can be seen in Fig 1.4.

Another type of frequently used CVD method is plasma enhanced CVD (PECVD),
where the decomposition of the precursor gases is caused by plasma. The advantage of
the PECVD process is that it can be performed under low temperature, low pressure,
and low carbon source concentration compared with the thermal CVD process [19].

1.2.2 Other methods

There are several other methods for graphene synthesis, varying in quality, quantity,
and costs of the product.

First, graphene can be exfoliated from graphite, a bulk material formed of stacked
atomic graphene layers held together by van der Waals interactions. Micromechanical
exfoliation, often referred to as the ”scotch-tape method”, is performed by repeated
pealing of highly oriented pyrolytic graphene until single-layer films are created. This
is possible, because the interactions between layers are much weaker than the adhesion
between scotch tape and the carbon atom plane. The mechanical exfoliation method
provides the highest quality graphene flakes up to 10µm in size [2] with least defects and
the best electrical properties, including the highest mobilities [20]. Therefore, graphene
obtained by this way is suitable for fundamental studies of graphene properties.

On the other hand, graphene synthesized by liquid-phase exfoliation has low electri-
cal quality. However, the method has the advantage of short, low-cost and large-scale
preparation. Liquid-phase exfoliation relies on overcoming the graphite sheet interlayer
van der Waals force by using a solvent with suitable intercalating agents, which are
molecules that place themselves between layers [21].

Epitaxial growth on SiC is also possible. In this case, graphene nucleates following
a controlled sublimation of the Si atoms after thermal decomposition of SiC. After the
Si desorption occurs, carbon left on the surface rearranges to form a hexagonal lattice.
The process is conducted in ultrahigh vacuum. The main disadvantage of this method
is high cost [22].
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1.3 Doping of graphene

Charge carriers, either electrons or holes, can be induced in graphene by the application
of an electric field or by chemical doping. Chemical doping involves the interactions
of graphene with other species. Further, three mechanisms of chemical doping can be
distinguished: surface transfer doping, also called adsorption-induced doping, electro-
chemical doping, and substitutional doping [23].

Electric field-effect doping and electronic surface transfer doping are essential for
sensing biomolecules by graphene-based devices. On the other hand, electrochemical
doping causes unwanted effects in these devices. These types of doping mechanisms
are described in the following sections alongside their consequences.

1.3.1 Electric field-effect doping

The electric field-induced electrostatic doping of graphene is usually performed by later
described graphene-based field effect transistors. Pristine graphene exhibits a strong
ambipolar electric field effect such that both types of charge carriers, electrons and
holes, can be induced by changing the electrical potential between graphene and an
isolated electrode on which a voltage is applied. By varying this voltage, the type of
carriers and their density in graphene can be tuned. The polarity of the in-graphene
induced carriers is opposite to the polarity of the applied voltage. A positive voltage
induces electrons while negative voltage induces holes. In other words, the electric field
doping transforms graphene into majority electron or hole semiconductor by shifting
its Fermi level above or below the Dirac point [24].

1.3.2 Surface transfer doping

By being a two-dimensional material with a high surface to volume ratio, graphene is
highly sensitive to surface adsorbates, even to unintentional doping by species adsorbed
from the surroundings or residual polymers used during the fabrication [25]. The
exposure of different atoms and molecules can modify graphene’s electronic properties
and result in both n- and p-type doping. Surface doping is non-destructive and does
not alter the band structure of graphene, and is mostly reversible, unlike substitutional
doping, when some carbon atoms in the lattice are substituted by other atoms with
a different number of valence electrons.

In the case of surface transfer doping, the doping is a consequence of direct charge
exchange between graphene and dopants adsorbed on the surface. The charge transfer
is determined by the relative position of density states (DOS) of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the
dopant and the Fermi level of graphene (Fig. 1.5). If the HOMO of a dopant is above
the Fermi level of graphene, the dopant acts as a donor and the electrons transfer to
graphene. On the other hand, if the LUMO is below the Fermi level, electrons transfer
from graphene to the adsorbed molecule takes place, so the dopant acts as an acceptor.
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Figure 1.5: The relative position of the highest occupied and lowest unoccupied molec-
ular orbitals of p-type and n-type doping adsorbate to the Fermi level of graphene.
Mechanism of surface transfer doping. Adapted from [23].

The Fermi level of graphene, located in the Dirac point in pristine graphene, is
shifted due to doping. P-type doping shifts the Fermi level of graphene below the
Dirac point, and n-type doping shifts it above. Generally speaking, molecules with
electron-withdrawing groups (e.g., water vapour) adsorbed on the graphene surface will
lead to p-type doping of graphene, and molecules with donating groups (e.g., ammonia,
aromatic molecules) will lead to n-type doping.

1.3.3 Electrochemical doping

The electrochemical doping of graphene occurs when certain surface adsorbates partici-
pate in electrochemical redox reactions in which graphene plays the role of an electrode.
Whether a reaction will result in p- or n-type doping of graphene depends on the rela-
tive position of the electrochemical redox potential 𝐸redox to the graphene Fermi level.
The 𝐸redox is the equivalent of the Fermi level of an electrolyte solution. It measures
the energy required to add or remove an electron in redox couples. While the 𝐸redox

level lies higher (lower) than 𝐸F, electrons (holes) induced by a reaction will flow to
graphene until equilibrium is reached.

It was observed that the exposure of graphene to a humid atmosphere causes p-type
doping, but doping of graphene in the presence of water can’t be understood within
the surface transfer doping model [23]. In contrast to electronic doping, which occurs
instantaneously, electrochemical doping is a time-dependent process which is affected by
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the rate of the reaction and diffusion rates of participating species [26]. Electrochemical
doping combined with charge trapping and diffusion inside the dielectric substrate is
thus the origin of the hysteresis effects often observed in graphene-based electronic
devices operating under atmospheric conditions [27].

1.4 Nucleic acid fragments

1.4.1 Structure of nucleic acids

Nucleic acids are the most important macromolecules for all living organisms. They
carry the genetic information of a living cell as well as the instructions for its functioning.
There are two naturally occurring types of nucleic acids, ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA). DNA is the material that encodes genetic information
and ensures its preservation, while RNA plays a role mainly in gene expression and is
involved in protein synthesis.

Nucleic acids are composed of monomer units called nucleotides forming long polynu-
cleotide chains. The unit length of one molecule can be as much as one billion nu-
cleotides [28]. A nucleotide consists of three components: a nitrogenous base, a five-
carbon (pentose) sugar, and a phosphate group (Fig. 1.6).

Figure 1.6: Nucleotide, a fundamental structural unit of DNA/RNA, and its compo-
nents.
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The pentose sugar in RNA is D-ribose, while in DNA, it’s 2’-deoxy-D-ribose. The
difference between the sugars is the presence or absence, respectively, of a hydroxyl (OH)
group at the second carbon of the sugar.

A nucleotide in DNA contains one of four possible bases: adenine (A), guanine (G),
cytosine (C), and thymine (T). RNA contains the same bases with exception of thymine
that is substituted by uracil (U). Bases can be divided into two categories, purines and
pyrimidines. Adenine and guanine are classified as purines, molecules made of two
carbon-nitrogen rings, and cytosine, thymine and uracil as pyrimidines, which have
monocyclic structure. Each of the basic rings has different functional groups attached
to it.

Each base in a nucleotide is joined to a sugar by a glycosidic bond to form a nucle-
oside. The nucleoside derives its name from constituent base and sugar. For example,
cytosine and D-ribose form cytidine (C), while cytosine and 2’-deoxy-D-ribose consti-
tute deoxycytidine (dC). The sugar molecule then forms a bond with one or more
phosphate groups.

Nucleotides are phosphate esters of nucleosides created by esterification of the hy-
droxyl group of the sugar by a phosphate residue. The formed molecules are named
derivatively from nucleosides. For example cytidine 5’-monophosphate (CMP) is a
molecule created out of cytidine esterification of the hydroxyl group of the 5’ sugar
carbon atom by a single phosphate group (PO4). In the DNA and RNA strands, the
phosphate residue is attached to the hydroxyl group of the 5’ carbon of one sugar and of
the 3’ carbon of the sugar of adjecent nucleoside, forming 5’-3’ phosphodiester linkage.

The base order created by the linkages between individual nucleotides is referred to
as a primary structure of DNA/RNA and distinguishes one nucleic acid molecule from
another. The sequence of the bases encodes genetic information. It is also the primary
structure of nucleotide polymers that dictates specific interactions of two nucleic acid
molecules in the formation of double-stranded helical structures.

1.4.2 Interaction of nucleobases with graphene

Understanding the DNA-graphene interactions is key to developing graphene-based
biosensors for DNA detection. The primary interactions include π-π stacking and
electronic interactions (e.g., induced dipoles, doping, chemical gating) [29].

The non-covalent π-π stacking of bases and graphene, shown in (Fig. 1.7a), can
be explained within the model of planar interaction of two aromatic rings with conju-
gated π-bands. Direct stacking of the rings is repulsive as it places two sets of carbon
atoms and negatively charged π-electron systems on top of each other. Therefore, the
molecules force themselves into an offset geometry until they reach an optimized config-
uration yielding the minimum total energy when the attractive electrostatic interaction
between the negatively charged π-electrons and the positive σ-framework outweighs the
π-electron repulsion. Unlike the covalent bonding, the stacking between graphene and
bases does not disrupt the conjugated network of graphene and thus, preserves its
electronic properties.

13



Density-functional theory (DFT) calculations [30] shown that in addition to π-π
stacking, DNA adsorption induces an interfacial dipole between the nucleobases and
graphene (Fig. 1.7b). The dipole is the result of the close association of electron-rich
aromatic rings of the bases and the polarizable graphene surface.

Figure 1.7: a) The equilibrium geometry of cytosine on top of graphene [31]. b) Cal-
culated charge density difference for adsorbed guanine on graphene [30].

1.5 Graphene field-effect transistor

The field-effect transistor (FET) is a device usually used as an amplifier or logical switch.
It consists of a conductive channel and three electrodes - source (S), drain (D) and
gate (G). A schematic illustration of a general FET is shown in Fig. 1.8. The constant
voltage 𝑉DS applied between the source and the drain results in an electric current 𝐼DS

Figure 1.8: Diagram of a general field-effect transistor (with n-type semiconductor
channel where the majority charge carriers are electrons). Adapted from [32].
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flowing through the channel that is insulated from the gate. The gate is then designated
to control the current flow through the channel by a transversal electric field created
by applying voltage 𝑉G to the gate. Altering 𝑉G modulates the charge carrier density
of the channel. The charge transfer in FETs is always carried out only by one type of
carriers, the so-called majority charge carriers, which are holes or electrons.

A graphene field-effect transistor (GFET) implements graphene as the conductive
channel. GFET exploits the fact that in graphene, charge carriers can be easily induced
by applying gate voltage. Due to graphene’s ambipolar character, switching between
both types of charge carriers in the channel is possible. Also, having zero bandgap
results in high carrier mobility and sensitivity to surface changes of graphene, so GFETs
hold promise for use as sensors. GFETs allow the detection of chemical and biological
species while also revealing their doping effects on the graphene and the carrier mobility
of graphene.

1.5.1 Back-gated GFETs

The back-gated GFET configuration (Fig. 1.9) consists of a graphene layer placed
between two electrodes on a solid substrate providing mechanical support to the thin
material. The top part of the substrate is made of a dielectric, insulating the source,
drain, and graphene channel from the conductive lower part of the substrate that acts
as a gate. The most popular substrate for GFETs is degenerately-doped Si covered
with a layer of SiO2 [33].

Figure 1.9: Schema of a GFET assembled in a back-gated configuration.

The gate voltage 𝑉G in this setup induces a surface charge density given by equation

𝑛 =
𝜖0𝜖r𝑉G

𝑒𝑡
(1.2)

where 𝜖0 represents vacuum permittivity, 𝜖r the relative permittivity of the dielectric,
𝑒 the elementary charge and 𝑡 the thickness of the dielectric layer [2]. This relation
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can be obtained by considering the silicon gate and the graphene layer as plates of
a parallel-plate capacitor.

Back-gated GFETs require higher gate voltages in the order of tens to hundreds
of volts to achieve significant gain. The back-gate is more demanding to fabricate in
comparison with the top-gate, therefore, it is employed less frequently for biochemical
detection. However, back-gated GFETs have advantage in situations, where the analyte
is in the gas phase [29].

1.5.2 Top-gated GFETs

In top-gated GFET (Fig. 1.10a) the sample solution acts as a medium between
graphene and the gate. The gate electrode is usually established by a wire inserted
into the top of the electrolyte droplet. The gate electrode immersed in an electrolyte
containing the target molecules should be made of biocompatible materials, such as
Ag/AgCl, Ag, or Pt, in biosensing applications [33].

Figure 1.10: a) Schema of a GFET assembled in a top-gated configuration. b) Forma-
tion of electrolytic double layer (EDL). Adapted from [34]

An important distinction between back- and top-gated GFETs is the potential for
current to flow between the graphene and the gate electrode via the aqueous ionic
solution separating the conductive bodies. However, the leakage is limited, at low gate
voltages, by the formation of an electrolytic double layer (EDL) along the surface of
the graphene and gate electrode due to the voltage bias [34]. Top-gated GFETs are
typically operated at voltages in the order of ±1V. Higher voltages set off electrolytic
processes in the solution and lead to high gate currents.

The electrolytic double layer is formed by redistribution of ions in the solution
medium due to contact with a charged conducting surface as shown in Fig. 1.10b.
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Surface charges cause an electric field that attracts counter ions. The counter ions
arrange themselves according to the electric potential near the interface. This potential
decreases exponentially with the distance from the charged surface [35]. The decay
length is called Debye length and is given by

𝜆D =

√︃
𝜖𝑘B𝑇

𝑒2𝑁A
∑︀

𝜌𝑖𝑍𝑖

. (1.3)

Here, 𝜖 is the permittivity of the medium, 𝑘B the Boltzmann constant, 𝑇 the temper-
ature, 𝑒 the elementary charge, 𝑁A the Avogadro’s number, and 𝜌𝑖 and 𝑍𝑖 the density
and valence of ion species 𝑖 respectively [33].

The Debye length determines the spatial range of detection by a GFET. Charged
molecules in the solution farther then 𝜆D are screened by the counter ions in the solution
and are usually considered out of the detection range. Hence, the larger 𝜆D is, the more
molecules from a greater distance can influence the graphene channel, increasing the
device sensitivity.

1.5.3 GFET characteristics and the detection mechanism

The detection mechanism of the GFET sensor relies on monitoring alterations of its
electrical characteristics caused by the analyte molecules interacting with the graphene
channel. Observed differences in measured metrics provide information about the de-
tected molecules.

The drain-source current in the device, commonly recalculated to conductance
𝐺DS = 𝐼DS/𝑉DS or resistance 𝑅DS = 𝑉DS/𝐼DS, depends on the changes in the density
of charge carriers. The density of charge carriers can be modulated by electrostatic
doping, caused by the gate voltage 𝑉G, and adsorption-induced doping.

FET devices are typically characterized using two standard measurements: current
vs. gate bias and current vs. time [33]. The outputs of these measurements are,
consequently, transfer curves and time series. The effect of the analyte on such electrical
curves can be monitored either by comparing a given metric before and after exposure
to the sample, or in real-time by recording dynamic changes.

The transfer curves represent the output drain-source current 𝐼DS as a function
of the gate voltage 𝑉G at a fixed drain-source voltage value 𝑉DS. It is obtained by
sweeping the gate voltage 𝑉G in a given range. A typical V-shaped transfer curve
showcasing the ambipolar character of a GFET is shown in Fig. 1.11a. The left branch
represents increasing density of positive charge carriers (holes). Whereas the right
branch represents negative charge carriers (electrons). The minimum of the channel
current, corresponding to minimum conductance and maximum resistance, indicates
equal populations of both types of carriers. This is consistent with the Fermi level
crossing the Dirac point. The voltage in the transfer curve extreme is referred to as the
Dirac point voltage 𝑉D or sometimes as charge neutrality point voltage 𝑉CNP. Ideally,
for undoped pristine graphene, 𝑉D = 0.
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Figure 1.11: Measured characteristics of a GFET sensor. a) Typical transfer curve
𝐼𝐷𝑆(𝑉𝐺) of a GFET, b) 𝐺𝐷𝑆(𝑉𝐺) dependency, c) 𝑅𝐷𝑆(𝑉𝐺) dependency and d) shift of
the Dirac point voltage 𝑉𝐷. Adapted from [33]. e) Time series of a GFET sensor for
thrombin, recording the introduction of various concentration of analyte separated by
washing cycles [36].

The essential information extracted from the measurements of the transfer curves
is the shift of the Dirac point voltage ∆𝑉D depending on the induced doping effect
of the analyte solution. The shift is indicative of the type and degree of doping. In
doped graphene, the Fermi level shifts away from the Dirac point. The Fermi level shift
(∆𝐸F) is defined as the energy difference between the Fermi level and the Dirac point.
For p-doped graphene, the Fermi level is below the Dirac point and 𝑉D is shifted to
the right, and for n-doped graphene, the Fermi level is above the Dirac point and 𝑉D

is shifted to the left.
The slope of the linear part of the transfer curve 𝑔m is called the transconductance

and is given by

𝑔m =
𝑊

𝐿
𝜇𝐶G𝑉DS, (1.4)

where 𝑊 is the width and 𝐿 the length of the rectangular graphene channel, 𝜇 the
charge carrier mobility and 𝐶G the gate capacitance. The gate capacitance is de-
termined by the insulating layer separating graphene channel from gate electrode in
back-gated configuration and by the EDL, acting similarly as a thin dielectric layer,
in top-gated configuration. The transconductance is another characterization speaking
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about the transistor performance. For a given device geometry, it is mainly dependent
on the mobility 𝜇 of charge carriers, which is inversely proportional to the number of
impurities in the sample acting as additional scattering sites [33]. Real devices may
exhibit different mobility values for electrons and holes, which is partly due to the
graphene-electrode contacts [37].

The dynamic real-time measurements for the detection of analytes follow the evo-
lution of the output 𝐼DS at a fixed 𝑉DS and 𝑉G is monitored as a function of time.
Detection of the analyte, and sometimes its quantification, is assessed from the current
changes after its introduction. Example of output of such measurement is shown in
Fig. 1.11e, where the current flowing through the channel decreases with concentration
of target molecules in solution.

1.6 Literature review

Field-effect transistors for bioanalytical sensing first appeared around 1980, adapted
from ion-sensitive FETs made for pH sensing. Early FET sensors were made of tra-
ditional semiconductors and had limited detection sensitivity. The discovery of low-
dimensional semiconductors like graphene, MoS2, and black phosphorus with high sur-
face to-bulk ratios inspired their use for enhancing the sensitivity of FET sensors.
Graphene is by far the most available and well-studied among them, and since its
discovery, GFETs were implied as bioanalytical and chemical sensors, for instance, for
DNA hybridization, pH or gas molecular (NO2, NH3) detection. More recently, research
has been mainly focused on developing GFETs for biomolecular detection, including
analytes such as glucose, biomarkers, bacteria and viruses, antibiotics, or nucleic acids
[33].

Nucleic acid detection is mainly possible due to the graphene-nucleobase interac-
tions. GFETs are often implemented for the detection of DNA hybridization, which is
the process of bonding between two single-stranded DNA molecules to form a double-
stranded molecule. The bonding depends on the correct base-pairing (A-T and G-C)
across the two single-stranded molecules. Alterations in the complementary sequences
of bases cause changes in the detected signal. Detection of single-base polymorphism
or mutation of DNA is key to the diagnosis of genetic diseases and the realization of
personalized medicine.

In 2010 Dong et al. [38] were able to reach the detection of DNA hybridization
with single-base specificity. DNA probe molecules for sequence-selective detection were
pre-immobilized on CVD graphene placed on a glass substrate by leaving a phosphate-
buffered saline (PBS) with dissolved DNA strands for 16 h to allow the saturate attach-
ment to the graphene surface. The ability of the probe DNA immobilization was ex-
plained by the domination of the non-electrostatic π−π stacking. The probe molecules
themselves caused a left shift of the Dirac point voltage (𝑉D) relative to the reference
measurement with PBS only, indicating n-doping by the bases. The shift in 𝑉D in-
creased with the increasing concentration of the complementary DNA up to 10 nM,
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suggesting that the complementary DNAs can also effectively interact with graphene
and impose an n-doping effect based on the graphene-nucleotide interaction. In con-
trast, the addition of one-base mismatched molecules did not cause a significant shift
in 𝑉D.

In the same work, measurements for adenosine (A) and adenosine-5’-triphosphate
(ATP) on non-functionalized graphene were carried out. Fig. 1.12 compares the shifts
in 𝑉D caused by adsorption of these molecules. Noted that adenosine is a nucleoside
with a neutral charge while ATP is adenosine attached with a negatively charged
triphosphate group. Despite the charge difference, the two molecules cause a similar
left-shift in 𝑉D, indicating that the negative charge in ATP or in DNA is not the cause
of a right 𝑉D shift by electrostatic doping effect.

Figure 1.12: Transfer characteristics of the graphene devices before and after adsorption
of adenosine-5’-triphosphate (ATP) and adenosine (A) [38]

The following research focused on enhancing the detection limit of hybridization de-
tection by several different methods. Dong et al. [38] and Danielson et al. [39] decorated
the GFET graphene channel with gold nanoparticles (AuNPs). AuNPs covalently bind
with thiolated DNA molecules acting as receptor molecules. Such functionalized sensor
is illustrated in Fig. 1.13a. The formation of AuNPs generally imposes a p-doping effect
on the transistors. In [38], the AuNP decoration, performed by immersing graphene
films in HAuCl4 solution, enabled an extension of the detection range of DNA hy-
bridization from 10 nM to 500 nM and also allowed detection with one-base mismatch
sensitivity. In [39], the biosensors were decorated with AuNPs synthesized from mag-
netron sputtering inert gas condensing technique to avoid the use of residual reactants
that could interfere with the Au-thiol binding present in solvent-based decoration meth-
ods. Fig. 1.13b shows the difference between bare and AuNPs decorated sensors. DNA
detection at attomolar level was achieved by this novel method.
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Figure 1.13: a) Schematic diagram of a GFET with AuNPs decoration for DNA sensing
in solution. b) The shift of 𝑉D for bare and AuNPs decorated GFET biosensors after
exposure to a series of concentrations (from 1 aM to 100 pM) of DNA complementary
to the probe molecules [39].

Hwang et al. [40] used GFETs with a deformed monolayer graphene channel for
the detection of nucleic acids. The devices showed an ultra-high sensitivity detection
in buffer and human serum samples down to 600 zM and 20 aM, respectively, which
corresponds ∼18 and ∼600 molecules. The detection limit of FET sensors determined
by the screening of the charges from counter ions was enhanced by nanoscale deforma-
tions that can form so-called electrical hot spots in the sensing channel, which reduce
the screening at the concave regions (Fig. 1.14). The sensing channel was deformed
by annealing the graphene on a polystyrene substrate at 110 °C for 4 h. This process
induces the shrinkage of the underlying thermoplastic substrate, which results in the
buckling of graphene.

Figure 1.14: Cross-sectional scheme of a) flat and b) deformed GFET sensor. Probe
(black) and target (red) DNA strands are immobilized on the surface of graphene. The
dotted lines represent Debye length in the ionic solution [40].

Other methods for increasing the detection sensitivity of graphene-based devices
include, for example, fabrication of graphene by thermal CVD directly on a sapphire
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substrate, avoiding the degradation of electrical properties during graphene transfer,
performed by Xu et al. [41]; or room-temperature Ar plasma treatments, proposed
by Xia et al. [42], removing residues from the graphene surface and changing its
hydrophilic properties.

And While all the aforementioned studies have been carried out using top-gated
GFETs, Ping et al. [43] developed biosensors based on a scalable fabrication of arrays
of back-gated GFETs. The results of measurements and reached conclusions were
similar, only the range over which the 𝑉D values shifted due to doping was larger.
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2. Experiment and results

The experimental part of this thesis focuses on the utilization of graphene field-effect
transistors for the detection of cytosine-based nucleic acid fragments. The results of re-
sistance response measurements of such devices give an insight into how the interactions
of graphene with the biochemical samples affect its electronic properties. Two different
experimental setups were used to measure the sensor response to various solutions.

2.1 Sensor design and fabrication

A 525µm thick silicon wafer covered with a 280 nm thick SiO2 layer was used as the sub-
strate creating the base of the samples used for the electrical transport measurements.
The two-probe design of the sensors used in the experiments is shown in Fig. 2.1a. The
three pairs of electrodes on the substrate surface were formed by optical lithography,
using a focused UV laser beam for direct writing on a positive photoresist AZ 5214 E,
followed by development in AR 300-475 and deposition of 5 nm layer of Ti and 80 nm
layer of Au by electron-beam evaporation. Resist residues and Ti/Au coating in the
areas not exposed to the light were then removed by the "lift-off" process.

Figure 2.1: Design of the graphene-based sensor. a) Optical microscope image of the
sample consisting of Si/SiO2 substrate patterned with golden electrodes and partially
covered by a graphene sheet. b) The sample attached to an expander.

23



The graphene was synthesized by a standard low-pressure thermal CVD method
on Cu foil and coated with a layer of PMMA for structural support. The final sample
preparation stage consisted of the graphene transfer onto the patterned substrate to
create electrical contact between the golden electrodes by the so-called "wet" transfer
method. The process includes multiple steps. First, Cu was etched away by immersing
the PMMA/graphene/Cu film in Fe(NO3)3 solution for 2 hours. Then the released
PMMA/graphene film floating on the liquid was washed by moving it in and out of
deionized (DI) water by lifting it on a Si/SiO2 chip. To remove residues on the underside
of the graphene sheet, it was left in 5% HCl for 5 minutes. After that, the film was
washed in DI water again, transferred onto the sample, and the water remaining under
the film was blown out by nitrogen. The layer was then left to dry on the sample
for several hours. At last, the dissolution of PMMA on the graphene surface was
achieved by immersing the sample in acetone heated to 50 °C for 2 hours, then in IPA
to neutralize the acetone and finally in ethanol.

Before the measurement, the sample was annealed at 180 °C for 4 hours, removing
some of the water molecules trapped between the graphene and the substrate after long
exposure to ambient conditions. This brings the desired effect of higher durability of
the graphene sheet by preventing it from excessive tearing during measurements that
are often caused by adding or removing drops of aqueous solutions.

The last step of the sensor fabrication is the attachment of the prepared sample with
a conductive silver paint onto an expander (Fig. 2.1b), which connects the sample to
an electric circuit. The square-shaped ends of the Au electrodes are used as contacting
areas for wire-bonding.

2.2 Experimental setup

A diagram of the electric circuit sample setup is shown in Fig. 2.2. To measure the
charge transport in graphene, the FET assembly was utilized. Lithographically fabri-
cated structures on the substrate surface form the source and drain electrodes, between
which the current flows through a graphene channel. The conductance of the channel
can be modified by the gate voltage.

The current passing through the channel was generated by a lock-in amplifier Stand-
ford Research SR830 with a 10MΩ resistor connected in series. Such resistance is much
higher compared to the resistance of the sample, preventing it from being damaged.
The amplitude of the voltage applied to the graphene layer was set to 𝑉DS = 1 V,
making the drain-source current 𝐼DS = 100 nA. The lock-in amplifier was also used for
collecting the signal from the sample to determine the resistance of the graphene sheet.

The gate electrode, either a doped Si substrate or Au wire, was connected to a Keith-
ley 6221 AC/DC current source connected in parallel to a 1MΩ resistor realizing the
gate voltage.

The measurement parameters were controlled via a program designed in the Lab-
View environment, which also serves the purpose of recording and plotting the data
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obtained during the measurement.
All of the experiments were carried out under ambient conditions at atmospheric

pressure (105 Pa) and a room temperature (25 °C).

Figure 2.2: Schematic of the electronic setup for transport measurements. Adapted
from [27].

2.3 Characterization by Raman spectroscopy

Characterization of graphene by Raman spectroscopy is a non-destructive method often
used to indicate graphene’s quality. It involves investigating its structure, defects, and
determination of the number of graphene layers.

Raman spectroscopy relies upon the inelastic scattering of photons from a monochro-
matic laser focused on the sample. The photons interact with phonons, atomic vibra-
tions or other excitations in the system, leading to an increase or decrease in their
energy. The shift in energy gives information about the vibrational modes in the sys-
tem. The Raman spectrum usually exhibits three main peaks, namely D, G and 2D.
The peak intensities and shapes give a considerable amount of information about the
sample. Both D and 2D peaks, located at about 1350 cm−1 and 2700 cm−1 respectively,
originate from second-order Raman scattering that involves two phonons near the Dirac
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point. In the case of the D peak, elastic defect-induced scattering and inelastic scatter-
ing caused by the emission or absorption of a photon occur. Whereas, for the 2D peak,
both processes are inelastic. The G peak appears close to 1580 cm−1 and it corresponds
to lattice vibrational modes.

To examine the quality of one of the graphene samples used in the experiments
performed in this thesis, Raman spectroscopy measurements using a 20mW laser with
excitation wavelength 532 nm were carried out prior to the use of the sensor. Raman
spectra taken in 3 different laser spot positions on the sample are shown in Fig. 2.3.

Figure 2.3: Raman spectra (right) of the points in the points marked on the microscope
image (left).

In the case of stacking of graphene layers, the 2D Raman bands split. The splitting
opens up going from bilayer to multilayer graphene, leading to distortion and broaden-
ing of the 2D peak. Judging from the large intensity and sharp shape of the 2D peak
(Fig. 2.3), we can state that the sample subjected to the spectroscopy measurement is
covered with a monolayer graphene [44].

We can also observe the D peak, typically appearing in a disordered sample or
at the graphene edge and sub-domain boundaries, in spectra of each of the positions.
The D peak intensity is highest in the spot between the middle pair of electrodes (red
cross), implying a higher level of disorder. A small area (20x20µm2) around this spot
was selected for mapping the distribution of intensity of each peak to give us a better
view of the graphene structure (Fig. 2.4).
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Figure 2.4: a) Selected area of Raman spectroscopy mapping. b) Zoom in on the
selected area with adjusted image contrast and brightness. Map of the c) D peak, d)
G peak, and e) 2D peak.

2.4 Biochemical analytes

Three different analytes (Fig. 2.5), cytosine (C), deoxycytidine (dC), and cytidine-
5’-monophosphate (CMP) were used in the measurements. A set of solutions with
concentrations of 0.1 mM, 1 mM, and 10mM of each substance were provided by the
Institute of Biophysics of the Czech Academy of Sciences. The molar concentration
represents the amount of the substance dissolved in a unit volume of the solvent, in
this case DI water. It is given by the equation

𝑐 =
𝑛

𝑉
=

𝑚

𝑀𝑉
(mol · dm−3, M), (2.1)

where 𝑛 is the amount of solute in moles, 𝑉 is the volume of the solution, 𝑚 is the
mass of the solute, and 𝑀 is the molar mass of the solute.
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Figure 2.5: Structural formulas of the substances used in the measurements.

2.5 Transfer curve measurements

The main characteristic for the detection of species adsorbed on a sensing channel in
the GFETs is the dependency of resistance on the gate voltage. The curves obtained by
this type of measurement are called transfer curves and typically exhibit a peak that
indicates the crossing of the Fermi level and the Dirac point when the charge carriers
are in equilibrium, and the total charge in graphene is therefore zero. The shift of the
Dirac point voltage ∆𝑉D corresponding to the maximum resistance value is determined
by doping caused by the adsorbed molecules.

The gate voltage applied either by the back gate or the top gate was always con-
tinuously swept from 0V to minimal voltage value, then to maximal voltage value,
and finally back to 0V. A typical curves obtained by such measurements are shown
in Fig. 2.6. Here, the top gate realized by a Au wire was immersed into a drop of DI
water (blue curve) and a 0.1 mM cytosine solution (red curve). The gate voltage sweep
was set in the range of ±1.5V with the voltage increment of 0.02 V within one step of
duration 0.5 s. The progress of the sweep is marked by the green arrows. The whole
transfer curve is shifted due to different doping of the graphene.

As can be seen in the transfer curves, the sensors exhibit a significant hysteresis
in atmospheric and water-solution conditions usually observed in real FETs. The hys-
teresis was observed in both of the sensor configurations. The hysteresis leads to an
ambiguity in determination of the peak position such that it is moved to higher voltage
values for downward gate voltage sweep, and consequently influences the calculations
of the charge carrier concentration and the Dirac point voltage shift. In majority of the
measurements, the right peak during the downward voltage sweep was better defined.
Therefore, the Dirac point voltage of the right peak was considered when analysing
data.

Transfer curves were further measured for C, dC, and CMP with concentrations of
0.1mM, 1mM, and 10 mM. The gate voltage in the top-gate was swept as previously
described, whereas the voltage in the back-gate configuration was swept with the same
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Figure 2.6: The transfer curves for DI water and 1mM cytosine solution obtained using
the top gate with a continual gate voltage sweep (see the inset).

pattern in range of ±50V and the voltage step was realized with duration of 0.5 s and
the voltage increment set to 1V.

The obtained data were suitably cropped by taking 30 surrounding points around
the Dirac point, 15 on the left and 15 on the right, and the data processed in this way
were then fitted with polynomials. The data could also be interpolated with a Gaussian
curve, but this method proved to be less accurate and in some cases even impossible.

The voltage values corresponding to the extremes of the fitted curves were used
for the calculation of the Dirac point voltage shift ∆𝑉D. As a reference value for the
calculation of the shift was used the position of Dirac point for DI water. Fig. 2.7
shows the ∆𝑉D for different solutions with concentrations plotted on the logarithmic
x-axis of the graph.

The order in which the measurements were performed is in the order of increasing
electrolyte concentrations. Between each measurements, the sensor was rinsed with
water and IPA and dried with nitrogen.

Based on the results obtained from the transfer curve measurements, we can claim
that the graphene sensors were originally majorly p-doped by the DI water, as can
be seen in Fig. 2.6, where the resistivity peak is positioned in positive voltage values.
A negative shift of the Dirac point was imposed when the cytosine-based solutions were
introduced to the channel and caused n-doping respective to the initial doping by DI
water.

Most of the measurements suggest that the higher the analyte concentration is,
the further the shift is. The only deviation from this tendency applies for the results
obtained by the sensor in top-gated configuration for detection of CMP. The polarity
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Figure 2.7: Shift of the Dirac point voltage for cytosine-based substances using a) the
electrolytic top gate (a) and the b) the solid-state bottom gate (b). Data points were
moved fractionally along the x-axis for clarity.

of the shift is however still same. This might be caused by either electrostatic gating
by the negatively charged phosphate groups in the nucleotides or the molecules begin
interacting with each other, forming electron consuming weak bonds.

Another thing we can also observe from the measurements is that the shift in case
of the top-gated sensor is relatively small in comparison to the back-gated one. This is
because the gate capacitance of the electic double layer (EDL) formed in the electrolytic
top-gated sensor is much larger than that of back-gate dielectrics. That is why gate
potentials applied across the EDL can be over two orders of magnitude more efficient
than through the back-gate: consequently the sweeping range of gate voltage required
is much smaller for gates immersed in the electrolyte compared to the voltage needed
for thin oxide insulators in the back-gate [33].

2.6 Real-time response measurements

As the following experimental setup, the real-time sensor response was investigated by
measuring the resistance dependency on time without applying gate voltage (𝑉G = 0V)
while adding different solutions.

Fig. 2.8 shows the time response of the graphene to addition of different concentra-
tions of cytosine solution. The resistance of the graphene channel changed upon the
cytosine-graphene interactions.

At 𝑡 = 0 s, the sensor was in stabilized state in the atmospheric conditions. After
60 s, drop of DI water was added to the channel as a reference. After that, the elec-
trolyte was changed approximately every 5min. Addition of single droplet caused an
immediate steep increase in resistance followed by a slower rise during the stabilization
period (Fig. 2.9). Sudden jumps in the graphene resistance correspond to removal and

30



addition of the 15µl droplets of the specific solutions. The sensor was rinsed in between
by pipetting water on and off several times.

Figure 2.8: Sensor response to different concentrations of cytosine solution.

Figure 2.9: The stabilization of the Fermi level after addition of analyte solution.
Adapted from [45].

The DI water itself induces p-doping effect in the graphene and the Dirac point
voltage 𝑉D value is always positive. For gate voltages higher than 𝑉D for DI water,
the Fermi level 𝐸F is shifted below the Dirac point of graphene and for lower voltages,
𝐸F is shifted above the Dirac point. Since the gate voltage was kept at 0V in the
p-doped region of the graphene for the entire measurement, the increase in resistance
caused by increase of cytosine concentration indicates n-doping, when the Fermi level
is moved back closer to the Dirac point and the number of both types of charge carriers
is more balanced. This result agrees with the conclusions acquired from transfer curve
measurements.
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The same type of measurement as in Fig. 2.8 was also performed for the other two
analytes, dC and CMP, and similar behaviour was observed. The sensor always re-
sponded with an increase (a decrease) in resistance upon the introduction of solutions
with higher (lower) concentrations to the graphene channel. The fact that the resis-
tance of the channel returns to lower values indicates that the interactions between
graphene and the analytes are weak and the sensor response is reversible. However,
as the concentration decreases, the relative change in resistance is lower, which can be
attributed to the accumulation of the molecules due to not being able to always rinse
the sensor completely.

If the measurements were to be performed at voltage values higher then 𝑉D for DI
water, a drop in resistance with the addition of cytosine would be observed as the Fermi
level would shift even further from the Dirac point. Unfortunately, rapid changes of
the surface tension due to manipulating with the solution droplets at high voltages
would cause tearing of the graphene sheet.

The response of the sensor to different analytes of the same concentration is also
presented in Fig. 2.10. More structurally complex molecules cause larger relative resis-
tance changes to the reference level for DI water.

Figure 2.10: Sensor response to different analytes of the same concentration (1mM).

2.7 Influence of top gate distance

Lastly, in addition to previous commonly performed GFET measurements, the resis-
tance response of the sensor in dependency on the graphene-gate distance in the top-
gate configuration was mapped.

The distance between the gate electrode and graphene channel was measured as
seen in schema in Fig. 2.11 using a vertically adjustable micrometer feed to which
the electrode realized by the wire was firmly fixed. The reference zero distance was
measured in position just right next to the graphene sheet so that the tip of the wire
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Figure 2.11: Distance between the top-gate electrode and the graphene channel.

would not damage the graphene. The values subsequently read on the micrometre were
then subtracted from this reference distance to obtain the distance the wire is from
the graphene. Minor uncertainties associated with the experimental assembly might
have occurred during the measurement. However, the assembly allows us to at least
qualitatively describe what happens.

The results of the real-time measurement are shown in Fig. 2.12a. A 15µl droplet of
1mM cytosine solution was added to the sensor. The end of Au wire was first immersed
into the droplet from above. The measurement started after addition of the droplet
and the gate implementation at 𝑉G = 0V. Then a single 0.5V top-gate voltage step was
applied. This constant value of 𝑉G was maintained until the end of the measurement.

The gate electrode was gradually moved by the micrometer closer to the surface.
With every step, the sensor was left for approximately 90 s to stabilize. The dependency
of resistance on the graphene-gate distance 𝑑 was plotted in separate graph shown in
Fig. 2.12b. The resistance values were obtained as the maximum resistance in the
stabilization period of the sensor.

While approaching the graphene surface with the electrode, the resistance started
to change significantly only in the distance approximately below 100µm. Saturation
in the resistance response of the sensor occurs at larger distances.

This suggests that when the gate is closer to the graphene, larger amount of charge
carriers are implemented in graphene. This behaviour could be explained within the
earlier mentioned capacitor model in chapter 1.5.1.

In the case of immersed gate configuration, the shape and position of the gate elec-
trode can vary considerably, but the capacitance is mostly determined by the electrical
double layer (EDL) formed at the graphene surface by reorganization of ions in the
electrolyte media and by the screening Debye length [33]. The EDL acts similarly as
a very thin dielectric layer in back-gated configuration. The charge carrier density
depends on 𝑉G generally as

𝑛 = 𝛼𝑉G, (2.2)
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Figure 2.12: a) The real-time resistance response of the sensor to the change of the
graphene-gate distance. b) Dependency of the resistance on the distance.

where 𝛼 is a proportionality constant. For the back gate, the constant is expressed in
the equation 1.2. The relation 2.2 also applies for the top-gated configuration. However,
the constant 𝛼 is different and is inversely proportional to the Debye length 𝜆D given
by 1.3. At distances grater then 𝜆D (outside of the EDL), 𝛼 is invariant. Since at
certain distance the 𝑉G in the experiment is set at a certain value, but 𝑛 changes, we
can assume that the gate electrode disrupts the EDL and imposes an effective 𝜆D in
the electrolyte.

In conclusion, the response of the sensor depends on the gate-graphene distance in
the top-gate configuration due to the changes in the ion containing solution behaviour.
This finding can serve as a subject to future measurements.
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Conclusion

In recent years, research has been focused on the development of graphene field-effect
transistors (GFETs) implementing graphene as their conductive channel that serves
as a platform for biomolecular detection. The aim of this bachelor’s thesis was to
theoretically describe and exploit sensors in the GFET configuration for the detection
of nucleic acid fragments.

A working biosensor based on the non-functionalized CVD graphene was presented
and successfully tested specifically for the detection of three analytes: cytosine (nucle-
obase), deoxycytidine (nucleoside) and cytidine monophosphate (nucleotide); some of
the building blocks creating the long polymeric nucleic acid molecules.

For this purpose, two experiments were performed. The first experiment focused
on examining the sensor resistance response to continual change of the gate voltage
resulting in obtaining so-called transfer curves exhibiting peaks in resistance. The shift
of these peaks indicates the doping by the molecules adsorbed on the graphene. The
second experimental setup consisted of tracking the resistance response to the addition
of various analyte solutions in real-time.

The gate voltage dependent response of the sensor was investigated in two distin-
guished FET configurations, top-gated and back-gated. These configurations differ in
how the gate electrode is realized, either by a wire inserted into the electrolyte or by
a solid-state substrate separated by a dielectric from the channel and source and drain
electrodes.

Both of the performed experiments, the transfer curve measurements and real-time
sensor response measurements, in their entirety, revealed that the cytosine-based sub-
stances impose an n-doping effect on the graphene channel. This way, it was possible
to detect the presence of the analyte molecules and monitor the noticeable changes in
the sensor response for different concentrations.

The effect that the gate-graphene distance in the top-gated configuration has on
the sensor response was also examined. It was shown that while approaching the gate
to the graphene surface, the response was unaffected only to a certain point from which
the closer the gate was, the bigger drop in resistance was observed.

This work contributes to the understanding of the interactions of graphene with
nucleic acid molecules, which is crucial for the use of graphene-based sensors as, for
example, DNA hybridization detectors presented in the literature research part of this
work. The use of such sensors has potential in the field of personalized medicine and is
key to the diagnosis of genetic diseases. Further research follow-up to findings in this
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work can also be directed at how the top gate shape, material and distance from the
conductive graphene channel effects the sensor response.
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List of symbols, quantities and abbrevi-
ations

Au . . . . . . . . . . . . gold/golden

C . . . . . . . . . . . . . cytosine

CMP . . . . . . . . . cytidine monophosphate

Cu . . . . . . . . . . . . copper

CVD . . . . . . . . . chemical vapour deposition

D . . . . . . . . . . . . . drain

dC . . . . . . . . . . . . deoxycytidine

DFT . . . . . . . . . . density functional theory

DI . . . . . . . . . . . . deionized

DNA . . . . . . . . . deoxyribonucleic acid

DOS . . . . . . . . . . density of states

EDL . . . . . . . . . . electrical double layer

FET . . . . . . . . . . field-effect transistor

FE(NO3)3 . . . . iron(III) nitrate

G . . . . . . . . . . . . . gate

GFET . . . . . . . . graphene field-effect transistor

HCl . . . . . . . . . . . hydrochloric acid

HOMO . . . . . . . highest occupied molecular orbital

IPA . . . . . . . . . . . isopropyl alcohol

LUMO . . . . . . . lowest unoccupied molecular orbital
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PMMA . . . . . . . poly(methyl methacrylate)

RNA . . . . . . . . . ribonucleic acid

S . . . . . . . . . . . . . . source

SiO2 . . . . . . . . . . silicon dioxide

UV . . . . . . . . . . . ultra-violet

𝐸F . . . . . . . . . . . . Fermi level

𝐸redox . . . . . . . . . . electrochemical redox potential

𝐼DS . . . . . . . . . . . . source-drain current

𝑉D . . . . . . . . . . . . . Dirac point voltage

𝑉DS . . . . . . . . . . . . source-drain voltage

𝑉G . . . . . . . . . . . . . gate voltage

𝜆D . . . . . . . . . . . . . Debye length
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