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Abstract

Graphene field-effect transistors (GFETSs) are devices that leverage the unique elec-
tronic properties of graphene by integrating it as the conductive channel in a field-effect
architecture. Due to these properties and the compatibility of FET-based platforms
with electronic readout, GFETs are highly promising candidates for biosensing appli-
cations. This thesis explores the functioning of GFET biosensors, with a focus on how
different gate configurations (top, side, and bottom) affect their electrical behavior.
The work aims to study the influence of gate architecture on device operation, as well
as to investigate the effects of hysteresis and leakage currents in electrolyte- and solid-
state-gated setups. Through experimental measurements, the thesis contributes to a
deeper understanding of the factors that govern GFET performance and precision in
biosensing applications. The results are expected to aid both in the development and
in the measurement methodology of GFET-based sensors.

Abstrakt

Grafenové polem fizené tranzistory (GFET) jsou zafizeni, ktera vyuZzivaji jedinecné
elektronické vlastnosti grafenu tim, Ze jej integruji jako vodivy kanal do struktury polem
fizeného tranzistoru (FET). Diky témto vlastnostem a kompatibilité FET architektur
s elektronickym vystupem jsou GFETYy velmi slibnymi kandidéty pro pouziti v biosen-
zorice. Tato prace se zabyva fungovanim biosenzoru na bazi GFET, se zamérenim na to,
jak rizné konfigurace hradla (horni, bo¢ni a spodni) ovliviiuji jejich elektrické chovani.
Cilem prace je studovat vliv architektury hradla na ¢innost zafizeni a dale zkoumat
projevy hystereze a svodovych proudi v elektrolytickych a pevnolatkovych dielektrick-
ych zapojenich. Prostfednictvim experimentalnich méfeni prace prispiva k hlubsimu
pochopeni faktori, které ovliviji vykon a preciznost GFETu v biosenzorickych ap-
likacich. Vysledky by mély pomoci jak vyvoji, tak samotnému méfeni grafenovych
senzoru.
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Introduction

Since its first isolation, graphene has emerged as one of the most promising materi-
als in nanotechnology due to its extraordinary electrical, mechanical, and chemical
properties. Its two-dimensional structure yields features such as high carrier mobil-
ity, chemical tunability, large surface area-to-volume ratio, and atomic-scale thickness.
These properties enable graphene to act as a highly sensitive platform for detecting
changes in the surrounding environment, making it particularly suitable for sensor
applications.

Among the most impactful uses of graphene is in the development of graphene
field-effect transistors (GFETS), where graphene serves as the semiconducting channel
whose conductivity can be modulated by an external electric field. This modulation
offers a versatile mechanism for detecting chemical or biological samples that interact
with the graphene surface and alter its charge carrier density.

This thesis focuses on exploring the mechanism and function of biosensors based
on graphene, with a particular emphasis on how the sensing behavior is affected by
the presence of an electrolyte and the nature and configuration of the gate electrode.
The work investigates sensors employing electrolytic top and side gates, as well as solid-
state bottom gates, as these represent different approaches to interfacing graphene with
target analytes, each with its own advantages and challenges.

The theoretical section of this work discusses the electronic structure and field-effect
properties of graphene, as well as the fundamental mechanisms that govern sensing
performance in various gate configurations.

The experimental part of this thesis includes comparative measurements of sensor
responses under varying gate configurations (top-gated with an inserted tip, side-gated
with a gold electrode, and bottom-gated), and evaluation of hysteresis effects and
leakage currents in the electrolyte, which can critically affect sensor performance.

By analyzing and comparing the performance of these configurations, this thesis
aims to elucidate the role of gate architecture in modulating the sensing characteris-
tics of GFETs. The insights gained are expected to contribute to the design of more
robust and scalable graphene-based biosensing platforms, and to inform improved mea-
surement practices. Based on the observed phenomena such as hysteresis and leakage
currents, the thesis also proposes specific strategies for how measurements should be
conducted to ensure more accurate and reproducible sensor responses.







1. Graphene

Graphene has captured intense research interest due to its exceptional properties, which
have also opened doors to the next generation of materials based on graphene. Already,
graphene has been incorporated into composite coatings [1], flexible touchscreens [2],
high-capacity energy storage devices [3| and sensitive chemical or biological sensors
[4], such as the ones used in this thesis. Its versatility makes graphene a natural
springboard for innovations across many fields such as electronics and material science.

Graphene is a one atom thick two-dimensional allotrope of carbon atoms that are
arranged in a hexagonal lattice as seen in Figure 1.1. Every carbon atom is sp? hy-
bridized and connected via strong covalent o bonds with each of its three neighbouring
atoms. The remaining electrons of all carbon atoms form a delocalised m-electron sys-
tem above and below the whole graphene sheet granting it many of its unique electrical
properties discussed later.

Figure 1.1: Graphene lattice in real (left) and reciprocal space (right). ¢; are the
nearest neighbor vectors, a; are lattice primitive vectors, and b; describe the reciprocal
lattice vectors. Adapted from [5].

Due to its structure, graphene is greatly resistant to in-plane deformations char-
acterized by its Young modulus E = 1TPa [6], for a sheet with no defects, yielding
intrinsic strength that supports tensile strains up to ~ 20 — 25% [6]. Graphene ab-
sorbs only &~ 2.3 % of visible light [7] delivering ~ 97.7 % light transmittance which is
useful in optoelectronics. Graphene is also gas impermeable granting possibilities for
graphene to be used for anti-corrosive coatings [1].

In solid-state physics, the I' point denotes the center of the first Brillouin zone in




reciprocal space. In graphene, the Brillouin zone is hexagonal (Figure 1.1). The I’
point sits at crystal momentum k = (0, 0). Physically, Bloch electrons at T' carry
zero crystal momentum, corresponding to the infinite-wavelength (long-wavelength) or
“zero-wavevector” limit of the band structure [5]. The two points K and K’ located
at the two inequivalent corners of the hexagon are called the Dirac points. At these
high-symmetry points the 7 (valence) and 7* (conduction) bands touch in a perfectly
conical fashion, creating what are known as Dirac cones (Figure 1.2) [5].

1.1 Electronic properties

Graphene’s remarkable electronic properties originate from the presence of the so-called
Dirac points, located at the corners of the Brillouin zone, where the conduction and
valence bands meet and the density of states vanishes. In their vicinity, charge carriers
follow a linear energy-momentum relation and behave as massless Dirac fermions with
Fermi velocity v; & 10 m/s. The absence of a bandgap enables a symmetric ambipolar
field effect, where the application of an external electric field drives continuous transi-
tions between hole and electron conduction. These exceptional carrier characteristics
persist across a wide temperature range [8].

Figure 1.2: Energy spectrum of the first Brillouin zone in graphene with a highlighted
Dirac point. Adapted from [5]

The valence and conduction bands meet in exactly one point. If the Fermi level
intersects with this point, the number of holes and electrons is in equilibrium meaning
graphene’s conductivity is at its lowest. However, doping of either p- or n- type changes
the Fermi level. Real graphene samples are susceptible to doping. Environmental
doping can be caused by adsorption of particles on the surface, which is one of the
main principles for the function of biosensors.




1.2 Graphene fabrication by CVD

There are multiple discovered and applied methods of manufacturing graphene such as
mechanical exfoliation, epitaxial growth on silicon carbide (SiC), reduction of graphene
oxide. However, chemical vapour deposition (CVD) is widely used as it offers high
scalability and production of high-quality graphene films.

In fabrication via CVD, graphene is commonly grown on a copper (Cu) layer. First,
the Cu is cleaned and annealed at ~ 1000°C in argon (to smooth out the surface)
and a small H, flow (to reduce oxides and aid sp*-bond formation). Then a carbon
precursor—typically methane or ethylene—is introduced at low partial pressure. At
these temperatures the hydrocarbon fully decomposes, carbon atoms adsorb and diffuse
on the Cu surface, growing as islands from the nucleation centers. Because carbon
solubility in copper is extremely low, once a continuous monolayer covers the foil,
further carbon attachment is self-limited, yielding predominantly single-layer graphene.
Faster growth can produce occasional multilayer patches. After cooling, the graphene
is transferred to target substrates via a polymer support and wet etching of the Cu [9],
followed by polymer removal. This approach enables wafer-scale, high-quality graphene
suitable for electronics and sensing applications [9].







2. Graphene field-effect transistors

A conventional field-effect transistor (FET) consists of three electrodes called source,
drain, and gate. The gate is separated from a semiconducting channel by a dielectric
barrier. By applying voltage to the gate, an electric field is established across the insula-
tor, which accumulates or depletes the charge carriers in the channel. Under an applied
drain—source bias Vgp, the induced carriers form a conductive path between source and
drain. Varying the gate voltage Vi therefore modulates the channel’s conductivity,
effectively changing the current flowing through the channel Igp.

A graphene field-effect transistor (GFET) replaces the conventional semiconductor
channel with a monolayer graphene sheet. Here, the gate voltage shifts the Fermi level
through graphene’s linear 7-band, continuously tuning its sheet conductivity across
the Dirac point, and producing symmetric electron and hole conduction due to its
ambipolar behavior.

4000
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Figure 2.1: Dependence of resistance R on gate voltage Vi in a GFET. Adapted
from [10].

Figure 2.1 shows the expected transfer curve for a GFET. The peak in resistance
occurs when Vg is equal to the so-called Dirac point voltage (Vp), where the charge
carriers are in equilibrium and the conductivity is at its minimum.




2.1 Bottom-gated GFET

Bottom-gated FET sensors represent a crucial class of graphene-based devices in which
the gate electrode is located underneath the graphene channel, separated by a dielectric
layer (typically SiO,). This configuration allows for the modulation of charge carriers
in the graphene channel through the application of a gate voltage V(, enabling high
sensitivity in sensing applications.

In bottom-gated GFETs, the electrostatic gating principle exploits graphene’s unique
ambipolar transport characteristics. When a voltage V is applied to the gate electrode,
it induces an electric field across the dielectric, modulating the Fermi level Er of the
graphene layer. This in turn alters the carrier concentration n in the channel, which is
given by the relation:

n= %(Vg — Vp), (2.1)
where Cg is the gate capacitance per unit area, e is the elementary charge, and Vp
is the gate voltage at the Dirac point where the charge neutrality occurs [11].
The gate capacitance Cg can be calculated as:
E0cr

Cg = 2. (2.2)

Here, gq is the vacuum permittivity, ¢, is the relative permittivity of the dielectric

material, and d is its thickness. This capacitance directly controls the charge carrier
modulation efficiency in the graphene channel.

The majority carrier type (electrons or holes) in a GFET is dictated by the sign and
magnitude of V5. For Vg > Vp, the Fermi level shifts above the Dirac point, introducing
electrons as majority carriers (n-type behavior). Conversely, for Vo < Vp, the Fermi
level shifts below the Dirac point, making holes the dominant carriers (p-type behavior).
This ambipolar tunability allows for sensitive detection of molecular adsorbates which
can locally dope the graphene, altering V, and thus the device response [11].
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Figure 2.2: Side profile scheme of a bottom-gated GFET.

2.2 Top-gated GFET

Top-gated FETs are an alternative architecture in which the gate electrode is posi-
tioned above the graphene channel, separated by an electrolyte that works both as
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the insulator and the substance that is being measured. This configuration allows for
localized gating directly on top of the active sensing region, which can offer enhanced
gate control and improved signal-to-noise ratio compared to bottom-gated devices [12].
An additional advantage is the simplified fabrication process, as the structure does not
require a gate electrode beneath the substrate.

At the graphene-electrolyte interface, an electric double layer (EDL) forms when a
gate voltage is applied [13]. Counter-ions in the electrolyte accumulate near the charged
graphene surface, forming a compact interfacial capacitor. This EDL functions as an
ultra-thin gate dielectric, with an effective thickness approximately equal to the Debye
length Ap, which typically ranges from 0.5 nm to 5 nm depending on the ionic strength
of the solution [14]. Debye length can be defined as:

€r€0k‘BT
=4 — 2.
Ap \/ 2N, e2T (2:3)

where ¢, is the relative permittivity of the electrolyte, kg is Boltzmann’s constant,
T is the temperature, N is Avogadro’s number, and [ is the ionic strength of the
solution. A shorter Ap corresponds to a thinner EDL and thus higher gate capacitance
[15]:

Er€o
Ab

This high capacitance allows for efficient modulation of the graphene channel at

CEDL = (24)

low voltages (typically within £1.5V). Operating at such low voltages minimizes the
risk of electrochemical side effects, such as undesired redox reactions in the electrolyte,
which could otherwise interfere with the sensing process or degrade the stability of the
device. For these reasons, top-gated GFETs are particularly well-suited for biosensing
applications [11].

(V)
N

electrolyte

sonrce L/ __Sgraphene _ \ _ [ Gram

insulator

Figure 2.3: Side profile scheme of a top-gated GFET.

2.3 Side-gated GFET

Side-gated field-effect transistors represent a less common architecture in GFET de-
signs. In this configuration, the gate electrode is placed laterally, adjacent to the
graphene channel, rather than above or below it. An insulating material separates the
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gate from the channel, enabling lateral electrostatic modulation of the carrier density
in the graphene sheet. Similarily to a top-gated GFET the measured substance also
works as the insulator.

The side-gated geometry offers several practical advantages. Since it avoids overlap-
ping the gate with the channel, it simplifies fabrication and is compatible with planar
nanofabrication processes such as electron-beam lithography or ultraviolet litography,
which makes it particularly attractive for integration in miniaturized lab-on-chip sys-
tems, where compact footprint and patterning precision are essential [16].

In comparison to top-gated GFETSs, side-gated devices exhibit lower gate capaci-
tance due to the increased distance between the gate electrode and the active region
[17]. As a result, a higher gate voltage is generally required to achieve equivalent
modulation of the Fermi level Ef.

v

Q) )

graphene glectrolyte

/

N graphene \
= \ electrolyte .
= source drain
source LxJ___[ gate |___\__ ] drain i N B
msulator
gate

@ insulator
a) b)

Figure 2.4: Scheme of a side-gated GFET from the side a), and from top b).

2.4 GFET as a sensor

The sensing mechanism in GFETSs relies on electrostatic modulation of the graphene
channel by adsorbed molecules. These induce local doping or act as charged scattering
centers, resulting in a shift of the Dirac point V, and a change in carrier concentration.
This alters the drain current Ipg and the overall shape of the transfer characteristic.

The direction of the Vp shift reflects a change in the Fermi level Ef of the graphene.
Electron donors raise Er above the Dirac point, inducing n-doping and shifting Vp to
more negative values. Conversely, electron acceptors lower Er below the Dirac point,
causing p-doping and a positive shift in V.
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3. Sensor fabrication

3.1 Graphene transfer

Monolayer graphene was synthesized by CVD (section 1.2) on copper foil and trans-
ferred using a PMMA-assisted wet transfer method [18]. A thin film of polymethyl
methacrylate (PMMA) was spin-coated onto one side of the copper foil and allowed to
dry overnight. The graphene on the opposite side of the foil was removed using reactive
ion etching (RIE) in oxygen plasma.

The underlying copper substrate was etched away using a solution of Fe(NO3)3-9H50.
The resulting PMMA /graphene film was left floating on the surface of the etchant so-
lution and subsequently transferred into multiple baths of deionized (DI) water. To
ensure complete removal of etching residues, the film was left floating in hydrochloric
acid (HCI), followed by several additional rinses in DI water and finally in ethanol.

The cleaned graphene/PMMA film was then carefully transferred onto a prepared
Si/SiOq substrate and left to dry overnight. The PMMA layer was then removed by
immersing the sample in acetone. A final cleaning was carried out using isopropanol
and ethanol, after which the sample was allowed to dry.

Y,

1) Cu foil 2) 3) RIE
graphene PMMA
; y vYyvoyoy
r
Cu etching . bt 6
4) 8 5) DI water 511?)§trdte ale_tone PMMA etching

A
\

T T i

Figure 3.1: Step by step scheme of the process described above. Adapted from [19].

3.2 Substrate preparation

The sensors were fabricated on p-doped Silicon(100) wafers with a 280 nm thermally
grown SiOy layer. Metal contacts were patterned using UV lithography. A 5nm tita-
nium adhesion layer and a 100 nm gold layer were deposited by electron-beam physical
vapor deposition (EBPVD).
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Before graphene transfer, the substrate surface was cleaned using RIE. Graphene
was then transferred using the process described in the previous section.

After transfer, the samples were baked at 180 °C for 30 minutes to improve adhesion.
The finished chips were mounted onto chip carriers using conductive silver paste and
wire bonded for electrical connection.

Before electrical measurements, the sensor surface was thoroughly cleaned using
isopropanol and ethanol to remove any residual organic contaminants from the fab-
rication process. The sample was allowed to dry completely before proceeding with
experiments.
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Figure 3.2: Sensor designs for top and bottom-gated (left) and side-gated (right)
GFETs. Sample size is 7mm x 7 mm.
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4. GFET measurement configurations

4.1 Bottom-gated GFET

The bottom-gated GFET structure, previously introduced in section 2.1, was exper-
imentally characterized using a measurement setup illustrated in Figure 4.1, which
utilizes a lock-in detection technique. A sinusoidal voltage signal with a frequency of
1333 Hz and an amplitude of 1V, generated by the lock-in amplifier, is passed through a
10 M€ series resistor before entering the graphene layer. This configuration establishes
a constant drain-source current of Isp = 100 nA flowing through the graphene channel.

The gate voltage is applied to the bottom gate and swept over a defined range from
0V —- 80V — 0V in 1V steps, with a dwell time of 0.5s per step. Instead of using
a direct voltage source, the gate voltage is generated by a current source connected
in parallel with a 1 M(2 resistor. The resulting voltage drop across the resistor defines
the gate voltage applied between the gate and drain electrodes. During the sweep, the
voltage difference across the graphene channel is continuously monitored by the lock-in
amplifier.

electrolyte

Isource be—do——— graphene | -] drain

insulator

1 MQ

current source

O G
1,333 kHz
[ ] 1V, 300ms
input output
10 MQ —__1HO G

lock-in amplifier

Figure 4.1: Electrical circuit of the experimental setup for bottom gate sensor testing.
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All measurements are automated using a LabVIEW interface, which controls the
gate voltage sweep and synchronizes data acquisition. The lock-in amplifier output is
used to calculate the resistance R of the graphene channel. To account for differences
in the geometries of graphene sheets across various sensor layouts, the resistance is
converted to sheet resistivity ps, defined as:

w
ps =R - T (4.1)
where W is the channel width and L is the channel length. This normalization com-
pensates for geometric variations and enables direct comparison of electrical properties
across different sensor designs.

Figure 4.2 shows a typical measurement obtained with the described methodology
using a bottom gate with no substance added to the sensor, meaning it is exposed to
surrounding air.
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Figure 4.2: Dependence of sheet resistivity on the applied gate voltage during a
bottom gate measurement with the graphene channel exposed to ambient air.

The position of the maximum resistivity at positive gate voltages, rather than at
0V as one might expect for intrinsic graphene, indicates p-type doping. This effect
is likely caused by the presence of residual water, either adsorbed from the ambient
air or trapped between the graphene and substrate during the transfer process. Water
molecules act as electron acceptors, shifting the charge neutrality point towards positive
gate voltages [20].

4.2 Top-gated GFET

For the measurement of a top-gated GFET, a combination of a current source and a
nanovoltmeter was employed as an alternative to using a lock-in amplifier for deter-
mining the resistivity of the graphene channel. Both approaches yield nearly identical
results in terms of transfer characteristics, although the lock-in technique generally
offers better suppression of electrical noise. The choice between the two methods was
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primarily determined by practical constraints—specifically, whether a picoammeter was
required for the measurement. Depending on this requirement, different LabVIEW pro-
grams were used to control the respective instruments.

In the specific measurement shown in Figure 4.3, a constant current of Isp = 1 pA
was sourced through the graphene channel, and the resulting voltage difference between
source and drain was continuously measured using a nanovoltmeter. The gate voltage
was generated by a second current source, connected in the same configuration as
described in section 4.1, but applied to the top gate electrode instead of the bottom
one. It was swept from 0V — 1.5V — —1.5V — 0V in 25mV steps, with a dwell
time of 0.1s per step. A droplet of deionized (DI) water was used as the electrolyte
and applied to the sensor surface using a pipette. A platinum (Pt) wire was inserted
into the DI water droplet, serving as the gate electrode.

electrolyte

source | [__graphene |\ _ [“drain
insulator 1 M2

10 MQ
Lsp

FaN
<&
()
)

Figure 4.3: Electrical circuit for a top gate measurement.

Sheet resistivity of the main channel was calculated via Ohm’s law:
Vsp) W
= =] —. 4.2
= (12)-1 (42)

And a representative measurement with DI water using the top-gate configuration
is shown in Figure 4.4
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Figure 4.4: Dependence of sheet resistivity on the applied gate voltage during a top
gate measurement with a droplet of DI water.

4.3 Side-gated GFET

The side-gated measurement followed a procedure largely similar to the top-gated con-
figuration (section 4.2), with a slightly modified experimental setup shown in Fig-
ure 4.5. The measurement parameters were identical: one current source supplied a
constant Isp = 1 pA, while the second source performed a gate voltage sweep from
0V =15V — =15V — 0V in 25mV steps, with a dwell time of 0.1s per step. A
droplet of DI water, serving as the electrolyte, was applied to cover all three electrodes
on the sensor simultaneously.

The key difference from the top-gated configuration was the gate electrode itself.
Instead of using a platinum wire immersed in the electrolyte, the side-gated setup
utilized an on-chip gold electrode, electrically isolated from the graphene, to apply the
gate voltage.

graphene

gate
source drain

10 MO |:i| >\ insulator

Iy electrolyte

@ Tm
()
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Figure 4.5: Electrical circuit for a side gate measurement with a droplet of DI water.
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Sheet resistivity was calculated using Equation 4.2 and plotted against the applied
gate voltage.
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Figure 4.6: Dependence of sheet resistivity on the applied gate voltage during a side
gate measurement with a droplet of DI water as the electrolyte.

When comparing the top-gated and side-gated GFET measurements (Figure 4.4 and
Figure 4.6), distinct differences emerge in terms of device behavior and gating efficiency.
Importantly, both measurements were performed on the same device, ensuring that
any observed differences are due to the gating geometry rather than sample-to-sample
variations such as differing levels of intrinsic doping.

In the top-gated configuration, the electrolyte droplet is localized directly above
the graphene channel, with the gate electrode inserted vertically. In contrast, the side-
gated setup involves the same electrolyte covering all three electrodes, which introduces
potential screening effects and results in a less uniform electric field across the channel.

This distinction is reflected in the position of the maximum sheet resistivity (Fig-
ure 4.6), which occurs at a slightly higher gate voltage in the side-gated configuration
compared to the top-gated one (Figure 4.4). This shift may be attributed to the al-
tered electrostatic environment or to the asymmetrical field distribution caused by the
lateral placement of the gate electrode [20].

An advantage of the side-gated GFET design is the fixed geometric placement of the
gate electrode relative to the main channel. In contrast, for top-gated measurements,
the gate electrode must be manually positioned into the electrolyte droplet each time,
which introduces variability in its distance and orientation relative to the graphene
channel. Such inconsistency can affect the reproducibility and sensitivity of the mea-
surement. Additionally, the distance between the gate electrode (tip) and the graphene
surface directly influences the measured resistance |21, 22]. A further difference worth
noting is that hysteresis in the transfer curve tends to be more pronounced in the side-
gated configuration, likely due to the broader and less uniform electrostatic influence
of the gate. This phenomenon will be examined in more detail in the following chapter.
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5. Hysteresis in graphene biosensors

For biosensing applications, stability and repeatability of electronic measurements are
essential, as the interpretation of analyte presence or concentration often relies on
subtle changes in the transfer characteristics of the sensor. However, previous studies
have reported significant hysteresis in graphene field-effect transistors (GFETS), which
can compromise the reliability of such measurements [22].

To investigate the effect of hysteresis in GFETs, three different measurements were
carried out. The first measurement was conducted using a top-gated GFET config-
uration. The setup utilised the lock-in amplifier and was similar to that shown in
section 4.1, with the only differences being the use of a top gate instead of a bottom
gate, and the voltage sweep ranging from 0V — 1V — —1V — 0V in 20mV steps,
with a dwell time of 0.5s per step. A 50% aqueous solution of urea (CO(NHj)y) was
used as the gate electrolyte and applied to the sensor surface using a pipette. A short
platinum (Pt) wire was inserted into the droplet to serve as the gate electrode, and
connected to the gate voltage source.

This measurement was repeated three times at 5-minute intervals. Sheet resistiv-
ity was then calculated (Equation 4.2), and all three measurements were plotted in

Figure 5.1.
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Figure 5.1: Dependence of sheet resistivity on the applied gate voltage for repeated
measurements.

The second measurement aimed to test the dependence of hysteresis on the rate of
gate voltage change. The same experimental setup as shown in Figure 4.3 was used.
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The measurement was performed twice with different dwell times: 0.1s and 0.5s. Both
measurements used the same gate voltage sweep of 0V — 1.5V — —1.5V — 0V in
25mV steps.
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Figure 5.2: Dependence of sheet resistivity on the applied gate voltage with differing
dwell times.

The third experiment utilized a top-gate configuration with the gate voltage held at
Vo = 0.2V for 180s, then dropped to 0V and held again for 180s. The experimental
setup was identical to that shown in Figure 4.1. Both the gate voltage V; and the
calculated sheet resistivity ps were plotted as functions of time.
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Figure 5.3: Evolution of gate voltage and sheet resistivity of graphene over time.

The origin of hysteresis in GFETs is multifaceted, with one significant cause be-
ing the presence of physisorbed water molecules on the graphene surface and trapped
water molecules between the substrate and graphene [20]. These water molecules can
trap and release charge carriers depending on the polarity of the gate voltage, lead-
ing to asymmetric responses during voltage sweeps (Figure 5.1). This effect becomes
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more pronounced at higher relative humidity and can be virtually eliminated by vac-
uum annealing or suppressed using alternating gate voltage pulses, which prevent slow
trapping dynamics from dominating the device response [20].

Other contributors to hysteresis include charge traps within the gate dielectric, par-
ticularly SiO,, and interface states at the graphene—substrate boundary [23|. These
traps can temporarily capture charge during a sweep. As a result, the effective doping
level varies with the sweep direction, further contributing to the hysteresis loop. The
amplitude of hysteresis is often dependent on the gate voltage sweep rate, with slower
sweeps typically exhibiting larger hysteresis due to the increased time available for
trap charging and discharging, as shown in Figure 5.2. This effect also contributes to
discontinuities that are frequently observed at the beginning and end of the measured
transfer curve, where the gate voltage does not have sufficient time to stabilize. To
reduce the impact of these transient regions and improve data consistency, the mea-
surement can be extended to perform a longer sweep going back and forward and only
the central portion of the sweep, where the system has reached a steady state, can be
used for analysis. This approach is illustrated in Figure 5.4, where the highlighted area
represents the selected data window.
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Figure 5.4: Gate voltage sweep profile with the central region (green) selected for
evaluation, minimizing transfer curve discontinuities caused by transient hysteresis.

The slow trapping and de-trapping process is furthermore clearly illustrated in Fig-
ure 5.3, where the sheet resistivity continues to evolve over an extended period after
a constant gate voltage is applied. The initial rapid change is followed by a grad-
ual, exponential relaxation, indicative of charge trapping dynamics associated with
physisorbed water molecules on the graphene surface and possibly between the sub-
strate and graphene layer [20].

In addition to environmental and dielectric effects, electrochemical processes at the
graphene—electrolyte interface in electrolyte-gated GFETs can also induce hysteresis,
particularly via electric double-layer formation and slow ionic rearrangements [24].
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From a practical standpoint, understanding and minimizing hysteresis is essential
for the reliable operation of GFETSs in biosensing applications, where the position of
the Dirac point is often used as a direct measure of analyte concentration or binding.
Several strategies have been proposed to mitigate hysteresis, including the use of hy-
drophobic substrate coatings [20], and optimized cleaning protocols to reduce surface
adsorbates [20].

To minimize the impact of hysteresis in measurements, it is advisable to perform
gate voltage sweeps as quickly as the experimental setup allows, limiting the time
available for slow charge transfer processes. Measurements should ideally begin from
zero gate voltage or allow sufficient time for stabilization after applying a bias. When
interpreting data, not only the position of the Dirac point but also the width and shape
of the hysteresis loop should be taken into account. Finally, the resistivity response to
the application of a constant gate voltage, such as that shown in Figure 5.3, can itself
serve as a detection method for different analytes, since it is directly affected by the
dynamics of charge transfer between the graphene surface and the adsorbed molecules.
Different substances may exhibit distinct time-dependent resistivity profiles due to
variations in their interaction strength, dipole moment, or charge-donating/accepting
behavior. This approach could therefore provide an additional, time-resolved sensing
modality complementary to traditional Dirac point shifts.
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6. Leakage currents

Leakage currents in GFETs, particularly in electrolyte-gated configurations, arise from
non-ideal charge transport mechanisms between the gate electrode, the electrolyte, and
the graphene channel. These currents can be capacitive or Faradaic in nature, depend-
ing on the doping state of the graphene and the presence of electrochemical reactions
at the interface, in electrolyte-gated configurations they also depend on the type of
gate electrode employed [24]|. Faradaic leakage, in particular, is often attributed to
the reduction of dissolved oxygen in aqueous solutions, leading to gradual degradation
of device performance and instability in gate control. Understanding and minimizing
leakage currents is essential for ensuring accurate and reliable operation in sensing and
switching applications. [24].

Leakage currents were measured using a picoammeter, either through the insulating
Si0, layer in the bottom-gate configuration or through the electrolyte in the top-gate
configuration. The measurement setup for the bottom-gated device is shown in Fig-
ure 6.1. A standard gate voltage sweep from 0V — 80V — 0V was carried out in 1V
steps, with a dwell time of 0.5s per step.
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Figure 6.1: Experimental setup for measuring leakage current in a bottom-gated

GFET.
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Leakage current through the electrolyte was measured similarly using the set-up
in Figure 6.2. The measurement followed a gate voltage sweep from 0V — 1V —
—1V = 0V in 25mV steps, with a dwell time of 0.1s per step.
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Figure 6.2: Experimental setup for measuring leakage current in a top-gated GFET.

Figure 6.3 depicts measured leakage currents through SiO, (a) and through water
as the electrolyte (b).
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Figure 6.3: Measured leakage current for a) bottom and b) top gate configurations.

These results illustrate the practical impact of leakage currents on the actual voltage
experienced by the graphene channel. In an ideal case, the full set gate voltage would
be applied directly to the gate electrode. However, when a non-negligible current
flows through the gate dielectric or electrolyte, a voltage drop forms across the output
impedance of the current source, resulting in a lower actual gate voltage. In the bottom-
gate configuration, a current of approximately 60 nA flows through the SiO, at 80V,
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which corresponds to a voltage drop of only 60 mV across a 1 M2 resistor. This means
the actual gate voltage is reduced to about 79.94 V, which is an insignificant deviation.
In contrast, for the top-gated configuration, the measured leakage current ranges from
140nA to 200nA at gate voltages of +£1V, leading to effective voltages in the range
of only 0.8 to 0.86V. Such a discrepancy is substantial and can meaningfully distort
transfer characteristics and Dirac point interpretation.

To verify the actual gate voltage in the top-gate configuration and assess the im-
pact of this discrepancy, an additional measurement was carried out. This allowed a
direct comparison between the set and effective gate voltages applied to the system.
This comparison was performed using both a nanovoltmeter and the previously used
picoammeter. The dedicated setup for measuring actual gate voltage using both a
nanovoltmeter and a picoammeter is shown in Figure 6.4.
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Figure 6.4: Measurement setup for monitoring actual gate voltage using a nanovolt-
meter.

The actual gate voltage measured using a picoammeter is then calculated by sub-
tracting the measured leakage current multiplied by 1 M) from the set gate voltage.
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Figure 6.5: Comparison of actual and set gate voltage using a nanovoltmeter and a
picoammeter.
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The two different methods of measuring actual gate voltage yielded similar results.
More importantly, the measured deviation between set and actual gate voltages directly
demonstrates how leakage currents interfere with precise gate control, altering the
effective potential seen by the graphene channel. In the bottom-gated configuration,
leakage currents were found to be relatively stable and low, as expected due to the
robust dielectric properties of thermally grown SiOs. However, even in this case, minor
leakage could be detected, highlighting the importance of high-quality oxide layers and
substrate cleanliness, especially when operating at elevated gate voltages.

In contrast, the electrolyte-gated top-gate configuration exhibited significantly more
complex behavior. The observed asymmetry and dynamic fluctuations in the leakage
current suggest the coexistence of capacitive charging and Faradaic processes—primarily
oxygen reduction at the graphene—electrolyte interface. These effects are strongly influ-
enced by environmental conditions such as the presence of dissolved oxygen and ionic
strength [24].

Overall, these findings demonstrate that leakage currents are not merely an un-
wanted side effect but a significant source of systematic error in GFET operation and
calibration—especially in biosensing and electrolyte-gated applications. Consequently,
quantifying, understanding, and minimizing leakage currents is essential for the devel-
opment of reliable GFET-based devices. Future improvements may include optimized
electrode geometry, passivation of exposed areas, and the use of inert electrolytes to
suppress parasitic electrochemical reactions.
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7. Example application of a graphene
biosensor

To evaluate the biosensing capabilities of GFETSs, a comparative analysis of transfer
characteristics was conducted using deionized (DI) water as a reference and a 50% water
solution of urea (CO(NHj)3) as the analyte. This measurement was performed using
a top-gated GFET configuration measured with a lock-in amplifier. The setup was
similar to that shown in section 4.1, with the key differences being the use of a top gate
instead of a bottom one, and a voltage sweep ranging from 0V -1V —- -1V -0V
in 20mV steps, with a dwell time of 0.5s per step.
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Figure 7.1: Dependence of sheet resistivity on the applied gate voltage during a top
gate measurement with DI water and a 50% urea solution as electrolytes.

In the presence of DI water, the measured transfer curve exhibited a characteristic
ambipolar shape with a distinct peak in sheet resistivity corresponding to the Dirac
point. When the analyte was switched to a urea solution, a noticeable shift of the Dirac
point toward more negative gate voltages was observed (Figure 7.1). This leftward shift
in the peak resistivity indicates that urea acts as an electron donor upon adsorption to
the graphene surface, effectively n-doping the material. As a result, the Fermi level in
graphene is raised, requiring a more negative gate voltage to restore charge neutrality.

This doping effect can be attributed to the adsorption of urea molecules, which
interact with the m-electron cloud of graphene and donate electrons via their molecular
dipole and the lone electron pairs on nitrogen atoms [25]. Such interactions alter the
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local electrostatic environment and induce a persistent charge transfer to the graphene
sheet. The observed shift in transfer characteristics validates the utility of GFETs as
highly sensitive sensors for small molecules like urea.

These findings are consistent with previous literature, where similar doping effects
have been reported for biomolecular detection using GFETs, further corroborating the
use of such sensors in applications ranging from medical diagnostics to environmental
monitoring [11, 22, 24].
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Conclusion

This thesis explored the behavior and performance of graphene-based field-effect tran-
sistors (GFETSs) across various gating configurations, with a particular focus on their
application as biosensors. Three distinct gate architectures were investigated: bottom-
gated, top-gated (using an immersed electrode in the electrolyte), and side-gated (with
a lithographically defined electrode). FEach configuration was subjected to a series
of controlled measurements aimed at evaluating electrical characteristics and suscep-
tibility to hysteresis, with leakage currents specifically investigated in the top- and
bottom-gated setups.

The experimental work demonstrated the expected ambipolar behavior in all de-
vices, with observable Dirac points shifting in response to environmental and chemical
changes. Comparative measurements revealed substantial differences in gating effi-
ciency and hysteresis behavior depending on the configuration. Notably, top-gated
measurements, which utilize an electrolyte droplet and an immersed platinum wire,
were found to be particularly sensitive to parasitic leakage currents. These leakage
currents proved to be significant, resulting in a mismatch between the set and actual
gate voltages and thereby affecting the interpretation of sensor output. In contrast,
bottom-gated devices with a solid-state SiO. dielectric exhibited negligible leakage.
Additionally, hysteresis effects were documented across multiple gate geometries and
measurement conditions, with particular emphasis on the roles of physisorbed water,
sweep rate and the length of the measurement itself. Time-resolved resistivity mea-
surement further highlighted the dynamic charge trapping mechanisms inherent to the
sensor interface.

These findings underscore the importance of understanding and controlling non-
ideal properties such as hysteresis and current leakage in GFET-based sensors. The
confirmation that electrolyte-gated top-contact configurations suffer from considerable
leakage is especially pertinent, as it directly impacts device calibration, response repro-
ducibility, and overall sensing reliability. The documentation of how different configu-
rations respond to environmental and gating conditions provides a valuable dataset for
future optimization of measurement protocols and sensor design.

In conclusion, this thesis bridges fundamental electronic characterization with ap-
plied biosensing, helping to advance the development of GFETs from experimental
prototypes toward reliable analytical tools. Its findings could aid not only in improv-
ing current devices but also in guiding future research focused on integrating GFETs
into complex sensing environments, particularly those involving biological fluids or
electrolytic media.
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List of abbreviations

CVD ........... chemical vapour deposition
DI.............. deionized (water)
EDL............ electric double layer
FET............ field-effect transistor
GFET.......... graphene field-effect transistor
PMMA ......... poly(methyl methacrylate)
RIE............. reactive ion etching
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