
 

INTERFACIAL PHENOMENA AT THE GRAPHENE-LIQUID-INTERFACE IN 

NANOSTRUCTURE DEVICES: FARADAIC EFFECT, EDGE-GATING AND  
VAN DER WAALS HETEROSTRUCTURES 

 

DISSERTATION 

zur Erlangung des akademischen Grades 

DOCTOR RERUM NATURALIUM 
(Dr. rer. nat.) 

im Fach: Chemie 
Spezialisierung: Angewandte Analytik und Umweltchemie 

eingereicht an der  
Mathematisch-Naturwissenschaftlichen Fakultät 

der Humboldt-Universität zu Berlin 

von M.Sc. Tilmann Joachim Neubert 
 

 
Präsidentin der Humboldt-Universität zu Berlin: Prof. Dr.-Ing. Dr. Sabine Kunst 

Dekan der Mathematisch-Naturwissenschaftlichen Fakultät: Prof. Dr. Elmar Kulke 

 

Gutachter*innen: 

1. Prof. Dr. Kannan Balasubramanian 

2. PD Dr. Karsten Hinrichs 

3. Prof. Dr. Emil List-Kratochvil 

 

Tag der mündlichen Prüfung: 28.10.2021  



 



I 
 

 

 

 

 

 

 

“If one wants to understand the beautiful physics of graphene, they will be spoiled for 
choice with so many reviews and popular science articles now available. I hope that the 

reader will excuse me if on this occasion I recommend my own writings.” 
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Abstract 

Graphene has been studied broadly as the transducing element in electrochemical and 

field-effect sensors. Such devices operated in aqueous solution show great potential as 

label-free sensors for the detection of analytes e.g. with medical, biological or 

environmental relevance. At the graphene-liquid-interface, an electrical double-layer 

(EDL) forms. In graphene field-effect devices, the EDL is reminiscent of a double-plate 

capacitor. Changes in charge distribution at the EDL can cause a sensor response via 

electrostatic interactions. In electrochemical measurements, on the other hand, electron 

transfer processes at the EDL are studied at graphene as a working electrode. Both 

approaches share similar set-ups, as in both cases the potential at graphene is modulated 

by a reference electrode. 

Several aspects of the design and function of sensors based on graphene operated in liquid 

have been investigated in this thesis, providing new insight into fundamental processes at 

the graphene-liquid-interface. Using photolithographic methods, field-effect transistors 

(FET) based on graphene have been fabricated. The pH sensitivity of graphene was 

revisited and established as a reference characterization tool for the devices. 

First, the effect of the presence of redox active molecules in the analyte solution during 

the operation of electrochemically gated graphene FETs was explored. During operation, 

heterogeneous electron transfer may occur at relevant potentials leading to Faradaic 

currents at the graphene channel. These lead to doping-like shifts of the transfer curve of 

graphene, as the graphene-liquid-interface represents a partially polarizable electrode. 

The occurrence of these shifts depends mainly on the relation between the Dirac point of 

graphene and the standard potential of the redox species. This relation determines whether 

cathodic or anodic currents are present dictating the direction of the Dirac point shift. Due 
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to the origin of the shifts, this observation is termed “Faradaic effect”. It is fundamentally 

different from typically discussed transduction mechanisms like electrostatic interactions. 

Parameters influencing the direction and magnitude of the Faradaic effect are discussed 

in detail, e.g. the shifts are the stronger, the larger the area of the graphene channel. 

The second part focuses on the edge of graphene, which represents a nanoscopic one-

dimensional defect of the two-dimensional material. It attracts great attention due to its 

special properties. Here, a new type of graphene FET is introduced based on 

electrochemical gating of graphene exclusively via the EDL at its edge. To achieve edge-

gating, the basal part of graphene is passivated by a photoresist and shielded entirely from 

interaction with the solution. Devices with narrow graphene widths (< 1 µm) below the 

resist showed ON/OFF ratios of up to 10. Furthermore, it was demonstrated that the edge 

of graphene can be functionalized covalently via electrografting. This changes the charge 

density at the graphene edge-liquid-interface effectively, while maintaining the favorable 

transfer characteristics of the devices. This strategy may pave the way for new graphene 

based one-dimensional sensors with high selectivity. 

Finally, a novel approach towards graphene edge devices was pursued in the form of 

hexagonal boron nitride (hBN) encapsulated graphene. The graphene edge is exposed at 

the edge of such van der Waals heterostructures. Electrochemical gating and charge 

transfer were probed on the edge of these heterostructures. Especially for electroanalytical 

applications, these devices are promising due to low interfacial capacitance at the EDL 

leading to small capacitive currents, while high Faradaic currents could be observed for 

two analytes (ferrocene methanol and the neurotransmitter dopamine). The detection of 

both species at scan rates of up to 1000 V/s was demonstrated in fastscan cyclic 

voltammetry, which is promising for the detection of dopamine in vivo, where high 

temporal resolution is required.   
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Zusammenfassung 

Graphen wurde umfassend als signalwandelndes Element in elektrochemischen und 

Feldeffekt-Sensoren untersucht. Diese in wässriger Lösung betriebenen Bauelemente 

sind vielversprechend als markierungsfreie Sensoren für den Nachweis von Analyten mit 

z. B. medizinischer, biologischer oder umwelttechnischer Bedeutung. An der Graphen-

Flüssigkeits-Grenzfläche bildet sich eine elektrische Doppelschicht (EDL). In Graphen-

Feldeffekttransistoren ähnelt die EDL einem Doppelplattenkondensator. Änderungen der 

Ladungsverteilung an der EDL können durch elektrostatische Wechselwirkungen eine 

Sensorantwort herbeiführen. Andererseits werden bei elektrochemischen Messungen mit 

Graphen als Arbeitselektrode Elektronentransferprozesse an der EDL untersucht. Beide 

Ansätze haben ähnliche Aufbauten, da in beiden das Potential an Graphen durch eine 

Referenzelektrode moduliert wird. 

In dieser Arbeit wurden verschiedene Aspekte des Designs und der Funktionsweise von 

in Flüssigkeit betriebenen Graphen-basierten Sensoren untersucht, wodurch neue 

Einblicke in grundlegende Prozesse an der Graphen-Flüssigkeits-Grenzfläche gewonnen 

wurden. Mit Hilfe photolithographischer Methoden wurden Feldeffekttransistoren (FET) 

auf Basis von Graphen hergestellt. Die pH-Empfindlichkeit von Graphen wurde 

aufgegriffen und als Referenz für die Charakterisierung der Transistoren etabliert. 

Zunächst wurde die Wirkung der Anwesenheit redoxaktiver Moleküle in der 

Elektrolytlösung während des Betriebs von elektrochemisch gesteuerten Graphen-FETs 

untersucht. Während des Betriebs kann bei relevanten Potentialen ein heterogener 

Elektronentransfer stattfinden, der zu Faradayschen Strömen am Graphenkanal führt. 

Diese führen zu dotierungsähnlichen Verschiebungen der Transferkurve von Graphen, da 

die Graphen-Flüssigkeits-Grenzfläche eine teilweise polarisierbare Elektrode darstellt. 
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Das Auftreten dieser Verschiebungen hängt hauptsächlich von der Beziehung zwischen 

dem Dirac-Punkt von Graphen und dem Standardpotential der Redox-Spezies ab. Diese 

bestimmt, ob kathodische oder anodische Ströme vorliegen, die die Richtung der Dirac-

Punkt-Verschiebung bestimmen. Aufgrund des Ursprungs der Verschiebungen wird diese 

Beobachtung als „Faradayscher Effekt“ bezeichnet. Er unterscheidet sich grundlegend 

von herkömmlichen Transduktionsmechanismen wie etwa Verschiebungen auf Grund 

von elektrostatischen Wechselwirkungen. Der Einfluss von Parametern, die Richtung und 

Ausmaß des Faradayschen Effekts beeinflussen, wurden detailliert untersucht. So sind 

die Verschiebungen z.B. umso stärker, je größer die Fläche des Graphenkanals ist. 

Der zweite Abschnitt konzentriert sich auf die Kante von Graphen, die einen 

nanoskopischen eindimensionalen Defekt des zweidimensionalen Materials darstellt. 

Aufgrund ihrer besonderen Eigenschaften zieht die Graphen Kante große 

Aufmerksamkeit auf sich. In dieser Arbeit wird ein neuer Typ von Graphen-FET 

vorgestellt, der auf der elektrochemischen Steuerung von Graphen ausschließlich über 

die EDL an seiner Kante basiert. Um die Steuerung ausschließlich über die Kante zu 

erreichen, wird der basale Teil des Graphens durch einen Fotolack passiviert und 

vollständig von der Wechselwirkung mit der Elektrolytlösung abgeschirmt. Transistoren 

mit sehr schmalen Graphen (< 1 µm) unter dem Lack zeigten ein ON/OFF-Verhältnis von 

bis zu 10. Darüber hinaus konnte gezeigt werden, dass die Kante des Graphens durch 

elektrochemische Modifizierung kovalent funktionalisiert werden kann, wodurch die 

Ladungsdichte an der Grenzfläche zwischen der Graphenkante und der Lösung effektiv 

verändert wird. Dabei bleiben die vorteilhaften Eigenschaften der Devices erhalten. Diese 

Strategie könnte den Weg für neue eindimensionale Sensoren auf Graphenbasis mit hoher 

Selektivität ebnen. 
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Schließlich wurde ein neuartiger Ansatz zur Untersuchung der Graphenkante in Form von 

Bauelementen mit hexagonalem Bornitrid-verkapseltem Graphen verfolgt. Am Rand 

solcher van der Waals Heterostrukturen ist ausschließlich die Graphen Kante exponiert. 

Sowohl die elektrochemische Steuerung über die Kante des Graphens, als auch 

Elektronentransfer an der Graphenkante in solchen Heterostrukturen wurden untersucht. 

Speziell für elektroanalytische Anwendungen sind diese Devices vielversprechend, da die 

geringe Grenzflächenkapazität der EDL zu kleinen kapazitiven Strömen führt, während 

für zwei Analyten (Ferrocenyl-methanol und den Neurotransmitter Dopamin) hohe 

Faradaysche Ströme beobachtet werden konnten. Signale beider Analyten wurden in der 

zyklischen Voltammetrie bei hohen Scangeschwindigkeiten von bis zu 1000 V/s 

detektiert. Dies hat große Relevanz für den Nachweis von Dopamin in vivo, da dort 

präzise zeitliche Auflösung erforderlich ist.  
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1 INTRODUCTION 
1. Introduction 

The publication “Electric field-effect in atomically thin carbon films” [1] in 2004 marks 

the starting point of the modern research on the two-dimensional (2D) material graphene, 

despite it being predicted much earlier. [2] Its significance is underlined by the fact that 

the authors of this publication, Konstantin S. Novoselov and Andre K. Geim, were 

awarded the Nobel Prize in Physics for their groundbreaking research on graphene in 

2010. Although research on 2D materials has expanded “beyond” graphene today, [3-5] 

there are still exciting discoveries and ongoing challenges surrounding graphene, ranging 

from open questions in fundamental research to the lack of industrial applications of the 

so-called "wonder material".  

One of the most frequently discussed applications that exploit the unique properties of 

graphene are field-effect devices. [6] Graphene has been integrated into field-effect 

transistors (FET) as a channel material with use in many fields, like (opto)electronics, 

sensing and radio frequency applications. [7-13] Among those, the use of graphene FETs 

(GFET) for sensing applications is a field that has progressed thoroughly during the past 

decade. [11, 13-17] Although industrially relevant applications of GFETs have still not been 

achieved, there has been progress towards real-life applications. [18-20] For example, after 

the outbreak of the COVID-19 pandemic in 2020, the demand for diagnostic point-of-

care tests was huge. [21] GFETs were among the sensors developed quickly to take on this 

challenge. [22, 23] Although such a sensor cannot compete in terms of affordability and 

usability in direct comparison to rapid antigen tests, this example underlines the potential 

of graphene based sensors for label-free detection of e.g. biomolecules.  
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GFETs can be operated via a dry backgate or an electrochemical gate in solution. [24] 

Many target analytes with biological or medical relevance are solution-based (pH, fresh-

water analysis e.g. for heavy metal ions, health-markers in blood or urine, etc.). [20, 25-27] 

For such sensors, electrochemical gating is favorable. The processes leading to signal-

generation in electrochemically gated GFETs occur at the graphene-liquid-interface 

(GLI) of such sensors. Charged species at the interface lead to electrostatic interactions 

that generate a shift of the transfer curve of graphene. [11, 13] Therefore, GFETs for 

(bio)sensing applications do not require the use of labels or markers. [28-34] They only need 

to be designed to be selective towards the target analyte.  

In this thesis, processes at the GLI are investigated to understand mechanistic details and 

further progress the field of GFET sensing. For this purpose, GFET devices are fabricated 

with many different layouts, allowing different aspects to be brought into the spotlight. 

At first, the pH sensitivity of GFET devices is revisited, which is then established as a 

“gold standard” to evaluate the performance of devices with different layouts.  

Graphene has been used as an electrode material in many studies, where charge transfer 

reactions are probed in an electrochemical cell. [35-37] Such charge transfer occurs at the 

GLI, if an appropriate potential is applied. This is counterintuitive for sensing with 

GFETs that are operated in liquid, as for field-effect devices the solid-liquid-interface 

needs to be polarizable. [38, 39] Charge transfer across the electrical double layer at the 

solid-liquid-interface would be disruptive for the capacitance that is required to sense 

electrostatic interactions. Electrochemical charge transfer at the GLI even has been 

suspected to be detrimental to the very concept of electrochemically gated GFETs. [38] 

Transduction mechanisms based on charge transfer have been suggested for backgated 

GFET sensors operating in gaseous environments or in vacuum, as well as in theoretical 

studies. [40-44] However, in electrochemically gated GFETs, the circuit is closed across the 
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solution via the gate and therefore, it can be expected that charge transfer mechanisms 

proceed differently at the solid-liquid-interface in comparison to GFETs operated in air 

or vacuum. Furthermore, charge transfer imposed by electrochemically active species has 

been shown to shift the gate-dependent transfer curve of single-walled carbon 

nanotubes (CNT). [45] 

Therefore, the response of electrochemically gated GFETs in the presence of canonical 

redox couples is investigated in this thesis. During gate modulation, electrochemically 

active species can undergo charge transfer leading to Faradaic currents at the GLI. Based 

on these, shifts of the transfer curve of graphene can be detected that are attributed to a 

change of the half-cell potential of graphene. This observation, which was termed 

“Faradaic effect” in this thesis, is important for the understanding of sensing mechanisms 

in electrochemically gated GFETs, as it is not a doping mechanism and rules out charge 

transfer doping as a viable transduction mechanism for shifts of the electronic structure 

of graphene in GFETs operated in liquid. The Faradaic effect is explored in detail using 

different redox couples and experimental conditions and its implications for GFET 

sensing applications are discussed.  

Furthermore, a special focus of research was laid on the edge of the 2D material graphene. 

The edge represents a one-dimensional (1D) line defect at the terminus of the lattice of 

graphene flakes. The electronic structure of the edge is different from the basal plane and 

the graphene edge exhibits special properties. [46-50] For example, it shows increased 

electrochemical activity in comparison to the basal plane. [51-53] Due to a higher defect 

density, it has more catalytic sites and increased sensitivity. [54, 55] With increasing 

proportion of the edge, its properties dominate the graphene sheet. In graphene 

nanoribbons, it has been demonstrated that a band gap opens in the electronic structure of 

graphene, if a sufficiently narrow structure is created, turning graphene into a 
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semiconductor. [56, 57] Due to these aspects, edge enrichment in graphene devices is the 

objective of many studies. [46, 48] For field-effect devices, this is typically achieved in the 

form of the aforementioned nanoribbons. [56-60] Other strategies include the introduction 

of nanostructured defects in the basal plane, such as pores or antidot lattices. [61-64] In 

electroanalytical studies, probing charge transfer exclusively at the edge has been enabled 

by the isolation of the edge, e.g. by encapsulation in resins [65-68] or at the edge of a 

microstructured photoresist. [69, 70] For GFETs, operation of devices via the edge 

excluding contributions of the basal plane has not been demonstrated yet.  

In this thesis, the fabrication and operation of electrochemically gated GFET sensors 

based on an isolated graphene edge created at the edge of microstructured photoresist is 

presented. It is expected that such sensors based on a 1D active element exhibit enhanced 

performance. [71-73] First, a design for such a sensor is developed, which is derived from 

a graphene edge electrode. [69, 70] In a field-effect device, two contacts (source and drain) 

are required, which implies that a fraction of basal graphene needs to be present in order 

to support the graphene edge. Other than in edge-enriched devices, here this is achieved 

by passivation of the basal fraction with a photoresist. Subsequently, the gating 

mechanism of such devices is investigated and compared to conventional GFETs. 

Furthermore, the potential of graphene edge field-effect devices for sensor applications 

is explored with covalent functionalization of the graphene edge in the 1D sensor structure 

revealing a strong alteration of the graphene edge-liquid-interface.  

Finally, van der Waals heterostructures assembled from layered 2D materials have gained 

attention in the past years. [74, 75] As 2D materials with different properties are combined, 

new characteristics emerge. [74-78] Hexagonal boron nitride (hBN) is an insulator, which 

is chemically inert and has almost no dangling bonds on its surface. [79, 80] Upon 

encapsulation with hBN, graphene is shielded from its environment. [81, 82] Thereby, the 
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charge carrier mobility of encapsulated graphene is preserved and exhibits values similar 

to those of suspended graphene. [76, 79, 83, 84] Furthermore, in hBN-graphene-hBN 

heterostructure stacks, the edge of graphene is exposed on the side of the heterostructure. 

The graphene edge in these stacks is available for interaction e.g. with gas molecules, 

whereby the whole graphene channel is affected. [85] Charge transfer to graphene through 

multilayer hBN of sufficient thickness is prevented. [82] Furthermore, Li-ion intercalation 

has been demonstrated in such heterostructures. [86] 

In this thesis, devices fabricated from hBN-encapsulated graphene are investigated with 

focus on their potential application in sensing in aqueous solution. Both, electrochemical 

gating as well as electrochemical charge transfer at the edge of such a van der Waals 

heterostructure are explored. A special focus is laid on the detection of the 

neurotransmitter dopamine in conventional and specialized fastscan voltammetry.  
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2 THEORETICAL BACKGROUND 
2. Theoretical background 

2.1 The zero-bandgap semiconductor graphene 

Graphene is the 2D allotrope of sp2 hybridized carbon. It consists of a single layer of 

carbon atoms that are connected via in-plane σ-bonds with angles of 120°, forming a 

hexagonal honeycomb-lattice, as shown in Figure 2.1.1. The non-hybridized pz-orbital of 

each carbon atom contributes an electron to the conjugated π-system that extends over 

the whole lattice. The other sp2-carbon allotropes – zero-dimensional (0D) fullerenes, 1D 

CNTs and three-dimensional (3D) graphite – can be broken down to this structure. [87] 

Graphene is the thinnest stable material. This alone makes it very interesting. However, 

it exhibits extraordinary properties that put it in the focus of a broad number of research 

fields in physics and chemistry. [9, 87] Graphene is a semi-metal with ballistic charge 

carrier conduction and high charge carrier mobility. Mobility values of 1000 to 

10000 cm2/Vs are reported frequently, [1, 88-90] however in specialized measurements 

values of up to 350000 cm2/Vs have been demonstrated at temperatures of T = 1.6 K [91] 

and 250000 cm2/Vs for encapsulated graphene at room temperature (RT). [83] Other 

properties of graphene are noteworthy as well. It shows excellent thermal 

conductivity. [92] Graphene is transparent, absorbing only 2.3% of light per layer. [93] It 

shows enormous sheet strength as well as elasticity and flexibility. [94] Furthermore, 

graphene is highly sensitive to changes in its vicinity due to its 2D nature. [95] It shows 

chemical transparency, meaning that it acquires properties from its support in regard to 

catalytic activity. [96] 
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Figure 2.1.1: Electronic structure of graphene. a) Honeycomb lattice of graphene consisting of 
two sets of triangular lattices (A and B). The lattices are defined by the lattice unit vectors a1 and 
a2. The lattices are displaced by the nearest-neighbor vectors δi=1,2,3. b) Reciprocal honeycomb 
lattice in the Brillouin zone with reciprocal-lattice vectors b1 and b2. Γ, M, K and K’ are points of 
high symmetry. c) Electronic dispersion in Brillouin zone with zoom-in on the energy bands at a 
point of high symmetry K or K’. d) Density of states “ρ(ε)” as a function of energy “ε” with zoom-
in on the energy region around the Dirac point. (Reprinted figures with permission from Ref [97]. 
© 2009 by the American Physical Society.) 

 

The electronic structure of graphene is very special as graphene is neither a metal, nor 

semiconductor. It is often described as a semi-metal with a confined number of states or 

a zero-bandgap semiconductor. [11, 97-99] Using a tight-binding approach, the electronic 

structure of graphene can been calculated to a good approximation. [97, 99] The most 

interesting points of the band structure, as shown in Figure 2.1.1, can be found at the 

points of high symmetry K and K’. Here, the valence and conduction band touch without 

overlapping. This point is referred to as the Dirac point, since electrons behave as Dirac 

Fermions close around this point. [87, 99] It is also referred to as charge neutrality point as 

at this point, the valence band is completely filled and the conduction band is completely 

empty. This occurs when the Fermi level is identical to the energy level of the Dirac point. 
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The density of states of graphene is minimal at the Dirac point with an approximately 

linear dispersion symmetrically around it. [97] 

The strategy to obtain graphene in the earliest reports was the mechanical exfoliation of 

graphite via the so-called scotch tape method. [1] In this method, a layer of graphite is 

peeled off from highly oriented pyrolytic graphite (HOPG). Subsequently, this layer is 

thinned down by further peeling to reach a monolayer. Mechanically exfoliated graphene 

(mexG) is of very high quality, however the obtained sheets are small (a few micrometers) 

and the number of layers cannot be controlled. [1] Therefore, the fabrication strategy lacks 

reliability and scalability. Hence, alternative methods have been developed. [3] These 

include the chemical exfoliation of graphite, an approach that is more scalable and more 

reliable. However, the obtained graphene is still only micrometer-sized and has 

undergone harsh chemical treatment being oxidized in a first step, exfoliated and 

subsequently re-reduced in a process that could be abbreviated as the Hummers-

hydrazine-method. [100-103] For electronic applications, the obtained reduced graphene 

oxide (rGO) is not ideal as it is defect rich and of poor electronic quality. [103-105] Much 

higher quality can be found in epitaxial-grown graphene (epiG) on silicon carbide. [106] 

This type of graphene can be fabricated covering large areas. However, for the growth 

process, very high temperatures in high vacuum are required and the growth needs to be 

controlled carefully to avoid multilayer formation. [107] Furthermore, epiG transfer is not 

straightforward making it not very versatile. [108, 109] Finally, another prominent 

fabrication strategy is the growth of graphene by decomposition of carbon-containing 

gasses like methane on metals that catalyze the decomposition. [108] This process called 

chemical vapor deposition (CVD) yields large area graphene that can be transferred to 

the desired support material. [108, 110] Here, major drawbacks are the polycrystallinity of 

the layer, as the CVD-graphene grows in domains that coalesce to form a closed layer. 
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[19, 111, 112] Thereby, grain boundaries are formed. [113, 114] Furthermore, ripples and 

wrinkles are often present, as well as agglomerates of amorphous carbon. [112, 115] High-

quality CVD-graphene is often the material of choice for the integration in applications 

due to the vast number of advantages this type of graphene bears. [13] However, the used 

type of graphene should always be kept in mind, when evaluating research results for 

graphene, as properties can vary strongly between the different types.  

 

2.2 Considerations for the solid-liquid-interface: The electrical 

double layer and polarizable interfaces 

A solid-liquid-interface has to be considered in between graphene (solid) and the 

electrolyte solution (liquid). Faradaic and capacitive processes can be probed at this 

interface using various electrochemical methods like field-effect measurements with 

electrochemical gating or cyclic voltammetry. At such a solid-liquid-interface, an 

electrical double layer (EDL) forms. [39] Various models have been developed historically 

to describe the EDL, with each of them adding a bit more complexity to approach reality. 

All of them have in common that the charge across the EDL has to follow the neutrality 

condition. The simplest description of the EDL is the model introduced by Helmholtz, 

who claimed that a charged electrode immersed in an electrolyte solution will attract a 

layer of countercharged ions and repel all co-charged ions. [116] Therefore, the Helmholtz-

layer has the opposite charge of the electrode and the solid-liquid-interface can be 

described as a simple double plate capacitor. Gouy and Chapman introduced an 

alternative description of the EDL, by discussing the potential landscape across the solid-

liquid-interface. [117, 118] Most importantly, they proposed that the liquid-side of the EDL 

is not rigid, but that the potential decays exponentially over a certain distance away from 
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the interface. This potential-drop is described by the diffuse layer, in which the 

concentration of the countercharged ions increases towards the interface following 

Boltzmann-Maxwell statistics. Furthermore, the thickness of this layer is influenced by 

different factors like the applied potential and the ion concentration.  

 

 

Figure 2.2.1: Model of the solid-liquid-interface for a planar electrode in accordance to Stern and 
Grahame. [119, 120] The EDL extends along the distance x from the electrode. The electrode is 
charged positively in the displayed case. Furthermore, cations are specifically adsorbed without 
a solvation shell at the electrode in the Stern layer. The inner Helmholtz plane (IHP) is indicated 
across the specifically adsorbed ions at distance x1. The outer Helmholtz plane (OHP) crosses 
through the solvated anions at their closest approach to the electrode x2 between Stern and diffuse 
layer. Throughout the diffuse layer, the concentration of anions decreases and that of cations 
increases. Across the EDL, charge neutrality must be maintained. In the bulk solution, both types 
of ions are present.  

 

Stern later combined the Helmholtz and Gouy-Chapman models, to arrive at a description 

incorporating the Helmholtz-layer and the diffuse layer. [119] Here, the Stern-layer 

describes the EDL directly at the interface, with the countercharged ions approaching the 

interface with a maximum distance approximately equivalent to their ion radius. From 
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thereon, the Gouy-Chapman diffuse layer extends into the solution with its potential 

exponentially decaying. Grahame suggested a further modification of the EDL model, by 

incorporating the solvation shell of the ions in solution. [120] This allows for a 

differentiation of specifically adsorbed ions in the Stern layer that are not solvated and 

such ions that are solvated, whereby they cannot approach the interface closer than their 

solvation shell. Two planes parallel to the solid are used to differentiate these layers. The 

outer Helmholtz plane (OHP) passes through the centers of the solvated ions in their 

closest approach to the interface separating the Stern and diffuse layer, while the inner 

Helmholtz plane (IHP) passes through the specifically adsorbed ions in the Stern layer. 

Further adjustments for the description of the role of the solvent molecules have been 

made, among others, in the Bockris-Devanathan-Müller model. [121] However, the Stern 

model with modifications from Grahame, as shown in Figure 2.2.1, is typically used to 

describe the solid-liquid-interface qualitatively. A deeper discussion of the charge and 

potential landscape at the EDL is presented in section 4.2.  

 

2.2.1 Charging of the EDL at an ideally polarizable electrode 

The EDL forms at any electrode immersed in solution and no current flows in 

equilibrium. [39, 122] However, by application of an external potential, the EDL is 

stimulated. Charging of the EDL is governed by its interfacial capacitance. For 

potentiodynamic methods, where a linear potential sweep is applied, this capacitance 

determines the charging current of the EDL as a function of the scan rate. [39, 123] Such a 

measurement, however, can only be accomplished in the absence of Faradaic currents at 

the EDL. Such is the case at an ideally polarizable electrode, which is qualitatively 

defined as an electrode, at which no charge transfer can occur independent of any 
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potential difference imposed via an external circuit. [39, 120, 122, 124] It is in contrast to the 

ideally non-polarizable electrode. At this type of electrode, charges can pass freely, 

without affecting the relative position of the half-cell potential of the electrode. [39, 120, 122, 

124] Here, Faradaic currents are only limited by the ohmic resistance of the circuit. The 

non-ideal case is covered by the partially polarizable electrode, where charge transfer 

across the interface is possible as a results of a potential step, however to a limited 

amount. [39, 120, 124] Likewise, Faradaic currents present at the EDL shift the potential of 

that electrode. The relationship of the current i and potential E of the three electrodes is 

shown in Figure 2.2.2.  

 

Figure 2.2.2: i-E curves of electrodes of different types: a) ideally polarizable electrode, b) ideally 
non-polarizable electrode, c) partially polarizable electrode. The curves of the ideal electrodes 
deviate from their perfect behavior at their limits to represent realistic approximations of each 
type.  

 

The ideal electrodes do not exist in practice. However, approximately ideal behavior can 

be observed for some electrodes. The typical example for the ideally polarizable electrode 

is the mercury droplet electrode in contact with an oxygen-free potassium chloride (KCl) 

solution. [39, 122] For the ideally non-polarizable electrode, reversible redox-electrodes can 
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aid as good examples, such as the standard hydrogen electrode, standard calomel 

electrode (SCE) or the silver-silver chloride electrode (Ag/AgCl). The latter have in 

common that they are practically used as reference electrodes (RE). [39, 125]  

 

 

Figure 2.2.3: Ideal charging current behavior of a two-electrode system combining an Hg droplet 
electrode (1) and a SCE (2). a) Sketch of the set-up and RC-equivalent circuit. b) Shape of 
potential sweep E over time t applied to the RC circuit. Eλ is the vertex potential, at which the 
scan direction is reversed. The scan rate vf (of the forward scan) is the slope of the change of the 
potential over time. c) Current i over t resulting from E. i saturates towards vf ∙ Cd. d) Plot of i vs 
E. The maximum difference between i in the forward and backward scan is equivalent to 2(vf ∙ Cd). 
Adapted from Ref [39].  

 

A mercury droplet electrode and a SCE can be combined in an electrochemical cell, to 

yield a two-electrode system as shown in Figure 2.2.3. Here, the interfacial capacitance 

of the EDL Cd and the solution resistance Rs can be used to describe the equivalent circuit 

of the system. [39] The capacitance of the RE is negligible since it is much larger than Cd 

and therefore, their capacitance in series is approx. the same as Cd. The potential sweep 

demonstrates the charging of the EDL by an external potential applied here via the RE. 

This set-up is the equivalent of the ideal electrochemically gated field-effect transistor 



2 Theoretical background 

14 
 

(FET) with the capacitance representing the EDL at the channel, where no charge transfer 

may occur and the RE representing the gate, the potential of which is independent of any 

current passing. Furthermore, the potential sweep implies that high values for both, the 

scan rate vf and the interfacial capacitance Cd lead to high capacitive currents in such a 

system, which are parasitic leakage currents that need to be avoided in FET 

measurements.  

 

2.3 Working principles of field-effect transistors 

FETs are electronic devices with many applications in modern technologies. [126] The 

basic concept of an FET is that the conductivity of a semiconductor is modulated by an 

electric field that has been induced by a potential difference. The two common types of 

FETs are junction (J)-FETs and metal-oxide-semiconductor FETs (MOSFET). [127] All 

FETs are comprised of a source and drain electrode to probe the conductivity of the 

semiconductor that forms the channel. Furthermore, the electric field is induced via a 

gate. In J-FETs, the gate modulation is accomplished at a pn-junction with gate and 

channel being doped oppositely. At zero gate, a J-FET is conducting, or in other words in 

its ON-state (depletion type). Applying a gate voltage (of the right sign) leads to depletion 

of the charge carriers in the channel, whereby its conductivity decreases until pinch-off, 

equivalent to the OFF-state. [127] 

MOSFETs are also comprised of a semiconductor channel. Here, at source and drain a 

region with high doping of the opposite sign of the doping of the channel is required. At 

zero gate, the MOSFET is in its OFF-state (for enhancement type; depletion type also 

exists). On top of the channel, a dielectric layer, e.g. silicon oxide, is deposited with a 

metal layer following on top of it. The metal is used as the gate. The channel-dielectric-
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metal stack is referred to as a MOS capacitor, which is reminiscent of a parallel-plate 

capacitor. By application of a gate voltage at the metal – again, of the right sign relative 

to the doping of the channel, e.g. positive gate for p-channel – this capacitor is charged 

and at a certain threshold voltage, a minority carrier conduction channel is formed. The 

device is thereby switched into its ON-state. [127-129] Schematic sketches of both types of 

FETs are shown Figure 2.3.1. 

 

 

Figure 2.3.1: Schematic representation of a) J-FET, b) MOSFET and c) IS-FET. S, D and G 
indicate the source, drain and gate contacts, respectively. The doping regions of the 
semiconductor are indicated as n (electron doping), n+ (high electron doping) and p (hole doping).  

 

Both types of FETs are used, among other applications, as circuit elements in integrated 

circuits, for multiplexing or amplification. However, sensor applications of MOSFETs 

have been realized as well. The most prominent example is the ion-sensitive (IS)-FET. 

[128, 130-132] In this type of device, a schematic of which is shown in Figure 2.3.1 as well, 

the metal gate is replaced by a RE in liquid. The gating is effectively achieved by 

application of a voltage at the RE. However, the modulation of the channel conductivity 

actually occurs via the capacitance of the EDL between electrolyte solution and solid. 

The surface oxide of the dielectric at the interface on top of the channel determines the 
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sensitivity of the IS-FET. [133, 134] The IS-FET is pH sensitive and has been 

commercialized e.g. as pH-electrode. [135, 136] 

 

 

Figure 2.3.2: Gate-dependent transfer curve of graphene. The resistance R of the graphene 
channel is recorded as a function of the gate voltage VG applied at a RE. The Dirac point is at VG 
= 0. The insets show representations of the filling level of the density of states (DOS) of graphene 
(equivalent to the Fermi level EF, shown for the case at a temperature of T = 0 K) for different 
charging states of the gate, wherein graphene and the gate are thought of as the two plates of a 
capacitor. At the Dirac point, the valence band of graphene is completely filled, while the 
conduction band is empty. At positive VG, EF is found in the conduction band and electrons (n) 
are the majority charge carrier. At negative VG, electrons are depleted from the valence band, 
whereby holes (p) become the majority charge carriers.  

 

In graphene FETs (GFET), the semiconductor-channel is replaced by graphene, which is 

contacted with source and drain electrodes. Graphene is a conductor, which means that 

GFETs are operated in depletion mode. Via the gate voltage, the number of charge 

carriers in graphene can be modulated. However, the unique electronic structure of 

graphene adds a twist to its gate-dependent conductivity: Graphene is ambipolar, meaning 

that both, electrons and holes, can be the majority charge carriers. [1, 87] If the Fermi level 

matches with the energy level of the Dirac point of graphene (see section 2.1), the number 

of charge carriers is minimal and the minimal conductivity can be observed. As the Dirac 
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point is equivalent to the highest resistivity of graphene, it is also referred to as the OFF-

state of the device. However, the lack of a band-gap, and therefore, a real pinch-off of 

GFETs, is one of the most important challenges for the integration of GFET technology 

in electronics. [6, 137] The ON-state is defined as the conductivity at potentials far away 

from the Dirac point. The resistivity ρ of the GFET can be described by the typical 

resistivity equation of semiconductors, as shown in Equation 2.3-1. [1] 

𝜌𝜌(𝑝𝑝,𝑛𝑛) =  1
𝑒𝑒(𝑛𝑛(𝐸𝐸F)𝜇𝜇el+𝑝𝑝(𝐸𝐸F)𝜇𝜇hol)

  
Equation 2.3-1 

Therein, p and n are the number of charge carriers that are a function of the Fermi level 

EF (electron filling level). Furthermore, e is the electronic charge and µel and µhol are the 

charge carrier mobility of electrons and holes, respectively. This relationship is discussed 

in detail in the appendix section C. However, it shows that the electronic structure of 

graphene, here represented by the number of charge carriers, which is modulated by the 

gate voltage, can be tracked as the resistance R of a GFET device (note that ρ is R 

normalized to area A and length l of the conductor), with the mobility of the charge 

carriers aiding as the proportionality factor of the curve. This curve is referred to as the 

gate-dependent transfer curve. [13] It is displayed in Figure 2.3.2. 

As shown in Figure 2.3.3, gating of graphene can be achieved either via a metallic top- 

or back-gate separated from the graphene channel via a dielectric, or via a RE in 

electrochemical gating in analogy to the IS-FET. [11] The latter has been shown to be more 

efficient as the gate coupling is much stronger. [24] GFETs have been investigated, among 

others, for use in (opto)electronics, sensing and radio frequency applications. [7-13] 
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Figure 2.3.3: Gate-types in GFETs. a) Sketch of GFET with back-gate. b) Sketch of GFET with 
electrochemical gate. c) Gate-dependent transfer curves displayed as source-drain current “ISD” 
as a function of back-gate (“Vbg”) and liquid gate (“Vlg”). The gate-coupling efficiency is much 
larger for the liquid gate. (Reprinted figures with permission from Ref [24]. © 2009 by WILEY-
VCH Verlag GmbH & Co. KGaA.)  

 

Sensing, especially in bioanalytics, has been an important focus area in the development 

of GFETs in application, as graphene is very sensitive to changes in the charge landscape 

at its surface. [11, 13] This aspect will be discussed in detail in section 2.5. Even though the 

transduction mechanism can be more complex, the basic concept of such a sensor is the 

detection of electrostatic charges. [138-140] Specifically adsorbed ions at the graphene-

liquid-interface (GLI), for example, are such charges that fix an opposing charge in the 

graphene. Depending on their sign, they shift the gate-dependent transfer curve of 

graphene to either higher or lower gate voltages, as sketched in Figure 2.3.4. 
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Figure 2.3.4: Shifts of the transfer curve of graphene induced by electrostatic charges at the GLI. 
The Dirac point of the black curve is located at VG = 0. The red curve is shifted to lower VG due 
to the presence of positive charges at the GLI. The situation at the Dirac point and at VG = 0 is 
sketched on the left in presence of positive charges at the surface of graphene (Gr). At VG = 0, a 
number of electrons equalizing the positive charges at the GLI is present. This is represented in 
the transfer curve by the shift to smaller VG, as at VG = 0 electrons are the majority charge carriers 
in graphene in the red curve (for comparison see Figure 2.3.2). Furthermore, its Dirac point is 
found at VG < 0, where the gate voltage is negative. The blue curve, on the other hand, shows the 
situation for negative charges at the GLI, where the curve is shifted to higher VG. As sketched on 
the right, there, holes are the majority charge carriers at VG = 0, while VG has to be scanned in 
positive direction for the Dirac point to be observed.  

 

Positive charges at the interface shift the transfer curve to lower gate voltages, while 

negative charges shift it to higher gate voltages. This shift can be tracked by recording 

the transfer curve of graphene in the presence and absence of the species, whereby the 

charge density is detected by a shift of the potential as the signal. The high sensitivity of 

graphene to such changes of charge density is in general very useful for a sensor. 

However, there is no selectivity. Therefore, GFETs need to be designed with receptor 

layers on top of graphene to introduce such selectivity, as further discussed in 

section 2.5. [11, 13] 
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2.4 A brief introduction to electrochemistry, cyclic voltammetry 

and ultramicroelectrodes 

Electrochemistry is a diverse field investigating interfacial properties and reactions at 

solid-liquid-interfaces. It unites many different aspects and applications of physical 

chemistry, material science, as well as interface and colloid science covering 

electrocatalysis, electrolysis and battery science, as well as impedance, capacitors and 

field-effect sensors and others. Strictly speaking, however, electrochemistry focuses on 

the relationship between electric potential and chemical reactions. [39]  

As an example, a species Red is dissolved in an electrolyte solution. An electrode is 

immersed in that solution and an external potential is applied to it. If the potential is at 

the right level, species Red will undergo a charge transfer reaction. In this example, Red 

is donating an electron to the electrode. As the electrode does not change in any way – 

the electron e- is lost in the electronic circuit – a reaction can be formulated according to 

Equation 2.4-1.  

Red ⇌ Ox + z e- Equation 2.4-1 

The potential, which determines, whether this reaction can occur or not, is the so-called 

standard potential E0. E0 is the electrochemical equivalent of the change in standard Gibbs 

free energy ΔG0 in chemical reactions. They are connected via Equation 2.4-2. Therein, z 

is the number of transferred electrons in Equation 2.4-1 and F is the Faraday constant. 

[39, 141] 

𝐸𝐸0 = −
∆𝐺𝐺0

𝑧𝑧𝑧𝑧
 Equation 2.4-2 
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Now, one could explain the reaction of Red to Ox by comparing the potential of the 

electrode with the occupied and unoccupied redox states of the so-called redox couple 

Red/Ox, as it has been described in Marcus-Gerisher theory. [39] However, it can also be 

described by the very definition of electrochemistry, which is formulated in the Nernst-

equation as shown in Equation 2.4-3. [39, 141, 142] 

𝐸𝐸 = 𝐸𝐸0 + 𝑅𝑅𝑅𝑅
𝑧𝑧𝑧𝑧
∙ ln � 𝑎𝑎Ox

𝑎𝑎Red
� = 𝐸𝐸0′ + 𝑅𝑅𝑅𝑅

𝑧𝑧𝑧𝑧
∙ ln � 𝑐𝑐Ox

𝑐𝑐Red
�  Equation 2.4-3 

Herein, E is the potential, R is the ideal gas constant, T is the temperature, a is the activity, 

E0’ is the formal potential and c is the concentration. The use of E0’ instead of E0 simplifies 

the treatment of Red/Ox, as their concentration can be used instead of their activity.  

The Nernst-equation connects the equilibrium of the reaction given in Equation 2.4-1 to 

the potential. This can describe both, the potential that is imposed by the presence of Red 

and Ox in a solution, or the direction of the reaction that is favored due to an applied 

potential.  

If the potential leads to the shift of the equilibrium of the redox couple, an electron is 

either donated or accepted. Therefore, a current flows. A current that flows due to 

electrochemical charge transfer is referred to as a Faradaic current. The current-potential 

relationship of such a reaction has been described in the Butler-Volmer-equation shown 

in Equation 2.4-4. [39, 141, 142] 

𝑖𝑖 = 𝑧𝑧𝐹𝐹𝑘𝑘0 �𝑐𝑐Ox(0, 𝑡𝑡) ∙ exp �− а𝑧𝑧𝑧𝑧
𝑅𝑅𝑅𝑅
�𝐸𝐸 − 𝐸𝐸0′�� − 𝑐𝑐Red(0, 𝑡𝑡) ∙ exp �(1−а)𝑧𝑧𝑧𝑧

𝑅𝑅𝑅𝑅
�𝐸𝐸 − 𝐸𝐸0′���  Equation 2.4-4 

Therein, i is the current, A is the electrode area, k0 is the standard rate constant, c(0,t) 

describes the concentration of each species at the electrode (x = 0, see Figure 2.2.1) at 

time t and а is the transfer coefficient. The Butler-Volmer-equation describes an 
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exponential behavior of the current over the potential around the formal potential of a 

redox probe.  

In reality, this equation cannot be fulfilled, as the species Red and Ox in the solution are 

not endlessly available at the electrode. Instead, current profiles are observed that are 

representing the movement of the species in solution as well. The flux J of Red and Ox 

towards and away from the electrode is governed by diffusion, which has been described 

by Fick’s first and second law (for a planar electrode) as described in Equation 2.4-5a) 

and b) that introduce the diffusion coefficient D. [39, 141] 

a) −𝐽𝐽Ox(𝑥𝑥, 𝑡𝑡) = 𝐷𝐷Ox
𝜕𝜕𝑐𝑐Ox(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝑥𝑥
  

Equation 2.4-5 

b) 𝜕𝜕𝑐𝑐Ox(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐷𝐷Ox �
𝜕𝜕2𝑐𝑐Ox(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝑥𝑥2
�  

Here, JOx is the flux of Ox (at position x and time t), which is dependent on the diffusion 

coefficient of Ox DOx and the concentration gradient of the species. JRed is the negative 

of JOx. It should be mentioned that these equations largely apply for ideally reversible 

reactions. For irreversible reactions, they have to be modified accordingly. [39, 141, 142] 

With these relationships, the electrochemical reaction shown in Equation 2.4-1 can be 

described. However, this reaction is only a half-cell reaction, as it describes either a 

reduction or an oxidation, depending on the direction. To achieve a closed cycle where 

such a process can be tested in a real system, another half-cell is required. Furthermore, 

another electrode is required to be able to establish a relative potential difference. In 

practice, these two requirements are usually fulfilled by two separate electrodes, summing 

it up to a total of three electrodes in most measurements. The electrode, where the 

reactions are observed is called the working electrode (WE). A counter electrode (CE) is 

used to balance the charges in the electrolyte. This electrode needs to be inert and larger 
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in area than the WE, to avoid any limiting effects at the CE. Thirdly, the potential is 

applied between the WE and a reference electrode (RE). The RE needs to have a stable 

electrode potential. It is therefore kept currentless and furthermore, non-polarizable 

electrodes are used, where small currents do not disturb the potential of the electrode. 

Theoretically, a two-electrode set-up can be sufficient, however, a three-electrode set-up 

is favored for reasons of stability. [39, 141, 142] 

Various electrochemical methods have been established to probe charge transfer. [39] 

These are characterized by the application of either a potential or a current with a defined 

waveform. A very simple technique is chronoamperometry (CA). Here, a potential is 

applied between WE and RE and the current is measured. CA can be very sensitive, 

however it lacks any kind of selectivity. More selectivity can be achieved by changing 

the potential, e.g. by applying a potential step. The potential can also be changed with a 

certain waveform (linear, triangular, sawtooth, etc.). [39, 141, 142] 

The triangular shape is also known as cyclic voltammetry (CV). [142-144] The CV 

waveform has been shown in Figure 2.2.3b). The resulting current is measured and the 

current is plotted against the applied potential. Without any reaction taking place, only 

the charging and discharging of the EDL is measured, as explained before. [39] However, 

if electron transfer occurs, a Faradaic current can be measured. For an ideally reversible 

oxidation in the forward scan followed by re-reduction in the backward direction at a 

planar electrode, the CV will have a shape as shown in Figure 2.4.1. 



2 Theoretical background 

24 
 

 

Figure 2.4.1: Reversible CV at a planar macroelectrode and corresponding concentration profiles 
at a distance x from the electrode. In the forward scan (A-D), the blue species is oxidized to the 
red species at the electrode. In the backward scan (D-G), the red species is re-reduced. (Reprinted 
figure with permission from Ref [144], who adapted it from Ref [142]. © 2014 by American Chemical 
Society and 2011 by Imperial College Press.) 

 

The CV will be symmetrical around E0’. Starting from point A towards B for the oxidation 

(or D towards E for the reduction) in the CV, the current follows an exponential function 

like described for the Butler-Volmer-equation. [144] However, the current in a CV depends 

on the concentration gradient of a species. Therefore, due to diffusion occurring at the 

electrode, the shape deviates from the ideal curve, exhibits a peak and decreases 

approaching pure diffusion control. The peak current ip can be calculated applying the 

Randles-Sevcik-equation, which is given in Equation 2.4-6. [141, 143, 145] 

𝑖𝑖p(Ox/Red) = 0.4463 ∙ (𝑧𝑧𝑧𝑧)
3
2 ∙ 𝐹𝐹𝑐𝑐Ox/Red ∙ �

𝐷𝐷Ox/Red𝑣𝑣f/b
𝑅𝑅𝑅𝑅

�
1
2   Equation 2.4-6 

It introduces the scan rate of the forward sweep vf for the oxidation or backward sweep 

vb for the reduction. In CV, they have the same value, but opposing signs. Usually, only 

vf is given.  

For electroanalytical sensing applications, micro- or nanosized electrodes are typically 

employed due to their low interfacial capacitance and the possibility to probe charge 
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transfer locally. [146, 147] At such electrodes, which are referred to as ultramicroelectrodes, 

the diffusion is not planar anymore and other current profiles are observed in the CV. [148-

150] Instead of the typical peaks, the current reaches a plateau, which is limited by 

diffusion. Although ultramicroelectrodes can have different shapes and, therefore, 

different diffusion patterns, the so-called sigmoidal shape of the steady state current 

profile as shown in Figure 2.4.2 is indicative of an ultramicroelectrode. [39, 148-150] 

 

 

Figure 2.4.2: a) Planar diffusion at a macroelectrode (yellow). b) Radial diffusion at an 
ultramicroelectrode (yellow). c) Peak-shaped CV with planar diffusion at macroelectrode. 
d) Sigmoidal-shaped CV with radial diffusion at ultramicroelectrode. Adapted from Ref [149].  

 

2.5 Graphene sensors operated in liquid 

Although industrial scale applications are still missing, graphene has found application in 

electrical sensors in many studies. [6, 9, 11, 13, 14, 37, 151, 152] This holds for GFETs as 
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mentioned above as well as for electrochemical sensors. Other sensor designs, like optical 

or mechanical sensors have been established, as well. [153-155] Here, the focus is laid on 

electrical sensors. For the sensors operating in liquid where an external potential is 

applied dynamically via an RE, an interesting contradiction is evident: In FETs like the 

IS-FET and the GFET, the signal is generated due to an electrostatic charge density at the 

interface. In electrochemical sensors, charge transfer is probed as the signal. Therefore, 

in GFETs the graphene channel needs to be polarizable (where charge transfer is 

forbidden), while for electrochemical sensors, graphene needs to be non-polarizable (or 

at least partially polarizable), for currents to pass at graphene as WE. [38] This 

contradiction is an important challenge and its implications will be explored in detail in 

chapter 5 of this thesis. However, it does not mean that GFETs operated by 

electrochemical gating are generally not viable, as the vast amount of studies on this topic 

underlines. An overview on both, the use of graphene for GFET sensor applications and 

electrochemical sensors will be discussed in the following subsections.  

 

2.5.1 Electrochemically gated graphene field-effect transistors in (bio)sensing 

The use of GFETs for label-free (bio)sensing has been investigated in many studies and 

reviewed extensively over the past years. [11, 13-17, 99, 138, 139, 152, 156-160] So the question is: 

What makes electrochemically GFET sensors so interesting? The two simple answers to 

this question are sensitivity and versatility. Sensitivity is obvious, as graphene is a 2D 

material. It is the thinnest material known to humankind. A single, flat layer of carbon 

atoms organized in a hexagonal honeycomb lattice forms a material, which does not have 

a z-dimension. Still, this material is stable in ambient conditions and is even visible with 

the bare eye on many substrates. Graphene is a material that only consists of a surface. 
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Therefore, any change in its surrounding affects its properties. However, this sensitivity 

comes at a price, which is low selectivity. If anything in its surrounding affects graphene, 

nothing can be detected really – unless the source of the change is known. Here is where 

the second answer comes into play, which is versatility. A whole plethora of methods is 

available to introduce selectivity to graphene. Graphene itself usually acts as the 

transducer of the information that a receptor on its surface transmits. And this is, where 

most of the research on GFET devices focuses: Find a receptor for the analyte in question 

and immobilize it on graphene.  

 

Figure 2.5.1: a) Analytes and b) their receptors in recent studies on electrochemically gated GFET 
sensors operating in liquid.  
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Figure 2.5.1 presents an overview of the different analytes and receptors that have been 

investigated in recent literature on electrochemically gated GFETs operating in liquid. [18-

20, 24-29, 32-34, 55, 61, 78, 103, 104, 161-262] Figure 2.5.1a) shows the various analytes. The first thing 

to note is that there is no clearly dominating analyte, which underlines the mentioned 

versatility of these sensors. There are a few groups, which are more pronounced, like 

DNA/RNA or pH, but the options are overall manyfold. Next to DNA/RNA [28, 29, 104, 163, 

173, 178, 181, 183, 191, 200, 223, 225, 238, 241, 244, 246-249, 258], the typical biomolecule classes are 

represented by proteins [33, 167, 170, 174, 185, 192, 209-211, 235, 254, 256] in general and more 

specifically peptides [164, 166], enzymes [34, 202] and antibodies [197, 206, 208, 221] as well as 

antigens [175, 218, 233, 245]. The field of biomolecules is extended by sugars [18, 61, 183]. Bacteria 

[179, 196] and viruses [239] are featured in a small amount of studies. Prominently 

represented, on the other hand, are sensors, which do not monitor a specific molecule but 

rather an effect or a signal of a cell, e.g. cell activities and potentials [161, 162, 180, 204, 207, 251, 

259], mimic biological activities [27, 32, 171, 193, 198, 227, 230, 231] or respond to photo-effects [169, 

232, 237]. Other sensors are designed to detect specific small molecules or atoms. Therein, 

one can distinguish small organic molecules [25, 168, 189, 190, 224, 262] like bisphenol A, small 

other molecules [184, 212, 243] like hydrogen peroxide, and metals/metal ions [26, 172, 187, 201, 

203, 216, 219, 236, 257, 260, 261]. Finally, the non-specific detection of charges [176, 213, 215], ionic 

strength [78, 205, 214] or defects [186, 242] forms a relevant group as well as the solution pH [20, 

55, 103, 188, 194, 195, 226, 229, 253, 259], which is often a good example for a non-specific interaction 

and which is discussed in detail in chapter 4.  

The receptors for these molecules can be even more versatile, although a large amount of 

studies are performed on bare graphene as the receptor, or do not require a receptor in 

that sense as e.g. cell action potentials are recorded. Figure 2.5.1b) summarizes the 

receptors that have been used to detect the analytes shown in Figure 2.5.1a). Here, bare 
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graphene dominates. [19, 55, 78, 161, 162, 165, 176, 180, 183, 186-188, 190, 195, 198, 201, 204, 205, 207, 213-215, 217, 

220, 222, 226, 228, 229, 231, 232, 234, 236, 237, 240, 242, 250, 251, 253, 255] This is due to the fact that often 

non-specific interactions or fundamental aspects are investigated, where selectivity is not 

required. Additionally, DNA and PNA form a large group of receptors, mostly used for 

DNA sensing. [28, 29, 34, 104, 163, 168, 173, 178, 181, 182, 191, 200, 223, 225, 238, 244, 246, 248, 249, 258, 261] 

Together with aptamers [25, 32, 164, 172, 179, 189, 192, 202, 203, 208, 219, 221, 235, 245, 247, 262], which are 

short single-stranded (ss)-DNA sequences that interact specifically with certain 

molecules, they are the most prominent molecule-class used as receptors. Other 

biomolecules are present as receptors as well, such as antibodies [33, 175, 185, 209, 218, 233, 239, 

254], antigens [197], enzymes [61, 103, 194, 224, 241, 256], peptides [166, 170, 196, 210], other proteins [169, 

206, 212], and vitamins [174, 211]. In addition, specific sense or hormone receptors are used in 

some studies, which are directly derived from their original template in humans or other 

living organisms. [27, 171, 193, 227, 230] Some receptors are specific for a certain analyte, some 

of which are only represented once or twice in the surveyed studies. [18, 20, 26, 167, 184, 216, 243, 

257, 259, 260] Examples are boronic acid [18], which specifically interacts with glucose, 

thiacalix[4]arene [26] interacting specifically with Cu2+ ions or porphyrin metal complexes 

[184, 243], that interact specifically with nitric oxide or the ∙OH radical. Finally, in some 

studies fundamental aspects are investigated, where no receptor can be named. [24, 177, 199, 

248, 252] 

The receptors need to be immobilized at the graphene. In the vast majority of studies that 

use a specific anchor molecule, this is achieved via pyrene butyric acid that sticks to 

graphene due to π-π-interactions, while the bond to the receptor is formed via amide 

coupling. [27-29, 33, 61, 104, 163, 164, 166, 171, 173, 175, 181, 185, 189-193, 196, 202, 208-210, 221, 223, 235, 238, 239, 241, 

244-247, 254, 262] For the latter, the N-hydroxysuccinimide ester of the carboxylic acid is used 

directly. Other pyrene derivatives have been used as well. [18, 103, 169, 179, 213, 216, 225, 248] 
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Further examples of anchor layers are ranging from porphyrins [182, 184, 208] over aniline 

derivatives [34, 194, 253] to nanoparticles [32, 168, 197, 243], or a combination of 

diaminonaphthalene and glutaraldehyde. [172, 203, 212, 227, 230]  

The mechanisms of signal generation are often not disclosed specifically as it can be 

simplified to the change of electrostatic interactions in form of interfacial charge density. 

Charge transfer as a sensing mechanism is discussed in detail in chapter 5. For pH sensing, 

the mechanism of electrostatic charges is theoretically trivial, as a lower pH corresponds 

to the presence of a higher concentration of positively charged protons in the solution, 

with more negatively charged OH- ions being present at higher pH. [20, 253, 263] Therefore, 

starting at neutral pH, the transfer curve of graphene shifts to lower (more negative) 

voltages of the electrochemical gate VecG at more acidic pH values, and to higher (more 

positive) VecG at more alkaline pH values. However, the charged species (e.g. protons) 

needs to exhibit some kind of interaction with surface sites for the graphene to feel its 

charge, as will be discussed later. [226, 253] The detection of binding events of proteins can 

be explained in a similar way. Proteins are charged in aqueous solution based on their 

isoelectric point (pI). Therefore, proteins with different pI will shift the transfer curve of 

graphene at a fixed pH with different magnitudes and in different directions as a function 

of their charge density. [140]  

Such shifts, however, are not always as straightforward as expected. In the case of DNA 

sensing, shifts to lower [28, 104, 163, 178, 246, 249] as well as to higher [173, 191, 195, 244, 247, 258] VecG 

have been observed, although DNA strands should always exhibit the same charge. One 

study shows a shift to lower VecG for ss-DNA and to higher VecG for double-stranded DNA. 

[29] The latter trend was not observed systematically, as most studies use ss-DNA as 

receptor to detect the complementary ss-DNA strand. Therefore, the signals cannot 

simply be attributed to the negative charge of the DNA backbone or the electron-rich base 
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pairs. In most studies, the transfer curve does not only shifts, but other changes are 

observed as well. Therefore, the mechanism of the DNA sensing is obviously very 

complex and more research will be required to demystify the contrasting observations.  

Other changes of the transfer curve can include the previously mentioned changes of the 

transconductance (or the mobility) due to more or less scattering sites being present, 

whereby the transfer curve becomes steeper or flatter, or a change of the 

resistance/source-drain current shifting the transfer curve vertically, instead of 

horizontally. [13] Both have been observed frequently for DNA sensing, as well. [104, 173, 

178, 246] The change of transconductance was used as a detection signal of bacteria, where 

no shift of the Dirac point was observed. [264] A vertical shift of the curve along the current 

or resistance axis can aid as an additional measure of the effect of the analyte. [265] Such 

shifts may be attributed to asymmetrical changes of the mobility, or the number of 

available charge carriers. The first of these options is often more viable, especially if the 

Dirac point shifts as well.  

Many studies avoid investigation of the changes of the transfer curve in the presence of 

analytes by simply measuring a change of the current or resistance at a fixed gate voltage 

over time. Thereby, binding events can be tracked as well, often with much lower limits 

of detection than in the case of recording the complete transfer curve. [95, 209, 229, 244] 

However, using only this method has a disadvantage, as no conclusions on detection 

mechanisms can be drawn from it.  

The contact region between the channel and the source/drain electrodes is of relevance 

for sensing, as well. [11, 71] In CNT-FETs and other FETs based on 1D nanostructured 

semiconductors, at the contact between the channel and source and drain metal electrodes 

a Schottky barrier is usually formed. [266] It has been shown that these contact regions play 

a crucial role in changes of conductance of a transistor channel, if receptors are present 
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there and binding events occur. [267-269] This has been exploited in some devices on 

purpose. [270, 271] Although this approach apparently is a viable transduction mechanism, 

it limits the sensitivity of the devices tremendously. [71] It has been shown that the 

sensitivity of 1D nanostructure FETs is increased, if binding events only occur at the 

channel. [272] Therefore, such contact effects should be avoided in FETs operated in liquid, 

which can be achieved by passivation of the contacts with dielectric materials. The 

contacts are also relevant for metallic CNTs and graphene. [273-276] For graphene, ohmic 

contacts are usually achieved. However, the confined number of states around the Dirac 

point leads to contact effects. [275] Furthermore, metal contacts in contact with the solution 

will also lead to strong background currents, that should always be avoided. In 

conclusion, contact effects contribute to the sensor response of electrochemically gated 

FETs and may disturb sensing mechanisms with higher sensitivity. They can be easily 

avoided by passivation of the metal leads. 

 

2.5.2 Electroanalytical sensors based on graphene 

Electroanalytical sensors based on graphene have been developed as well. Here, charge 

transfer is probed at graphene as WE. [17, 35, 36, 277] Most sensors are developed for the 

detection of glucose, β-nicotinamide adenine dinucleotide and its reduced form 

(NAD+/NADH), hydrogen peroxide, dopamine, ascorbic acid, and uric acid. [36, 278, 279] 

Overall, the used methods are more diverse, but the actual examples fewer due to the less 

straightforward approaches in comparison to GFETs and the generally higher 

concentrations required for detection of a signal. Furthermore, the diversity of 

applications of electrode materials apart from sensing draws the attention away from a 

magnified focus of research on sensing. The electrochemistry of graphene has been 
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studied intensively, however, not necessarily with electroanalytical sensing in mind. [35-

37]  

Many examples for electroanalytical sensing with graphene electrode feature specialized 

fabrication or modification steps to increase the rate of the charge transfer of the species 

that is detected. The edge of graphene is prominent in these kinds of studies, due to its 

increased electrocatalytic activity in comparison to the basal plane. [51, 52, 68, 280] For 

example, rGO nanowalls with sharp edges have been used for the detection of the four 

DNA bases. [281] Advances have been made for DNA detection at nanopores in graphene. 

[282] Graphene edge nanoband electrodes have been developed aiming at increased 

electrocatalytic activity and decreased capacitive background current. Electron transfer 

of biological relevant molecules like uric acid, ascorbic acid and epinephrine was shown 

on such electrodes. [65] Graphene edge electrodes modified with Cu nanoparticles were 

used to detect glucose. [66] The fabrication of graphene edge electrodes has been further 

improved and the electroanalytical potential for the detection of NADH or flavin adenine 

nucleotide (FAD) at such electrodes has been demonstrated. [70]  

 

2.6 Other 2D materials and vdW Heterostructures 

Graphene was the first 2D material attracting a lot of attention after it was isolated for the 

first time. [1, 74, 87] Quickly, scientists found other crystals that could be exfoliated down 

to or synthesized as monolayers, although many of those are only stable in vacuum or 

corrode quickly in air. [283, 284] These materials exhibit properties that deviate from their 

3D equivalents. [74, 75] Therefore, 2D materials have become a research field with many 

members “beyond graphene”. Such 2D materials are primarily characterized by their 

missing z-dimension, as they expand in lateral dimensions only. All other properties of 
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2D materials are material specific. [74] The 2D family is growing constantly. [285-287] Next 

to graphene and related materials, one of the largest group are transition metal 

dichalcogenides (TMD). [288] They consist of a transition metal (M) in combination with 

chalcogenides (X) with the general formula MX2. Their conductivity varies strongly from 

insulating to metallic. Especially semiconducting TMDs have attracted a lot of attention 

in FETs and other electronic devices, where semiconductors are required, as the missing 

bandgap in graphene is a drawback for such applications. [289-293] Furthermore, hexagonal 

boron nitride (hBN) is a prominent example. [74, 75, 79] It is insulating and has a crystal 

structure that is almost identical to graphene with a lattice constant that is only slightly 

bigger than that of graphene. hBN is chemically and mechanically very stable, has no 

dangling bonds on its surface and is therefore often used for encapsulation of 2D 

materials. [77, 84, 85, 294-297] Black phosphorus is a layered material like graphite and has 

been exfoliated as well. At the monolayer, it has a band gap of 2 eV. This bandgap can 

be decreased with every added layer. Multilayer black phosphorus have been integrated 

in FETs as a channel material. [298] Furthermore, silicene FETs have been 

demonstrated. [299] The list of examples of other 2D materials is very long and goes 

beyond the scope of this discussion.  

2D materials are often exfoliated from layered materials like graphite, where the layers 

are kept together by van der Waals forces. Interestingly, this process can be reversed. By 

manually stacking layers of 2D material on top of each other, so-called van der Waals 

heterostructures (vdW-HS) can be manufactured. These stacks, which are stable due to 

the van der Waals forces in between them, exhibit altered properties. [74, 75] Therein, hBN 

is an interesting candidate for such stacks, as it encapsulates 2D materials like graphene 

and shields them from interaction with their environment. hBN-encapsulated graphene 
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shows electronic properties similar to those of suspended graphene. [76, 79, 83, 84, 300, 301] 

Encapsulation of graphene by hBN is further explored in chapter 7.  

vdW-HS are vertical heterostructures of 2D materials. Lateral heterostructures have been 

developed as well. By CVD-growth, different TMDs can combine alternatingly. In 

between them, junctions are formed. Such lateral heterostructures offer huge potential for 

optoelectronic devices. [293, 302, 303]  
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3 EXPERIMENTAL SECTION 
3. Experimental section 

3.1 Chemicals & materials 

The following chemicals have been purchased and used as received: Potassium 

hexacyanoferrate(III) (99.98%, Aldrich), potassium hexacyanoferrate(II) (≥99.95%, 

Aldrich), potassium hexachloroiridate(IV) (99.99%, Aldrich), potassium 

hexachloroiridate(III) (n/a, Aldrich), hexaammineruthenium(III) chloride (98%, 

Aldrich), hexaammineruthenium(II) chloride (≥99.9%, Aldrich), iron(III) chloride 

anhydrous (≥98.5%, Roth), ferrocene methanol FcMeOH (97%, Sigma-Aldrich), 

phenylene diamine (98%, Sigma-Aldrich), sodium nitrite (98%, Alfa Aesar), dopamine 

hydrochloride (n/a, Sigma-Aldrich), potassium chloride (≥99.0%, Emprove® Essential, 

Merck), o-phosphoric acid ≥85 w% (p.a., Rotipuran®, Roth), potassium phosphate 

monobasic (≥99.0%, Sigma), potassium phosphate dibasic (≥98.0%, Sigma-Aldrich), 

acetic acid glacial (analytical reagent grade, Fisher Scientific), sodium acetate anhydrous 

(≥98.5, Serva), potassium carbonate (≥99, p.a., Roth), potassium hydrogen carbonate 

(≥99, p.a., Roth), sulfuric acid 95 w% (AnalaR NORMAPUR, VWR), hydrogen peroxide 

30% (p.a., AnalaR NORMAPUR, VWR). N-ethyl-2-pyrolidon NEP (≥98%, Roth), 

acetone (VLSI, Selectipur®, BASF), iso-propanol (≥99.9%, VLSI, Roth), polystyrene PS 

(n/a, av. Mw 35000, Aldrich), toluene (≥99.8%, Rotisolv®, Roth), hydrochloric acid 37 

w% (p.a., Emsure®, Merck), S1805 (Microposit), mf-319 (Microposit), SU-8 (10) 

(MicroChem), SU-8 (2) (MicroChem), mrDev 600 (Micro Resist Technology). 

Graphene (CVD-grown monolayer graphene on copper foil) was purchased from 

Graphenea. Samples were fabricated on silicon (100) wafers (500 nm SiO2 wet-oxide, 
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n-type, dopant: antimony, 0.005-0.025 Ω cm, Siltron Inc. Korea). All aqueous solutions 

were prepared with ultrapure 18.2 MΩ cm water purified in a Barnstead Easypure II 

system. Set-up elements created from cured polydimethylsiloxane (PDMS) were cut from 

layers, which were made from Sylgard 184 Silicone Elastomer and Sylgard 184 Silicone 

Elastomer Curing Agent (mixed in a ratio of 10:1, degassed and cured for 60 minutes 

(min) at 60°C).  

 

3.1.1 Buffer composition 

The following buffers were prepared freshly for experiments: 

Table 3.1.1: Composition of the used buffers with type of buffer, acid and base component, buffer 
concentration (BC), total ionic strength (IS) and buffer capacity. The total ionic strength is 
adjusted by the addition of KCl. 

 

pH Buffer Acid Base BC (mM) IS (mM) Buffer Capacity (mM) 

3 Phosphate H3PO4 H2KPO4 10 25 4.923 
4 Acetate CH3COOH CH3COONa 10 25 3.574 
5 Acetate CH3COOH CH3COONa 10 25 5.087 

6.5 Phosphate H2KPO4 HK2PO4 10 25 4.353 
7 Phosphate H2KPO4 HK2PO4 10 25 5.942 

7.5 Phosphate H2KPO4 HK2PO4 10 25 4.245 
9.5 Carbonate KHCO3 K2CO3 10 25 4.183 

3 Phosphate H3PO4 H2KPO4 10 100 5.16 
4 Acetate CH3COOH CH3COONa 10 100 4 
5 Acetate CH3COOH CH3COONa 10 100 4.75 

6.5 Phosphate H2KPO4 HK2PO4 10 100 5.046 
7 Phosphate H2KPO4 HK2PO4 10 100 5.612 

7.5 Phosphate H2KPO4 HK2PO4 10 100 3.37 
9.5 Carbonate KHCO3 K2CO3 10 100 4.91 

3 Phosphate H3PO4 H2KPO4 10 250 5.632 
4 Acetate CH3COOH CH3COONa 10 250 4.55 
5 Acetate CH3COOH CH3COONa 10 250 4.309 

6.5 Phosphate H2KPO4 HK2PO4 10 250 5.524 
6.7 Phosphate H2KPO4 HK2PO4 10 250 5.791 
7 Phosphate H2KPO4 HK2PO4 10 250 5.108 

7.5 Phosphate H2KPO4 HK2PO4 10 250 2.682 
9.5 Carbonate KHCO3 K2CO3 10 250 5.453 
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3.2 Fabrication of graphene field-effect transistor devices 

All GFET devices were fabricated using the same general process, which can be divided 

into several steps that incorporate photolithographic methods. The fabrication starts with 

the deposition of the electrode lines, followed by transfer of graphene, patterning of 

graphene and, finally, passivation of the electrode lines. The steps involving 

photolithography were performed using a maskless aligner HIMT MLA100. A maskless 

aligner [304] grants a maximum in versatility, since layouts can be adapted according to 

the user’s needs. Therefore, special layouts could be realized flawlessly.  

 

3.2.1 Photolithography for (micro-)fabrication of semiconductor devices 

Lithography is a printing method originally based on limestone, hence the name (from 

Ancient Greek: lithos – stone; gaphein – to write). In lithographic methods, a master mask 

is used to produce an imprint of that mask. Many lithographic techniques have been 

established making use of this principle. In semiconductor device technology, micro- and 

nanolithography is an essential tool for the fabrication of structures with resolutions down 

to the nanoscale. [305]  

A common method used in semiconductor device fabrication is photolithography. Here, 

light (from Ancient Greek: phos – light) is used to generate the imprint on a photoresist 

(PR), which usually is an organic polymer resin that contains a photoactive component, 

the so-called sensitizer. The PR is typically applied to the substrate by spin coating and 

dried by baking to remove its solvent. Upon exposure to light (visible or UV irradiation), 

the chemical composition of the PR changes in such a way, that it becomes either more 

or less soluble in its developer, depending on the type of PR (see below). Thereby, 
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structures can be imprinted into the PR, which can be used for further fabrication 

steps. [305-307] 

The resolution of photolithography is limited by the wavelength of the used radiation, 

however, other factors contribute to that limit increasing it to at least a few hundreds of 

nanometers and up to several micrometers. Therefore, lithographic methods with higher 

resolution have been developed for nanostructuring, e.g. electron-beam (e-beam) 

lithography. There, beams of focused electrons are used as the irradiation source with 

resolutions in the realm of a few nanometers. The disadvantage of these techniques is that 

they are highly time-consuming and demand sophisticated hardware. [308] 

For photolithography, a photomask is commonly used. The photo mask is a master 

version of the imprinted structure. Depending on the type of PR used, the master has the 

desired layout or its photographic negative. Using a master mask makes photolithography 

a fast tool for microstructuring and is useful for routine processes. [305, 306] However, the 

masks are not versatile, as each mask can contain only one fixed layout, while their 

fabrication is slow and expensive. This can be overcome by using so-called maskless 

aligners. These write the desired layout into the PR during exposure either via a raster of 

spatially modulated light images or directly via a focused laser beam. Although this 

approach stretches the required duration of exposure, it adds the versatility required in 

research studies, since a different layout can be realized on each device. [309]  

As mentioned above, a maskless aligner HIMT MLA100 was used for the 

photolithographic fabrication of devices, as several fabrications steps require 

microstructuring. For intermediate steps, the positive PR S1805 (Microposit) was used, 

while for the final passivation step, the negative PR SU-8 (MicroChem) was used. A 

positive PR ((+)PR) becomes soluble in its developer upon exposure, while a negative PR 
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((-)PR) becomes insoluble in its developer after exposure. [306, 307] Both principles have 

advantageous and disadvantageous that will be discussed below.  

 

Positive photoresist S1805 

The (+)PR used for the fabrication of electrode contact lines and graphene patterning 

S1805 consists of two main components: A mixed cresol novolac resin (a cresol-

formaldehyde condensation polymer) and the sensitizer, a diazonaphthoquinone (DQN) 

derivative, dissolved in the organic solvent propylene glycol methyl ether acetate 

(PGMEA) along with additives in small amounts. [306, 307, 310] The structures of the resin 

and the sensitizer are shown in Figure 3.2.1. Novolac resins are poorly soluble in alkaline 

aqueous solutions and become insoluble upon the addition of DQN. However, upon 

exposure, DQN undergoes a photoreaction (Wolff rearrangement) and forms a ketene. 

This ketene reacts with water to form indane-carboxylic acid, as shown in Figure 3.2.1b). 

The mixture of the novolac resin and indane-carboxylic acid is then highly soluble in 

alkaline solution. [306, 307, 310] Therefore, exposed regions of the photoresist are removed 

in the developer, while non-exposed regions remain on the substrate. S1805 is developed 

in aqueous solution of tetramethylammonium hydroxide (TMAH), commercially 

available as the developer MF-319 (Microposit). 
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Figure 3.2.1: Cresol novolac & naphtadiazoquinone. a) Structure of cresol novolac with 
exemplary crosslinking. b) Mesomeric structures of naphtadiazoquinone and photochemical 
reaction.  

 

Negative photoresist SU-8 

The (-)PR used as the passivation of the electrode lines is SU-8. In contrast to S1805, SU-

8 does not contain a polymer resin, but a monomer, which is polymerized in the process 

of solidification of the resist. [307, 311] The monomer is shown in Figure 3.2.2. It contains 

eight epoxy groups, which is also signified in the name of the PR. The sensitizer in SU-8 

is a mixture of triarylsulfonium hexafluoroantimonate salts. The components are 

dissolved in γ-butyrolactone with small amounts of propylene carbonate added.  
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Figure 3.2.2: Structure of SU-8 (-)PR. a) Structure of monomer with eponymic eight epoxy 
groups. b) Photochemical activation of the sensitizer. c) Mechanism of polymerization of SU-8. 

 

The processing of SU-8 is not based solely on its solubility, but the polymerization 

leading to a solid structure. After the PR is applied and pre-baked, the exposure leads to 

the generation of the acidic compound hexafluoroantimonic acid. This acid catalyzes the 

crosslinking reaction of the epoxy units, as depicted in Figure 3.2.2. The reaction proceeds 

during an additional post-exposure baking step. Thereafter, the resist becomes insoluble 

in the developer, which is PGMEA, commercially available as mrDev-600 (micro resist 

technology). In non-exposed areas, the acid was not generated, hence the monomer is not 

cross-linked. Therefore, it remains soluble in the developer. [306, 307, 311] 

(+)PR S1805 was applied with its designated thickness of 500 nm. (-)PR SU-8, on the 

other hand, was applied at varying thicknesses of either 10 µm or 800 nm. The thickness 

of the PR depends on several aspects, mainly the viscosity of the resist solution and the 

spin speed at which it is applied. [306] Typically, the denomination of the resist implies the 

designated thickness. In case of S1805, this is signified by ‘05’, which stands for 0.5 µm 

(500 nm). In the case of SU-8, the variants SU-8 (10) and SU-8 (2) were used. The more 

viscous SU-8 (10) has a thickness of 10 µm, if applied with standard parameters. The less 

viscous SU-8 (2) has an intended thickness of 2 µm at standard conditions, but was 



3 Experimental section 

43 
 

applied at accelerated spin speed, to achieve thinner layers of approx. 800 nm. More 

details are discussed in section 3.2.5. 

 

Discussion of advantages and disadvantages of the resists 

As mentioned above, there are different advantages and disadvantages to the PRs that 

were experienced in their use for microstructuring in this thesis as well. The use of the 

different PRs is required, depending on the desired application. [306, 307] An obvious 

advantage of S1805 is the fact that it consists of a polymer, which does not undergo 

chemical changes itself during exposure and development. Consequently, the PR does not 

require any further treatment after application by spin coating and baking to act as a robust 

layer. Therefore, processing is rapid in comparison to SU-8, which needs to be exposed 

and post-exposure baked to form a solid layer.  

For the same reason, S1805 is less prone to wetting problems. During spin coating, S1805 

forms uniform layers all over the substrate and baking barely changes the layer. Due to 

its 500 nm-thickness, dirt particles can disturb the formation of uniform layers. However, 

this challenge persists for any resist of such low thickness. In particular, wetting was one 

of the most common issues, when processing SU-8. Since it consists of monomers in 

solution, a layer of SU-8 is not robust after spin coating, as the layer still contains solvent 

and the monomers do not stick to the surface at this point. The PR layer can contract and 

form a droplet on the surface. This may happen instantly or slowly, even during baking. 

Thereby, the resist may form a uniform layer in the middle of the substrate, but a sidewall 

towards the edges. [306] The substrate needs to be as clean as possible, to avoid such 

difficulties. Furthermore, the structures created with (-)PR like SU-8 may be fabricated 

as intended, but then come off in solution or during drying in air stream, if they do not 



3 Experimental section 

44 
 

stick to the surface properly. More details on such issues are explained for each 

fabrication step individually below.  

Another important issue is the solubility of the structured layers. S1805 is soluble in 

organic solvents like acetone and, to an extent, iso-propanol. Therefore, the substrate 

cannot be cleaned with such solvents after deposition. Furthermore, if the (+)PR layer 

remains on the substrate, it is permanently exposed to light and ages rapidly. It becomes 

increasingly soluble in aqueous solutions, especially at basic pH, and therefore the (+)PR 

has no long-term use e.g. as a passivation layer. This does not hold for SU-8. The (-)PR, 

if processed correctly, forms very robust layers, that stick to the surface very well and 

cannot be dissolved. A hard-baking step can further enhance this property. Only in polar 

solvents like acetonitrile or dimethyl sulfoxide, it swells and comes off, rapidly. [306] 

What appears to be a major drawback of S1805, is actually an important feature of the 

(+)PR for the fabrication of the devices. While the final passivation, which is made from 

SU-8, is intended to remain on the surface, most processing steps are only intermediate 

and the PR needs to be removable. Since unexposed S1805 can be removed without 

residues, it is ideal for the patterning of graphene and the electrode lines. If S1805 is used 

to create a passivation layer, it is more favorable to use it for the deposition of an inorganic 

isolation layer, rather than to use it directly. Using it directly is only favorable in specific 

experiments like edge functionalization of graphene, when it is desired to remove the 

passivation subsequently. [69] Such experiments could not be performed using SU-8, since 

it would rip-off the graphene from the surface during removal.  

Another difference between (+)PR and (-)PR is the sharpness of the edge of the created 

structure. If the same structure would be created from (+)PR (by exposing the 

photographic negative of the structure) and from (-)PR (by exposing the structure as 

desired), assuming that both PRs would have the same characteristics, the final structure 
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created from the (-)PR would always be slightly broader than the one created from the 

(+)PR. This occurs despite appropriate calibration of the lithography machine and 

optimization of the resist-specific parameters. This issue is inherent, as the edge of the 

structure will be exposed, which activates the sensitizer further into the resist, making the 

structure slightly bigger for (-)PR and slightly smaller for (+)PR in comparison to the 

desired layout. This is illustrated in Figure 3.2.3.  

 

 

Figure 3.2.3: Uncertainty of exposure in photolithography. a) Difference in exposure for (-)PR 
and (+)PR. The black square represents the intended layout. The circles suggest the uncertainty 
of the light during exposure. For a (-)PR, the area inside the black square is exposed, but the red 
square represents the obtained structure. For (+)PR, the area around the square is exposed, but the 
green square is obtained. b) Example (+)PR: Although both have been patterned using S1805 
with an intended width of 20 µm, the electrode line (white) is wider and the patterned graphene 
(dark, in between white areas) is narrower than intended. For electrode lines, the desired layout 
is exposed, while for graphene patterning, the photographic negative is exposed. c) Example 
(-)PR: Due to the blurred exposure, the intended gap in the middle of an SU-8 passivation 
structure did not open during development. 

 

As shown in Figure 3.2.3b) the Pt contact lines are often 1-2 µm larger than intended due 

to this effect. The metal deposition may lead to an additional increase of the intended 

width of these contact lines. Since these are used for alignment, offsets in their position 

need to be considered. This can be minimized by using a favorably large area, over which 

the alignment points are distributed. Additionally, this effect can lead to microstructured 

graphene being narrower than intended, since in that case the areas, where graphene 
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should be removed are exposed. Finally, as shown in Figure 3.2.3c), the passivation can 

turn out to be broader than desired due to the same effect. In combination with bad 

alignment, over-/underexposure and bad focusing, this can be detrimental for 

microfabrication. The resolution limit of the photolithographic method is expanded due 

to this effect and therefore, the processing of the resist with the photolithographic machine 

needs to calibrated and optimized regularly, by which such effects can be limited, but not 

eliminated. 

 

3.2.2 Fabrication of electrode contact lines1 

As mentioned above, the devices were fabricated on blank silicon wafers with 500 nm 

SiO2 wet-oxide (n-type Si, dopant: antimony, 0.005-0.025 Ω cm, Siltron Inc. Korea). The 

electrode contact lines were deposited by combining photolithographic structuring with 

metal deposition. The process is illustrated in Figure 3.2.4. Wafers were cleaned prior to 

processing by sonication in NEP (2 x 10 min, 55°C), acetone (10 min, RT) and iso-

propanol (10 min, RT) followed by plasma cleaning in oxygen plasma (0.5 mbar) for 5 

min. This process ensures a clean surface on the wafers.  

Subsequently, the (+)PR structuring was performed in cleanroom conditions. S1805 was 

applied by spin coating (4000 rpm for 30 seconds) and baked for 2:20 min at 90°C. Then, 

the desired layout was created on the (+)PR by exposure (λ = 365 nm, 90 mJ/cm2) of the 

areas, where the electrode lines are supposed to be deposited. Subsequent to exposure, 

the (+)PR was developed for 20 s, rinsed with water and blow-dried in air stream. 

                                                 
1 This process included the help of technical staff. Photolithography in this step was carried out by Michael 
Winterfeld (HU), metal deposition was performed by Stephan Schmid/Birgit Lemke at MPI Stuttgart and 
wafer dicing by Martin Muske (HZB).  
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Thereby, the photographic negative of the electrode line layout was structured into the 

(+)PR, as shown in the third step in Figure 3.2.4.  

 

 

Figure 3.2.4: Fabrication of electrode lines on silicon wafer (green) by photolithographic 
structuring of (+)PR S1805 (red) and metal deposition (white). The resist is deposited and 
structured. Thereafter, the metals are deposited. By lift-off, the (+)PR is removed including the 
metal deposited on top of it. The metal remains in the areas, where the (+)PR was removed during 
structuring forming the electrode lines.  

 

The electrode lines were then created by metal deposition of 50 nm Ti and 10 nm Pt. The 

metals are deposited on the whole wafer, but can be removed by lift-off of the (+)PR. 

This lift-off process was performed by sonication in NEP (2 x 30 min, 55°C), acetone (30 

min, RT) and iso-propanol (30 min, RT). Subsequently, only the desired electrode layout 

was left on the wafer, as depicted in the final step of Figure 3.2.4. The chips carrying the 

devices were cut out from the wafer after the deposition of the electrode lines.  

Throughout the fabrication of the devices used in this work, many different layouts were 

designed in accordance to the requirements of the individual experiments, which was 

possible due to the use of the maskless aligner explained above. The specific size of the 

graphene channel is mentioned where appropriate in the following chapters. The electrode 

lines were used for alignment in the subsequent photolithographic steps of patterning and 

passivation. The combination of Ti and Pt was chosen due to the high thermal, chemical 

and mechanical stability of Pt, which makes it an ideal electrode material in combination 

with Ti, which acts as an adhesive layer between SiO2 and Pt, while being stable against 
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acids (as in comparison to e.g. Cr). The latter is important for cleaning steps that involve 

strong acids and other corrosive chemicals. The contacts were fabricated and graphene 

transferred on top of them. Therefore, they act as a bottom contact.  

 

3.2.3 Transfer of graphene 

Subsequent to the fabrication of the electrode contacts, graphene was transferred on top 

of them. The transfer was accomplished by polymer assisted transfer (PAT) in a metal 

ion free process. PAT is the most common transfer method for CVD-graphene grown on 

Cu foil. However, instead of the typically used chemicals like poly(methyl methacrylate) 

(PMMA) or FeCl3, the process was optimized using poly(styrene) (PS), which is easier 

to remove leaving less impurities [90, 240, 312] behind on graphene, as well as a metal-ion 

free etchant composed of hydrochloric acid (HCl) and hydrogen peroxide (H2O2), which 

prevents doping of graphene by impurities introduced by the etchant.  

CVD-graphene on Cu foil was obtained commercially (Graphenea). PS was dissolved in 

toluene (approx. 50 mg/mL) and applied to the Cu by drop casting. The PS layer was then 

dried at 75°C for 15 min to evaporate the toluene. Subsequently, the Cu-graphene-PS 

stack was cut into small rectangular pieces (in accordance to required size ranging from 

0.2 to 1 cm). The etching solution was freshly prepared from concentrated HCl and H2O2 

mixed with water (H2O:HCl:H2O2 – 16:3:1). Then, the PS-coated Cu pieces were placed 

on a first bath of the etchant. After approx. 15 seconds, the stack was carefully removed 

from the initial etching solution and placed on a second fresh etching solution. Thereby, 

graphene and small PS residues on the backside of the Cu foil could be removed, which 

would otherwise stick to the graphene after Cu is etched. On this second etching solution, 

the Cu-graphene-PS stack was left until the Cu was removed completely. To prevent 
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trapping of gasses between the solution and graphene, the process was performed on an 

orbital shaker at approx. 100 rpm.  

Subsequently, the remaining graphene-PS stack was removed from the etching solution 

carefully and placed on subsequent baths to remove residues of the etching process. This 

included an initial water bath, followed by mild HCl (approx. 100 mM in H2O) and a final 

water bath. The graphene-PS stack was left for approx. 1 min floating on each bath. From 

thereon, the graphene was picked-up using the substrate, positioned covering the 

electrode lines and the gap in between them, and carefully dried in air stream. The 

substrates were cleaned prior to transfer by sonication in organic solvents (twice in NEP 

at 55°C, and once in acetone and iso-propanol at RT, respectively for 10 min each) 

followed by plasma cleaning in O2-plasma for 5 min. To remove the residual water 

between graphene and Si/SiO2, the samples were dried in an oven at 65°C for 10 min, 

which was then ramped up to 95°C and kept at this temperature for another 10 min. After 

the samples were cooled down again, the PS layer was removed in toluene for 5 min with 

mild agitation, followed by 30 additional seconds in fresh toluene. Finally, the samples 

were dried in air stream, followed by baking at 75°C in the oven, to remove residues of 

toluene on the Pt electrode lines, which would otherwise damage the electrode lines in 

the following annealing step. The transfer process is summarized in Figure 3.2.5. 

 

 

Figure 3.2.5: Transfer of CVD-graphene grown on Cu foil (orange) by PAT. PS is deposited on 
the foil (white layer on Cu foil) and Cu is etched. The remaining graphene-PS stack is positioned 
on the substrate covering the electrode lines and the gap in between. Subsequently, PS is removed 
and graphene (dark shadow) remains on the substrate. 
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The transferred graphene is annealed at 600°C for 2 min in N2 atmosphere, to enhance its 

adhesion to the SiO2 surface and to remove organic impurities including residues of PS 

on its surface.  

 

3.2.4 Patterning of graphene 

After the transfer, graphene was patterned in the channel. On one hand, this serves the 

purpose of separating devices on the same sample. On the other hand, this enables the use 

of graphene of defined dimensions. In GFETs, the graphene channel width and length, 

and hence the aspect ratio, play a crucial role for the device performance. For 

electrochemistry, this is important as well, as the area of the WE is a crucial parameter 

for the magnitude of the current.  

Patterning of graphene was again achieved by the aid of photolithographic structuring, 

which is illustrated in Figure 3.2.6. For this purpose, the samples were processed under 

cleanroom conditions. (+)PR S1805 was applied using the same routine as for contact 

electrode line fabrication, including deposition by spin coating at 4000 rpm for 30 s, 

baking for 2:20 min at 90°C, exposure with 90 mJ/cm2 at λ = 365 nm and development 

for 20 s. However, this time, the inverse of the desired layout was exposed. Therefore, 

the desired graphene layout is protected by the structured resist.  
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Figure 3.2.6: Patterning of graphene by photolithography and plasma etching. The substrate 
(green) with as-transferred graphene (black shadow) is covered with (+)PR S1805 (red). The 
photoresist is structured by photolithography. Oxygen plasma is used to etch unprotected 
graphene. After lift-off of the (+)PR, structured graphene of defined width and length remains on 
the substrate.  

 

After structuring of the resist, the sample was exposed to oxygen plasma (0.5 mbar) for 

1 min. Thereby, graphene was patterned to the shape of the (+)PR protecting it. 

Subsequently, the (+)PR was lift-off in NEP (2 x 30 s), acetone (30 s) and iso-propanol 

(30 s) all at RT with slight agitation. This step is crucial, as the (+)PR needs to be removed 

completely to achieve clean graphene, while harsh conditions can lead to graphene 

detaching from the surface and rolling up. Often, residues of the resist are visible on the 

edges of patterned graphene (see Figure 3.4.1). After the lift-off, graphene of defined size 

remains in the channel of the device. The patterned graphene additionally overlaps with 

the electrode significantly to guarantee a good electrical contact.  

 

3.2.5 Passivation of electrode contact lines 

In the last step, the electrode contact lines were passivated. This is necessary, as the 

devices are operated in liquid and contact of the Pt would lead to effects disturbing the 

measurements (see section 2.5.1). [11, 71]  

Here, passivation with (-)PR SU-8 was established. Passivation with a PR instead of an 

inorganic layer like SiO2 or Si3N4 is advantageous, as it increases the throughput time of 

device fabrication. Additionally, there is no lift-off step involved, which could damage 
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graphene or would require sacrificial protective layers on top of graphene. On the 

downside, graphene is not protected from the resist itself, which tends to stick to it. 

Therefore, some impurities can be introduced on graphene in the process. Additionally, 

measurements in organic solvents are not recommended, as the passivation may swell and 

come off eventually.  

The passivation is straightforward, as the (-)PR only needs to be applied, exposed and 

developed to finish this step, as shown in Figure 3.2.7. 

 

 

Figure 3.2.7: Passivation of the electrode lines with (-)PR SU-8 (purple). The (-)PR is applied 
and processed to passivate the electrode lines. Only the graphene channel is open after 
passivation.  

 

As mentioned above, two different variants of SU-8 were used: The more viscous SU-8 

(10) that yields 10 µm thick layers and SU-8 (2), which was processed to yield layers of 

approx. 800 nm thickness. SU-8 (10) was applied with a spin speed of 3000 rpm for 50 s. 

Subsequently, it was baked at 65°C for 2 min and 95°C for 5 min. Then, the desired layout 

of passivation was exposed (300 mJ/cm2, λ = 365 nm). As explained above, SU-8 

requires a post-exposure baking step during which the crosslinking reaction occurs. 

Samples passivated with SU-8 (10) were post-exposure baked at 65°C for 1 min and 95°C 

for 2 min. After the sample was cooled down, the (-)PR was developed for 55 s, cleaned 

with iso-propanol and dried in air stream.  
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SU-8 (2) was applied with a spin speed of 5000 rpm for 30 s. Subsequently, the samples 

are processed analogous to SU-8 (10). Post-exposure baking is prolonged to 1 min at 

65°C and 3 min at 95°C and development shortened to 20 s.  

Which variant of SU-8 was used, depends on the channel length. SU-8 (10) was used 

down to a channel length of 40 µm. For smaller lengths, SU-8 (2) was preferred. This is 

mainly due to the fact that 10 µm thick layers cannot be analyzed with atomic force 

microscopy (AFM), as the step height is limited in the instrument. On the other hand, 

passivation with SU-8 (10) is easier to process and more robust on a large scale. 

Therefore, the thicker resist is preferred for larger structures, but SU-8 (2) is preferred for 

microstructuring.  

The processes of patterning and passivation should be performed directly after each other, 

as one of the major challenges of passivation with SU-8 is the wetting of the substrate 

during spin coating and baking. If the surface is not clean, the resist will not stick to it, 

but rather contract to form droplets. This is fostered by dirt particles on the surface. Since 

patterning is concluded by a plasma cleaning step, the surface of the sample is very clean 

after patterning, but ages over the course of a few days. Therefore, wetting works best 

directly after patterning. This holds for both variants of SU-8 used here. Another variant 

of SU-8, SU-8 2000.5 with an intended thickness of 500 nm, could not be used for 

passivation successfully, as this resist did not stick to the surface, even if it was 

completely fresh, which might be due to the low thickness or the composition of the resist, 

which is slightly different (SU-8 series vs SU-8 2000 series). It should be mentioned that 

all variants of SU-8 stick very well to graphene, which is another challenge, as the resist 

needs to be developed sufficiently, to remove all residues from graphene, which is 

competing with overdevelopment on silicon.  
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Another challenge for SU-8 (2), which was very thin in comparison to SU-8 (10) is the 

exposure on platinum. Since the resist is very thin, the irradiation is reflected stronger on 

Pt than on Si/SiO2. Therefore, ideal exposure on Si/SiO2 leads to overexposure on Pt. This 

may lead to artifacts in the layer, or can even prevent the resist from sticking to the 

surface, but is not detrimental, if the resist is handled with care.  

 

3.3 Electrical and electrochemical measurement methods 

The measurement principles for GFET measurements was outlined in section 2.3, with 

transfer curves being recorded by potentiodynamic modulation of the electrochemical 

gate. CV measurements were performed in the same set-ups with slight adjustments and 

with different instrumentation. Details are discussed below.  

 

3.3.1 Electrochemically-gated graphene field-effect measurements 

For all GFET measurements, an Agilent E4980A Precision LCR meter was used. The 

impedance Z of the graphene device was measured with an AC voltage of 10 mV applied 

between the two contacts at a frequency of 1027 Hz. The real part of the impedance re.Z, 

which corresponds approx. to the resistance R (in all devices the phase θ of the impedance 

approached 0°), is recorded as a function of the gate voltage VecG at the RE. The resistance 

R is given for simplification in the graphs, although re.Z was recorded. The use of an AC 

signal to measure the GFET channel resistance diminishes the occurrence of parasitic 

leakage currents in the drain current channel.  

The measurements were performed by either immersing the device in solution in a 10 mL 

beaker, or with the device lying flat with a PDMS channel placed on top of it, wherein a 
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droplet of solution (70-150 µL) was applied. An Ag/AgCl (3 M KCl) capillary reference 

electrode (WPI Dri-Ref-450 Reference Electrode) was used as the gate. Before any device 

was used for measurements, the graphene surface was cleaned of trace metal impurities 

by cycling the gate voltage (+0.6 to -0.3 V) in HCl (100 mM), [201] until the position of 

the Dirac point was stable. The field-effect response was recorded in every buffer for 3-

5 cycles and the average calculated neglecting the first cycle. The error bars in graphs like 

in Figure 5.2.1d) show the maximum deviation of the Dirac point from all cycles around 

this mean value. For exchange of solution, the scan is paused close to a gate voltage of 

0 V and the solution is exchanged by exchange of the beaker (during which the device is 

grounded), or by removal of approx. 2/3 of the solution from the PDMS channel and 

application of droplets of the next solution. The latter is repeated for at least 10 times 

(more often for more concentrated probes). At the beginning and at the end of a 

measurement series, the field-effect is recorded in the same blank buffer, to determine 

any drifts introduced during the series. If constant drifts are present, they are subtracted 

during analysis. For analysis, the order of the recorded cycles might be adjusted for 

improved presentation.  

For the area-dependent measurements like in Figure 5.4.5, a forward and backward scan 

are recorded at every dipping depth. At the end of the backward scan, the sample is moved 

50 µm deeper into the solution. As soon as graphene is in touch with the solution, the 

Dirac point is observable. However, the actual area-dependence is observable only after 

the bottom of the U-shaped graphene is passed. In this area-realm, the area-dependent 

measurement is hindered by graphene’s hydrophobic character: Only after several 

dipping steps, the solution will surpass the lower graphene edge, wetting graphene 

reliably. For the same reason, the backward scan is used for evaluation of the Dirac point. 

The dipping depth is referred to as seen from the upper edge of graphene (at the 
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passivation, with 0 µm at this point) in negative steps of 50 µm down to the lower edge 

at -1150 µm. Hence, the most relevant part is found from the 6th step (-900 µm) up until 

the whole channel is dipped into the solution. Each step in this realm is equivalent to a 

change of 0.025 mm2 (25 000 µm2). For each sample, the response in blank buffer is 

recorded first, followed by the test solution and finally the blank buffer again, to ensure 

that the initial response could be reproduced. The channel consists of an assembly of 

graphene domains, which may have variable Dirac point values due to differences in 

doping. Hence, a slight variation of the Dirac point over depth is possible, even if no 

interacting species is present in the analyte solution.  

For field-effect measurements with potentiostatic control in a three-electrode cell 

(graphene WE, Pt CE and Ag/AgCl RE), a lock-in amplifier (Ametek SR7265) was used 

to apply an AC bias to the graphene WE. The AC current through graphene was picked 

up through the other contact by the current input of the lock-in amplifier after passing a 

high pass filter and the resistance extracted from the measured current. The voltage was 

chosen to have the same parameters as the impedance measurements (10 mV at 1027 Hz). 

A circuit diagram of this set-up is shown in Figure 5.3.1.  

 

3.3.2 Electrochemical methods 

Electrochemical measurements were performed using an IVIUM CompactStat 

potentiostat in a Faraday cage. For electrochemical experiments, the same device set-up 

as for GFET measurements either with the PDMS well, or in a 10 mL beaker was used. 

For all three-electrode electrochemical measurements, a platinum wire electrode was 

placed in the solution as CE. Both graphene contacts that are used as source and drain in 

GFET measurements were used to contact graphene as WE in all measurements, to ensure 
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that the whole graphene channel was contacted. The same type of RE was used for CVs 

as for GFET measurements. Fastscan CV measurements were performed using the 

IVIUM FastScan module in combination with a potentiostat.  

 

3.4 Graphene quality characterization techniques 

During and after fabrication of GFET devices, the quality of the graphene needs to be 

tracked to ensure high quality devices with clean surfaces. Next to optical microscopy, 

the two most important methods for characterization of graphene used in this thesis are 

AFM and Raman spectroscopy. With AFM, the surface roughness of graphene can be 

analyzed with nm height resolution. Raman spectroscopy can be used to investigate the 

chemical quality of the graphene. Both have been employed as standard procedures to 

characterize graphene on devices during and after fabrication. Devices, which did not 

fulfill the requirements presented in the sections below, were not used for experiments.  

 

3.4.1 Atomic force microscopy 

AFM is a type of scanning probe microscopy based on the interaction of atomic forces. 

The core piece of an AFM is the cantilever, which carries a nanoscopic tip. In the ideal 

case, the top of this tip is only a single atom, which theoretically determines the resolution 

of the microscope. The cantilever is typically fabricated from Si. In standard 

measurements, a monoatomic tip is not required and the tip is a few nanometer in width. 

The cantilever is driven over the investigated sample with the tip scanning the surface. 

During this scanning, the cantilever is bent in accordance to features on the surface. A 

laser is focused on top of the cantilever and deflected onto a detector. The signal of the 
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laser on the detector is representative of the movement of the cantilever, whereby an 

image is created by scanning the surface in lines. [313, 314]  

Different measurement modes have been developed. Contact mode is the most trivial. 

The cantilever touches the surface and bends due to the mechanical contact to features on 

the surface. This mode, however, can modify the surface, if a stiff cantilever is used and 

dragged over soft materials. Therefore, other modes are preferred for imaging of 

graphene. The most common mode is the so-called tapping or AC mode. Here, the 

cantilever oscillates close to its resonance frequency, which is achieved by application of 

a voltage on a piezo at the cantilever holder. The oscillation amplitude of the cantilever 

changes, when the tip interacts with the surface due to van der Waals, electrostatic or 

other forces. Such amplitude changes are detected and fed into the electronics of the 

AFM. The height of the cantilever is then adjusted to maintain the oscillation at a fixed 

amplitude. Thereby, a “height” image of the surface is created. Furthermore, the 

amplitude difference of the cantilever oscillation and the phase shift of the oscillation 

between input and detector signal can be used to create images that contain information 

on surface properties. [313, 314] 

An important drawback of the tapping mode (and contact mode) is the so-called 

“parachuting”. This effect occurs, if the tip “falls” from relatively high step heights onto 

the surface. For a short fraction of the scan, no signal can be recorded. Therefore, 

important information from the step edge are missing. Parachuting can be avoided, by 

scanning slower or simply, by scanning in the opposite direction. Therefore, it is advisable 

to scan in multiple directions, if the investigated surface contains many step edges. [313, 

314] 

Parachuting can be excluded completely by measuring in another mode, which is the 

quantitative imaging (QI) mode. Here, at each pixel, the cantilever tip is driven onto the 
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surface and retracted subsequently. A force-distance curve is recorded, from which 

multiple parameters can be extracted and mapped to yield a micrograph with information 

on height, adhesion, stiffness and others. [315] This mode is very powerful. However, due 

to the large datasets that are produced in this mode, it can be excessive for routine 

measurements, especially for images with high resolution. 

In this thesis, tapping mode was used for the routine quality control of graphene during 

fabrication. However, QI mode was also used, especially for hBN-graphene-hBN van der 

Waals heterostructures as shown in section 7.1. Images were collected with a NanoScope 

Dimension 3100 in tapping mode or JPK Nanowizard 4 in tapping or QI mode. In Figure 

3.4.1, examples of AFM height micrographs of graphene in GFET channels are collected. 

Figure 3.4.1a) shows the graphene on SiO2 after patterning, as required for further use, 

while Figure 3.4.1b) shows a device, the surface of which was full of contaminations. 

Such samples are not suited for further use. In Figure 3.4.1c), a broken device is shown, 

where the graphene came off the surface during operation. In Figure 3.4.1d) a graphene 

edge device is shown before plasma etching to create the edge, while in Figure 3.4.1e), 

the same device after plasma treatment is shown. In Figure 3.4.1f), graphene on a sapphire 

substrate is shown.  
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Figure 3.4.1: AFM micrographs of GFET devices. a) Graphene on SiO2 bridging two Pt contacts 
(white areas). Graphene is patterned to a width of 20 µm. Residues from S1805 (+)PR are visible 
on the edges of graphene, but the basal plane is sufficiently clean. b) Patterned graphene on SiO2 
between Pt contacts with many contaminants. c) Patterned graphene on SiO2 with passivated 
contacts (white areas correspond to SU-8 (-)PR). After some measurements, the device broke as 
part of the graphene came off the surface. Due to residues from the measurement solution, the 
device is not clean. d) Graphene on graphene edge device prior to plasma treatment. e) Graphene 
edge device after plasma etching. The graphene is removed and the edge of the passivation is 
much sharper and cleaner. f) Patterned graphene on sapphire substrate with very low edge height 
(≈ 0.9 nm).  

 

3.4.2 Raman spectroscopy 

Raman spectroscopy is a method, where the inelastic scattering of light is probed at a 

molecular level, which is referred to as Raman scattering. Other than in Raleigh 

scattering, where light is scattered elastically, the wavelength of the light is changed in 

the process of Raman scattering. The energy difference between the incident beam and 

the scattered light corresponds to the energy of e.g. vibrations, rotations or phonons of 
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the probed material. However, it is required that the polarizability of the probed molecule 

changes for it to exhibit Raman active modes. [316, 317] 

Raman scattering is based on the absorption and emission of light. Due to the absorption, 

the molecule is excited into a virtual energy state. It relaxes back into a new vibrational 

(or rotational) state, whereby a photon is emitted. The energy of the emitted photon is 

shifted from the incident photon by the energy of the vibrational state after relaxation. If 

the molecule gains energy from this process (higher vibrational state), the scattered light 

undergoes a Stokes-shift to lower energies (higher wavelength) due to energy 

conservation. However, the opposite effect can occur as well, where the molecule is in a 

higher state before the scattering event and falls to a lower level, emitting a photon of 

higher energy. This process is called an anti-Stokes shift. For Raman scattering, 

monochromatic light sources like lasers are used. Other than in IR-spectroscopy, where 

the wavelength has to match the vibrational state, no specific wavelength is required for 

Raman scattering. The choice of the ideal wavelength is nevertheless important, as other 

processes like photoluminescence can overshadow the Raman signals. [316, 317] 

The Raman spectrum of graphene is special. Since graphene is a 2D crystal, the Raman 

spectrum of graphene does not show modes that correspond to vibrations of individual 

bonds, but vibrations of the lattice, so-called phonons. Due to the electronic structure of 

graphene, there are electron-hole pairs that correspond to any energy in the visible 

spectrum, whereby Raman scattering is always resonant in graphene. Therefore, the 

Raman modes of graphene are very intense, although graphene is only one atom thick. 

[318-320] 

The most important Raman modes of graphene are the so-called G, 2D, D and D’ modes, 

as well as combination modes of these. The G mode is the only one originating from a 

first-order Raman scattering process. It is a doubly degenerate phonon mode. The 
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involved phonons are the in-plane transversal optical (iTO) phonon branch and the in-

plane longitudinal optical (iLO) phonon branch. The G-mode is typically observed at 

1590 cm-1. [320] It is present in the Raman spectrum of any sp2-allotrope of carbon. [318] 

 

 

Figure 3.4.2: Schematic representation of origin of Raman modes in electronic structure of 
graphene. The G mode originates from a first order Raman process. The D and D’ modes originate 
from second order processes, involving a phonon and a defect. The 2D (depicted as G’) mode 
originates from a second order Raman process involving two phonons. In the special case of triple 
resonance, both the electron and the hole are scattered by a phonon and recombine at a different 
symmetry point in the Brillouin zone. (Reprinted figure with permission from Ref [320]. © 2009 
by Elsevier B.V.)  

 

In the Raman spectrum of defect free graphene, the 2D (or G’) mode is usually the 

strongest band. It originates from a second-order intervalley process involving two iTO 

phonons, as sketched in Figure 3.4.2. [318-320] If the same process occurs, however, 

involving one iTO phonon and a defect, the D mode will be observed in the spectrum. 

[318-320] The 2D (2680 cm-1) is not the second order of the D mode (1350 cm-1). Its name 

solely originates from the fact that is found at wavenumbers twice as high as the D mode, 

without any actual relation. In fact, the two modes are contradictory: The 2D mode is 

strong in defect and disorder free graphene where the D mode is weak, while the D mode 

is more pronounced, if sp3 defect and disorder are present. The 2D mode is relatively 

weaker in the latter case in comparison to the defect free situation. If the D mode is very 
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intense, it is often accompanied by the D’ mode, which is usually observed as a shoulder 

of the G mode at approx. 1620 cm-1. This mode originates from a second-order intravalley 

process involving a defect and an iLO phonon, as sketched in Figure 3.4.2. [318-320] Further 

modes that are frequently observed, although only weakly in the Raman spectrum of 

graphene are the combination modes D+D’’ (2460 cm-1) and 2D’ (3250 cm-1), as well as 

D+D’ (2940 cm-1), if defects are present. [319]  

 

 

Figure 3.4.3: Raman modes of graphene. The black curve was measured on unmodified graphene, 
where only a weak D mode is present. The red curve was measured on covalently modified 
graphene. Here, defect and disorder related modes are additionally present in the spectrum.  

 

In Figure 3.4.3, Raman spectra measured on graphene are shown. The red spectrum was 

measured on covalently modified graphene, the black one on unmodified graphene after 

device fabrication. The shape of the latter is to be expected for samples in pristine 

condition. The D mode is usually weakly observed in the spectrum after the fabrication 

steps, which can be linked to defects introduced during fabrication, e.g. in the annealing 

step. However, if this feature is strongly prominent in the spectrum without intentional 

modification, the graphene would not be best suited for use in GFETs.  
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Raman measurements were performed using a JASCO NRS-4100 Raman spectrometer 

(1650∙256 CCD detector (Andor; air/Peltier-cooled to -60°C); grating with 900 

Lines/mm; green laser with λ = 532 nm at 5.6 mW power; 100x (NA 0.90) objective). 

 

3.5 Fabrication of hBN-Graphene-hBN van der Waals 

heterostructure stack electrodes 

hBN-Gr-hBN vdW-HS stack electrodes have been fabricated and kindly provided to the 

author of this thesis by Aleksandra Plackic in the research group of Roman Sordan at 

L-NESS (Laboratory for Nanostructure Epitaxy and Spintronics on Silicon), Politecnico 

di Milano. Their fabrication process is summarized below.  

hBN crystals are exfoliated by mechanical exfoliation to a thickness of 20-50 nm and 

placed on silicon wafers. Graphene is transferred from copper foil (polymer support: 

PMMA, Cu etchant: FeCl3 + HCl) on top of the hBN flakes. After drying, PMMA is 

removed in acetone overnight. The top layer of hBN previously picked up using a PDMS 

stamp is placed on top of the selected bottom hBN-Gr section. Subsequently, the whole 

stack is deposited on the final substrate. Using e-beam lithography, the stack is patterned 

into rectangular shape. An aluminum hard mask is deposited for etching purpose in an e-

beam evaporator. hBN is etched by reactive ion etching (RIE) in SF6-plasma, while 

graphene is etched in O2-plasma. Shaped structures are further patterned into narrower 

ribbons using e-beam lithography and RIE. Once ribbons are patterned, aluminum must 

be removed (in TMAH) in order to enable fabrication of contacts. Metal contacts (Au) 

are deposited by evaporation. Finally, the contact regions are passivated with PMMA. 
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4 PH SENSITIVITY OF GRAPHENE FIELD-EFFECT 
SENSORS – THE “GOLD STANDARD”  

4. pH sensitivity of graphene field-effect sensors – the “gold standard” 

4.1 pH sensitive measurements on GFETs in literature 

In many studies on GFETs, the sensors are operated in liquid, which is favorable with 

bioanalytics in mind, since many real-life applications of chemical sensors focus on 

species in aqueous solution. For electrochemically gated GFETs, operation in liquid is 

required, as they are gated via the capacitance at the EDL that forms at a graphene-liquid-

interface (GLI) as discussed in section 2.3. But operation in liquid is possible for 

backgated GFETs as well. The properties of the EDL correlate with the composition of 

the applied solution, e.g. the thickness of the EDL depends on the ionic strength (IS) of 

the solution. Additionally, aqueous solutions are always characterized by the pH of the 

solution. GFETs can be considered as descendants of the silicon-based ion sensitive field-

effect transistor (IS-FET). [130] These are pH-sensitive and even have been 

commercialized as pH electrodes. [136] Consequently, it is an interesting approach to test 

GFETs as pH sensors. 

Many studies have demonstrated pH-sensitivity of GFETs, but interestingly, the 

magnitude of the sensitivity of the GFET pH sensors reported in literature varies 

dramatically as listed in Table 4.1.1, with positive shifts of the Dirac point ranging from 

4 mV/pH to 99 mV/pH. [20, 55, 103, 188, 226, 229, 259, 263, 321-323] In some examples, a negative 

shift of the Dirac point was observed, [188, 195] with a shift of up to -230 mV/pH being 

reported in the extreme case [195]. In one study, graphene is suspected to be insensitive to 



4 pH sensitivity of graphene field-effect sensors – the “gold standard” 

66 
 

changes of the solution pH. [226] This is contradictory to some extent, but with some 

careful considerations, the observed trends can be sorted and explained.  

 

Table 4.1.1: Overview of studies using electrochemically gated GFETs as pH sensors, with details 
on fabrication specificities, gate types, measurement details and reported sensitivity for a linear 
dependence model, sorted by publication year.  

1st Author (Year) 
Type 
of Gr. 

Substrate 
Functional 

layer 
Gate 

pH 
range 

mV/pH 
(approx.) 

pH adjusted 
with 

IS 
fixed 

Ang (2008) [321] epiG SiC - Ag/AgCl 2-12 99 KCl & KOH No 

Ohno (2009) [229] mexG Si/SiO2 - Ag/AgCl 4-8.2 29 Buffers No 

Cheng (2010) [322] mexG suspended - Ag/AgCl 6-9 17 Buffers No 

Heller (2010) [263] mexG Si/SiO2 - Ag/AgCl 3-7 11-42 Buffers Yes 

Fu (2011) [226] CVD-G Si/SiO2 
- 

Fluorobenzene 
Al2O3 

Calomel 
5-10 
4-10 
3-8 

6 
0 

17 
Buffers No 

Tan (2013) [55] 
CVD-G 
GNR 

Si/SiO2 
- 
 

Ag/AgCl 6-8 
4 

24 
Buffers No 

Zuccaro (2015) [253] CVD-G Si/SiO2  Ag/AgCl 3.3-10 
No linear 

model 
Buffers Yes 

Fakih (2017) [20] CVD-G 
Si/SiO2/ 
Parylene 

Parylene/Al2O3 
Parylene/Ta2O5 

Ag/AgCl 
2.75-
7.5 

47 
55 

Buffers No 

Han (2017) [195] CVD-G Glass - 
Au 

planar 
5-9 -230 Buffers No 

Mitsuno (2017) [188] epiG SiC - Ag/AgCl 4-9 -125 Buffers No 

Mitsuno (2017)[188] epiG SiC - Ag/AgCl 6-7.8 5 
Phosphate 

Buffer 
No 

Piccinini (2017) [103] rGO Glass 
Na 1-pyrene 

sulfonate 
Ag wire 6-10 40 Buffers Yes 

Kwon (2018) [259] CVD-G Si/SiO2 
- 

Si-nanotube 
Ag/AgCl 

6.55-
8.25 

18 
6 

KCl & KOH No 

 

Most of the studies are performed using non-functionalized pristine graphene without any 

selectivity introduced. Therefore, the pH response can only be measured as a non-specific 

interaction. Any other interaction that induces a shift of the Dirac point occurs 

simultaneously and is not differentiable. Mitsuno (et al.) point this out by attributing the 

negative shift of -125 mV/pH in mixed buffer solutions observed on their GFET devices 

to one specific buffer component, which was phtalic acid. [188] Using only phosphate 

buffer, they observe a weak, positive shift of the Dirac point (+5 mV/pH) on the same 

devices. In general, the shift introduced by the pH should always be positive with 
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increasing pH following the concept introduced earlier in section 2.3. At low pH, the 

concentration of positively charged H+ is high, while the concentration of negatively 

charged OH- is small and with increasing pH this equilibrium shifts from the positive 

towards the negative species. Therefore, a negative shift of the Dirac point as a function 

of increasing pH alone is impossible and needs to be linked to some other effect. In case 

of the highest reported value, which was -230 mV/pH [195], this is clearly the case going 

against both, the expected shift direction and the theoretical Nernstian limit of 

59 mV/pH. [324] The latter is often quoted as the theoretical limit of the shift induced by 

pH changes (at RT), due to the definition of the Nernst-equation, which is also the base 

for a description of the observed shifts as a linear function of the solution pH. [39, 324, 325] 

This large negative shift cannot be explained by obvious reasons and is also dismissed by 

the authors of the study without detailed explanation. [195] The described fabrication 

process and measurement set-up hint, however, towards some flaws. To name some 

examples, high background currents could be present due to the large graphene area and 

the planar gold gate electrode. [38] Additionally, the graphene in the channel is partially 

bridged between the contacts without even crossing or touching the measurement 

solution. Overall, the reported pH sensitivity in that study needs to be viewed rather 

critically. 

Among the studies referenced in Table 4.1.1 reporting a positive shift, only one study 

exceeds the Nernstian limit with a reported sensitivity of 99 mV/pH. [321] However, this 

has been attributed to large electrolytic currents occurring during the measurement that 

were reported, but initially misinterpreted by the authors of the study, as pointed out by 

Janata. [38] The other studies report values between 4 and 55 mV/pH. This is still quite a 

big range, especially considering that one study claims that graphene is insensitive to the 

solution pH. Accordingly, it is appropriate to look deeper into the sensing mechanism 
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behind this. Fu (et al.) concluded that perfect and clean graphene is insensitive to pH, 

since there are no dangling bonds or chemical groups present that are sensitive to protons 

and hence graphene can only sense electrostatic, but not chemical potential. [226] However, 

they also showed that they could only achieve true insensitivity of graphene towards 

solution pH if the graphene is functionalized with hydrophobic fluorobenzene, as in 

practice there is no such thing as perfect graphene. The as-prepared graphene in that study 

has a weak sensitivity of 6 mV/pH. [226] A similar effect was observed by Kwon (et al.), 

where the sensitivity of their GFET devices decreased after functionalization with 

hydrophobic Si-nanotubes. [259] The opposite effect was demonstrated by Tan (et al.), 

where initially the sensitivity was very small with 4 mV/pH, but increased to 24 mV/pH 

upon the introduction of defects in the form of graphene nanoribbon (GNR) patterning. 

[55] Fu (et al.) increased the pH sensitivity of their sensors to 17 mV/pH by depositing a 

thin layer of Al2O3 on top of the graphene, which contains protonatable dangling bonds. 

[226] Fakih (et al.) used the same strategy introducing a coating of parylene/Al2O3 to 

achieve a sensitivity of 47 mV/pH and pushed it further to 55 mV/pH by using 

parylene/Ta2O5. [20] This design is the most promising to fabricate pH sensors with 

graphene as the transducer, as it is also the closest to pH-sensitive IS-FETs. [38, 130] The 

oxide coating introduces the chemical sensitivity that graphene is lacking on its own. The 

same holds for graphene that contains chemical groups, due to either defects or adsorbed 

species introduced during the fabrication. In summary, the pH sensitivity of graphene has 

to be attributed to foreign chemical groups on the surface of graphene that can be 

protonated/deprotonated and not to graphene itself.  

The parylene/Ta2O5 coated GFET devices introduced by Fakih (et al.) approaches the 

Nernstian limit of 59 mV/pH introduced earlier. [20, 324] However, neither does this 

specialized device design reach the limit, nor is this sensitivity a typical value in the other 



4 pH sensitivity of graphene field-effect sensors – the “gold standard” 

69 
 

studies. This is a common issue for solid-liquid interfaces, especially metal oxide-

aqueous electrolyte interfaces, as discussed already in the 1960s/70s, when various 

approaches have been formulated to account for the sub-Nernstian pH sensitivity of such 

interfaces. [324-328] In particular, Yates (et al.) formulated the so-called site-binding model 

for oxide-aqueous electrolyte interfaces. [324] This was adapted to describe the pH 

sensitivity of IS-FETs. [130, 133, 134, 329] Essentially, it introduces a sensitivity factor α that 

depends on the surface buffer capacity βS and the double-layer capacitance CS as shown 

in Equation 4.1-1 and Equation 4.1-2. [130, 133, 134, 329] 

∆𝛹𝛹0 = −2.3𝛼𝛼
𝑅𝑅𝑅𝑅
𝑧𝑧
∙ ΔpHB Equation 4.1-1 

𝛼𝛼 =
1

�2.3𝑘𝑘B𝑅𝑅
𝑒𝑒2 � ∙ �𝐶𝐶S𝛽𝛽S

� + 1
 Equation 4.1-2 

Therein, ΔΨ0 is the change of the surface potential and ΔpHB the change of the bulk 

solution pH. T is the temperature and R, F, kB and e refer to the universal gas constant, 

Faraday constant, Boltzman constant and elementary charge, respectively. If α 

approaches 1, which holds for large βS and low CS, the Nernstian limit applies. A good 

example for a material, where this is the case, actually is Ta2O5. If α < 1, the response is 

sub-Nernstian, as it is the case for SiO2. [130, 133, 134, 329] Still, in both cases the description 

of the pH sensitivity as a linear function is given assuming that α is constant over a large 

range of pH values. Translated to GFETs, this can be applied to explain small values of 

pH sensitivity assuming a small number of protonatable/deprotonatable species present 

at the surface of graphene and hence a small sensitivity factor. With increasing number 

of such species (introduced unintentionally or deliberately), the sensitivity factor 

increases and the Nernstian limit can be approached. The pH range tested on the devices 

in the studies listed in Table 4.1.1 tends to be rather small. For such ranges α can be 
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assumed constant. However, for larger pH ranges, this is not the case especially assuming 

that in most cases for (unmodified) graphene α is not going to approach unity, equivalent 

to SiO2. [134] Assuming a finite number of protonatable/deprotonatable groups being 

present, saturation of these groups will limit the sensitive pH range.  

Furthermore, Table 4.1.1 lists the type of solutions that were used to adjust the pH of the 

measurement solution and whether the IS of the solution was fixed. As discussed earlier, 

the IS influences the thickness of the EDL, which actually has an impact on the gating of 

FETs. For IS-FETs, it has been shown that the surface oxide has a strong influence on the 

IS sensitivity of the sensor. [329] SiO2 shows a strong sensitivity towards the electrolyte 

concentration of the solution, while Ta2O5 is almost insensitive to it. Again, the sensitivity 

factor α can be used to explain this effect. To be precise, the ratio CS/βS is in focus here. 

The electrolyte concentration (and hence the IS) tunes the double-layer capacitance CS. 

However, this has hardly any impact on α, if βS is large, which is the case for Ta2O5. For 

SiO2, on the other hand, the influence of CS is significant for the magnitude of α and, 

conclusively, IS-FETs based on SiO2 are sensitive to the total IS of the solution. [130, 133-

135, 329]  

In the case of graphene, similar effects have been observed. Heller (et al.) investigated 

the response of GFETs focusing on the dependence of the position of the Dirac point on 

the IS. [263] Since they tested it at various fixed pH values, a pH sensitivity can be extracted 

from their work as well. Interestingly, the pH sensitivity varies as a function of the IS. At 

higher IS their devices were less sensitive to the pH of the solution – a result later 

confirmed by Zuccaro (et al.). [253] Concluding from this observation, the reported pH 

sensitivities lack reliability as long as the IS is not fixed. This holds especially for studies 

where the pH measurements were started in a buffer and adjusted using monovalent 
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acids/bases, but is also true for studies that adjust the pH using buffers, but only name the 

buffer concentration and not the total IS of the used buffers.  

In summary, GFETs are sensitive to solution pH as concluded above due to 

protonatable/deprotonatable moieties on the surface. However its intrinsic sensitivity 

factor α is rather low, which can be concluded from the sub-Nernstian sensitivity reported 

in many studies. Additionally, the IS shifts the transfer curve of graphene as well. 

Consequently, a non-linear description of the pH sensitivity of GFETs, which 

incorporates the IS as well, appears more accurate, which will be explored in the next 

section.  

 

4.2 The isoelectric point of graphene 

It has been discussed above that protonatable/deprotonatable moieties at the solid-liquid-

interface are responsible for the pH sensitivity of IS-FETs and GFETs. Assuming only 

one type of functional group is present, e.g. hydroxyl groups – which is realistic for most 

surface oxides like SiO2 in IS-FETs in the form of amphoteric silanol groups – these 

groups exist in three different states: Neutral as -OH, protonated as -OH2
+, or 

deprotonated as -O-. [329] However, more than one kind of group can be present at the 

surface, as it is the case for Si3N4. [330] The state of the groups will be determined by the 

pH of the solution adjacent to the surface. Therefore, a certain pH exists, where the net 

charge of the surface is neutral, which is of great significance for any discussion related 

to pH dependence/sensitivity.  

This is similar to proteins, which consist of a certain amino-acid sequence. The sequence 

introduces a charge distribution that varies as a function of solution pH. At a certain pH, 

the net charge of the protein is neutral. This pH value is referred to as the isoelectric point 
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(pI). The pI is specific to each protein, which is related to the individual sequence of 

amino acids of the protein. Ionizable groups in some of these amino acids, mainly in 

aspartate, arginine, lysine, histidine, cysteine, and glutamate, are responsible for the 

change in net charge. [331] The same principle can be applied for solid-liquid-interfaces, 

although it was often rather referred to as point-of-zero-charge (pzc) in that case. [329, 332, 

333] The pI and pzc are equivalent in the absence of specific ion adsorption, which is 

discussed in detail below. [253, 329, 334, 335] 

In equivalence to proteins, the graphene-liquid interface (GLI) has a certain charge 

distribution, which can be attributed, as mentioned above, to functional groups on or in 

vicinity of the graphene surface, or in other words protonatable/deprotonatable moieties. 

[253] These might occur in small quantities and it is challenging to quantify or even identify 

them. [69, 336, 337] However, the GLI has a net interface charge density, which depends on 

the pH of the solution graphene is immersed in. In equivalence to proteins, the GLI has a 

specific pI as well. Below it, the GLI has a positive net interface charge and above it, the 

net interface charge has a negative sign. Zuccaro (et al.) described a complete picture for 

the pH and IS sensitivity of their devices by modeling and measuring the pI of the GLI. 

[253] The model combines approaches for IS-FETs, CNTs and graphene. [263, 335, 338, 339] It 

does not predict a linear pH sensitivity, which makes it more accurate over a large pH 

range. Here, the concept shall be summarized in order to be able to understand the model 

and its use. The measurements presented in the following chapters are designed based on 

this model.  
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Figure 4.2.1: Stern model of the EDL used to describe the GLI with graphene (Gr), a functional 
layer (FL), the Stern- and diffusive layer and the bulk solution. The ions are depicted for a case, 
where the FL carries positive charges. The potential Ψ(x) across the interface (red profile) is 
shown as a function of the distance from the interface x. The depicted key potentials are the 
potential of graphene ΨGr, the potential at the interface Ψ0 and the potential at the OHP ΨOHP. VecG 
is the external gate voltage, by which ΨGr can be modulated. Sketch adapted from Zuccaro (et 
al.). [253] 

 

In the approach by Zuccaro (et al.) [253], the Stern model for the EDL is assumed as 

explained in section 2.2. However, the graphene side of the GLI is extended by a 

functional layer (FL). This FL, as sketched in Figure 4.2.1, consists of protonatable/ 

deprotonatable groups and carries a certain charge as a function of the bulk solution pH. 

The outer Helmholtz-plane (OHP) is charged accordingly to achieve charge neutrality in 

opposition to the internal charge of graphene and the FL. [39] These charges are referred 

to as σGr (charge distribution of graphene), σ0 (charge at the interface) and σOHP (charge 

at the OHP). All of these can be described as functions of the potential Ψ at each plane. 

The potential Ψ(x) is a function of the distance x from the interface and the potentials at 

the individual planes are that of graphene ΨGr, the potential at the interface Ψ0 and the 

potential at the OHP ΨOHP. [253, 339]
  



4 pH sensitivity of graphene field-effect sensors – the “gold standard” 

74 
 

These potentials ΨGr, Ψ0 and ΨOHP can be determined in accordance to the model outlined 

in section A in the appendix. Furthermore, the charge at all planes is defined therein. σGr, 

σ0 and σOHP, as shown in Equation A-3, Equation A-5 and Equation A-13, are all described 

as functions of ΨOHP. Intrinsically, charge neutrality needs to be given over all planes and 

hence, Equation 4.2-1 applies. [253, 339]  

𝜎𝜎Gr(𝛹𝛹OHP) + 𝜎𝜎0(𝛹𝛹OHP) + 𝜎𝜎OHP(𝛹𝛹OHP) = 0 Equation 4.2-1 

Additionally, it is known that σGr is adjusted via the applied gate voltage VecG (Equation 

A-2), while σOHP depends on the IS of the solution as defined in Equation A-6. σ0 depends 

on the solution pH (Equation A-13) and, through Ψ0 in the same equation, on the IS as 

well. While VecG is externally adjustable, the pH and IS are specific to the measurement 

solution, which can be exchanged. Therefore, at each triplet of VecG, pH and IS, Equation 

4.2-1 can be solved for ΨOHP, which allows for the modeling of the charge distribution at 

each plane. [253] 

However, for the determination of the pI, or more generally, the pH/IS sensitivity of 

graphene, a specific case is of most relevance: The potential at which σGr = 0. The transfer 

curve of graphene as a function of VecG, as explained in section 2.3, depends on the 

number of charge carrier (electrons and holes). Therein, the Dirac point (or charge 

neutrality point) 𝑉𝑉ecGDirac corresponds to the VecG, at which the charge carrier concentration 

is minimal, and, most importantly for this discussion, balanced. As the Dirac point can be 

extracted from gate-dependent transfer curves (in measurement solutions of defined pH 

and IS), Equation 4.2-1 reduces to σ0 = -σOHP at the Dirac point. Zuccaro (et al.) computed 

a specific case with two functional groups present (one protonatable and the other 

deprotonatable in accordance to Equation A-6 and Equation A-7, respectively), wherein 

both had a pKa = 7. [253] For this case, they calculated a map of VecG as a function of pH 
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and IS. This map and some plots extracted from it are displayed in Figure 4.2.2. It reveals 

some important properties of graphene’s pH sensitivity in accordance to the presented 

model.  

 

 
Figure 4.2.2: Simulated response of a GFET to solution pH and IS as presented by Zuccaro (et 
al.). [253] a) Dependence of the Dirac point potential Ve

D
c
i
G
rac on solution pH and IS presented as a 

2D heat map for a GFET containing one type of protonatable and one type of deprotonatable 
group in the FL with a pKa = 7 for both and an offset potential Ψoff = -0.1 V. b) Profiles of Ve

D
c
i
G
rac 

as a function of the solution pH at four fixed IS as indicated. The crossing of the profiles 
corresponds to the pI of the simulated device at pH 7. (Reprinted from Zuccaro (et al.) [253] in 
adjusted order under Creative Commons license CC BY 4.0 (http://creativecommons.org/ 
licenses/by/4.0/).) 

 

Firstly, the GFET is more sensitive to the solution pH at lower IS. The overall sensitivity 

decreases with the IS, which is in accordance with previous studies. [263] Secondly, the 

pH dependence of the Dirac point can only be assumed to be (pseudo-)linear close to the 

pKa of the present groups. This scenario can be given over a large pH range, if multiple 

functional groups with strongly separated pKa values are present, or, if the pH 

measurement is performed only close around the pKa of a group. Thirdly, the Dirac point 

does not change as a function of the IS at a certain pH. At this pH, Equation 4.2-1 reduces 

further to σ0 = σOHP = 0. Therefore, charge neutrality is given for σ0, or in other words, 

this pH corresponds to the pI of graphene. 
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In application, this means that the pI can be determined by measuring the gate-dependent 

transfer curve of a GFET as a function of the pH for at least two different IS levels, as 

displayed for a theoretical case in Figure 4.2.2b). By subtraction of the obtained points of 

𝑉𝑉ecGDirac vs pH at the lower IS from those at higher IS, the pI can be identified as the pH at 

which the two measurement series are crossing. [253] Furthermore, the difference of the 

values has the same sign as σ0 at every given pH, which helps to determine the net 

interface charge density: At any pH above the pI, the charge of the interface is negative, 

while below the pI the interface is positively charged. 

In conclusion, the model of pH/IS sensitivity of GFETs introduced by Zuccaro (et al.) 

[253] is rather complex, but gives a more complete picture. It is capable of explaining non-

linearity and includes the IS dependence of the Dirac point. By applying carefully 

considered assumptions/values for the GFET of interest, one can apply this model to 

simulate the measured pH response. Furthermore, the model can be used to extract the pI 

and the sign of the net interface charge of the investigated GFET.  

In the model, specific ion adsorption is neglected. Therefore, the theoretical values of pI 

and pzc are equivalent. Incorporating specific ion adsorption into the model, leads to weak 

deviations of the pzc from the pI. Zuccaro (et al.) derived models for this case as well, 

showing that the difference is rather insignificant reporting values smaller than 0.5 pH 

units for their model parameters. [253] In the case of specific ion adsorption, additional 

charges at the inner Helmholtz plane (see section 2.2) have to be considered, which can 

be both cations or anions. The pI of graphene is here defined as the pH where graphene 

(and its functional layer) exhibits charge neutrality with σ0 = 0 in equivalence to proteins 

[329], while this neutrality condition is extended over the whole Helmholtz plane for the 

pzc. [253] Therefore, the pzc shifts to lower pH values for specifically adsorbed anions and 

to higher pH values for specifically adsorbed cations. The higher the IS of the solution, 
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the further the pzc shifts away from the pI. As mentioned before, Zuccaro (et al.) modeled 

both cases and showed that the difference is marginal, but additionally point out that if in 

doubt, measurements in more than two IS can clarify the influence of specific ion 

adsorption. [253] 

It is worth mentioning that the given definition of pI and pzc, as pointed out by the 

Zuccaro (et al.), is in contrast to conventions used in colloid chemistry. Here, the pI is 

defined as the pH, where σ0 = 0 in analogy to proteins. In colloid chemistry, the pI is 

defined as the pH at which the electrokinetic potential (σek)/zeta potential (ζ) = 0, while 

the pzc is defined as the pH, at which σ0 = 0. [334] 

 

4.3 The standard pH & IS measurement 

Zuccaro (et al.) used the model introduced above to determine the pI of bare and 

functionalized graphene in GFETs fabricated from CVD-graphene. [253] In experiments, 

they found that the pI of their bare graphene devices is below pH 3.3. By fitting their 

measured curves with the theoretical model, they determined a pI of approx. 2.0. 

Following the same concept, the pI of the GLI in the study by Heller (et al.) can be 

estimated to be around pH 4 to 5, as the Dirac point position increases with the IS at pH 

3, but decreases at pH 7 in their measurements, both with similar slope magnitudes. [263] 

This difference between the two studies can be attributed to differing fabrication aspects, 

the most important one being the use of CVD-graphene by Zuccaro (et al.) and 

mechanically exfoliated graphene by Heller (et al.). [253, 263] The fabrication of the two 

types of graphene is fundamentally different, as mechanically exfoliated graphene is 

fabricated in a top-down process e.g. from HOPG by the so-called scotch-tape method. It 

is highly oriented, monocrystalline, mostly free of chemical and structural defects and the 
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fabrication is free of chemicals that potentially modify it. [1, 36, 87] CVD-graphene, on the 

other hand, is fabricated in a bottom-up approach from decomposing organic gasses like 

methane thermally on metal surfaces. [340, 341] For CVD-graphene, which is typically 

polycrystalline, grain boundaries and amorphous carbon agglomerates are important 

features that have to be considered. [113, 342] Furthermore, chemical impurities can 

originate from the transfer of the CVD-graphene, as the growth-substrate has to be 

removed and a transfer polymer is typically applied. [201, 312, 343] Finally, for both types of 

graphene the processing on the GFET substrate may introduce more impurities, which 

incorporates processes like patterning and passivation, typically performed by 

lithographic methods. [312, 344] But even exposure to air can lead to contaminations that 

change the properties of graphene. [345, 346] 

Overall, these chemical impurities introduced during fabrication (for graphene production 

and device fabrication) are a key factor, as foreign functional groups are responsible for 

the pH sensitivity of graphene as well as the position of the pI of the GLI. Therefore, a 

different pI for different fabrication strategies is not particularly surprising.  

This, in turn, implies that GFET devices fabricated by the same methods should also 

exhibit similar properties. Therefore, the pH/IS test can act as a characterization tool to 

determine the quality of a GFET device, which has been established here as a standard 

test. In comparison to Zuccaro (et al.) a few adjustments were made. [253] The buffers that 

were used here are listed in Table 3.1.1 in the experimental section. All buffers were 

prepared with a buffer concentration (BC) of 10 mM and close around their respective 

pKa. Thereby, all buffers exhibit a buffer capacity of approx. 3-5 mM. Buffer capacities 

in the same range are important to make sure that functional groups on the surface are 

charged homogenously, although it should not be confused with the surface buffer 

capacity βS introduced above. [133, 253] Due to the comparably higher BC (10 mM), the 
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minimal IS of phosphate buffer around pH 7.5 is approx. 25 mM, which was the smallest 

IS value used for the measurements. Additionally, an IS one order of magnitude higher 

was used as the second fixed IS (250 mM). For some cases, a third IS was used, e.g. 

100 mM. The pH values tested typically were pH = 3 (phosphate buffer), 4 and 5 (acetate 

buffer), as well as 6.5, 7 or 7.5 (phosphate buffer). Measurements in basic conditions like 

alkaline carbonate buffers were avoided, since such conditions can lead to etching of the 

substrate material SiO2, which is detrimental to the graphene channel. [347] Furthermore, 

the pI is expected to be found at an acidic pH. [253, 332] Therefore, the acidic to neutral pH 

range is of most interest. Below pH 3, common buffers are not well defined and are not 

used here. In general, buffers that cause permanent modification as well as buffers that 

interact with graphene specifically have to be avoided.  

In Figure 4.3.1, a standard pH/IS test is presented. An optical image of the graphene 

channel is shown in Figure 4.3.1a). The open graphene channel is 40 µm in length and 

width. The substrate is Si/SiO2. The fabrication of such devices is explained in section 

3.2.  

Figure 4.3.1b) depicts the typical 2D map of the pH/IS test measurement. This 2D map is 

to be understood as a bird’s eye view on the gate-dependent transfer curves as shown in 

c) of the same figure. This depiction allows for the comparison of consecutive cycles of 

these transfer curves, while also presenting the estimated Dirac point position for each 

cycle (overlaid white squares). Examples of the transfer curves are shown in Figure 

4.3.1c) for pH 3 and 6.5 at an IS of 25 mM and 250 mM. The Dirac point position 𝑉𝑉ecGDirac 

as a function of pH separated for all three IS is shown in Figure 4.3.1d). The pH/IS 

dependent behavior of the presented device is equivalent to the data presented by Zuccaro 

(et al.). [253] Although different buffer compositions were used, the same conclusion can 

be drawn: The pI of the graphene channel of this GFET device is found to be below pH 
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3. This can be concluded from Figure 4.3.1d), as 𝑉𝑉ecGDirac(IS = 25 mM) is higher than 

𝑉𝑉ecGDirac(IS = 250 mM) at all measured pH, with 𝑉𝑉ecGDirac(IS = 100 mM) falling in between 

them in all cases. Therefore, the net interface charge of the GLI is negative at all measured 

pH values. Additionally, the observed function of 𝑉𝑉ecGDirac vs pH is compressed at the 

higher IS in comparison to the respective lower ones, as expected.  

 

 

Figure 4.3.1: Standard pH/IS test for GFET devices. a) Optical image of graphene in device 
channel (w = 40 µm, l = 40 µm) with SU-8 (10) passivation. b) 2D map of the pH/IS measurement. 
In every cycle (X-axis), the resistance R (Z-axis) as a function of gate voltage VecG (Y-axis) is 
plotted as a color map. The Dirac point position Ve

D
c
i
G
rac is overlaid in white. The plot is divided 

into three sections: one for each IS as indicated on top of the map. The pH is indicated in white 
in the plot. c) Individual cycles extracted from the 2D map in b) at selected pH/IS as indicated. 
d) Ve

D
c
i
G
rac as a function of solution pH at three fixed IS values as indicated. Points in d) are mean 

values of the sets in b).  
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The similarities between the behavior of the device presented here and in the study by 

Zuccaro (et al.) [253] are not surprising considering that the fabrication process in both 

cases is similar as well. The same type of graphene was used, as well as the same transfer 

process concluded by annealing at 550-600°C in N2 atmosphere. For patterning, the same 

resist was used. In both cases, Cu residues were removed prior to the experiments by e-

etching. [201] Differences can be found primarily in the used passivation material (SiO2 vs 

SU-8) and its application, but this appears to be insignificant for the device performance. 

Additionally, Zuccaro (et al) [253] used a sacrificial Cu layer during fabrication, which 

protects graphene from impurities during fabrication steps. However, the used procedure 

including the e-etching step allows for the conclusion that this has no significant influence 

on the comparative device performance, especially not a negative one.  

In conclusion the measurement presented above is in congruence with the data presented 

by Zuccaro (et al.) [253] and can be understood as a characterization tool for all devices 

fabricated by the procedure presented in section 3.2. More details will be discussed where 

appropriate in the following sections, but the typical behavior was expected to be 

observed for an as-prepared GFET device. If this was not the case, it had to be addressed 

and evaluated accordingly. 

 

4.4 Influence of substrate material 

The standard substrate used for the fabrication of GFET devices was silicon with a 

500 nm wet oxide layer on top (abbreviated as Si/SiO2). This type of substrate is 

frequently used due to its smooth surface and chemical stability. GFETs are fabricated on 

dielectric materials for multiple reasons, most importantly since conductivity is probed 

and contact with underlying metals or semiconductors would disrupt these kinds of 
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measurements. Zuccaro (et al.) incorporated the SiO2 surface below graphene into their 

model parameters to fit the measured pH sensitivity curves. [253] It is implied that the 

amphoteric silanol groups on the surface of SiO2 influence the pI of graphene in a similar 

way like functional group-containing layers on top of graphene. The key parameter is the 

pKa of each protonation step, although not all functional groups contribute to the pI with 

the same weighing factor resulting in a pI of the SiO2 surface (without graphene) of 

approx. 3.4. [55, 253] Variation of the support substrate should lead to a shift of the pI of the 

GLI in the GFET device, if the substrate has a different pI on its own and contributes to 

the pI of graphene. 

 

 

Figure 4.4.1: Determination of the pI of graphene on Al2O3. a) Optical image of GFET device on 
Al2O3 substrate with Pt contacts and SU-8 (10) passivation. b) Selected gate-dependent transfer 
curves from the pH/IS dependent measurement at pH/IS as indicated. c) Ve

D
c
i
G
rac as a function of 

solution pH at different fixed IS. d) Difference curve calculated as Ve
D
c
i
G
rac(250 mM) - Ve

D
c
i
G
rac(25 

mM) indicating the sign of the net interface charge of the GLI.  
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To investigate this, GFET devices were fabricated on sapphire substrates (Al2O3) by the 

same fabrication steps as described for Si/SiO2 in section 3.2. Al2O3 typically has an 

expected pI of 7-9. [348] The pI of graphene on these GFET devices could therefore be 

significantly higher than on SiO2, as graphene is sometimes reported to be inheriting 

properties of the supporting substrate. [96, 253, 349, 350] Surprisingly, a strong substrate effect 

was not observed, as presented in Figure 4.4.1. 

In this case, a higher pH buffer was added to the measurement with carbonate buffer at 

pH 9.5. This is possible, since Al2O3 is not affected by solutions at basic pH values, other 

than SiO2. Etching in acidic pH was not observed as well. Furthermore, the higher pH 

was added, since a generally higher pI was expected. [236] However, as shown in Figure 

4.4.1c), 𝑉𝑉ecGDirac is higher for each measured pH at IS = 25 mM than at IS = 250 mM. 

Hence, the net interface charge is negative at all measured pH values as depicted in Figure 

4.4.1d), and the pI is less than pH = 3 in this case as well. This was confirmed in repetitive 

experiments on multiple devices fabricated on Al2O3. Therefore, the measurement 

suggests that the pI of graphene in GFET devices is rather independent of the substrate.  

It should be noted that residues introduced during the essentially identical fabrication of 

the devices might dominate the pI, rather than the substrate. Since the surface chemistry 

can vary from the bulk strongly, the preparation steps (cleaning in piranha solution, 

oxygen plasma, etc.) might cause the similar responses observed on the devices on 

Si/SiO2 and Al2O3. On the other hand, the substrate surface could also be blocked from 

interacting with the protons in solution due to the graphene in between and, therefore, 

does not affect the pI of the graphene itself. Either way, the determination of the pI on 

Al2O3 confirms the shape of the pH/IS sensitivity of GFET devices fabricated in 

accordance to the methods presented in section 3.2. 
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The use of Si/SiO2 is nevertheless preferred over Al2O3, since measurements on the latter 

were more prone to showing double peaks in the transfer curve, as well as stronger drifts 

over multiple cycles. Such practical aspects are important for reliable measurements.  

The measurement presented here was part of a study by Wehrhold (et al.), which was co-

authored by the author of this thesis. [236] In this study, the influence of solution pH on the 

electron transfer of several redox probes at graphene supported by different substrates 

was investigated. It was found that the electron transfer at graphene is strongly influenced 

by the net interface charge of the GLI with negatively charged redox probes interacting 

better at lower pH, closer to the pI. Accordingly, positively charged redox probes interact 

better at higher pH, where the interface charge of the GLI is more negative. This trend 

was confirmed on all investigated isolating substrates. This is the perfect gateway for the 

next chapter, in which the influence of such redox probes on GFET measurements will 

be discussed.  
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5 FARADAIC EFFECT IN ELECTROCHEMICALLY 
GATED GRAPHENE FIELD-EFFECT TRANSISTORS 

5. Faradaic effect in electrochemically gated graphene field-effect transistors 

Results presented in this chapter have been published in: T. J. Neubert, M. Wehrhold, N. S. Kaya, 
K. Balasubramanian: “Faradaic effects in electrochemically gated graphene sensors in the 
presence of redox active molecules” 2020, Nanotechnology, 31, 405201. Adapted figures and text 
from this publication have been reprinted with permission under Creative Commons license CC 
BY 4.0 (http://creativecommons.org/licenses/by/4.0/). © 2020 The Author(s). Published by IOP 
Publishing Ltd.  

 

5.1 The polarizability of the graphene-liquid interface 

As discussed in sections 2.2 and 2.5, the GLI is assumed to be ideally polarizable in GFET 

set-ups. This implies that charge transfer is not possible across the EDL between graphene 

and the solution and the exchange current density of any charge transfer process is 

approaching zero. [39, 122] Thereby, the EDL acts as an ideal capacitor. This concept is 

essential for the detection of electrostatic charge density, which is the most common 

mechanism for the label-free detection of analyte molecules in liquid, as discussed before. 

[11] However, charge transfer mechanism has been introduced to explain the GFET 

response to some analytes as well, especially for back-gated GFET sensors operating in 

gaseous environments or in vacuum. [42-44, 95] In the latter, no EDL is present and the 

gating of the graphene channel proceeds independent of the solid-gas-interface on top of 

graphene. In case of operation in liquid with electrochemical gating via a reference 

electrode (RE), charge transfer works fundamentally different due to diffusion at the EDL 

as well as due to the closed electric circuit between graphene and the RE through the 

electrolyte solution. [39] Heterogeneous charge transfer at an electrode immersed in 
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solution is typically probed by electrochemical methods, where Faradaic currents are 

measured.  

Various measurement techniques to probe charge transfer are known in electrochemistry. 

Among those, cyclic voltammetry (CV) stands out as one of the most important 

potentiodynamic methods. Here, a potential window is scanned with a fixed scan rate in 

cycles and the current at the working electrode (WE) is recorded. [39] As explained before, 

the potential is applied via the currentless RE and a counter electrode (CE) balances the 

charges. If the WE is ideally polarizable, the only measurable current is the 

charging/discharging of the EDL, which is a capacitive current. [39, 122] Faradaic currents, 

on the other hand, can be detected in CVs if an analyte is present, the redox equilibrium 

of which is affected by the scanned potential window. The conditions for such a Faradaic 

current to occur are dictated by various parameters, with the standard potential E0 of the 

redox equilibrium being the most important one for common reversible redox probes. The 

Nernst equation (see Equation 2.4-3) described the relationship between the applied 

potential and the redox equilibrium.  

Graphene has been used as an electrode material in many electrochemical studies, as 

discussed in section 2.5.2. [37, 351] It is therefore clear that the GLI is not ideally polarizable 

– a fact that is true for many examples of metals that are supposed to be ideally polarizable 

electrodes. The polarizability in a real system is not based on the electrode material alone, 

since the solution plays a crucial role as well. A mercury droplet WE is often named as 

an example of an ideally polarizable electrode, however this only holds for this electrode 

in contact with a degassed aqueous solution of potassium chloride. [39, 122] The limitation 

of the concept of ideal polarizability is evident given that a calomel (Hg2Cl2) layer 

deposited on top of mercury transforms this electrode into a RE and, therefore, an 

electrode for which ideal non-polarizability is assumed. [39] Overall, the concept of ideal 
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polarizability/non-polarizability is rather theoretical and should not be assumed for an 

electrode on its own, but its solid-liquid-interface.  

As will be discussed later, the GLI can be considered ideally polarizable in contact with 

blank buffer solutions. However, the electron transfer of many redox probes can be 

observed at graphene as WE, examples of which are the metal complex ions 

ferricyanide/ferrocyanide [Fe(CN)6]3-/4-, hexachloroiridate(IV)/(III) [IrCl6]2-/3- and 

hexamineruthenium(III)/(II) [Ru(NH3)6]3+/2+. CVs of these species recorded at a graphene 

WE are shown in Figure 5.1.1 along with the DOS of graphene (at T = 0 K). [11, 97] The 

single-electron redox reactions of these complexes are listed in Equation 5.1-1 along with 

the formal potential E0’ of each reaction. Note that the applied potential scale is given for 

the RE, as it is conventional for FET measurements. In contrast, in electrochemistry the 

potential is typically given as applied at the WE. Therefore, the E0’ values in Equation 

5.1-1 are indicated as their negative on the VecG scale in Figure 5.1.1. This convention 

will be used consistently in this chapter.  

 

Figure 5.1.1: CVs of the redox probes [IrCl6]2-/3-, [Fe(CN)6]3-/4- and [Ru(NH3)6]3+/2+ at a graphene 
WE (AGr = 1 mm2) and alignment of the formal potential -E0’ of these probes with the graphene 
density of states DOSgraphene (T = 0 K). Note that the potential is given as the potential at the 
reference electrode Eappl @ Ag/AgCl, which corresponds to the gate voltage VecG. The three 
species [Fe(CN)6]3-, [IrCl6]2- and [Ru(NH3)6]3+ were used in a concentration of 100 µM to record 
the CVs with vf = 100 mV/s in phosphate buffer at pH 3. 
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a) Ox + e- ⇌ Red  

Equation 5.1-1 
b) [IrCl6]2- + e- ⇌ [IrCl6]3- E0‘ = 0.72 V 

c) [Fe(CN)6]3- + e- ⇌ [Fe(CN)6]4- E0‘ = 0.22 V 

d) [Ru(NH3)6]3+ + e- ⇌ [Ru(NH3)6]2+ E0‘ = -0.16 V 

 

The set-ups of electrochemical measurements at a graphene WE and electrochemically 

gated GFET measurements are quite similar. In both cases, graphene is in contact with a 

solution and a potential is applied via a RE to modulate the potential at graphene. [24, 39] 

The presence of the CE is a technicality discussed later. In the absence of Faradaic 

currents, the charging of the EDL is, ideally, the only background current present at 

graphene during potentiodynamic scans, like in CVs and measurements of the gate-

dependent transfer curve. Such capacitive currents are considered leakage currents that 

need to be kept minimal. [38, 352, 353] However, the presence of a redox active analyte might 

change this situation.  

A focal point of research considering charge transfer for back-gated GFETs and non-

contacted graphene is the oxygen/water redox couple as described by Equation 5.1-2. [40, 

41, 354, 355] 

O2 + 4 H+ + 4 e- ⇌ 2 H2O Equation 5.1-2 

It was observed that this redox reaction occurs on the surface of graphene, if O2 dissolved 

in water is present during gate modulation. The reaction leads to p-doping and hysteresis 

between the forward and backward scan direction of the gate-dependent transfer curve. 

However, the strong p-doping effect was not necessarily linked to the electrochemical 
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charge transfer, but rather the intermediates of this reaction (e.g. O2
•-, H2O2, •OH), which 

are strong Brønsted bases trapping holes in graphene. [41] Such an effect was not described 

in electrochemically gated GFETs operating in liquid, yet. However, electrolysis of water 

was observed and lead to an increased sensitivity of GFETs to solution pH beyond the 

Nernstian limit, as discussed in 4.1. [38] Furthermore, charge transfer imposed by redox 

probes [Fe(CN)6]3-/4- and [IrCl6]2-/3- was shown to shift the gate-dependent transfer curve 

of single-walled CNTs. [45] Applying the Marcus-Gerischer theory for electron transfer, 

the electronic filling level of an electrode material and a redox probe in solution can be 

compared. [39] Based on this, electron transfer at graphene and CNTs has been modeled. 

[41, 352, 353] Due to the confined number of states of graphene around the Dirac point, 

electrochemical charge transfer at graphene is expected to affect the filling level of the 

electronic structure of graphene, which is in contrast to metal electrodes. The effect of the 

low density of states of carbon materials like CNTs and graphene on electron transfer 

rates has been investigated in many studies. [352, 356-358] However, its effect on the 

electronic characteristics of graphene was not investigated up until now.  

In this chapter, the effect of the presence of electrochemically active redox probes during 

gate modulation in electrochemically gated GFETs operating in liquid is explored. The 

redox probes are [IrCl6]2-/3-, [Fe(CN)6]3-/4- and [Ru(NH3)6]3+/2+. For the latter, only the 

oxidized form [Ru(NH3)6]3+ was investigated directly, as the reduced form is not soluble 

in water. First, the effect of each species is investigated and a general mechanism for the 

GFET response is derived. The induced shifts, termed Faradaic effect, are then 

investigated in more detail to understand the influence of electrochemical parameters. 

Finally, a counter example (Fe3+) is demonstrated and implications of the observed effect 

on the design and operation of GFETs are discussed.  
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5.2 Observation of Faradaic effect in GFETs operated in liquid 

In this section, the concept of the Faradaic effect imposed by three different redox active 

complex ions is introduced. The first one is the outer-sphere redox probe [IrCl6]2-/3-. It 

acts as a model system since the Faradaic effect that this species has on the gate-dependent 

transfer curve of a GFET is the most straightforward to understand. Form thereon, the 

inner-sphere redox-probe [Fe(CN)6]3-/4- is investigated. This complex shows a similar 

Faradaic effect, however its kinetics and standard potential lead to a more complex 

interaction. Finally, [Ru(NH3)6]3+ is introduced, which has a formal potential that 

overlaps with the region, in which the Dirac point is typically observed. This leads to a 

more complex interaction and potentially strong device-to-device variations of the 

Faradaic effect.  

 

5.2.1 [IrCl6]2-/3- - the model system 

To observe the effect the presence of a redox probe has on graphene in GFET 

measurements, the redox couple [IrCl6]2-/3- was added to the measurement solution during 

operation in either the oxidized form [IrCl6]2- or the reduced form [IrCl6]3-. The used 

GFET devices were fabricated as discussed in section 3.2. The active area of graphene in 

contact with the solution was 1 by 1 mm2. The results are shown in Figure 5.2.1. 
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Figure 5.2.1: Field-effect response of graphene in the presence of [IrCl6]2-/3- redox probes. 
a,b) Evolution of the gate-dependent transfer curve of graphene in blank buffer with increasing 
concentration of a) oxidized [IrCl6]2- and b) reduced [IrCl6]3- plotted as a 2D map (see Figure 
4.3.1 for explanation). The first three cycles are measured in buffer, the following three with 
100 µM probe in the same buffer. Subsequently, three cycles are measured in buffer again and so 
on. The concentration is shown on top of the map. The white profile indicates the position of the 
Dirac point. c) Selected individual cycles from the map in a), from where the Dirac point is 
extracted. d) Evolution of the shift of the Dirac point ΔVe

D
c
i
G
rac (with respect to the Dirac point in 

blank buffer) as a function of the concentration of [IrCl6]2- and [IrCl6]3-. Error bars indicate the 
strongest deviation of a single cycle from the average Dirac point position. The measurements 
were performed in phosphate buffer at pH 3 (buffer concentration BC = 10 mM, ionic strength IS 
= 100 mM). The area of the graphene AGr was 1∙1 mm2.  

 

As Figure 5.2.1 reveals, only the oxidized form [IrCl6]2- induces a shift of 𝑉𝑉ecGDirac. Figure 

5.2.1a) and b) show the evolution of the measurement in the presence of increasing 

concentrations of the oxidized and reduced species as recorded. From here, individual 

cycles can be extracted as shown in Figure 5.2.1c) and the position of 𝑉𝑉ecGDirac can be 

extracted. As shown in Figure 5.2.1d), the average position of 𝑉𝑉ecGDirac increases linearly 

as a function of the concentration of [IrCl6]2-, while shifts are negligible for [IrCl6]3-. 
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Additionally, the shape of the gate-dependent transfer curve of graphene does not change, 

instead the whole curve shifts in the presence of [IrCl6]2-.  

The observed behavior goes against expectation indicating a special kind of transduction 

mechanism. Typically, the introduction of increasing concentrations of charged species 

should lead to a shift of the Dirac point based on electrostatic interactions. This does not 

appear to be the case here. The direction of the shift (towards higher gate voltages) is in 

agreement with the charge of the oxidized species [IrCl6]2- indicating p-doping. However, 

[IrCl6]3- bears a higher negative charge and should induce a stronger shift based on the 

assumption of electrostatic interactions. Additionally, the expected shift would not show 

a linear trend over the concentration, but rather over log(c).  

Evidence for the origin of the observed behavior in the presence of either [IrCl6]2- or 

[IrCl6]3- can be gathered from the Marcus-Gerischer model, as introduced in Figure 5.2.2. 

There, the CV of [IrCl6]2- at a graphene WE is compared to the gate-dependent transfer 

curve of graphene in pure buffer solution on the left side. On the right side, this is 

translated to the Marcus-Gerischer model. While in Figure 5.2.2a) the current in the CV 

and the resistance R in the transfer curve are displayed as a function of the gate voltage 

VecG, the density of states of both types of involved species is used in Figure 5.2.2b). The 

position of E0’ and 𝑉𝑉ecGDirac are used in the model in b) as determined from the 

measurements in a).  
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Figure 5.2.2: a) Comparison of the cyclic voltammogram (CV) of [IrCl6]2-/3- (c = 0.5 mM) at 
graphene WE (red curve) and the gate-dependence of the resistance of graphene (black curve) in 
blank buffer. Both curves are plotted as current/resistance as a function of voltage at the RE (VecG). 
b) Alignment of the graphene density of states DOSgraphene with the distribution of redox states 
Dred/Dox of [IrCl6]2-/3- around its formal potential E0’ in accordance with the Marcus-Gerischer 
model. Ve

D
c
i
G
rac and E0’ have been extracted from the measurements displayed in a).  

 

The redox states of [IrCl6]2-/3- were simulated in accordance to the Marcus-Gerischer 

theory assuming a reorganization energy of 0.2 eV. [39] The DOSGraphene was calculated 

using a tight-binding model. [11] It immediately becomes clear that E0’ of [IrCl6]2-/3- is 

found far below the Dirac point of graphene on the VecG scale. This implies that the Dirac 

point is scanned in a potential range, where the redox equilibrium is shifted heavily 

towards the reduced species [IrCl6]3-. Therefore, in the potential range of the Dirac point 

determination, [IrCl6]2- can be expected to undergo reduction, while [IrCl6]3- should not 

change its redox state. This becomes even more obvious, when comparing the redox states 

with the electronic structure of graphene. Scanning the gate from negative towards 

positive voltages leads to filling of graphene with electrons. Below the Dirac point, the 

number of free charge carriers – in this case holes – decreases due to the filling of the 

valence band of graphene up until the Dirac point. From thereon, filling of the conduction 

band leads to more free charge carriers in the form of electrons. In the opposite direction, 
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the amount of electrons in graphene decreases again. From an electrochemical point of 

view, charge transfer will occur, when the energy of the electrode equals the energy of 

the redox states. [39, 352] This implies that the presence of oxidized [IrCl6]2- at the GLI 

demands the filling of its redox states upon filling of graphene’s valence band, as the 

states Dox overlap with the valence band as depicted in Figure 5.2.2b). Similarly, in the 

opposite direction, the process is reversed and the now filled Dred need to be emptied, if 

VecG falls below that position. The presence of the electron accepting [IrCl6]2- allows this 

process to occur in the described manner, hence undergoing reduction and re-oxidation. 

For the electron donating [IrCl6]3-, only the opposite works.  

The described processes suggest that the electrochemical reduction of [IrCl6]2- brought 

about by the applied potentials at the gate electrode induce the shifts of the Dirac point 

observed in Figure 5.2.1. The heterogeneous electron transfer from graphene to the redox 

probe would therefore occur during gate modulation just like in a CV measurement. To 

confirm the occurrence of such electron transfer, the current between graphene and the 

gate RE was probed. This was performed in a two-electrode (2 EL) electrochemical cell 

without a CE. Usually, such measurements should be avoided, as discussed in section 5.3 

below, since current needs to pass via the RE to equalize the charges passing at the WE, 

which can have negative effects on the RE performance.  

In Figure 5.2.3, 2 EL CVs are presented in the presence of increasing concentrations of 

[IrCl6]2-/3-. The CVs are recorded in the exact same potential window as the transfer 

curves in Figure 5.2.1, far away from E0’ of the redox probe. 
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Figure 5.2.3: a,b) Two-electrode CVs (2 EL CV) measured with the device in Figure 5.2.1 
showing the current i between graphene and the RE as a function of VecG in the voltage range used 
for FET measurements. The current in blank buffer (black curve) and in presence of increasing 
concentration of a) [IrCl6]2- and b) [IrCl6]3- are shown. The scan rate vf is 40 mV/s, equivalent to 
the FET measurements in Figure 5.2.1. c) Evolution of the Faradaic current component (ic = x µM - 
iBuffer) at VecG = 0.1 V as a function of the concentration of [IrCl6]2- (black cycles) and shift of the 
Dirac point for the same concentrations of [IrCl6]2- as shown in Figure 5.2.1d) (red squares). 
d) Correlation of Dirac point shift and Faradaic current component including linear fit, the slope 
of which is a resistance as indicated.  

 

Again, the presence of [IrCl6]2- leads to an increase of the measured signal as shown in 

Figure 5.2.3a), in this case the current, over the whole measured potential window in both 

scan directions, while no effect of the presence of [IrCl6]3- is visible in Figure 5.2.3b). In 

Figure 5.2.3c) the Faradaic component of the current at the approximate position of the 

Dirac point in buffer solution is compared to ∆𝑉𝑉ecGDirac as determined in Figure 5.2.1d) for 

[IrCl6]2-. Both show a linear trend over the concentration of the species undergoing 

electron transfer, which is as expected for the current. [39] In Figure 5.2.3d), the Dirac 
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point shift is displayed as a function of the measured current. This gives a linear trend as 

well, the slope of which is a resistance R. This resistance has an approximate value of 

52.7 kΩ. Although no clear meaning of this resistance could be determined, it was found 

to be in the same range as the resistance across the solution of the used buffer measured 

between two REs of the same type determined by an i-E curve (approx. 55 kΩ) and 

impedance spectroscopy (approx. 46 kΩ). This would imply that the ohmic drop iR across 

the cell determines the magnitude of the Faradaic effect. [39]  

The measured currents confirm the theoretical considerations made before. Indeed, the 

shift of the Dirac point introduced by [IrCl6]2- needs to be linked to electron (charge) 

transfer. As discussed in section 5.1, charge transfer is a transduction mechanism 

discussed for GFETs in a backgated configuration. However, in the electrochemically 

gated situation, the analyte in solution is not fixed at graphene, since diffusion plays a 

crucial role. The current in Figure 5.2.3a) is constantly negative for all concentrations of 

[IrCl6]2-. This implies that electron transfer is occurring permanently in the scanned 

potential window. This is because the complex ions that have undergone reduction diffuse 

away from the electrode into the bulk solution due to the concentration gradient that is 

occurring. Further oxidized species is present in the bulk solution in excess and diffuses 

towards the electrode, where its concentration is low in contrast to the newly generated 

reduced species. For re-oxidation to occur, the potential window would need to approach 

E0’ to shift the equilibrium towards the oxidized form, which it does not in this 

measurement. By this logic, the shift of the Dirac point induced by the reduction of 

[IrCl6]2- would need to be permanent and dynamic, constantly increasing over several 

cycles, since each electron that is transferred from graphene to [IrCl6]2- would be lost in 

the solution inducing strong shifts towards higher gate potentials. The missing re-

oxidation would then potentially lead to even stronger shifts occurring from cycle to 
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cycle. This is clearly not the case in the given situation as ∆𝑉𝑉ecGDirac is constant in the 

presence of a fixed concentration of [IrCl6]2- in consecutive cycles and returns to its 

original value in buffer each time, as shown in Figure 5.2.1a). This is due to the fact that 

the current cycle is closed via the RE. Charges passing at the WE are balanced via the 

electrical circuit, in this case at the RE, since the CE is missing. Therefore, graphene does 

not need to regain its electrons from the solution and the observed shift is not permanent, 

but occurring constantly during the measurement due to the charge transfer occurring at 

the GLI.  

Now it has been discussed in section 5.1 that graphene is often assumed to behave like an 

(ideally) polarizable electrode in sensor set-ups. In buffer solution, the 2 EL CV recorded 

at graphene is quite featureless, as shown in Figure 5.2.3a) and b) (black line) and in this 

situation it is acceptable to assume that the GLI is polarizable in this potential window. 

The increase in current at gate potentials > 0.3 V is a hint at this assumption being wrong 

and can help to understand the frequently observed asymmetry of the transfer curve. 

However, the strong Faradaic current introduced by the presence of [IrCl6]2- clearly shows 

that graphene is not a polarizable electrode, as Faradaic currents can occur at its interface, 

as discussed before. At the same time, the shift of the gate-dependent transfer curve 

observed in the presence of oxidized [IrCl6]2- undergoing reduction during the gate 

modulation strongly indicates that graphene does not act as an ideal non-polarizable 

electrode, either. In that case, the passing of a Faradaic current would have no effect on 

the electrode potential. Therefore, a description as a partially polarizable electrode (see 

section 2.2) is best suited for the GLI, as passing currents (see 2 EL CV) lead to shifts of 

the electrode potential (which cannot be observed in the CV). The GFET measurement 

allows for the observation of these shifts, due to the unique electronic structure of 

graphene with a low density of states around the Dirac point. The same effect would not 
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be observable on metal electrodes. Since the potential of graphene relative to the RE is 

shifted based on the Faradaic current in the presence of a redox active molecule, the shift 

was termed Faradaic effect. It does not describe a doping effect of the electronic structure 

of graphene, which implies that charge transfer doping is not a viable transduction 

mechanism for electrochemically gated GFET sensors operating in liquid. The magnitude 

of the Faradaic effect is determined by the current passing at the GLI. Since a reduction 

is responsible for the shift observed in Figure 5.2.1, Faradaic effects shifting the Dirac 

point towards higher gate potentials are termed reductive shifts.  

It is worth mentioning that the Faradaic effect is to be differentiated from a leakage 

current. Leakage currents are currents between the channel and the reference electrode, 

which are non-Faradaic and occur e.g. due to changes in conductivity as a result of 

changes of the IS, or due to high scan speeds that lead to high capacitive currents. The 

most important difference between the two is that the additional Faradaic current is 

imposed – deliberately or not – by an analyte that is added to the measurement solution.  

In this section the concept of the Faradaic effect was established. A linear dependence of 

the Faradaic effect on the concentration of the species undergoing electron transfer was 

demonstrated. In the following sections, further examples will be discussed. Furthermore, 

parameters that influence the strength of the Faradaic effect will be explored in 

section 5.4.  
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5.2.2 [Fe(CN)6]3-/4- - inner-sphere complex approaching the Dirac point 

Another redox active complex ion evaluated was [Fe(CN)6]3-/4-. As shown in Figure 5.2.4, 

the formal potential of this redox probe lies below typically measured values of the Dirac 

point of graphene. Therefore, the situation in the presence of this redox probe should be 

similar to [IrCl6]2-/3-.  

 

Figure 5.2.4: Alignment of the density of states of graphene DOSgraphene with the distribution of 
redox states Dred/Dox of [Fe(CN)6]3-/4- around its formal potential E0’ in accordance with the 
Marcus-Gerischer model. 

 

Indeed, upon addition of increasing concentrations of the oxidized form [Fe(CN)6]3- the 

Dirac point of graphene shifts towards higher VecG, while it increases only weakly in the 

presence of the reduced form [Fe(CN)6]4- as displayed in Figure 5.2.5. 
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Figure 5.2.5: Field-effect response of graphene in the presence of [Fe(CN)6]3-/4- redox probes. 
a,b) Evolution of the gate-dependent transfer curve of graphene in blank buffer with increasing 
concentration of a) oxidized [Fe(CN)6]3- and b) reduced [Fe(CN)6]4- plotted as a 2D map. The first 
three cycles are measured in buffer, the following three with 100 µM probe in the same buffer. 
Subsequently, three cycles are measured in buffer again and so on. The concentration is shown 
on top of the map. The white profile indicates the position of the Dirac point. c) Selected 
individual cycles from the map in a), from where the Dirac point is extracted. d) Evolution of the 
shift of the Dirac point ΔVe

D
c
i
G
rac (with respect to the Dirac point in blank buffer) as a function of 

the concentration of [Fe(CN)6]3- and [Fe(CN)6]4-. Error bars indicate the strongest deviation of a 
single cycle from the average Dirac point position. The measurements were performed in 
phosphate buffer at pH 3 (BC = 10 mM, IS = 100 mM). The area of the graphene AGr was 1∙1 mm2.  

 

Again, like in the case of [IrCl6]2-/3- an increasingly strong reductive current could be 

observed between the graphene channel and the gate in 2 EL CVs, in which increasing 

concentrations of the oxidized species [Fe(CN)6]3- where added to the measurement 

solution. For the reduced species, no additional current was measured in the investigated 

potential window. This is displayed in Figure 5.2.6.  



5 Faradaic effect in electrochemically gated graphene field-effect transistors 

101 
 

 

Figure 5.2.6: a,b) 2 EL CVs measured with the device in Figure 5.2.5 showing the current i 
between graphene and the RE as a function of VecG in the voltage range used for FET 
measurements. The current in blank buffer (black curve) and in presence of increasing 
concentration of a) [Fe(CN)6]3- and b) [Fe(CN)6]4- are shown. The scan rate vf is 40 mV/s. 

 

In analogy to [IrCl6]2-/3-, a shift of the Dirac point was observed in the presence of oxidized 

[Fe(CN)6]3-, but not in the presence of [Fe(CN)6]4-. Therefore, this is another example of 

a Faradaic effect expressed as a reductive shift. For both probes, the same behavior based 

on the same observations was made, with a minor difference being the profile of the 2 EL 

CV in the scanned potential window. In the case of [IrCl6]2- in Figure 5.2.3, an almost 

steady current with no hysteresis was observed. Here, the current increases with a higher 

slope from -0.1 V towards higher gate voltages especially at higher concentrations of 

[Fe(CN)6]3- and flattens at around 0.1 V. In the opposite direction, lower currents are 

observed. This is because of the potential window approaching E0’ of the redox probe 

[Fe(CN)6]3-/4-, while in the earlier case, the measurement window was far away from E0’ 

of [IrCl6]2-/3- (see Figure 5.1.1 for comparison). The magnitude of the reductive shift, 

however, is not influenced by this behavior of the current. The Dirac point shift in Figure 

5.2.1 and Figure 5.2.5 shows a similar slope. Therefore, the induced shift appears to be 

dictated rather by the magnitude of the current around the Dirac point, than the total 

amount of charges passed at that point in the experiment. This is another confirmation for 
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the Faradaic effect being based on the shift of the electrode potential of graphene rather 

than a doping effect. Further implications of the current hysteresis and the scanned 

potential window are discussed in section 5.4.  

Another difference between [IrCl6]2-/3- and [Fe(CN)6]3-/4- is that their electron transfer 

mechanism at the electrode is different. For [IrCl6]2-/3-, an outer-sphere mechanism is 

assumed, while [Fe(CN)6]3-/4- undergoes electron transfer via an inner-sphere mechanism. 

[236, 359] Therefore, [Fe(CN)6]3-/4- needs to be bound to the electrode during the electron 

transfer, which involves strong electronic interactions. [39] Still, both species show a 

similar Faradaic effect. This indicates that the adsorption of [Fe(CN)6]3-/4- during electron 

transfer has limited influence on the electronic structure of graphene.  

 

5.2.3 [Ru(NH3)6]3+ - Faradaic effect overlapping with the Dirac point 

In the previous sections, two examples of redox probes were discussed, for which E0’ can 

be found well below the potential realm, at which the Dirac point is typically observed. 

Here, the situation in the presence of [Ru(NH3)6]3+/2+ is discussed. In this case, only one 

form of the redox-couple, oxidized [Ru(NH3)6]3+, can be tested directly, since the reduced 

form [Ru(NH3)6]2+ is not soluble in water at the required concentrations. However, as 

depicted in Figure 5.2.7, E0’ of this redox probe is very close to typically observed values 

of the Dirac point. In the shown case, the Dirac point is fixed at approx. 0.1 V, while -E0’ 

of [Ru(NH3)6]3+ has a value of 0.15 V. It is therefore slightly above the Dirac point and 

the situation is different from the two other redox probes.  
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Figure 5.2.7: Alignment of the density of states of graphene DOSgraphene with the distribution of 
redox states Dred/Dox of [Ru(NH3)6]2+/3+ around its formal potential E0’ in accordance with the 
Marcus-Gerischer model. 

 

In contrast to the reductive shift induced by the oxidized species [IrCl6]2- and [Fe(CN)6]3-, 

for which E0’ was below the Dirac point, a shift towards lower VecG can be expected for a 

species that is undergoing oxidation above the Dirac point. This means that an oxidative 

shift as a Faradaic effect should be observable in the presence of [Ru(NH3)6]2+. Although 

this species is not available for direct testing, its effect can be probed nevertheless. This 

is due to the fact that [Ru(NH3)6]3+ undergoes reduction within the scanned potential 

window. Thereby, [Ru(NH3)6]2+ is enriched in the proximity of the graphene channel, and 

its effect can be probed in operando. This is shown in Figure 5.2.8.  
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Figure 5.2.8: Field-effect response of graphene in the presence of [Ru(NH3)6]3+ redox probe. 
a) Evolution of the gate-dependent transfer curve of graphene in blank buffer with increasing 
concentration of oxidized [Ru(NH3)6]3+ plotted as a 2D map. The first three cycles are measured 
in buffer, the following three with 100 µM probe in the same buffer. Subsequently, three cycles 
are measured in buffer again and so on. The concentration is shown on top of the map. The white 
profile indicates the position of the Dirac point. b) Selected individual cycles from the map in a), 
from where the Dirac point is extracted. c) Evolution of the shift of the Dirac point ΔVe

D
c
i
G
rac (with 

respect to the Dirac point in blank buffer) as a function of the concentration of [Ru(NH3)6]3+. Error 
bars indicate the strongest deviation of a single cycle from the average Dirac point position. d) 2 
EL CVs measured on the same device showing the current i between graphene and the RE as a 
function of VecG in the voltage range used for FET measurements. The current in blank buffer 
(black curve) and in presence of increasing concentration of [Ru(NH3)6]3+ are shown. The scan 
rate vf is 40 mV/s. The measurements were performed in phosphate buffer at pH 7.5 (BC = 
10 mM, IS = 100 mM). The area of the graphene AGr was 1∙1 mm2. 

 

As predicted, a shift of the Dirac point towards lower VecG can be observed in the presence 

of [Ru(NH3)6]2+/3+. In Figure 5.2.8a) to c), this shift is presented, while the 2 EL CVs 

recorded between graphene and the gate in presence of increasing concentration of 

[Ru(NH3)6]3+ is shown in d) of the same figure. There, the reduction of [Ru(NH3)6]3+ to 

[Ru(NH3)6]2+ and the re-oxidation of the latter is clearly visible. Therefore, the predicted 
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oxidative shift induced by the oxidation of [Ru(NH3)6]2+ can be confirmed, implying that 

similar to p- and n-doping the Faradaic effect can lead to shifts to higher or lower VecG, 

as well.  

The shift of the Dirac point, as shown in Figure 5.2.8c), shows a linear behavior over the 

concentration of [Ru(NH3)6]3+. However, the observed trend does not include ∆𝑉𝑉ecGDirac in 

pure buffer solution. This is likely due to the strong current fluctuations during the 

measurements as shown in the 2 EL CV, as in this case the peak currents of the CV are 

observed in the scanned potential window, instead of the diffusion controlled current at 

large overpotentials. It should also be noted that the depicted transfer curves are measured 

from 0.4 V down to -0.1 V. The opposite scan direction shows a different profile in the 

2 EL CV. Implications of this hysteresis are discussed later in section 5.4.1.  

Furthermore, the shape of the gate-dependent transfer curves shown in Figure 5.2.8b) 

changes in the presence of [Ru(NH3)6]2+/3+. This was not the case for the other two redox 

probes. It is likely that this behavior originates from the strongly varying currents 

observed in this case, as for some potentials reductive and for others oxidative currents 

are present. This is further supported by the shoulder in the transfer curve being observed 

weakly in pure buffer solution, which is the more pronounced the higher the concentration 

of [Ru(NH3)6]3+ is chosen. Possibly, the shoulder is observed due to parts of the 

polycrystalline graphene in the channel exhibiting a different Dirac point. This Dirac 

point is much higher than the one of the majority of graphene exceeding E0’ and therefore 

being shifted by the reduction of [Ru(NH3)6]3+ rather than the oxidation. Although the 

latter is not confirmed easily, the idea is plausible, as a reductive shift was observed for 

[Ru(NH3)6]3+ on another device with an unusually high initial Dirac point as well, which 

is discussed in section B.a) in the appendix. The fact that a positively charged species can 

induce a shift to higher VecG is in contrast to what would be expected for shifts induced 



5 Faradaic effect in electrochemically gated graphene field-effect transistors 

106 
 

by electrostatic interactions. This further supports the alternative mechanism of the 

observed Dirac point shift described as the Faradaic effect. 

In summary, it was shown that redox active molecules can cause Dirac point shifts during 

the operation of electrochemically gated graphene field-effect devices. The mechanism 

behind this shift is based on Faradaic currents that are present between the graphene 

channel and the gate RE, which can be measured in 2 EL CVs. The current leads to 

changes of the half-cell potential of the graphene in the channel, which behaves like a 

partially polarizable electrode, and it is termed Faradaic effect. Shifts either to higher or 

lower VecG can be induced by the Faradaic effect. A reductive shift to higher VecG can be 

observed, if an analyte is present that undergoes reductive electron transfer at the Dirac 

point. This is the case, if the E0’ of the redox probe is found below the Dirac point on the 

VecG scale. The presence of the reduced form does not induce a Faradic effect in that 

situation. An oxidative shift towards lower VecG, on the other hand, can be observed, if a 

redox active analyte undergoes oxidative electron transfer at the Dirac point. For this to 

occur, its E0’ needs to be above the Dirac point on the VecG scale. The presence of the 

oxidized form of such a species would not lead to an oxidative current, and hence, would 

not induce a Dirac point shift. Overall, the closer E0’ is in relation to 𝑉𝑉ecGDirac the more 

fluctuations in the Faradaic current will occur during the gate modulation and therefore, 

stronger Faradaic effects on the shape of the transfer curve can be observed on top of the 

Dirac point shift.  

 

5.3 Current at the RE: Introducing a counter electrode 

The Faradaic effect occurs due to the presence of electrochemically active species 

undergoing electron transfer during the operation of a GFET device. As discussed above, 
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such currents need to be compensated in the solution at the RE. In a simple 2 EL FET set-

up, there is typically no electronic control over the gate-channel current. Hence, when a 

reduction is forced at the GLI due to the applied voltage range, a corresponding oxidation 

occurs at the RE generating a Faradaic current. This is because the RE in the ideal case is 

an ideally non-polarized electrode and will allow a certain level of Faradaic redox current 

(Ag/AgCl/Cl─ half cell) to flow with little changes in its electrode potential. [39, 125] The 

commonly used Ag/AgCl electrode allows the passage of currents in the presence of a 

sufficient amount of chloride ions in solution according to the reaction shown in Equation 

5.3-1.  

AgCl + e- ⇌ Ag + Cl- Equation 5.3-1 

It could be argued that the Faradaic current leads to polarization of a potentially non-ideal 

Ag/AgCl RE, which might be the cause for the observed Dirac point shift in a 2 EL FET 

set-up, instead of the claimed shift of the half-cell potential of graphene. The polarization 

of the RE can be avoided electronically by using an electrochemical potentiostat to control 

the applied gate voltage. In a typical three-electrode (3 EL) electrochemical set-up, the 

passage of current at a reference electrode is nearly completely suppressed electronically 

(high input impedance) ensuring that the potential of the Ag/AgCl RE definitely remains 

constant during the measurement. 
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Figure 5.3.1: Field-effect measurements with three-electrode potentiostatic control (EC-3EL-
FET). a,b) Circuit diagram of a) the commonly used 2 EL FET set-up and b) of the EC-3EL-FET 
set-up, which allows for the parallel measurement of electrochemical currents and the 
conductance of the graphene electrode as a function of the applied RE potential/gate voltage (Gr: 
graphene, HPF: high pass filter). c) Comparison of shift introduced by [IrCl6]2- (1 mM) in 
standard FET (dashed lines) and EC-3EL-FET (straight lines). d) Shift of the position of the Dirac 
point ΔVe

D
c
i
G
rac for multiple cycles of the measurements (black squares: FET, red circles: EC-3EL-

FET) normalized to the average Dirac point position in buffer. 

 

To prove that the shift is not caused by the use of an improper RE, measurements of the 

Faradaic effect in the typical FET set-up using only two electrodes as depicted in the 

circuit sketch shown in Figure 5.3.1a) were repeated using a potentiostat with a three-

electrode configuration. The circuit used in this experiment is sketched in Figure 5.3.1b). 

In this measurement configuration, the CE compensates the Faradaic current occurring at 

the GLI. This avoids any current flow at the RE ensuring a constant reference potential at 

the Ag/AgCl electrode. In this configuration, the resistance of the graphene channel is 
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measured using a lock-in amplifier simultaneously to the current at the WE, while the 

electrochemical potential is modulated using a potentiostat (see section 3.3.1). Figure 

5.3.1c) and d) compare the evolution of the Dirac point shift measured using such a set-

up with respect to the standard 2 EL FET set-up. It is apparent that in both cases a clear 

shift of the Dirac point position is observed. For the EC-3EL-FET configuration, 

however, a shift of a lower magnitude was observed. A certain polarization of the 

Ag/AgCl hence cannot be excluded completely in this case in the commonly used 2 EL 

FET set-up. On the other hand, it is clear that the observed shift in Dirac point is at least 

partly due to the Faradaic current at the GLI. This allows for the conclusion that the 

Faradaic effect at graphene is not caused by an improper device configuration or an 

unstable RE, but rather by the presence of the redox molecule (or more general: an 

analyte) itself. 

 

 

Figure 5.3.2: a,b) Comparison of a) 2 EL CV and b) three-electrode CV (3 EL CV) measured on 
the same device in blank buffer and in the presence of 500 µM [IrCl6]2-. For the 3 EL 
configuration, a Pt wire serves as CE and the Ag/AgCl electrode as reference. The current profile 
for both the cases are similar indicating that the observed Faradaic currents in the FET 
measurements are not an artifact of the measurement set-up.  
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This was additionally confirmed by CVs recorded in both types of set-ups as presented in 

Figure 5.3.2. Independent of the presence of the CE, the CVs show similar current 

profiles. In this extended range, the reduction and re-oxidation of [IrCl6]2- can be 

observed. The current is of almost identical magnitude in both cases. The only apparent 

difference, is the slightly increased peak-to-peak separation (potential difference between 

reduction and oxidation peak) in case of the 2 EL CV. Overall, the current magnitude at 

the WE is not limited by the RE in the 2 EL FET set-up.  

The same experiment as presented in Figure 5.3.1 for [IrCl6]2- was repeated with 

[Ru(NH3)6]3+, the results of which are shown in Figure 5.3.3. In this case, as discussed 

before, the reduction and re-oxidation can be observed in the potential window of 

operation. In case of the use of the EC-3EL-FET set-up, the typical shape of the CV can 

therefore be observed simultaneously with the shift that the Faradaic effect introduces. 

The transfer curves measured in both set-ups are displayed in Figure 5.3.3a). The 

simultaneously measured current profiles from the EC-3EL-FET set-up are shown in b) 

of the same figure. In part c), the Dirac point shifts occurring in the presence of 

[Ru(NH3)6]3+ relative to the measurements in blank buffer are compared for both set-ups. 

In this case, the shift in both set-ups was similar. Overall, measurements on multiple 

devices showed non-systematic differences in the magnitude of the shift in both set-ups. 

Therefore, the direct comparison should be treated with caution. The most important point 

of this discussion, however, is that the Faradaic effect can be observed even if the current 

is balanced via a CE, ensuring a constant RE potential in the circuit.  
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Figure 5.3.3: Field-effect measurements with three-electrode potentiostatic control (EC-3EL-
FET). a) Comparison of shift introduced by [Ru(NH3)6]3+ (1 mM) in standard FET (dashed lines) 
and EC-3EL-FET (straight lines). b) 3 EL CVs measured simultaneously with the gate-dependent 
transfer curves shown in a) in pure buffer and in the presence of [Ru(NH3)6]3+ (1 mM). c) Shift of 
the position of the Dirac point ΔVe

D
c
i
G
rac for multiple cycles of the measurements (black squares: 

FET, green circles: EC-3EL-FET) normalized to the average Dirac point position in buffer in 
cycles 1-5.  

 

Further support that the observed Dirac point shift is indeed due to the current at the GLI 

is obtained by separating the graphene channel and the RE in two reservoirs, which were 

connected via a salt bridge. [45] A scheme of the measurement set-up is shown in Figure 

5.3.4a). In the beginning, both reservoirs are filled with the blank buffer solution. 

Subsequently, the solution in either of the reservoirs is replaced with increasing 

concentrations of the redox probe and the field-effect response is measured. Figure 

5.3.4b) and c) present the observed changes when the redox probe is added only to the 

graphene reservoir and when it is added only to the RE reservoir, respectively.  
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Figure 5.3.4: a) Schematic showing the set-up for field-effect measurements with the reference 
electrode (gate) placed in a separate reservoir and connected to the graphene device reservoir 
through a salt bridge. b,c) gate-dependence of resistance of a graphene device with varying 
concentrations of the redox probes [IrCl6]2- (red) and [IrCl6]3- (green). In b) the redox probes were 
only added to the graphene reservoir and the gate reservoir contained blank buffer (pH 3, BC = 
10 mM, IS = 100 mM). In c) the redox probes were only added to the gate reservoir and the 
graphene reservoir contained blank buffer. d) ΔVe

D
c
i
G
rac as a function of the concentration of [IrCl6]2- 

or [IrCl6]3- extracted from b) and c). 

 

As summarized in Figure 5.3.4d) a shift of the Dirac point was only observed for the case 

where [IrCl6]2- was added to the reservoir containing graphene. This result confirms that 

the interaction of the redox active species with the graphene itself is crucial for the shift 

to occur. Since no shift of the Dirac point is observed when the redox active molecule is 

added to the gate electrode reservoir, interaction of the redox probe with the RE can be 

excluded. Furthermore, it was concluded that the RE potential does not change due to 
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varying concentrations of the redox probe, irrespective of where the RE is placed. This is 

expectedly indicative of a properly functioning RE. 

Finally, two experiments were performed demonstrating the stability of the used RE, as 

usually currents of high magnitudes should be avoided at the RE. Over time, these 

currents may lead to corrosion of the electrode and thereby change its potential 

permanently. In the first experiment, the reductive shift introduced by [Fe(CN)6]3- 

(0.1 mM) was monitored over a large number of cycles, as depicted in Figure 5.3.5a). The 

Dirac point remained at a constant level in the presence of the redox probe and came back 

to its original position upon exchange of the solution to blank buffer. Therefore, the high 

amounts of charges passing at the RE during this experiment to equalize the Faradaic 

current at the graphene channel did not change the RE potential. 

 

 

Figure 5.3.5: Experiments to confirm stability of the measurements. a) Time evolution of the 
field-effect response of a graphene device in phosphate buffer (pH 3, BC = 10 mM, IS = 100 mM) 
and in the presence of [Fe(CN)6]3- over an extended time period, showing minimal drifts in both 
cases, ensuring that the RE is stable and allows for a stable measurement despite the currents 
occurring at the gate and graphene. b) The open circuit potential EOCP between the RE used for 
experiments and an unused RE is shown. The potential variations are within ±5 mV indicating 
that the RE used in the measurements is not corroding. The drift is less than 0.3 mV/min. 
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Additionally, the stability of the used RE was evaluated by calibration against another 

unused RE between the measurements. The open circuit potential (EOCP) between the two 

electrodes, as shown in Figure 5.3.5b) remained in the range of EOCP = ±5 mV over the 

course of the experiment series performed within six days with drift less than 0.3 mV/min, 

suggesting that the measurements did not induce major changes in the RE potential. The 

stability of the Ag/AgCl electrode despite the occurrence of sizeable currents is attributed 

to the presence of sufficient amount of chloride ions in the reference electrode capillary 

(3 M KCl solution) as well as in the test solution (all buffers contain KCl to adjust the IS). 

In conclusion, it was demonstrated that the observed Faradaic effect leading to shifts of 

the Dirac point in the presence of redox active molecules undergoing electron transfer 

during the gate modulation in a GFET measurement is not due the use of an improper RE. 

The RE potential appears to remain constant or only changes weakly in the various 

experiments introduced here. It was proven that the half-cell potential of graphene, on the 

other hand, changes due to the presence of Faradaic currents confirming its behavior as a 

partially polarizable electrode in GFET measurements.  

 

5.4 Electrochemical aspects influencing the Faradaic effect in 

GFETs 

It was elaborated before that the Faradaic effect is a direct consequence of the Faradaic 

current at the graphene in the channel of an electrochemically gated GFET device. 

Therefore, various electrochemical parameters that influence the magnitude of the current 

in electrochemical measurements (like CV) are expected to influence the magnitude of 

the Faradaic effect as well. In the sections above, the concentration of the redox probe 
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was already introduced as a variable. A linear dependence of the Faradaic effect on the 

concentration was demonstrated, which is in accordance with the linear dependence of 

the electrochemical current on the concentration of an electroactive species, as known 

from Butler-Volmer kinetics and the Marcus-Gerischer theory. [39] The influence of other 

kinetic parameters and experimental variables were tested, the results of which are 

discussed in this section. This includes the hysteresis of the current in the forward and 

backward sweep, as well as the electrode area. Furthermore, the relevance of the open 

circuit potential EOCP is discussed and the scan rate is investigated. Finally, it has been 

shown that the pH of the electrolyte solution influences the electron transfer rate at 

graphene, [236] which is confirmed to influence the Faradaic effect, as well.  

 

5.4.1 Influence of voltage scan direction and hysteresis of the current 

One parameter that was mentioned previously is the scan direction of the GFET 

measurement. The gate-dependent transfer curve of graphene is recorded by sweeping the 

potential at the gate from one vertex potential to the other, which is equivalent to the 

potential sweep in a CV. Both types of measurements represent extremely similar 

potentiodynamic methods. In both, a forward and a backward sweep are scanned in each 

cycle. The scan direction influences the current profile, especially around the standard 

potential of a redox probe, as it enforces shifts of redox equilibria of the species in solution 

leading to electron transfer, and hence Faradaic currents. For the three different redox 

probes discussed above, the standard potentials are quite different (see Equation 5.1-1). 

The Dirac point of as-fabricated graphene, on the other hand, is usually found around a 

certain gate voltage range, approx. between -0.1 to 0.2 V. Therefore, transfer curve scans 

can be performed far away from E0’ of the redox probe like in the case of [IrCl6]2-/3- or 
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directly at the E0’ of the redox probe like in the case of [Ru(NH3)6]2+/3+. As discussed in 

Figure 5.2.3, Figure 5.2.6 and Figure 5.2.8, the current at the GLI measured in the 2 EL 

CVs is of different shape for the redox probes in the potential window between -0.1 V 

and 0.4 V, the standard potential window for the experiments presented here. In Figure 

5.4.1, these 2 EL CVs are compared to the Faradaic effect that each current imposes. In 

b), d) and f) of this figure, the Dirac points extracted for the forward and backward sweep 

are given as a function of the concentration of each species. In direct correlation to the 

current profiles in the 2 EL CVs, stronger or weaker hysteresis of the position of 𝑉𝑉ecGDirac 

was found for the different redox probes. [IrCl6]2-, which is permanently undergoing 

reduction due to the strong overpotential in the scanned gate voltage window, shows 

minimal hysteresis in both, the current and the shift imposed by the Faradaic effect. For 

[Fe(CN)6]3-, more hysteresis is present between the forward and backward scan direction 

in the current profile as well as in the Dirac point position. The extreme case is represented 

by [Ru(NH3)6]3+, where the current profile in the forward and backward scan strongly 

differs. Here, the hysteresis of the position of 𝑉𝑉ecGDirac is the largest.  

In conclusion, the scan direction influences the Faradaic effect strongly, if the Faradaic 

current shows hysteresis in the scanned potential window. This effect is the strongest, if 

the standard potential of the redox probe is close to the Dirac point and negligible, if the 

scanned window of gate voltage modulation represents a strong overpotential for the 

redox equilibrium. The hysteresis observed in the presence of [Ru(NH3)6]3+ represents a 

special aspect of the Faradaic effect, as such a behavior is not observed for other 

transduction mechanisms. 
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Figure 5.4.1: Influence of current hysteresis on Faradaic effect. a) 2 EL CV at graphene WE vs 
RE in blank buffer and in the presence of increasing concentration of [IrCl6]2-. b) ΔVe

D
c
i
G
rac induced 

by [IrCl6]2- during GFET measurement in forward (-0.1 V to 0.4 V, squares, straight line) and 
backward scan direction (0.4 V to -0.1 V, triangles, dotted line). The same plots for 
c,d) [Fe(CN)6]3- and e,f) [Ru(NH3)6]3+, respectively.  
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5.4.2 Area dependence of the Faradaic effect 

The magnitude of the Faradaic current is expected to increase with the electrode area. [39] 

By contrast, electrostatic interactions and doping effects modulate charge carrier density 

in a transistor channel and the resulting threshold voltage shifts are typically independent 

of the size of the electrode. This difference motivates the investigation of the observed 

responses as a function of electrode area. The results presented for the Faradaic effect so 

far have been collected on devices with a defined graphene area of 1 by 1 mm2 in the 

channel in contact with the solution. However, microstructured devices have been 

fabricated as well, e.g. such as used in Figure 4.3.1 with an active graphene area of 40 by 

40 µm2. These devices were used to investigate the influence of the presence of redox 

active probes as well. However, the presence of the probed complex ions did not result in 

a strong shift of the Dirac point in gate-dependent GFET measurements. As an example, 

the response of a small-area device in the presence of [IrCl6]2-/3- is shown in Figure 5.4.2. 

Firstly, the response of 𝑉𝑉ecGDirac to increasing concentrations of [IrCl6]2- is shown for the 

small-area device in direct comparison to the large area device as presented in Figure 

5.2.1. In the presence of the smallest concentration (100 µM), the response of both devices 

appears to be the same, however, from thereon, the Dirac point is relatively constant as a 

function of the concentration of [IrCl6]2- on the small-area device. The same or even 

smaller shifts were found for the other redox probes, e.g. only very large concentrations 

of 0.1 M (= 100 mM) gave a shift > 1 mV for [Fe(CN)6]3-. In direct comparison, the 

standard pH/IS test (see section 4.3) was performed on both types of devices, as presented 

in Figure 5.4.2b). Here, the sensitivity (to charge density) is the same on both types of 

devices. The offset between the two sets of measurements is within the typical device-to-

device variation. The observed shifts in the pH/IS test clearly differentiate the Faradaic 

effect from such electrostatic interactions, as the latter are independent of area, while the 
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Faradaic effect can only be observed on sufficiently large electrodes. As shown in Figure 

5.4.2c), it was furthermore observed that [IrCl6]3- only had negligible effects on 𝑉𝑉ecGDirac as 

well. The Faradaic current present at the GLI on the small-area devices measured in 2 EL 

CVs is displayed in d) of the same figure.  

 

 

Figure 5.4.2: Comparison of sensitivity of large area graphene devices to devices with small 
graphene area. a) ΔVe

D
c
i
G
rac as a function of probe concentration [IrCl6]2- for graphene devices of 

two different electrode areas: 1∙1 mm2 and 40∙40 µm2. b) pH- and IS-dependent position of Ve
D
c
i
G
rac 

in buffers at pH 3, 5 and 7.5 and IS of 25, 100 and 250 mM on samples with a graphene area of 
1∙1 mm2 and 40∙40 µm2. c) ΔVe

D
c
i
G
rac as a function of probe concentration of oxidized [IrCl6]2- and 

reduced [IrCl6]3- on a small-area device (40∙40 µm2). d) 2 EL CVs between graphene and RE in 
the gate voltage window of GFET measurements in blank buffer and in the presence of [IrCl6]2-/3- 
as indicated.  

 

Again, the presence of [IrCl6]3- does not lead to additional Faradaic currents in the gate 

voltage window of operation, while the presence of [IrCl6]2- leads to a comparatively 
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strong contribution of Faradaic current of up to 5 nA for the case of 1 mM [IrCl6]2-. These 

currents, on the other hand, are still so small that it can be expected that their influence 

on the polarization of graphene is negligible. Finally, it should be noted that the 

background current on the small-area sample recorded in blank buffer (and in the presence 

of 1 mM [IrCl6]3-) is in the realm of some pA, which is the ideal scenario for the operation 

of a GFET, underlining the importance of the use of microstructured devices. 

In order to obtain a quantitative dependence of the observed shift as a function of 

electrode area, it is necessary to have the capability to vary the size of the graphene sheet 

(which forms the GFET channel) continuously. With this goal, a new setup was realized, 

schematically shown in Figure 5.4.3a). Graphene devices prepared with a specialized U-

shaped layout as shown in Figure 5.4.3b) are used for this purpose. The contacted 

graphene device is mounted on a micrometer Z-stage and the sample can be gradually 

lowered (in e.g. 50 µm steps) into a liquid solution equipped with an Ag/AgCl RE. At 

every dipping step, the gate-dependence of conductance and the field-effect can be 

measured. In this manner, the area of the gated GFET channel can be dynamically varied 

and is directly proportional to the depth up to which the sample is immersed. Figure 

5.4.3c) presents a map showing the evolution of the field-effect in blank buffer as the area 

of the graphene channel increases. Selected individual gate scan cycles are shown in 

Figure 5.4.4. From the Dirac point values overlaid in white on this image, it is apparent 

that the Dirac point shows minimal shifts as a function of the electrode size. Figure 5.4.3d) 

presents the same map measured in a solution of the oxidized species [IrCl6]2-. With 

increasing area, the Dirac point is found to shift further away from the value in blank 

buffer.  
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Figure 5.4.3: Area dependence of Faradaic effect in graphene field-effect measurements. a) 
Schematic of the set-up showing the device mounted on a motorized Z-stage, with the help of 
which the device can be gradually dipped into a test solution. b) Optical image of a U-shaped 
graphene channel for dipping experiments. c,d) Evolution of the gate-dependence of R with 
increasing dipping depth in c) blank buffer and with d) 1 mM [IrCl6]2-. After reaching the 
maximum dipping depth, the measurement was continued for some cycles to show the stable 
response at a constant dipping depth (dashed line at 0 µm). The white profile indicates Ve

D
c
i
G
rac in 

every cycle. e) Plot of Ve
D
c
i
G
rac as a function of gated graphene area in blank buffer solution and in 

the presence of oxidized [IrCl6]2- or reduced [IrCl6]3-, each at a concentration of 1 mM. f) Plot of 
Ve

D
c
i
G
rac as a function of gated graphene area in blank buffer solutions of varying pH (BC = 10 mM, 

IS = 100 mM). The plots in e) and f) are extracted from maps such as in c) and d). 
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Figure 5.4.3e) summarizes the evolution of Dirac point for these two cases along with the 

behavior for the reduced form [IrCl6]3-, where it can be seen that the area-dependent 

response is observed only for [IrCl6]2- and that ∆𝑉𝑉ecGDirac is roughly linearly proportional to 

the electrode area. The same set of measurements was carried out in blank buffers of three 

different pH, shown in Figure 5.4.3f). For this case, the position of 𝑉𝑉ecGDirac presents a 

similar offset as a function of pH for all electrode sizes. As mentioned earlier, the pH of 

the solution sets the surface charge density at the GLI and hence the Dirac point value is 

not dependent on the area of the GFET channel. These data clearly differentiate the shift 

due to redox active species from shifts due to electrostatic effects and are in line with the 

explanation presented earlier. The same result was also obtained using the EC-3EL-FET 

set-up presented in section 5.3, where both, ∆𝑉𝑉ecGDirac and the current at the GLI increased 

linearly over the gated graphene area. Overall, this is an outstanding observation and a 

very important result to prove the difference between the Faradaic effect and shifts 

induced by other transduction mechanisms like electrostatic interactions. 

In Figure 5.4.3c) and d), it is visible that the resistance at the Dirac point RDirac is 

constantly increasing with the dipping depth. This behavior is well observable in Figure 

5.4.4, where the individual cycles of the dipping experiment are displayed. In Figure 

5.4.4a), the situation in blank buffer, 1 mM [IrCl6]2- and 1 mM [IrCl6]3- at defined dipping 

depth is shown, while in b)-d) all cycles of the three measurement series are displayed. 

Again, it is clearly visible, that only [IrCl6]2- leads to a reductive shift, which is the 

stronger the larger the gated graphene area is.  
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Figure 5.4.4: a) Selected cycles extracted from the map in Figure 5.4.3 at a dipping depth 
of -800, -450 and 0 µm for measurements in blank buffer and in the presence of 1mM [IrCl6]2-/3-. 
b-d) Extended dataset showing the dependence of graphene resistance R against VecG in b) blank 
buffer, c) oxidized [IrCl6]2- and d) reduced [IrCl6]3-. b) and c) correspond to the maps in Figure 
5.4.3b) and c).  

 

From Figure 5.4.4b) it can be extracted that the minimum resistance R0 (the resistance far 

away from the Dirac point, where the contact resistance dominates) remains constant over 

the dipping depth (at -0.2 V and 0.4 V), while RDirac increases with each step. R0 is 

representative of the ON-state of the device, while RDirac is equal to the OFF-state. Details 

on these parameters are discussed later in section 6.3. The ON/OFF ratio can be calculated 

as RDirac/R0. Note, that the ON/OFF ratio is typically calculated for the ON- and OFF-

values of conductance G, for which holds: G = 1/R and hence, G0/GDirac = RDirac/R0 as the 

definition of the ON/OFF ratio. The ON/OFF ratio increases proportional to the dipping 

depth, which corresponds to the length l of the channel. Since the width w of the channel 
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remains constant, the increase of the ON/OFF ratio also is a linear function of the aspect 

ratio AR = l/w. This behavior is in accordance with other studies. [234] From a 

phenomenological viewpoint, this makes sense, as the non-gated graphene (graphene that 

is not in contact with the solution) serves as the contact for the gated graphene (graphene 

in contact with the solution). In the ON-state no change of R0 should be expected as a 

function of the dipping depth, as the situation in the channel does not change. At the Dirac 

point, on the other hand, RDirac increases, as the depleted gated channel gets longer with 

each step. As R0 remains at a constant level and RDirac increases, the ON/OFF ratio must 

increase as well.  

 

5.4.3 Relevance of the open-circuit potential 

The presence of redox active molecules in a solution determines the open-circuit potential 

EOCP between the WE and the RE. This potential, at which there is no current in an 

electrochemical cell with no external potential applied, is subject to the Nernst equation. 

In a system, that is sensitive to changes of the chemical potential, EOCP influences the 

Fermi level of the electrode. [39] In this section, it is discussed, whether EOCP influences 

the characteristics of the Faradic effect at graphene. For this purpose, EOCP was measured 

for varying ratios of reduced and oxidized species. It is important to work with defined 

concentrations of both the oxidized and reduced forms in order to evaluate if a Nernstian 

behavior is seen for EOCP. [39] Figure 5.4.5a) presents the dependence of EOCP on the 

concentration of either the reduced or oxidized form of [IrCl6]2-/3- with the concentration 

of the complementary form fixed at a concentration of 250 µM. Indeed, EOCP changes 

linearly as a function of the ratio cox/cred on a logarithmic scale, with a slope of approx. 

58 mV/decade, indicating Nernstian behavior. ∆𝑉𝑉ecGDirac was also measured using field-
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effect for the same composition values. Figure 5.4.5b) and c) present changes in ∆𝑉𝑉ecGDirac 

as a function of the concentration of the oxidized and reduced species respectively, with 

the concentration of the other species kept constant at 250 µM (black curves). It is 

apparent that the shifts of 𝑉𝑉ecGDirac are not Nernstian, but vary linearly as a function of cox. 

For variation of the reduced form, no shifts of 𝑉𝑉ecGDirac are observed. Figure 5.4.5b) also 

presents the measured shift of 𝑉𝑉ecGDiracfor the oxidized species when cred = 0 (red curve), as 

shown in Figure 5.2.1. The resulting ∆𝑉𝑉ecGDirac is identical to the case where cred = 250 µM 

(black curve). Similarly, Figure 5.4.5c) shows that 𝑉𝑉ecGDirac is constant as a function of cred 

irrespective of the concentration of cox. Only an offset is observed due to the addition of 

cox = 250 µM. This dataset clearly shows that ∆𝑉𝑉ecGDirac depends solely on cox, while neither 

cred, nor the ratio cox/cred have an influence on the reductive shift induced by [IrCl6]2-/3-. 

Therefore, the reductive shift of the Faradaic effect is non-Nernstian and independent of 

EOCP. This is supported by the fact that the external applied potential of the gate 

modulation disrupts EOCP, and furthermore, graphene has been suspected to be insensitive 

to chemical potential. [226] 

Furthermore, the influence of the applied potential and the initial Dirac point position 

were investigated, which is presented in section B.b) in the appendix. Therein, it was 

confirmed that the magnitude of the current is essential for the strength of the Faradaic 

effect, not the potential. However, especially around E0’ the current strongly depends on 

the applied potential. Therefore, the applied potential and the difference between E0’ and 

the initial Dirac point position indirectly influence the magnitude of the Faradaic effect. 
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Figure 5.4.5: a) Open circuit potential (EOCP) for varying proportions of the reduced species 
[IrCl6]3- and oxidized species [IrCl6]2-. The concentration of one of the species is fixed at 250 µM, 
and the other varied from 50 µM to 500 µM. The varied concentration is presented on a 
logarithmic scale. b) Plots of ΔVe

D
c
i
G
rac as a function of the concentration of oxidized species [IrCl6]2- 

cox in the presence (black circles) and absence (red squares) of reduced species [IrCl6]3-. c) Plots 
of ΔVe

D
c
i
G
rac as a function of the concentration of the reduced species [IrCl6]3- cred in the presence 

(black circles) and absence (light red squares) of oxidized species [IrCl6]2-. The profiles for cred = 
0 and cox = 0 in b) and c) are from the data in Figure 5.2.1. All measurements were performed on 
the same sample and in buffer (pH 3, BC = 10 mM, IS = 100 mM). 

 

5.4.4 Scan rate dependence of the Faradaic effect 

In a potentiodynamic experiment, the gate voltage/potential is scanned with a certain scan 

rate. The scan rate is typically not significant for the detection of electrostatic interactions 

in GFET measurements. In practice, it is kept low to prevent capacitive leakage currents 

and hysteresis. In electrochemistry, on the other hand, the current varies with the square 

root of the scan rate, as described by the Randles-Sevcik-equation. [141, 149] The increase 
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of the current with the scan rate is based on the lower thickness of the diffuse layer at 

higher scan rate leading to a higher flux towards the electrode. The Faradaic effect is 

directly related to the magnitude of the current. Therefore, the influence of the scan rate 

of gate modulation on the Faradaic effect was investigated. For this purpose, the gate-

dependent transfer curve of graphene was measured at different scan rates in blank buffer 

solution and in the presence of 1 mM [Fe(CN)6]3-. The results are shown in Figure 5.4.6. 

While in blank buffer, the Dirac point is constant at all scan rates, a linear increase of 

𝑉𝑉ecGDirac over the square root of the scan rate is apparent. This measurement further 

underlines the dependence of the Faradaic effect on the Faradaic current at the GLI.  

 

 

Figure 5.4.6: a) Ve
D
c
i
G
rac as a function of the square root of the scan rate vf in the presence of 

[Fe(CN)6]3- (1 mM) along with a linear fit and in blank buffer shown with a constant fit. 
b) Transfer curves at different scan speeds as indicated, from which the Dirac point position 
plotted in a) is estimated. 

 

5.4.5 Influence of solution pH: Modulation of the electron transfer rate 

Finally, the influence of the electron transfer kinetics on the Faradaic effect were 

investigated. It was recently shown that electron transfer at graphene is strongly 

influenced by the interfacial charge of the GLI. [236] As discussed in section 4.3, the GLI 
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of the GFET devices used in this work has a negative net interface charge density at all 

used pH values (pH 3 to 7.5). However, the value of this negative charge density is higher 

at higher pH. Therefore, negatively charged redox probes interact better with graphene at 

lower pH, while positively charged redox probes show higher electron transfer rates at 

higher pH. This is shown for [Fe(CN)6]3- in Figure 5.4.7. Without determining the actual 

value of the electron transfer rate, it is clear from the presented CVs in Figure 5.4.7a) that 

the current for the reduction and re-oxidation of [Fe(CN)6]3- is higher at lower pH. 

Additionally, the peak current of the re-oxidation is closer to E0’ at lower pH. Both 

observations point towards better interaction and faster electron transfer of [Fe(CN)6]3- at 

graphene at lower pH.  

 

 

Figure 5.4.7: Effect of pH of the buffer solution on electron transfer of [Fe(CN)6]3- at graphene. 
a) CVs of [Fe(CN)6]3- at a graphene WE in buffers with varying pH at constant IS. b) Ve

D
c
i
G
rac as a 

function of concentration of [Fe(CN)6]3- in GFET measurements in the same buffer solutions of 
varying pH. Ve

D
c
i
G
rac(0) represent the Dirac point position in blank buffer solution, which varies with 

the pH of the solution. 

 

In the same plot, the initial position of the Dirac point of the graphene WE in blank buffer 

𝑉𝑉ecG
Dirac(0) is shown as determined from field-effect measurements. Furthermore, the 

Faradaic effect of [Fe(CN)6]3- on the position of 𝑉𝑉ecGDirac during gate modulation is shown 
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in Figure 5.4.7b). The reductive shift imposed by the reduction of [Fe(CN)6]3- is stronger 

at lower pH, which is in congruence with the higher electron transfer rate at this pH. It is 

noteworthy that once again the relative position of 𝑉𝑉ecG
Dirac(0) to E0’ is of less relevance in 

comparison to the magnitude of the current at the Dirac point, which dominates the shift. 

At higher pH, the Dirac point is found at higher VecG and therefore at larger overpotential. 

However, the electron transfer is limited so much at higher pH that the larger 

overpotential does not enhance the reductive shift substantially.  

It is noteworthy that the same effects were also detectable for the other redox probes, 

[IrCl6]2- and [Ru(NH3)6]3+. Shown here are the results for [Fe(CN)6]3-, as most effects are 

observable the strongest with the inner-sphere redox probe, the kinetics of which are 

influenced the strongest by e.g. solution pH.  

 

5.5 Fe3+: Sensitivity to charge in absence of Faradaic current 

Some redox active ions probed in this study did not show electron transfer at a graphene 

electrode. One example for such inactivity was Fe3+ introduced as the salt FeCl3. Fe3+ is 

electrochemically reducible to Fe2+. CVs of Fe3+ at gold electrodes show the reduction 

and re-oxidation with high reversibility, as shown in Figure 5.5.1. At graphene, no current 

peaks were detected in the presence of Fe3+. This suggests that electrochemical charge 

transfer of Fe3+ does not occur at graphene.  
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Figure 5.5.1: CVs of buffer solution containing Fe3+ measured at a graphene electrode (straight 
line) and at a gold electrode (dashed line).  

 

Nevertheless, the influence of the presence of Fe3+ on the electronic structure of graphene 

was probed in gate-dependent GFET measurements. This was performed with both, small 

and large area samples. The position of the Dirac point as a function of the concentration 

of Fe3+ is shown in Figure 5.5.2. 

 

 

Figure 5.5.2: Comparison of sensitivity of graphene devices with large and small graphene area. 
ΔVe

D
c
i
G
rac as a function of probe concentration Fe3+ for graphene devices of two different electrode 

areas: 1∙1 mm2 and 40∙40 µm2. 
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In opposition to the case of the redox probes discussed in section 5.2, the Dirac point did 

not shift as a linear function of the concentration of Fe3+. Instead, the shift appears to 

flatten at higher concentrations going towards saturation. Furthermore, a shift towards 

lower VecG was detected, as expected for the positively charged ion Fe3+. Finally, the 

observed shift is similar on devices with channel areas of 1 mm2 and 1600 µm2, although 

it is weaker on the small-area device. All of this implies that this species does not impose 

a Faradaic effect, which is in agreement with the finding that there is no Faradaic current 

at graphene as measured in the CV. Instead, the shift is based solely on electrostatic 

interactions, as graphene senses the charge of Fe3+. If it would be a Faradaic effect, one 

would expect a (reductive) shift of the Dirac point towards higher VecG, as an anodic 

current would be present due to the reduction of Fe3+ at the respective Dirac point 

position.  

Although the shift is smaller on the device with an active graphene area of 1600 µm2 in 

comparison to that with an area of 1 mm2, it appears to be independent of the area in 

comparison to a potential Faradaic effect. This was confirmed using the dipping 

experiment as presented in Figure 5.4.3. Results of the dipping experiment performed in 

the presence of 1 mM Fe3+ in comparison to the same experiment in blank buffer solution 

are presented in Figure 5.5.3.  

The typical increase of the ON/OFF ratio, as discussed above, was observed in the 

presence of Fe3+, as well. Next to this effect, which occurs due to the increasing aspect 

ratio of the gated graphene area, the transfer curve in the presence of Fe3+ is shifted 

towards lower VecG at all dipping depths. Therefore, ∆𝑉𝑉ecGDirac caused by Fe3+ is 

independent of the gated graphene area, as shown in Figure 5.5.3b), which confirms that 

the shift is a shift due to electrostatic interactions and not related to the Faradaic effect. 

This example shows that the Faradaic effect can only be present for species that are 
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electrochemically active at graphene as an electrode. At the same time, it suggests that 

the Faradaic effect obscures shifts due to electrostatic interactions as no such shifts were 

detectable for the multiply charged complex ions [Fe(CN)6]3-/4-, [IrCl6]2-/3- and 

[Ru(NH3)6]3+.  

 

 

Figure 5.5.3: Area dependence of Dirac point shift induced by Fe3+ measured in dipping 
experiment as demonstrated in Figure 5.4.3. a) Direct comparison of transfer curve of U-shaped 
graphene channel in blank buffer solution and in the presence of 1 mM Fe3+ at dipping depth of -
800 µm, 450 µm and 0 µm. b) Ve

D
c
i
G
rac as a function of the gated graphene area. c,d) Extended 

datasets for the area dependent measurements c) in blank buffer and d) in the presence of 1 mM 
Fe3+. In each cycle, the graphene channel is submerged 50 µm deeper into the measurement 
solution. All measurements performed in buffer at pH 3, BC = 10 mM, IS = 100 mM.  
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5.6 Implications of the Faradaic effect for the design of 

(bio)sensors 

For large-area graphene devices, the GLI is not ideally polarized and measures are 

required to suppress the Faradaic currents at the interface in order to get closer to realizing 

an ideal polarized interface, which is necessary for field-effect sensing. [38] This control 

is of utmost importance for all GFET applications, especially, since a huge variety of 

biologically relevant molecules is, in fact, electrochemically active. Examples range from 

molecules like methylene blue [360] or NADH [361, 362], through enzymes or their cofactors 

such as glucose oxidase and FAD [363-365] to electrochemically active bacteria [366]. The 

results for the redox probes [IrCl6]2-/3-, [Fe(CN)6]3-/4- and [Ru(NH3)6]3+/2+, which were 

employed as model systems, clearly show that electrochemical activity that leads to 

Faradaic currents at the GLI during gate modulation of GFETs affects the position of the 

Dirac point. Especially in the case of [Ru(NH3)6]3+, the shape of the transfer curve was 

affected as well and the hysteresis between forward and backward sweep increased 

significantly in the presence of the redox probe. If redox active molecules are used as 

receptors or targeted as analytes in electrochemically gated GFET sensors, this 

electrochemical activity could therefore be detrimental for the sensor response. The same 

may apply for molecules deposited on top of graphene as anchor layers like polyaniline- 

or polypyrrole-derivatives, which occupy varying oxidation states based on the solution 

pH when undergoing electrochemical rearrangement reactions. [34, 367, 368] On large-area 

graphene devices, these reactions could result in large currents leading to a Faradaic 

effect. On the other hand, such layers could also serve as passivation of graphene, 

prohibiting electron transfer due to lower conductivity or blocking of electrocatalytic 

sites.  
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A key finding related to the Faradaic effect is that in small-area graphene devices showing 

ultramicroelectrode behavior, redox probes introduce only minimal changes in the field-

effect characteristics. This is contrary to the case of back-gated and non-gated graphene 

devices, where charge transfer has been proposed as a viable mechanism for explaining 

the sensor response. [41, 355] Although charge transfer does occur at graphene in 

electrochemically gated GFET sensors, as evidenced by the electrochemical Faradaic 

steady state currents, this is not accessible using field-effect measurements in liquid with 

electrochemical gating, as outlined above. On the other hand, this insensitivity to redox 

active species is an advantage for small-area electrochemically gated graphene sensors, 

since they are mainly sensitive to interfacial electrostatic potential, as would be required 

for a polarized electrode in a FET configuration. [38] As changes in the electrostatic charge 

distribution are typically behind the sensing mechanism of biomolecules [11, 34, 104, 138, 161, 

209, 229, 244, 248, 369], the Faradaic effect should be avoided e.g. by using microstructured 

graphene. For the detection of analytes that undergo only charge transfer, an 

electrochemical analysis (e.g. voltammetry) appears to be more sensitive and better suited 

than field-effect measurements. On the other hand, facilitating the Faradaic effect as a 

transduction mechanism in studies based on electrochemically gated large-area GFETs 

might open a root for new sensor designs. In fact, the Faradaic effect appears to be behind 

the sensor response of a glucose sensor, where glucose oxidase was electrochemically re-

oxidized at graphene leading to a Dirac point shift similar to the Faradaic effect described 

here. [61]  

Finally, the question arises whether such an effect could also occur in other 2D materials. 

Based on the results presented here it can be concluded that this will depend strongly on 

the electronic structure of the 2D material. Many other materials such as MoS2 are 

semiconductors and hence the Faradaic effect will depend very much on the potential 
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range used in field-effect measurements and the standard potential of the redox species. 

In large-area FET devices based on 2D materials similar effects may be expected when 

the potential range is well within the conduction or valence band. Future work with these 

materials may shed further light on this aspect. However, the Faradaic effect is only 

relevant if the currents passing at the channel of the FET are sizeable. Therefore, at micro-

sized, semiconducting 2D material it can be expected that the Faradaic effect would 

probably be negligible. This underlines the uniqueness of graphene, as it is neither metal 

nor semiconductor. It is considered as an electrode material as much as a channel material 

in FETs. The earlier requires high electron transfer rates, while in the latter electron 

transfer is not a desirable feature. Although graphene has been in the focus of research 

for many years, fundamental aspects still need to be discovered and discussed to use it to 

its full potential. Biosensors could still be among real-life industrial applications of 

graphene, if the sensing mechanisms are understood and, based thereon, smart device 

design choices are made.  
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6 EDGE-GATED GRAPHENE FIELD-EFFECT 
SENSORS IN LIQUID 

6. Edge-gated graphene field-effect sensors in liquid 

Results presented in this chapter have been submitted for publication in the manuscript: T. J. 
Neubert, J. Krieg, K. Balasubramanian: “Edge-gated graphene field-effect sensors in liquid”, 
currently in peer review at RSC Nanoscale Advances. Adapted figures and text from this 
manuscript are reprinted here.  

 

6.1 The edge of graphene in electronic sensing 

As discussed in section 2.5.1, individual sheets of graphene have been integrated as the 

channel in field-effect devices with promising applications in (opto)electronics, sensing 

and radio frequency applications. [7-13] In most GFETs, the field-effect occurs by gating 

the entire 2D surface of a single sheet. Edges present at the sheet ends or at the holes and 

cracks often play an ancillary role in the field-effect characteristics. Several approaches 

have been demonstrated to obtain GFET devices with enriched edges. [48] Graphene 

nanoribbon (GNR) FETs have been realized, where the width of the graphene channel 

bears only a few nm. [56-60] Other attempts are based on the introduction of nanostructured 

defects in the basal plane, such as pores, antidot lattices or the fabrication of quantum 

dots. [61-63, 370] Minimizing the amount of the basal plane increases the influence of the 

edge in the overall device characteristics. For example, in the case of nanoribbons this is 

achieved by decreasing the ribbon width, while in superlattices the proportion of edges is 

increased by etching holes in the graphene sheet. [371, 372] However, in all these cases, 

although the edge effects dominate the field-effect response, the contribution due to the 
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gating of the basal plane was not excluded completely. Up until now, exclusive gating via 

the graphene edge is yet to be explored. 

The ability to address the edge of graphene selectively is of extraordinary interest, as it 

represents a 1D line defect in the 2D material. [46-49] The specialized nature of the 

monolayer graphene edge has been in the focus of several recent investigations. [64-67, 69, 

70, 85] Since it is not feasible to obtain a freestanding atomic carbon edge, a certain portion 

of the basal plane needs to be present in order to support the edge. For electrochemical 

studies in a liquid environment, the capability to address the edge of a single graphene 

sheet exclusively has been demonstrated in a few occasions. [65-67, 69, 70, 85] In these works, 

exclusive exposure of the graphene edge to the electrolyte was achieved by protecting a 

part of the basal plane (e.g. with a photoresist) and etching or cutting away the remaining 

open part of the basal plane. In several of these examples, the graphene edge has been 

investigated to evaluate its electrocatalytic activity or the possibility of electrochemical 

sensing. [52, 64, 66, 68-70, 280] The graphene edge termination is of a random nature in these 

edge electrodes. Previously in a study co-authored by the author of this thesis, Yadav (et 

al.) realized isolated graphene edge electrodes, using which the electron transfer 

properties specific to the graphene edge were deciphered in detail. [70] Due to its nanoscale 

nature and the occurrence of low background currents, comparatively low concentrations 

of electroactive species could be detected. Apart from electrochemistry, field-effect 

detection is also a suitable transduction method to sense analyte species in liquid. [11, 351] 

It is intriguing to evaluate if a field-effect is obtainable by exclusively gating the 1D edge 

of a graphene sheet. In this context, side-gated GFETs have been experimented in the dry 

state, where the field-effect characteristics were measured by placing the gate electrode 

on the side of a graphene sheet. [373-376] The spacing between the side gate and the 

graphene channel was in the range of 95-500 nm, which requires the use of electron beam 
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lithography. The electric field from the side gate influences the field-distribution only 

within a certain width (a few 10s of nm) of the graphene channel, while the bulk of the 

channel remained unaffected by the gate. [373, 376] In order to modulate the charge carrier 

concentration across the entire graphene channel, nanoribbons of sub-10 nm width had to 

be deployed, which needed elaborate nanofabrication. [377] It is clear from these studies 

that there is a limit to the electric field strength that can be achieved with the side gate (in 

air or in vacuum), as dictated by fabrication requirements and electrical breakdown. Here 

a different architecture is proposed based on electrochemical gating, [11] where the FET 

operates in liquid and the gating happens through the electrical double layer (EDL) at the 

graphene edge that is exclusively in contact with the solution. The basal plane and all 

electrical contacts are passivated and are hence not exposed to the solution. The devices 

are prepared down to a feature size of around 1 micron, which do not require any 

specialized nanolithography. Gating through the EDL is known to be highly efficient due 

to the high capacitance per unit area obtainable at the graphene-electrolyte interface. [378] 

Gating of the entire graphene channel (with a width up to a few microns) only through 

the edge was revealed. This represents the first description of a 1D active FET interface, 

which is tailored from a single sheet of 2D material. 

Electrochemically gated GFETs have been used for sensing in liquids in several 

occasions. There, the signal is generated due to changes of the electrical characteristics 

of the GFET device brought about by the interaction of the analyte species at the GLI. [1, 

13, 58, 85, 137, 379] The ability to have just a 1D edge active for interfacial interactions opens 

new possibilities. Since the protected basal plane is immune to functionalization, one can 

use both covalent and non-covalent modification to modify the edge interface exclusively. 

A controlled modification of the interface is key to obtain high selectivity. [11] With 

conventional GFETs, there are a couple of tradeoffs, which dictate the type of 
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modification procedure that can be used. Non-covalent modification provides 

comparatively higher coverage of receptors without affecting the conductivity in 

graphene. [253] Covalent modification inadvertently leads to an increase in overall 

resistance and a decrease in charge carrier mobility. [380] On the other hand, with covalent 

attachment, the groups are attached persistently to the graphene surface. In this context, 

the effect of exclusive covalent chemical modification of the edge on the field-effect 

behavior is of high relevance. Another advantage is that unlike conventional GFETs, 

where it is difficult to differentiate the role played by the intact basal plane and the defects 

in the sensing response, here, one can directly associate the sensing response to interfacial 

interactions occurring at the edge. With this motivation, both the sensing capability as 

well as the effect of covalent functionalization at graphene edge FETs (GrEdge-FET) 

were investigated here. The GrEdge-FETs may be considered a new class of devices that 

are promising for robust and routine sensing applications.  

 

6.2 Graphene edge FET device design and fabrication 

The general idea behind the realization of a GrEdge-FET revolves around the exclusive 

exposure of the edge of a graphene sheet to the gating medium, which in the case 

presented here is the electrolyte solution. Since it is not possible to obtain a freestanding 

atomic line edge under ambient conditions, a certain portion of the basal plane region 

needs to be present between the source and the drain contacts in order to support the edge. 

This basal region will however be passivated in order to ensure that only the edge is gated 

by the electrolyte. Figure 6.2.1a) presents the layout of such a GrEdge-FET in comparison 

to that of a conventional graphene FET (cGFET) in Figure 6.2.1b). Note that the GFET 

devices presented in the earlier chapters of this thesis are similar or equivalent to the 
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cGFET devices presented here. For a clear distinction between GrEdge-FETs and GFETs 

with an open basal graphene channel, the acronym cGFET is used in this chapter 

consistently.  

 

 

Figure 6.2.1: Device layout comparison. a) Layout of the graphene edge FET (GrEdge-FET). The 
graphene-metal contacts and a certain width (denoted as Resist Protected Basal Width – RPBW) 
of the graphene channel are protected with the passivation layer (SU-8). b) Layout of a 
conventional GFET (cGFET) device. c),d) Optical images of c) a GrEdge-FET device with an 
RPPW <1 µm and d) a cGFET device with w = 1.2 µm. 

 

When the device is immersed in solution, only the edge encounters the liquid for a 

GrEdge-FET, while for a cGFET the uncovered part of the graphene basal plane is 

exposed to the solution. The fabrication of GFET devices in general is discussed in section 

3.2. In short, CVD-grown graphene is transferred to Si/SiO2 chips with pre-patterned Pt 

contacts. Specifically for the GrEdge-FET and most cGFET devices in this chapter, a 

graphene ribbon of size 20 by 20 µm2 is patterned between the source and drain contacts. 
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For obtaining a cGFET, only the metal-graphene contact regions are passivated (Figure 

6.2.1b)). To realize a GrEdge-FET, in addition to the contact regions, a certain width of 

the graphene channel is additionally passivated using the negative photoresist SU-8. This 

width is denoted as Resist Protected Basal Width (RPBW, see Figure 6.2.1a)), which is 

the equivalent of the channel width w of a cGFET. Subsequently, the device is subjected 

to a mild oxygen plasma treatment (0.5 mbar, 12 s) to etch away the uncovered basal 

region and obtain an exposed edge. Figure 6.2.1c) and d) present optical images of a 

GrEdge-FET with an RPBW of around 0.75 ± 0.25 µm and a cGFET with w = 1.2 µm, 

respectively.  

 

 

Figure 6.2.2: Fabrication strategy for cGFET and GrEdge-FET devices. Optical images of a) 
patterned graphene between source and drain electrodes, b) a cGFET device with a 10 by 20 µm2 
graphene channel after passivation. c),d) A GrEdge-FET device with channel length 10 µm and 
RPBW < 1 µm. c) and d) are images obtained before and after the final plasma treatment, 
respectively. 
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Optical images obtained during the fabrication process illustrating the described steps are 

shown in Figure 6.2.2. It should be noted that the graphene channel of cGFETs like the 

one shown in Figure 6.2.1d) were patterned to the respective width at a length of 10 µm 

in the channel, but with a broader width (20 µm) beneath the passivation to ensure that 

the length of the limiting width was consistently at 10 µm throughout all devices.  

In principle, the GrEdge-FET comprises of a passivated graphene ribbon, the edge of 

which is exposed on one side and is exclusively gated by the electrolyte using an Ag/AgCl 

RE as the gate, as depicted below in Figure 6.3.1a). Using detailed electrochemical 

analyses, it was demonstrated in previous works that, in devices obtained using this 

fabrication strategy, the edge is exclusively in contact with the solution and the basal 

plane is well protected. [69, 70] Therein, surface-enhanced Raman spectroscopy (SERS) 

was used to decipher the chemical nature of the edge. Within the detection limit of SERS, 

little-to-no evidence for the presence of oxygen-rich functionalities was found. [69] On the 

other hand, the possibility of structural and chemical defects at the edge cannot be 

excluded. The structure of the edge termination is supposedly random and is composed 

of a mixture of zigzag and armchair configurations. It is clear that although the graphene 

region below the photoresist will not be gated in a GrEdge-FET, the resistance of this 

resist-protected section (with a width of RPBW) will present a parallel current path in the 

transfer characteristics. Intuitively one would expect that the transfer characteristics 

would be increasingly dominated by edge gating, when the RPBW is as small as possible. 

The photolithographic patterning technique used here, however, limits the obtainable 

width to 0.75 ± 0.25 µm.  
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6.3 Field-effect characteristics of GrEdge-FET 

As mentioned above, the channel of a GrEdge-FET device is gated through a solution via 

a gate RE as sketched in Figure 6.3.1a). In Figure 6.3.1b), the typical field effect response 

in buffer solution of such a GrEdge-FET device (RPBW = 1 µm, red curve) is compared 

with that of a cGFET device of comparable width (w = 1.2 µm, black curve).  

 

 

Figure 6.3.1: Field-effect characteristics of GrEdge-FET. a) Scheme of the gating setup. 
b),c) Device resistance R as a function of electrochemical gate voltage (VecG) in buffer. Transfer 
characteristics for b) GrEdge-FET with RPBW = 1 µm and cGFET with w = 1.2 µm and 
c) GrEdge-FET with RPBW = 18 µm and cGFET with w = 20 µm. All measurements were 
performed in phosphate buffer solution (pH 6.7, BC = 10 mM, IS = 250 mM). 

 

Although there are some subtle differences in the position of the Dirac point and the 

magnitude of the OFF resistance (defined as the resistance at the Dirac point, RDirac), it is 

clear that a similar field-effect as for a cGFET can be recorded by just gating the edge. In 
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order to corroborate the influence of the resist-protected region on the transfer 

characteristics, a series of GrEdge-FET devices with varying RPBW were fabricated. 

Figure 6.3.1c) presents representative field-effect characteristics for GrEdge-FET and 

cGFET devices with a larger width (RPBW = 18 µm and w = 20 µm respectively). 

Interestingly, for this case again, the transfer curve obtained by edge-gating was similar 

to that of the cGFET.  

In order to ensure that the gating occurs exclusively via the edge in the red curves in 

Figure 6.3.1b) and c), devices were realized, where both the basal plane and edges were 

covered with SU-8 completely. No field-effect or gate-dependence of device resistance 

was measurable in these devices, as displayed in Figure 6.3.2. Hence, the resist prevents 

gating of the channel through it. Furthermore, this underlines that it is indeed possible to 

observe a field-effect by gating the edge of the graphene sheet, if a resist layer shields the 

basal plane, but the edge is open to the solution.  

 

 

Figure 6.3.2: Control experiment to verify the shielding of the graphene basal plane by SU-8. 
a) Optical image of a cGFET device fully covered with SU-8. b) Gate-dependence of R measured 
at this device when immersed in buffer (pH 6.7, BC = 10 mM, IS = 250 mM; black curve). For 
comparison, the measurement on a cGFET device in the same solution is shown (light red dashed 
curve). 
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From the measured transfer curves as shown in Figure 6.3.1, one can calculate the 

ON/OFF ratio of the GrEdge-FET devices as the ratio of the maximum device resistance 

at the Dirac point RDirac (OFF-state) to the minimum device resistance R0 (ON-state). 

(Note, that the ON/OFF ratio is typically calculated for the ON- and OFF-values of 

conductance G, for which holds: G = 1/R and hence, G0/GDirac = RDirac/R0 as the definition 

of the ON/OFF ratio.) A mean value of ON/OFF = 7 for devices with RPBW = 1 µm and 

8.5 for devices with RPBW = 0.75 µm was obtained, with one device reaching an 

ON/OFF ratio of 10. It is peculiar that such an effective gating is observed characterized 

by a high ON/OFF ratio, even though there is a considerable region of graphene support 

below the resist in parallel, which is not directly gated by the electrolyte. This suggests 

that the electric field at the edge-electrolyte interface may gate not only the edge atoms, 

but also a region extending into the resist-protected graphene section. At a first sight, this 

picture is consistent with the observation of a depletion region induced by a side gate in 

GNR-FETs operating in air. [373, 376] In such devices, the gate-induced depletion region is 

in the range of 90 nm for a field strength of 107 V/m. [373] Considering that the interfacial 

electric field in a GrEdge-FET is two orders of magnitude higher (> 0.5 V/nm), [378] it can 

be expected that the depletion width extending from the edge into the graphene sheet is 

considerably higher. However, at the edge-liquid interface, the electric field exists only 

at the EDL and one does not expect this field to affect the electrostatic potential profile 

far into the basal plane directly. [381] Alternatively, the gate-induced depletion region 

formed at the edge may affect the charge distribution in the basal plane of the 2D sheet 

indirectly. This can be understood by considering that the charge carriers in the 2D 

graphene sheet are restricted to the single atomic layer and any disturbance of the Fermi 

level at the edge region will lead to a rapid equilibration of charges in the vicinity. This 

equilibration will eventually lead to a pinch-off of the whole channel similar to what is 
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observed in classical MOSFETs. The presented measurements indicate that the formation 

of the depletion region is effective for a width of several microns, most likely due to the 

2D nature of electronic transfer in the devices.  

Further support for this model is obtained from devices with passivated edges, where a 

part of the basal plane was gated exclusively as shown in Figure 6.3.3. This experiment 

was performed to examine, how the device characteristics change, if the edges are 

passivated and a fraction of the basal plane is exclusively gated. For this purpose, a device 

with the layout as shown in Figure 6.3.3a) was prepared. The patterning of graphene in 

the channel is equivalent to Figure 6.2.2a). The passivation covers the whole channel 

except a circle in the middle of the graphene with a diameter of 6 µm. As apparent in 

Figure 6.3.3b), a gating response similar to a cGFET of the same channel width (w = 20 

µm, examples shown in Figure 6.3.1c) and Figure 6.3.2b)) is observed in this case as well.  

 

 

Figure 6.3.3: Exclusive gating of basal graphene with passivated edges. a) Optical image of a 
control device where the edges are passivated, while the basal plane is exclusively accessible to 
the electrolyte solution. b) Field-effect response of the device in buffer (pH 6.7, BC = 10 mM, IS 
= 250 mM). 
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An explanation for this behavior could be that, as the gate electrode depletes carriers in 

the exposed basal plane, the charge carriers in the vicinity (below the photoresist) diffuse 

to the open basal plane area until an equilibrium is reached. Hence, the resist protected 

areas and the open areas should not be viewed as two separate channels (one gated and 

the other non-gated) but rather as a single entity. Following the same idea, this gives 

further support for the concept that the gating via the edge in GrEdge-FETs is extending 

indirectly throughout the whole channel. Future experiments using scanning probe 

techniques [376, 382] may shed more light on the exact mechanism and dynamics of gating 

in GrEdge-FETs. It is worth mentioning that the obtained values of ON/OFF ratio for 

devices with RPBW of 0.75 µm are comparable to what has been observed in basal plane-

gated sub-20 nm GNR. [371]  

In Figure 6.3.4, a systematic investigation of device characteristics on devices of different 

RPBW is presented. Devices with several different RPBWs were fabricated and their 

field-effect characteristics were probed, as shown in Figure 6.3.4a). As the RPBW 

becomes smaller in GrEdge-FET devices, RDirac increases strongly, while R0 only 

increases to a small extent as shown in Figure 6.3.4b). As a result, the ON/OFF ratio is 

found to increase approximately inversely proportional to RPBW, as depicted in Figure 

6.3.4c).  
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Figure 6.3.4: Evolution of device parameters with RPBW. a) Gate-dependence of R for GrEdge-
FET devices of varying RPBW measured in phosphate buffer solution (pH 6.7, BC = 10 mM, IS 
= 250 mM). b) Evolution of the resistance minimum R0 and the resistance at the Dirac point RDirac 
extracted from gate-dependent transfer curves for GrEdge-FETs (red) and cGFETs (green) as a 
function of 1/RPBW and 1/w respectively. c) Plot of RDirac/R0 (ON/OFF ratio) versus 1/RPBW 
and 1/w for GrEdge-FETs and cGFETs respectively. d) Variation of the apparent field-effect 
mobility µapp (holes - µhol and electrons - µel) with RPBW, obtained by fitting the FET response 
such as in a) to a modified Drude model. The details of the model are discussed in the appendix 
section C. The data points and y-error bars in b), c) and d) represent the mean value and standard 
deviation from at least three devices for every RPBW. RPBW is given with an uncertainty of 
±0.25 µm. 

 

Furthermore, an apparent field-effect mobility (µapp) was extracted by assuming a 

modified Drude model (see section C in appendix for details of the model). The 

parameters the model fit outputs are the minimum device resistance R0, the Dirac point 

position 𝑉𝑉ecG
Dirac, the gate coupling efficiency α, as well as the mobility of electrons µel and 

holes µhol. For α, no obvious trend was found and the values scattered around 0.5. As 

visible in Figure 6.3.4a), the voltage of the Dirac point shifted with decreasing RPBW to 
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more negative values. This can be attributed to doping induced by the oxygen-rich SU-8 

photoresist. The other parameters are discussed below.  

Figure 6.3.4d) shows the evolution of µapp (separately for electrons - µel and holes - µhol) 

as a function of RPBW, where a decrease in mobility with RPBW is apparent. This is in 

agreement with what has been reported for GNRs, where the mobility was found to be 

inferior for GNRs of smaller widths. [372] The lowest estimate of mobility is in the order 

of 300 cm2/Vs, comparable to values reported for sub-30nm-wide GNRs. [57, 383] FETs 

based on GNR with narrow width (< 5 nm) operating in air function often as Schottky 

barrier transistors, where the contact resistance is found to play a dominant role. [57, 371] 

In contrast, the contacts are passivated in the GrEdge-FET devices and hence do not 

contribute to the observed gating characteristics. Moreover, most of the reported GNRs 

were realized with channel length in the sub-micron regime, while here the GrEdge-FETs 

have an effective channel length of 10 µm. 

In Figure 6.3.4b) and c), the device parameters RDirac, R0 and RDirac/R0 as a function of 1/w 

observed on cGFET devices with varying channel widths and a channel length of 10 µm 

are supplemented (green points). The evolution of the resistance parameters in the transfer 

curve and the resulting ON/OFF ratio of these cGFET devices is equivalent to what is 

observed on GrEdge-FET devices. Therefore, the evolution of these parameters primarily 

needs to be understood as a function of the graphene width in either case. It is important 

to note that this heavily implies that gating exclusively via the edge is not to be confused 

with gating of just the edge. The whole graphene channel contributes to the measured 

transfer curve in both cases.  

The presented data for both, the GrEdge-FET and the cGFET devices are displayed as 

functions involving the width of the channel, either shielded by the resist, or open and in 

contact with the solution. The length of the respective element of the channel is in all 
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devices l = 10 µm. With l constant and RPBW or w varying, this is also a variation of the 

aspect ratio AR = l/w. Therefore, the observed increase of the ON/OFF ratio should be 

understood as a function of that AR. This is in agreement with the behavior observed in 

the dipping experiments performed for the Faradaic effect in section 5.4.3, especially in 

Figure 5.4.5c). There, the length of the gated graphene channel was increased, while the 

width was constant. The ON/OFF ratio increased approximately linearly over the dipping 

depth, and hence, as a function of the AR of the gated channel as well. The same was also 

observed in other studies on GFETs [234], as well as on back-gated GNR-FETs with 

decreasing width. [371]  

For a better understanding of the field-effect characteristics of the GrEdge-FET devices, 

the device parameters µapp, R0 and RDirac as well as the resulting ON/OFF ratio were 

plotted as functions of ratios of the channel dimensions. In Figure 6.3.5a), µapp is plotted 

against 1/AR (equivalent to RPBW divided by channel length with l = 10 µm), while R0, 

RDirac and RDirac/R0 are plotted as functions of AR (equivalent to channel length divided by 

RPBW) in b), c) and d) respectively. These data were fitted to evaluate the role the AR 

plays in the evolution of the device parameters.  

For the apparent field-effect mobility µapp a linear function over 1/AR was approximated. 

This function is represented by Equation 6.3-1. 

𝜇𝜇app �
1
𝐹𝐹𝑅𝑅

�  =  
𝜇𝜇w
𝐹𝐹𝑅𝑅

+ 𝜇𝜇0 Equation 6.3-1 

Herein, µw is the width-dependent contribution to µapp, while µ0 is the minimal mobility 

at very small width (high AR). The fit was applied to the datasets of µel and µhol 

simultaneously. The obtained values are given in Figure 6.3.5a). It should be noted that 

it is debatable, whether µapp should be treated as a function of RPBW. In the modified 

Drude model (see appendix) used to fit the gate-dependent transfer curves, the aspect 
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ratio was not considered. Other models incorporate the aspect ratio as a proportionality 

factor to model the device resistance. [179, 214] As µapp varies approximately linearly over 

RPBW, the value at RPBW = 10 µm represents the mobility for the situation where AR 

is unity, with approx. 3000-4000 cm2/Vs. This value is quite realistic for CVD-graphene 

in FETs on Si/SiO2 at RT. [234, 384-386] Theoretically, µapp could be treated as a constant, if 

the AR is incorporated into the Drude model fit function given in Equation C-5. However, 

both parameters would contribute equally to the fit and are hence inseparable. 

Furthermore, other studies showed a linear increase of µel
 and µhol as a function of AR as 

well. [214] Fitting the mobility data from that example as a function of the AR with a linear 

function gives a mobility of approx. 4500 cm2/Vs at unity and an intercept of 500 cm2/Vs. 

Both values are reasonable close to those estimated for µapp in the case presented here. 

Overall, the dependence of µapp on the AR can be understood as a representation of the 

variation of the channel geometry in one way or the other, but is indicated as “apparent” 

to specify that the values are extracted using the model presented in the appendix that 

does not incorporate the AR.  

Next to µapp, R0 was fitted with a linear function as well, as displayed in Figure 6.3.5b). 

The function follows a similar strategy as shown in Equation 6.3-2.  

𝑅𝑅0(𝐹𝐹𝑅𝑅)  =  𝑅𝑅w ∙ 𝐹𝐹𝑅𝑅 + 𝑅𝑅0′ Equation 6.3-2 

Like in the case of the mobility, there is an AR-dependent contribution Rw as well as the 

minimal value R0’, which signifies the minimum device resistance at small AR (high 

channel width). R0’ can be understood as the minimum contribution of factors like the 

contact resistance.  

By fitting µapp and R0 a modified version of Equation A-5 can be derived as shown in 

Equation 6.3-3.  
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𝑅𝑅(𝐹𝐹𝑅𝑅) =  1
𝑒𝑒𝜇𝜇app ∙ (𝑛𝑛+𝑝𝑝)

+ 𝑅𝑅0 = 1

𝑒𝑒 ∙ �𝜇𝜇w𝐴𝐴𝐴𝐴  + 𝜇𝜇0� ∙ (𝑛𝑛+𝑝𝑝)
+ 𝑅𝑅w ∙ 𝐹𝐹𝑅𝑅 + 𝑅𝑅0′  Equation 6.3-3 

Here, e is the elementary charge and n and p are the charge carrier densities of electrons 

and holes respectively. At the Dirac point, the number of charge carriers is at its minimum 

represented by minimum charge carrier densities n0 and p0, whereby Equation 6.3-3 can 

be formulated as Equation 6.3-4 for RDirac. 

𝑅𝑅Dirac(𝐹𝐹𝑅𝑅) = 1

𝑒𝑒 ∙ �𝜇𝜇w𝐴𝐴𝐴𝐴  + 𝜇𝜇0� ∙ (𝑛𝑛0+𝑝𝑝0)
+ 𝑅𝑅w ∙ 𝐹𝐹𝑅𝑅 + 𝑅𝑅0′  Equation 6.3-4 

Using this equation, the data points in Figure 6.3.5c) could be fitted yielding an estimate 

of the sum of n0 and p0. However, this function does not fit RDirac as a function of AR very 

well, since µapp is fitted as an affine linear function. If µapp would be fitted as a 

homogenous linear function (intercept µ0 = 0), Equation 6.3-4 would be a linear function 

of AR. This allows for a better fit of RDirac as a function of AR, however it does not 

represent the best fit, especially since this would imply that RDirac and R0 have the same 

value, if AR approaches 0 (high RPBW). Furthermore, subtraction of the data points of 

R0 from RDirac yields a data set that appears to be non-linear. Therefore, the model was 

further modified by the following assumption: µapp is a linear function of 1/AR as 

discussed above, but AR contributes directly to RDirac as well. This is then represented by 

Equation 6.3-5.  

𝑅𝑅Dirac(𝐹𝐹𝑅𝑅) = 𝐹𝐹𝑅𝑅 ∙ 1

𝑒𝑒 ∙ �𝜇𝜇w𝐴𝐴𝐴𝐴  + 𝜇𝜇0� ∙ (𝑛𝑛0+𝑝𝑝0)
+ 𝑅𝑅w ∙ 𝐹𝐹𝑅𝑅 + 𝑅𝑅0′ + ∆𝑅𝑅min  Equation 6.3-5 

Therein, ΔRmin represents the offset between R0 and RDirac, when AR approaches 0. 

Application of this model to the data presented in Figure 6.3.5c) yields a good fit. The 

sum of n0 and p0 was found to be (2.3 ± 0.6) ∙1015 m-2, which is in agreement with 

expectation. [1] ΔRmin was estimated to be 9.3 kΩ, which is rather too high and indicates 
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that this model is not perfect as well. For the linear variant of Equation 6.3-4 with µ0 = 0, 

the sum of n0 and p0 is (1.8 ± 0.2) ∙1016 m-2, and therefore one order of magnitude higher.  

 

 

Figure 6.3.5: Model fitting of the evolution of the GrEdge-FET device resistance parameters and 
mobility as functions of the aspect ratio (AR = channel length/RPBW). a) Linear fit (LF) of the 
apparent device mobility µapp as a function of RPBW divided by the channel length (1/AR). The 
data for µel and µhol are fitted together. The fit function is given in the graph. µw is the slope of the 
function, while µ0 is the intercept. b) Linear fit of the minimum device resistance R0 as a function 
of AR with slope Rw and intercept R0’. c) Model fit of the Dirac point resistance RDirac as a function 
of AR incorporating the parameters fitted in a) and b). Details are discussed in the text. The model 
is given in Equation 6.3-5. d) Comparison of data of the ON/OFF ratio (RDirac/R0) and model as a 
function of AR. The model curve is not a fit, but was obtained by dividing the model fit in c) by 
the linear fit in b).  

 

Finally, Figure 6.3.5d) displays a comparison of the data points calculated for the 

ON/OFF ratio and the ratio of the applied fit functions for RDirac and R0. Both overlap 

quite well, which confirms the validity of the applied model. In an alternative approach, 
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the ON/OFF data were fitted with a linear function. Multiplication of that linear function 

with the linear fit of R0 would result in a quadratic function for RDirac, similar to Equation 

6.3-5. However, such a fit would demand a homogenous linear fit for the mobility (µ0 = 

0) again. Overall, the model fitting helps to understand the evolution of the device 

parameters, based on which the design of devices can be fine-tuned.  

From the model fitting analysis, it is clear that the dominant property influencing the 

field-effect characteristics of GrEdge-FETs is the aspect ratio of the channel dimensions, 

which is determined by the variation of RPBW. The same holds for the cGFET devices, 

where the channel width w is the equivalent to RPBW for the GrEdge-FETs. The equality 

of the transfer curves recorded on GrEdge-FETs as a function of RPBW in comparison 

to those measured on cGFETs as a function of w implies that the GrEdge-FET devices 

introduced in this study are gated via the edge. However, not just the edge is gated, as the 

basal graphene shielded by the resist appears to be gated indirectly. This imposes the 

question of how this type of device would perform in sensing applications. A question 

the answer to which will be explored in the following chapters.  

 

6.4 GrEdge-FET as pH sensor 

Next, the potential of using GrEdge-FETs as pH sensors was investigated. To study the 

pH sensitivity of the devices is a simple control experiment, as the interaction is non-

specific at graphene. The pH sensitivity of graphene was explored extensively in chapter 

4. In section 4.3, the typical pH/IS sensitivity test was introduced, which is applied here 

for the GrEdge-FET devices. Firstly, the resistance of the device in buffer solutions of 

varying pH was recorded at a constant gate voltage and at a fixed IS. [253, 263] Figure 6.4.1a) 

presents the pH response of the resistance R for a typical GrEdge-FET with RPBW = 0.75 
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µm, while Figure 6.4.1b) shows the relative change of R normalized to its value at pH = 

3. A gate voltage lower than the Dirac point was chosen, where holes are the majority 

carriers. It is apparent that the resistance decreases as a function of solution pH. This is a 

result of the positive shift in Dirac point with increasing pH, as discussed in section 4.1. 

This serves as a proof-of-concept type of experiment that GrEdge-FETs are suitable 

candidates for realizing chemical sensors and biosensors with a high sensitivity.  

 

 

Figure 6.4.1: GrEdge-FET as pH sensor. a) Device resistance R at a fixed gate voltage of VecG 
= -0.07 V for a GrEdge-FET device (with RPBW = 0.75 µm) as a function of pH of the buffer 
solution used (BC = 10 mM, IS = 250 mM). b) pH-dependent sensor response showing the 
relative change of R normalized to the value of R at pH 3 (RpH = 3). The error bars depict the noise 
in the measurement in a). 

 

The characteristic pH response in individual carbon nanostructures such as graphene 

ribbons and carbon nanotubes is often attributed to ionizable groups present natively in 

trace amounts on the carbon surface or introduced during the device fabrication process. 

[263, 387] Although the exact chemistry of the edge is difficult to decipher at a single object 

level, one can use field-effect measurements to estimate the nature of charge distribution 

at the edge in such devices. For cGFETs, an experimental approach was designed to 

estimate the isoelectric point (pI) of the GLI as discussed in section 4.2. [253] Specifically, 
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the pH-dependent GFET response is recorded in solutions of different IS. At high IS, the 

EDL is relatively thinner and the (electrochemical) gate voltage of the Dirac point 𝑉𝑉ecG
Dirac 

shows a comparably weaker dependence on pH. [263] At lower IS on the other hand, 𝑉𝑉ecG
Dirac 

shifts more strongly with pH due to the thicker EDL. The difference in 𝑉𝑉ecG
Dirac measured 

in solutions of two different IS gives an idea of the sign of the net charge density at the 

interface, provided all other solution parameters such as pH and buffer capacity are kept 

constant. For a negatively charged interface, 𝑉𝑉ecG
Dirac at the lower IS is found to be more 

positive than its value at a higher IS and vice versa for a positively charged interface. [253] 

Typical measurements of this kind performed on the GrEdge-FET devices are collected 

in Figure 6.4.2.  

Figure 6.4.2a) shows the field-effect response in selected solutions of differing pH and 

IS, while Figure 6.4.2b) summarizes the dependence of measured 𝑉𝑉ecG
Dirac as a function of 

pH. The magnitude of this dependence is comparatively lower in the solution of higher 

IS, consistent with the standard pH/IS test presented in section 4.3. From the difference 

of the two curves in Figure 6.4.2b), a qualitative estimate of the net charge density at the 

interface can be extracted, which is shown in Figure 6.4.2c). It is apparent that the 

graphene edge-electrolyte-interface is negatively charged at all investigated pH values, 

indicating that the pI of the device is lower than 3. The same behavior was measured on 

the cGFET devices presented earlier, which is worth highlighting. In case of the cGFETs, 

the whole graphene channel is interacting with the solution. Therefore, the shift of the 

transfer curve is representative of changes imposed on the whole 2D GLI. In case of the 

GrEdge-FETs, only the 1D edge is in contact with the solution. Therefore, the shift 

observed as a function of the solution pH is representative of the charge landscape at the 

graphene edge-liquid-interface only.  
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Figure 6.4.2: Nature of interfacial charge density at the graphene edge. a) Gate-dependent R of a 
GrEdge-FET device (RPBW = 0.75 µm) in selected solutions of varying pH and IS. b) Gate 
voltage position of the Dirac point Ve

D
c
i
G
rac as a function of solution pH and IS extracted from a). 

c) A plot of the difference between the Dirac point voltage at 250 mM and that at 25 mM. The 
sign of this difference gives the sign of the net charge density at the graphene edge-electrolyte-
interface. 

 

The shifts measured on the GrEdge-FET device presented in Figure 6.4.2 are overall of a 

similar magnitude as on the cGFET devices. The difference between the lowest measured 

𝑉𝑉ecG
Dirac in pH 3@IS = 250 mM and the highest one in pH 7.5@IS = 25 mM is approx. 

115 mV for the GrEdge-FET device and around 130 mV for the cGFET device presented 

in Figure 4.3.1. Therefore, the GrEdge-FET (RPBW = 0.75 µm) and cGFET devices have 

a similar sensitivity to solution pH. Their solid-liquid-interface chemistry is also 

apparently comparable as suggested by the equivalent pI position.  
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Before the sensing capabilities of the GrEdge-FET devices are further investigated, a 

short note on some practical measurement aspects appears appropriate. It is worth 

mentioning that the GrEdge-FET devices with width ≤ 1 µm were found to be much more 

robust than cGFET devices of comparable width, as exemplified by the several rounds of 

sensor trials that these devices could withstand without significant changes in the field-

effect characteristics. The cGFET devices were more susceptible to damage as the 

resistance typically increased rapidly during the sensor trials, most likely due to the long 

FET channels (10 µm) deployed here, which is protected in the case of the GrEdge-FETs. 

Furthermore, GrEdge-FET devices showed superior symmetry of the gate dependent 

transfer curve and did not show double-peaks or shoulders. Such practical aspects 

underline the potential of GrEdge-FET devices towards routine sensor applications. 

 

6.5 Covalent functionalization of the graphene edge 

Finally, the capability of modifying the properties of the graphene edge-liquid-interface 

via electrochemical modification was explored. For modification aryl diazonium 

precursors are chosen, which is a widely used strategy for covalent attachment of a range 

of functionalities on basal graphene. [110, 388-390] The moieties to be attached may serve as 

anchor layers for the subsequent coupling of suitable receptor molecules specific for a 

certain analyte. On the other hand, as the aryl residues introduced by electrografting carry 

specific functional groups, their influence on the graphene edge-liquid-interface can be 

investigated, which will provide further insight into the sensitivity of the edge-gated 

devices. A schematic of the electrochemical modification strategy is sketched in Figure 

6.5.1a). 4-aminophenyl diazonium radicals are generated in situ by the diazotization of 

1,4-phenylene diamine via sodium nitrite in an acidic aqueous solution, [391, 392] in which 
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the GrEdge-FET device is immersed. The covalent attachment of the aminophenyl 

moieties [389, 393, 394] is achieved by cycling the potential in a given voltage range as shown 

in Figure 6.5.1b), where the graphene edge functions as a WE in an electrochemical cell. 

The aminophenyl moieties are expected to attach selectively to the edge of the graphene 

sheet in a covalent manner, since the rest of the graphene surface is passivated by the 

photoresist. [69]  

 

 

Figure 6.5.1: Covalent modification of the graphene edge (GrEdge). a) Scheme showing the 
covalent functionalization of the graphene edge with 4-aminophenyl residues. The diazonium 
species, generated via in situ diazotization of 1,4-phenylenediamine, is electrochemically 
reduced, resulting in covalent attachment at the graphene edge. b) CV recorded during 
electrochemical reduction. The modification is repeated thrice. The first and last cycle of each 
functionalization step is shown. c) Gate-dependent transfer curves of a GrEdge-FET (RPBW = 
0.75 µm) in the unmodified state (dashed line) and after each of the three functionalization steps. 
The data measured in solutions of two different pH values are shown. The complete dataset is 
shown in Figure 6.5.2. d) Map showing the net interface charge density of the graphene edge-
electrolyte interface extracted from the data in Figure 6.4.2 and Figure 6.5.2c),f),i). The black 
dash-dotted contour indicates the position of the isoelectric point. 
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Evidence for this covalent attachment of aminophenyl groups at the edge is obtained both 

from the cyclic voltammogram (CV, Figure 6.5.1b)) and from field-effect measurements 

(Figure 6.5.1c)). The electrochemical modification was carried out three times with the 

same parameters. In each step, the voltage was scanned for five cycles and the field-effect 

response measured subsequently. Selected cycles of the CVs are shown in Figure 6.5.1b), 

where it is apparent that the cathodic current (for E < -0.3V) decreases continuously with 

every modification cycle. This current contains contributions from the diazonium 

reduction. However, it is dominated by the currents arising from electrolyte background 

reactions like the oxygen reduction reaction, which is typically observed for graphene 

electrodes in aqueous solution. [52, 201] The observed trend of reduction of the magnitude 

of cathodic current with every CV cycle suggests that the deposition of the diazonium-

derived species at the edge gradually passivates the edge, hindering the possibility of 

electron transfer at the edge. [69] Figure 6.5.1c) compares the initial field-effect response 

at the unmodified edge to the field-effect response after every round of modification. In 

Figure 6.5.2, the CVs of each modification step as well as the field-effect response 

(including plots of the Dirac point shift as a function of the pH) after each modification 

step are displayed for clarity.  
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Figure 6.5.2: Complete dataset measured during the three steps of electrochemical modification 
of a GrEdge-FET device with RPBW = 0.75 µm (same device as in Figure 6.4.2 and Figure 6.5.1). 
Each row corresponds to measurements from each of the three modification steps. a),d),g) CV at 
the graphene edge electrode with in situ generated 4-aminophenyl diazonium cations. The 
potential was cycled five times in the range -0.5 V to +0.5 V. b),e),h) Gate-dependent transfer 
curves of the functionalized GrEdge-FET device in solutions of varying pH and IS. 
c),f),i) Position of the Dirac point Ve

D
c
i
G
rac after each of the functionalization steps as a function of 

solution pH and IS, extracted from the corresponding gate-dependent transfer curves. The 
crossing point of the black and red curves gives the approximate value of the isoelectric point. 
[253] The net surface charge is calculated by subtracting the Dirac point at 25 mM IS from the 
corresponding value at 250 mM IS. This data is shown as a map in Figure 6.5.1d). 

 

In Figure 6.5.1c), it is apparent that the resistance increases continuously with every 

modification. The ON/OFF ratio, however, remains around the value of 8 all along, while 

the apparent field-effect mobility decreases with every modification as shown in Figure 

6.5.3. These data suggest that the active edge region is modified indeed covalently using 

the applied procedure.  
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Figure 6.5.3: Evolution of a) RDirac/R0 and b) the apparent field-effect mobility µapp with every 
step of electrochemical modification for a GrEdge-FET device with RPBW = 0.75 µm. The 
parameters are extracted from the data in Figure 6.5.1c) in the main text. 

 

Finally, the sign of the interfacial charge density during the course of electrografting can 

be extracted in a manner equivalent to the method in Figure 6.4.2. Figure 6.5.1d) 

summarizes the evolution of the sign of the interfacial surface charge with every step of 

electrochemical modification. Each functionalization step (x-scale, 0-3) shows the 

evolution of the net interface charge density (z-scale) as a function of the pH (y-scale). 

The plot for step 0 is extracted from Figure 6.4.2c). The plots of the other steps are 

calculated in the same fashion from the plots of 𝑉𝑉ecG
Dirac vs pH at IS = 25 mM and 250 mM 

in Figure 6.5.2c), f) and i). It is apparent that with increasing density of attached edge 

functionalities, the pI (dashed contour) shifts from less than 3 to around 4 within two 

modification steps (10 cycles), from whereon it is rather stable. This increase in pI was 

observed reproducibly on multiple GrEdge-FET devices upon electrochemical 

modification.  

A similar shift in pI to a maximum value of 4 was reported earlier by Zuccaro (et al.) for 

basal graphene, however, upon successive non-covalent functionalization with 

polyaniline. [253] The maximum pI achievable is limited by the pKa of the attached 
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moieties. Aniline (which is representative of the attached moieties from the 

electrografting) has a pKa of 4.2 and hence one cannot expect to obtain a pI beyond this 

value with consecutive rounds of modification, as discussed in section 4.2. 

It is worth mentioning that the modification also led to an increased pH sensitivity. The 

difference between the lowest measured 𝑉𝑉ecG
Dirac (pH 3@IS = 25 mM) and the highest 𝑉𝑉ecG

Dirac 

(pH 7.5@IS = 25 mM) was approx. 175 mV after the second and third modification step. 

This increase can be linked, on one hand, to the additional protonatable amino groups of 

the deposited moieties and, on the other hand, to the pI position. As discussed in section 

4.2, the pH sensitivity of FETs is the strongest around the pI. Therefore, determination of 

the sensitivity in the same pH window at a higher pI naturally results in a higher 

sensitivity. On the other hand, this result is still important, as it underlines that 

modification overall leads to a more sensitive device.  

 

6.5.1 Covalent functionalization of graphene in conventional GFETs 

For comparison, the covalent modification using the same 4-aminophenyl diazonium 

precursors was repeated on cGFET devices. This was done on cGFET devices with a 

channel width of 20 µm and 2.5 µm, both with a channel length of 10 µm. Firstly, the 

situation for the broader channel is discussed.  

Figure 6.5.4 displays the response of the cGFET device (w = 20 µm) to solution pH and 

IS prior to and after the modification. The response in the original state, as presented in 

Figure 6.5.4a) is equivalent to the response of the device presented in Figure 4.3.1. Both, 

the magnitude of the shifts and the pI position are in agreement with the standard 

measurement discussed earlier, which is evident from Figure 6.5.4d).  
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Figure 6.5.4: Covalent electrochemical modification of a cGFET device with w = 20 µm. 
a) Gate-dependent transfer curves in solutions of varying pH and IS, before the modification. 
b) The electrochemical modification was performed by scanning 10 cycles in a CV on this device 
with in situ generated 4-aminophenyl diazonium cations. c) Gate-dependent transfer curves of the 
same device after modification, in solutions of varying pH and IS. d) Ve

D
c
i
G
rac as a function of 

solution pH and IS, extracted from a) and related curves prior to functionalization (dashed lines) 
and from c) and related curves after functionalization (straight lines). 

 

10 cycles of the potential window used for the modification were scanned in the same 

conditions as for the edge modification shown and discussed above. Just like before, the 

magnitude of the cathodic current below -0.2 V decreases in each cycle. This is the first 

indication of successful modification of the graphene by the in situ generated and electro-

reduced 4-aminophenyl diazonium cations leading to the attachment of 4-aminophenyl 

moieties to the graphene lattice, which is later verified using Raman spectroscopy. 

Subsequent to the electrochemical modification, the pH/IS test is repeated. The situation 

after functionalization of graphene is barely different. Overall, the resistance increased 
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slightly as expected for the covalent attachment, as it destroys the graphene lattice and 

introduces sp3 defects. Furthermore, the transfer curves were less symmetric after the 

modification and did not just shift in between pH/IS steps, as they developed more 

features in their profile. This is indicative of defect-rich graphene. However, the Dirac 

point shifts imposed by solution pH/IS were not substantially different from the original 

state after modification, as shown in Figure 6.5.4d).  

At lower pH, the shifts are stronger in direct comparison to the situation prior to the 

functionalization, which indicates a slight shift of the pI. However, the pI overall 

remained below pH 3. For comparison, on the GrEdge-FET devices, the pI rose above 

pH 3 within 5 cycles in all cases. Therefore, it can be concluded that the electrografting 

process using diazonium precursors functionalizes the edge of graphene much more 

efficiently than its basal parts. While the attached functional moieties at the edge strongly 

influence the charge landscape at the graphene edge-liquid-interface, their density is 

probably too low on the basal graphene to dominate the charge at the GLI. For the cGFET 

device, this is in contrast to the electro-polymerized polyaniline layer that was deposited 

non-covalently on graphene by Zuccaro (et al.), which shifted the pI to values around pH 

4. [253] That modification strategy apparently yields a more dense functional layer on basal 

graphene, which is significant for sensor design in direct comparison of the two device 

designs. 

Using cGFET device with a narrower channel (w = 2.5 µm), it was clarified that the 

missing shift of the pI on the cGFET device with w = 20 µm was not just due to the 

broader width and lower resistance of that device in comparison to the GrEdge-FET 

device with RPBW = 0.75 µm presented in Figure 6.5.1. Figure 6.5.5 shows the same 

experiment repeated on the narrow cGFET device.  
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Figure 6.5.5: Covalent electrochemical modification of a cGFET device with w = 2.5 µm. 
a) Gate-dependent transfer curves in solutions of varying pH and IS prior to the modification. 
b) Ve

D
c
i
G
rac as a function of solution pH and IS, extracted from a) and related curves. c) The 

electrochemical modification was performed by scanning 10 cycles of a CV on this device with 
in situ generated 4-aminophenyl diazonium cations. d) Gate-dependent transfer curves of the 
same device after modification, in solutions of varying pH and IS. The peculiar shapes of the 
curves do not allow an extraction of the Dirac point. 

 

Initially, the response is similar to the standard measurement as discussed in section 4.3. 

However, Figure 6.5.5a) and b) suggest already that such a cGFET device with a large 

aspect ratio (l/w = 4) is less reliable. Upon electrochemical functionalization with the 

diazonium precursor as shown in Figure 6.5.5c), the transfer curve is seriously affected. 

Figure 6.5.5d) reveals a rather unusual sensor response to solution pH and especially IS. 

The resistance increases strongly upon modification, however the maximum resistance is 

very different in magnitude depending on the IS. The curves are not symmetric anymore 

and show more of a plethora than a peak. The determination of the Dirac point position 
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is largely hindered by these circumstances. However, the transfer curve is still shifted to 

slightly higher VecG at IS = 25 mM in comparison to IS = 250 mM at pH 3. This is 

indicating that the pI is still not shifted significantly, although the covalent modification 

seriously affects the performance of the cGFET device.  

It should be noted that the same experiment was repeated with even narrower (w = 

1.2 µm) devices. However, all devices failed (no contact between source and drain) latest 

upon electrochemical modification. This is in stark contrast to the GrEdge-FET device 

with RPBW = 0.75 µm presented in Figure 6.5.1c), which underlines the robustness of 

the GrEdge-FET devices that gives them a huge practical advantage. The pI shift detected 

on the GrEdge-FET device furthermore implies that the edge devices could be superior 

in the detection of specifically interacting charged species.  

 

6.5.2 Raman analysis of the covalent functionalization 

Raman spectroscopy was chosen as a complementary method for the investigation of the 

covalent modification of the graphene in the channel. The characteristic Raman modes of 

graphene (D, G, D’ and 2D as discussed in section 3.4.2) can be examined to draw 

conclusions on the defect density of graphene. The presence and intensity of the defect 

modes D and D’ are primarily relevant here, as they are representative of sp3 defects in 

the lattice of graphene. The covalent functionalization of graphene via electrografting is 

expected to introduce a C-C bond between the aryl radicals generated by electro-reduction 

of the diazonium group (in the 4-aminophenyl diazonium precursors) and the graphene 

carbon atoms transforming them from sp2 to sp3 hybridization. [110] Raman spectra 

collected on high-quality graphene, should ideally only feature the G and 2D modes 
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prominently. Upon covalent functionalization, the D and D’ mode are expected to 

increase in intensity, while the intensity of the 2D mode should decrease.  

 

 

Figure 6.5.6: Characterization of a cGFET device (w = 2.5 µm) using Raman spectroscopy before 
and after electrochemical modification. a) Optical image of the device. The Raman spectra were 
acquired along the red line with a step spacing of 1 µm. b) Raman spectra measured on the SiO2 
surface (x = 0 µm) and on graphene (x = 4 µm) before (black curves) and after (red curves) the 
electrochemical modification. The spectra at x = 0 µm are offset for clarity. c),d) Maps collecting 
the Raman spectra (as a function of the position along the red line in a)) c) before and d) after the 
functionalization. A successful covalent modification is confirmed by the increase in the intensity 
of the D-peak at around 1350 cm-1. [318, 390] The maps show that the entire width of the ribbon is 
modified, as inferred from the occurrence of the D-peak signal at 1350 cm-1, which extends all 
through the width of the graphene channel. 

 

Figure 6.5.6 displays Raman mappings recorded before and after electrochemical 

modification of a cGFET device (w = 2.5 µm) as presented in Figure 6.5.5. In Figure 

6.5.6a), an optical image of the device is shown. The red line indicates the positions, 
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where the spectra were collected. Details are given in the caption of the figure. In Figure 

6.5.6b), selected spectra at indicated positions along the line are presented. Here, it is 

already visible that the spectrum collected on graphene changes upon functionalization. 

In the black spectrum recorded on the as-fabricated device, the 2D mode dominates the 

spectrum with the G mode accompanying it with less intensity. The D mode is present 

with low intensity as well. This is not unusual, as the D mode is often present to some 

extend due to the many processing steps the graphene has to endure during the fabrication 

(e.g. annealing). However, upon electrochemical modification the D mode increases 

strongly, the D’ mode appears as a shoulder of the G mode and the intensity of the 2D 

mode decreases. Furthermore the D+D’ combination mode arises at approx. 2900 cm-1 

after functionalization.  

This underlines that the electrografting via the diazonium route was performed 

successfully by the electrochemical reduction of in situ generated 4-aminophenyl 

diazonium cations, as indicated by the evidence discussed in section 6.5.1. Figure 6.5.6c) 

and d) show maps comprised of spectra as presented in b). The modes, that are present 

respectively, show similar intensities at all positions demonstrating homogeneity of the 

modification across the whole width of graphene. The intensity of the D mode indicates 

significant functionalization, as claimed in section 6.5.1. The same result was also 

confirmed on cGFET devices with w = 20 µm. Signals originating from the functional 

layer itself cannot be observed, as these Raman measurements are not sensitive for such 

thin layers.  

In direct comparison, GrEdge-FET devices were investigated by collecting Raman line 

mappings as well. As shown in Figure 6.5.7a), the measurements in this case were 

performed by measuring across a line starting on the silicon substrate, crossing the edge 

and continuing on the photoresist. The laser beam was focused on the silicon surface. The 
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main goal of the experiment is to demonstrate that the graphene below the resist is not 

affected by the electrochemical modification. For this purpose, devices with a larger 

RPBW of 14 µm were used. The broad graphene is visible below the resist in the picture.  

 

 

Figure 6.5.7: Raman spectroscopic characterization of a GrEdge-FET device (RPBW = 14 µm) 
after electrochemical modification. a) Optical image of the device. The Raman spectra were 
acquired along the red line with a step spacing of 1 µm. b) 2D map collecting the Raman spectra 
as a function of position along the red line in a). c) Raman spectra measured on the SiO2 surface 
(x = 0 µm), at the edge of the resist (x = 3 µm & x = 4 µm) and on the graphene basal plane below 
the resist (x = 8 µm). For a successful covalent modification, the D-peak intensity should be high 
at around 1350 cm-1. Here no significant increase of the D-peak is observed, which confirms that 
the basal plane of graphene below the photoresist remains unaffected by the electrochemical 
modification. In addition to the usual graphene-related G- and 2D-peaks several other bands are 
observed (marked *), which originate from the SU-8 layer.  

 

The modification of the edge was investigated on devices with RPBW <1 µm in Figure 

6.5.1. Those are not suited for such Raman analysis as their RPBW is smaller than the 
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spot size of the focused incident beam. Furthermore, the laser is scattered on the 

photoresist increasing the area from which the signal is collected. As a result, it is not 

possible to collect signals from the resist protected basal graphene without contributions 

from the defect-rich edge, and hence the D-mode is present in the spectrum of the original 

state anyway and cannot be distinguished from the state post-modification.  

On the devices with a larger RPBW, the basal graphene below the resist can be 

characterized independently of the edge. The device was functionalized using the same 

procedure as described before, by scanning 10 cycles of a CV in the presence of in situ 

generated 4-aminophenyl diazonium cations using the edge device as the WE. The CV is 

shown in the next subsection in Figure 6.5.8. Figure 6.5.7b) presents the line mapping. 

Several spectra are separately shown in Figure 6.5.7c). In both cases the spectra are shown 

as measured (not normalized to the G-peak intensity, no background subtraction). The 

measured intensity and the background are important for the analysis across the edge.  

The high background intensity right around the edge region (x = 3 to 5 µm) shapes the 

mapping across the edge, as visible in Figure 6.5.7b) and c). There, the incident beam is 

scattered the strongest. Interestingly, the beam often burned a hole into the resist directly 

at the edge, but only after functionalization. Directly on the resist and on the substrate, 

the background is roughly on the same level. On the resist – including the edge – the 

modes of graphene as well as modes that originate from the SU-8 resist are present in all 

spectra. The SU-8 signals were confirmed in spectra measured on the resist without 

graphene below. One mode at approx. 1600 cm-1 overlaps with the D’ mode, which is 

therefore not distinguishable in that situation.  

In all spectra, the 2D mode is exactly twice as intense as the G mode. The D mode is 

weakly present. Interestingly, the D mode has a higher relative intensity at x = 3 µm than 

at the other positions (Int.(D)/Int.(G) = 0.25 for x = 3 µm and 0.07 for all other positions). 
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This indicates that the D mode is more pronounced directly at the edge, which furthermore 

would suggest that there are more defects present there. However, it cannot be clarified, 

if this is due to the modification or the inherent defects that are naturally present at the 

edge, as similar signals could also be measured prior to the electrochemical 

functionalization. The edge region itself is significantly narrower than the spot size, which 

needs to be stressed when analyzing the spectra. However, it is clear that the graphene 

below the resist is not affected by the modification, as no change in the spectra collected 

there, especially no significant D mode, is detectable in opposition to the situation on the 

cGFET device as seen in Figure 6.5.6.  

In conclusion, Raman spectroscopy measurements confirm the results of the pH/IS 

measurements. The GrEdge-FET devices are only modified at the edge by 

electrochemical functionalization. The cGFET devices are homogeneously 

functionalized across the whole channel. Still, only on the GrEdge-FET, the influence of 

the edge modification is strong enough to shift the pI significantly.  

  

6.5.3 Influence of high RPBW on sensing capability 

Finally, another important feature related to RPBW was found. Upon pH/IS tests on 

devices with high RPBW (14 µm), almost no pH dependence of 𝑉𝑉ecG
Dirac could be detected, 

as shown in Figure 6.5.8. In the original state, as displayed in Figure 6.5.8a), the gate-

dependent transfer curve did not shift significantly at IS = 250 mM, and only weakly at 

IS = 25 mM. On the other hand, at a constant pH the typical shift of the curve as a function 

of the IS was observed. Furthermore, the electrochemical functionalization was 

performed as displayed in Figure 6.5.8b). The current profile indicates that the 

functionalization was successful, although the reductive current increased after the first 
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cycle, but decreases with every cycle from thereon. This might be linked to the acidity of 

the solution that furthermore lead to challenges in the pH dependent measurements at low 

IS on these devices and could be linked to wetting problems at acidic pH values.  

 

 

Figure 6.5.8: pH sensitivity of GrEdge-FET devices with a high RPBW of 14 µm. a) Gate-
dependence of R of the unmodified device in solutions of varying pH and IS. b) The 
electrochemical modification was performed by scanning 10 cycles of a CV on this device with 
in situ generated 4-aminophenyl diazonium cations. c) Gate dependence of R of the modified 
device in solutions of varying pH and IS. d) Position of Ve

D
c
i
G
rac extracted from the data as presented 

in a) and c). 

 

After functionalization, the pH/IS test barely changed, as shown in Figure 6.5.8c). A 

slight increase in RDirac is present. However, it is almost negligible. In direct comparison, 

the Dirac point shifts presented in Figure 6.5.8d) before and after functionalization are 

similar. The subtle differences are not significant enough, to interpret them. Upon 
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repetition of the experiment on other devices, it was found that the offset between the 

Dirac point positions before and after functionalization did not show a systematic 

behavior. Overall, the most important observation is that the devices with RPBW = 14 µm 

show almost no pH sensitivity, while the IS sensitivity is still present. The pI cannot be 

determined in this situation.  

This observation needs to be attributed to RPBW. At high RPBW (like the given 14 µm), 

the bulk graphene below the resist is independent of the solution and dominates the device 

properties. The channel can be gated indirectly via the edge anyway, however the pH-

related charges at the edge might not be felt by the graphene far enough to influence it 

Dirac point of the majority of the channel significantly. This holds for both states, before 

and after functionalization, as the functional groups introduced at the edge do not increase 

the sensitivity of the GrEdge-FET directly on these devices. As discussed in section 4.2, 

the solution pH influences the charge at the interface σ0. The IS, on the other hand, also 

influences the charge at the outer Helmholtz-plane σOHP. The latter is a quantity of the 

solution part of the solid-electrolyte-interface. In accordance with the findings on the 

GrEdge-FET devices with large RPBW, it can be concluded that the device sensitivity to 

the IS of the solution is independent of the graphene below the resist. The pH dependence, 

on the other hand, is directly related to functional sites at the interface, and hence to a part 

of the solid side of the interface. This could mean, that only an average Dirac point 

position for the whole channel can be observed, where only a minor section at the edge is 

influenced by the charges imposed by the pH of the bulk solution. The part of graphene 

below the resist dominates the measured 𝑉𝑉ecG
Dirac in that case and remains unaffected. As 

the IS dependence is still observed and suggests a negative interface charge density, the 

observed missing pH dependence could also be related to a very small interface buffer 
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capacity. This, again, could be based on wetting problems at the interface in more acidic 

buffers, which was only observed for large RPBWs like the exemplary shown 14 µm.  

On the contrary, at RPBW = 0.75 µm the field-effect of the pH related charges σ0 is 

apparently strong enough to govern 𝑉𝑉ecG
Dirac of the whole channel. The slightly decreased 

sensitivity of the GrEdge-FET device in direct comparison to the standard cGFET device 

discussed in section 6.4, however, suggests that even in that situation a part of the 

protected graphene is rather unaffected by the charges at the edge.  

Overall, the sensitivity of the GrEdge-FET devices is a challenge that deserves more 

attention in the future. It was demonstrated here that the GrEdge-FET devices can be on 

par with cGFET devices in terms of the sensitivity towards pH and IS, if RPBW is chosen 

small. GrEdge-FET devices with large RPBW are apparently not suited as sensors. On 

the sensitive GrEdge-FET devices with small RPBW, modification with covalently bound 

4-aminophenyl moieties exhibited a much stronger shift of the pI than cGFET devices 

after the same treatment. This increased the sensitivity of the devices towards solution 

pH. Both of these observations suggest that GrEdge-FET device with RPBW < 1 µm are 

more sensitive to specific interactions than cGFET devices and should be investigated 

further. Finally, the devices are much more robust, which improves their reliability in 

practical application. A combination of narrower RPBWs and grid-like structures with 

more edges could lead to devices that are even more promising. This, however, demands 

the use of more sophisticated fabrication techniques like e-beam lithography.  
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7 HBN-GRAPHENE-HBN VAN DER WAALS 
HETEROSTRUCTURE ELECTRODES FOR SENSOR 

APPLICATIONS IN LIQUID 
7. hBN-graphene-hBN van der Waals heterostructure electrodes for sensor applications in 

liquid 

7.1 hBN-graphene-hBN van der Waals heterostructure stacks 

The concept of van der Waals heterostructures (vdW-HS) has been introduced in section 

2.6. In this chapter, heterostructured stacks comprised of monolayer graphene and 

multilayer hexagonal boron nitride (hBN) are in focus. The combination of the semi-

metal graphene and the insulator hBN is of special interest as hBN is an ideal candidate 

for the encapsulation of graphene. The insulator is mostly inert to chemical modification 

and consists of a similar lattice as graphene. [75, 76, 79, 83, 395] Its surface is free of dangling 

bonds. [79, 80, 82] The electronic structure of graphene is not affected by hBN as a substrate, 

as long as the lattices of the two layers are not aligned. [77, 79] This is in contrast to 

substrates like SiO2, which interacts with graphene, whereby the charge carrier mobility 

in the latter is affected significantly. [79, 83] The electronic properties of graphene on hBN, 

on the other hand, are more comparable to suspended graphene. [78-80, 83, 296, 395-397] 

Therefore, hBN is a very promising candidate to support graphene in GFET devices.  

Furthermore, hBN also shields graphene from interaction with solutions on top of it. 

Electron transfer at graphene through hBN by tunneling has been demonstrated, however, 

only for hBN layer numbers that are significantly small (< 6 layers). [82] Encapsulation 

has been demonstrated for mono- and multilayer hBN. [81, 85] Especially the latter is 

favorable to decouple graphene from its chemical environment. On the edge of such a 
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heterostructure, however, the edge of graphene is exposed. As discussed in section 6.1, 

the edge of graphene exhibits special properties. Therefore, encapsulation of graphene 

with multilayer hBN allows for the fabrication of isolated graphene edge electrode. The 

exposed edge of hBN-encapsulated graphene has been shown to interact with polar gas 

molecules. [85] An external electric field was applied leading to switching of the 

orientation of the molecules at the edge, which in turn influenced the electronic properties 

of the whole graphene sheet in between the hBN layers.  

The combination of these aspects makes such hBN-graphene-hBN (hBN-Gr-hBN) stacks 

interesting candidates for both, field-effect sensing and electrochemistry. The graphene 

edge as a 1D nanoband electrode has been introduced for the investigation of fast electron 

transfer kinetics. [70] There, the graphene edge was exposed by partial passivation of a 

graphene sheet on Si/SiO2 with SU-8 photoresist, followed by etching of unprotected 

graphene with oxygen plasma. Following the same strategy, graphene-edge FET 

(GrEdge-FET) devices gated in liquid via the edge have been fabricated and discussed in 

section 6. In this chapter, the potential of hBN-Gr-hBN stacks for both of these 

applications is explored.  

For this purpose, hBN-Gr-hBN vdW-HS stacks were fabricated and contacted with source 

and drain electrodes. Details are given in section 3.5. 2 For fabrication, e-beam 

lithography was used. This allows for the realization of much narrower features (down to 

tens of nm) in comparison to the photolithographic methods used for the fabrication of 

other devices presented in this thesis. Many different layouts were tested. AFM 

micrographs of examples are shown in Figure 7.1.1. While the number of ribbons (#Rib) 

and the width of the individual ribbons wRib was varied, the channel length was kept 

                                                 
2 hBN-Gr-hBN vdW-HS electrodes were fabricated by collaboration partners and kindly provided to the 
author.  
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constant at l = 2 µm. The broadest ribbons were fabricated with wRib = 10 µm, while the 

narrowest were 0.1 µm wide. The contacts were passivated with PMMA. The thickness 

of the stacks varies depending on the number of layers for both hBN sheets, but was 

typically around 40-100 nm.  

 

 

Figure 7.1.1: False-color AFM micrographs of hBN-Gr-hBN vdW-HS stack electrodes. Devices 
with different layouts were fabricated characterized by the number of ribbons (#Rib) and their 
width wRib. a), b), c) Examples of devices with #Rib x wRib with a) 5 x 0.5 µm, b) 1 x 10 µm and 
c) 5 x 0.1 µm. d) High-resolution image of the middle ribbon (wRib = 0.1 µm) of the device in c). 
The height scale bar in a) is valid for b) and c) as well. a), b) and d) were measured in QI mode, 
c) in AC mode. In a), b) and c) the green areas represent the PMMA passivation layer, while the 
orange areas show the ribbons.  
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7.2 Field-effect characteristics of hBN-graphene-hBN van der 

Waals heterostructure stack electrodes 

First, electrochemical gating of hBN-Gr-hBN vdW-HS stack electrodes was investigated. 

For this purpose, the same setup as for GrEdge-FET devices was used, as shown in Figure 

6.3.1. Ideally, only the edge of graphene is in contact with the solution and gating via the 

edge should be observable. Exemplary gate-dependent transfer curves recorded on 

devices like the ones shown in Figure 7.1.1 are displayed in Figure 7.2.1. 

 

 

Figure 7.2.1: Gate-dependent resistance R of hBN-Gr-hBN vdW-HS field-effect devices. 
a) Exemplary gate-dependent transfer curves for devices of different AR. b) Comparison of 
multiple devices with AR = 0.4 or 0.8 and #Rib = 5 to 10. c) Exemplary transfer curves for devices 
with #Rib = 1 and wRib = 10 or 5 µm. All transfer curves recorded in phosphate buffer (pH 7, BC 
= 10 mM, IS = 250 mM). 
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In Figure 7.2.1a), transfer curves recorded on devices with different layouts are displayed 

as indicated. The aspect ratio AR of these devices is calculated as channel length (2 µm) 

divided by the product of #Rib and wRib. R increases with the AR. The resistance of the 

device with the highest AR (20, #Rib x wRib = 1 x 0.1 µm) is two orders of magnitude 

higher than that of the device with the lowest AR (0.2, 1 x 10 µm), as is the AR itself. In 

Figure 7.2.1b) and c), sets of transfer curves of devices with similar layouts are compared 

respectively. In general, the transfer curves show certain similarities, however, R0 scatters 

quite strongly. For many devices, the difference between RDirac and R0 is similar, but the 

strong differences in R0 leads to strong scattering of the ON/OFF ratio (RDirac/R0). 

Furthermore, it can be seen that the transfer curves are not symmetric and rather broad. 

The peak of the curves around the Dirac point is often widened as well. For many device 

layouts, only one device was available for measurements, which is why the data lack the 

statistically relevant reproducibility that was available for the GrEdge-FET devices in 

section 6.3. However, trends for the device parameters are discernible. The transfer curve 

data were fitted with the modified Drude model that was also used for the GrEdge-FET 

devices and which is explained in appendix section C. Results of the model fit for the 

apparent mobility µapp and the resistance parameters RDirac and R0 are collected in Figure 

7.2.2a) and b). The calculated ON/OFF ratios are shown in c) of the same figure. A key 

difference to the fits of the GrEdge-FET devices was the gate coupling efficiency α, which 

was constantly found at approx. 0.2 for these devices (compared to 0.5 for GrEdge-FET 

devices). µapp is displayed as the average of µel and µhol as the asymmetry of the curves as 

visible in Figure 7.2.1 led to unrealistic differences between the two in the fit of the model. 

Furthermore, the µapp data are sorted into two sets: Devices with wRib ≤ 1 µm that showed 

lower values of µapp, as well as devices with broader ribbons, where larger values of µapp 

were determined. The latter are comprised of a single ribbon and characterized by the 
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biggest values of 1/AR. The strong deviation of these data points from those determined 

for devices with narrower ribbons is discussed below. The data for the broader ribbons 

were excluded from further analysis.  

 

 

Figure 7.2.2: Evolution of device parameters. a) Estimates of the apparent device mobility µapp 
as a function of 1/AR including linear fit of black data points. b) Device resistance parameters R0 
and RDirac as a function of AR including linear fit for R0 and RDirac model fit. c) Comparison of 
ON/OFF ratio (RDirac/R0) dataset and fit functions as determined in b).  

 

A similar strategy as for the GrEdge-FET data in Figure 6.3.5 was applied to perform a 

model fit analysis in Figure 7.2.2. Here, the black data points of µapp in Figure 7.2.2a) 

were fitted with a linear function with µ0 = 0. (Without a fixed intercept at zero, µ0 was 

determined with a negative value, which is why this approach was favored here.) R0 was 

fitted with a linear function as indicated in Figure 7.2.2b). The values found for the 
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parameters are given in the respective graph. They were inserted into the model fit 

function (Equation 6.3-5), which was then applied to the RDirac data. The determined value 

for ΔRmin is again too high with (6 ± 4) kΩ, as values < 1 kΩ were measured on the devices 

frequently. The sum of n0 and p0, on the other hand, is in the expected realm with (1.7 ± 

0.1) ∙ 1015 m-2. The obtained fit function was divided by the linear fit of R0 and the 

resulting function was compared to the data points calculated for the ON/OFF ratio in 

Figure 7.2.2c). Here, the quotient of the fits does not overlap well with the data, since the 

fit function increases strongly, when AR approaches 0. The apparent overlap of the data 

and the fit originates from the strong scattering of R0. Overall, the fit for RDirac can be 

evaluated as satisfying, but the ON/OFF ratio data are not systematic enough to draw any 

conclusions from them. Methods excluding the contact resistance would be more suited 

to evaluate such parameters.  

Finally, the fitted data of µapp are within expectation for CVD-graphene with around 

3500 cm2/Vs at AR unity. That implies that the hBN-encapsulation does not improve the 

mobility of the charge carriers in graphene in the edge-gated field-effect stack devices. 

On the other hand, µapp is much larger for the broad devices (green data points). This 

could indicate an improved mobility for the devices that are not split into ribbons. On the 

other hand, it could also imply that these broad devices are not gated efficiently via the 

edge, which could be linked to the short channel length in comparison to their width. The 

lack of improved mobility for the narrower ribbons could also be linked to the use of 

CVD-graphene, which is comparably rich in defects in comparison to the typically used 

mechanically exfoliated graphene. [79] 

In analogy to the GFET and GrEdge-FET devices, the standard pH/IS test (see section 

4.3) was performed on the hBN-Gr-hBN devices as well. An example is shown in Figure 

7.2.3. The position of the Dirac point as a function of pH and IS shifts as expected. 
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Interestingly, the magnitude of the shifts between pH 3 and 7.5 is almost identical at both 

IS values to the GFET device that was presented in Figure 4.3.1. Due to the large number 

of edges for the 10 x 0.5 µm device, it can be expected that the sensitivity is equivalent 

to the standard GFET devices. An increased sensitivity was not observed, however this is 

in agreement with the findings for the GrEdge-FET devices.  

 

 

Figure 7.2.3: pH/IS test on hBN-Gr-hBN vdW-HS field-effect device. a) Gate-dependent transfer 
curves of the devices in buffers of varying pH and IS. b) Dirac point position Ve

D
c
i
G
rac extracted from 

a). The dashed lines represent the data for the same buffer compositions measured on a GFET 
device as presented in Figure 4.3.1, adjusted by subtraction of 0.15 V.  

 

In Figure 7.2.3a), another aspect is visible: The transfer curve is shifted to higher R 

gradually from pH 7.5 down to pH 3. This represents the measurement history of the 

device and is of utmost importance for the conclusion of this chapter: The biggest 

challenge for the devices in the field-effect measurements is the contact between the 

graphene in the stack and the source and drain electrodes. In some devices, the resistance 

increases with every measured cycle. This also plays a crucial role in the determination 

of R0 and the ON/OFF ratio. Furthermore, this challenge appears to be intensified, when 

the gate voltage is scanned to values above 0.3 V. It could be linked to electrochemical 

reactions leading to gas formation on the edge of graphene at these potentials, which 
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might also break the contact between the stack and graphene. Overall, electrochemical 

gating of graphene via its edge in hBN-Gr-hBN vdW-HS stacks is possible and an 

interesting prospect. However, the contact stability needs to be improved. Furthermore, 

it was discussed for the GrEdge-FET devices that narrow graphene ribbons with edge-

gating could potentially show improved sensitivity, however this could not be 

investigated in detail here due to the outlined challenges, but should be kept in mind for 

future studies. The same holds for the choice of the used graphene, as mechanically 

exfoliated graphene with less defects could potentially also improve the device 

performance and stability.  

 

7.3 Electrochemistry on the edge of hBN-graphene-hBN van der 

Waals heterostructure electrodes 

Various studies have shown that the edge of graphene and graphite edge planes are 

electrocatalytically more active than their basal counterparts. [52, 53, 64, 65, 67, 68, 280, 398-400] 

As this became popular, methods to isolate the edge from the basal plane were developed 

to fabricate electrodes that exclude interaction of the basal plane with species in solution. 

[67, 69, 70] It has been discussed above that hBN-encapsulated graphene actually is an ideal 

candidate for this prospect, as hBN supports graphene, while decoupling it electronically 

from its surroundings. [79, 83, 395] The graphene edge at the edge of an hBN-Gr-hBN 

heterostructure should therefore represent an ideal isolated graphene edge electrode. [85] 

However, sufficiently thick hBN multilayers are required to prevent electron transfer 

through hBN to graphene by tunneling. [82] Here, electron transfer at the edge of graphene 

in hBN-Gr-hBN vdW-HS electrodes has been investigated using two different redox 

probes. Figure 7.3.1 displays a scheme of the heterostructure electrode, indicating the 
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electron transfer process. A noteworthy difference between the hBN-encapsulated 

graphene edge electrode and GrEdge-FET devices presented earlier is the diffusion 

profile at the interface: Here, the EDL is hemi-cylindrical, in opposition to the quadrant-

cylindrical case of the edge fabricated beneath photoresist on a silicon chip. [69, 70] 

 

 

Figure 7.3.1: Schematic of an hBN-Gr-hBN vdW-HS edge electrode with contacts on two sides 
of the stack. The contacts are passivated. Only the graphene edge is in contact with the 
measurement solution. There, electrochemically active species can be oxidized/reduced. In the 
scheme, the red sphere represents a species that undergoes oxidation donating an electron and 
becoming the green sphere, which is positively charged.  

 

The redox probes, the electron transfer of which was investigated in this study, were 

ferrocene methanol (FcMeOH) and the neurotransmitter dopamine. Both share a similar 

formal potential of approx. E0’ = 0.2 V vs Ag/AgCl for electron transfer. Their typical 

reversible oxidation is shown in Equation 7.3-1. The oxidation of FcMeOH is highly 

reversible on most electrodes, [70, 401] while the reversibility of dopamine oxidation is 

lower due to slower electron transfer and the occurrence of side reactions. [146, 402]  
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7.3.1 Electrochemical detection of FcMeOH and dopamine at hBN-graphene-hBN 

van der Waals heterostructure stack electrodes 

First, the response of hBN-Gr-hBN stack electrodes as working electrodes in 

electroanalysis was tested. As only the edge of graphene is in contact with the solution, 

all currents can be assumed to flow via this edge. In Figure 7.3.2, the measured CVs for 

two devices with different layouts in the presence of FcMeOH is shown. On both devices, 

the oxidation of FcMeOH can be observed by a current profile, which is typical for 

Faradaic currents at ultramicroelectrodes. The device in Figure 7.3.2a) and b) has a layout 

consisting of 5 ribbons with wRib = 1 µm, similar to the one shown in the AFM 

micrographs in Figure 7.1.1a). The device in Figure 7.3.2c) and d), on the other hand, 

consists of a single 10 µm wide ribbon, like the one shown in Figure 7.1.1b). For the 

latter, the typical sigmoidal steady state current is observed, while the earlier does not 

show a clear steady state profile. The current profile in Figure 7.3.2a), however, shows a 

small kink at around 0.3 V and, therefore, cannot just be described as exponential (which 

would be observed for slow electron transfer rates) either. The two shown cases represent 

the extremes that have been observed for these devices in the presence of FcMeOH. Two 

further examples are later discussed in Figure 7.3.4, which both actually show a profile 
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approaching the steady state. It is peculiar that the clearest sigmoidal steady state profiles 

are observed for the two device types with the widest and the narrowest ribbons. 

Potentially, the profiles could be linked to the different layouts, where unique diffusion 

profiles can be expected. On the other hand, the device-to-device variation should not be 

underestimated, hinting at different qualities with the ideal profile only being observed, 

if the edges are exposed cleanly.  

 

 

Figure 7.3.2: Electrochemical detection of ferrocene methanol (FcMeOH) on the edge of a hBN-
Gr-hBN vdW-HS stack electrode. a) FcMeOH-concentration dependent series of CVs recorded 
on an electrode with #Rib = 5 and wRib = 1 µm. b) Scan rate dependent series of CVs on the same 
electrode in the presence of 1 mM FcMeOH. c),d) The same measurements on a device with #Rib 
= 1 and wRib = 10 µm. All measurements performed in buffer (pH 6.7, BC = 10 mM, IS = 
250 mM). 
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The smallest concentration that was consistently detectable was 10 µM FcMeOH, which 

is in the same order of magnitude as for photo-lithographically fabricated graphene edge 

electrodes. [70] The measured current originating from FcMeOH increased linearly with 

the concentration of the species. The half-wave potential E1/2 was defined as the potential 

at which the increase of the current showed its maximum and was found at 0.225 V vs 

RE in all cases. Furthermore, the Faradaic current was found to be independent of the 

scan rate, as shown in Figure 7.3.2b) and d). The capacitive current (EDL charging 

current) increased linearly with the scan rate, but the Faradaic component remained 

unaffected, especially in the case of Figure 7.3.2b). This is in agreement with the theory 

of ultramicroelectrodes. [148, 150] From the increase in capacitive current, the interfacial 

capacitance can be estimated (see section 2.2.1). [39, 123] It was found to be as small as 

0.13 nF for the “5 x 1 µm”-device and 0.26 nF for the “1 x 10 µm”-device.  

The sigmoidal steady state current is observed, if the rate of mass transport to the 

electrode is relatively lower than the electron transfer rate. [70] This is expected for 

FcMeOH, as the electron transfer of this species on the edge has been shown to be fast 

and therefore, the current is diffusion limited with a steady state being reached. This is in 

contrast to dopamine, as presented in Figure 7.3.3. Here, the current component 

originating from dopamine shows an exponential increase. This signifies kinetic control 

of the current and is observed, if the electron transfer is significantly slower than the mass 

transport. Still, the smallest detectable concentration of dopamine was 10 µM as well. For 

small concentrations, the current increased linearly with concentration. However, at 

higher concentrations, saturation was observed. In Figure 7.3.3a), the current in the 

presence of 5 mM is similar to that in the presence of 1 mM with the profile even 

flattening at higher potentials. Furthermore, consecutive cycles often showed a decrease 

in current in the presence of dopamine, especially at slow scan rates like 10 mV/s as 
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shown in Figure 7.3.3c). This indicates adsorption of the formed quinone, passivating the 

electrode. At higher scan rates, the same was not observed during the measurements. The 

Faradaic current was independent of the scan rate, while the capacitive current increased 

as a linear function of it on both types of devices presented in Figure 7.3.3b) and d). For 

the “5 x 0.5 µm”-device the interfacial capacitance was found to be approx. 0.13 nF and 

approx. 0.21 nF for the “5 x 0.1 µm” device.  

 

 

Figure 7.3.3: Electrochemical detection of dopamine on the edge of a hBN-Gr-hBN vdW-HS 
stack electrode. a) Dopamine-concentration dependent series of CVs recorded on an electrode 
with #Rib = 5 and wRib = 0.5 µm. b) Scan rate dependent series of CVs on the same electrode in 
the presence of 1 mM dopamine. c),d) Scan rate dependent measurements on a device with #Rib 
= 5 and wRib = 0.1 µm. In c) the first 2 cycles of the measurement with vf = 10 mV/s are shown. 
The current decreases in the second cycle as indicated by the arrow. In d) multiple scan rates are 
compared with the second cycle shown in c). All measurements performed in buffer (pH 6.7, BC 
= 10 mM, IS = 250 mM). 
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In Figure 7.3.4, the CVs in the presence of 1 mM FcMeOH and 1 mM dopamine are 

compared directly for two devices. Consistently, it was observed that the current is 

diffusion controlled in the presence of FcMeOH with the current profile approaching 

sigmoidal steady state shape, while the Faradaic current of the dopamine oxidation 

underlies kinetic control. Furthermore, the onset-potential for dopamine is much higher 

than for FcMeOH and the overall observed current is much smaller, which is in agreement 

with the observed profile and its implication for the electron transfer rates.  

 

 

Figure 7.3.4: Direct comparison of CVs measured in the presence of either 1 mM FcMeOH or 1 
mM Dopamine on devices with #Rib = 5 µm and a) wRib = 0.5 µm and b) wRib = 0.1 µm. All 
measurements performed in buffer (pH 6.7, BC = 10 mM, IS = 250 mM). 

 

Overall, the hBN-Gr-hBN vdW-HS stacks show the expected behavior as electrodes. The 

current profiles are indicative of ultramicroelectrodes, which is in agreement with the 

microscale length and nanoscale height of the electrode that is defined by the exposed 

graphene edge. Adsorption of dopamine was partially observed. This is the first report of 

such electrochemical signals on the edge of hBN-Gr-hBN vdW-HS stacks. The observed 

signals show the high potential of such electrodes for sensor applications, as their low 

capacitive currents allow for the detection of small concentrations.  
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It is noteworthy that the electrochemical intercalation of Li-ions in hBN-Gr-hBN vdW-

HS stacks has been demonstrated before. [86] In the case presented here, no indications of 

intercalation of FcMeOH or dopamine was found. These molecules are rather big (in 

comparison to Li-ions) and therefore, intercalation is not expected. For smaller species 

this might play a more important role. 

 

7.3.2 Fastscan cyclic voltammetry on hBN-graphene-hBN van der Waals 

heterostructure stack electrodes 

Fastscan is a special case of CV, where the scan rate is chosen very high, whereby the 

potential window is scanned multiple times per second. A focus application of this 

specialized method is the detection of neurotransmitters like dopamine in vivo. [146, 403-409] 

The release of dopamine in the brain occurs on time scales that cannot be resolved with 

classical CV scan rates or differential pulse voltammetry. Chronoamperometry is faster, 

but does not allow for a selective analysis. Therefore, fastscan CV is the method of choice 

for such measurements. [146, 410] This field of research reaches back to the 1960s, [411] with 

focus on the development of the ideal measurement parameters on one hand and the 

development of microelectrodes for local probing on the other. [146, 147, 403-410] Mostly 

carbon-based electrodes were developed.  

One of the most important challenges in fastscan CV is the capacitive current. This 

background current expressing the charging current of the EDL increases linearly over 

the scan rate with the interfacial capacitance as the sensitivity factor. [39, 123] The Faradaic 

current, on the other hand, increases linearly over the square root of the scan rate at planar 

electrodes. [39] Therefore, the increase of the currents compete with each other, with the 

capacitive current dominating over Faradaic currents at high scan rates, especially for 
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small concentrations of electrochemically active species. It can be expected that the limit 

of detection is usually larger (worse) in fastscan CV measurements than for commonly 

used scan rates. This is especially important for the nanoelectrode behavior outlined in 

the previous section, as it was shown for both species on all devices that the Faradaic 

current does not increase with the scan rate on such electrodes at all at small scan rates. 

[148, 150] On the other hand, micro- und nanoelectrodes are generally more suited for 

fastscan measurements, as the Faradaic current density is higher at such electrodes due to 

their diffusion profiles. [149] Furthermore, as the scan rate increases, the shape of the 

current profile changes, which will be discussed later.  

For the dopamine detection in fastscan CV, special approaches were integrated into the 

method. This includes optimization of the waveform and holding the potential in between 

cycles or at the upper vertex potential to increase the amount of current. [146, 403, 404, 412] 

Furthermore, adsorption appears to play an important role transforming the scan rate 

dependence of the Faradaic current to linear, at least for small concentrations of 

dopamine. [408, 413]  

Due to the low capacitive currents and comparably high signals from the 

electrochemically species, the hBN-Gr-hBN vdW-HS stack electrodes were tested as 

electrodes in fastscan CV as well. It should be acknowledged that only an initial test was 

possible to evaluate the general possibility to detect signals in fastscan CV. Future work 

needs to be focused on optimization of all experimental parameters ranging from the 

device layout to waveform and scan rates, etc.  

First, the results for FcMeOH are in the focus, since the detection of this species is more 

straightforward. Fast electron transfer was observed in the common CVs. The strongest 

signals were observed on the “1 x 10 µm” device, which was presented in Figure 7.3.2 
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for conventional CVs. Fastscan CVs on that device measured in the presence of FcMeOH 

are presented in Figure 7.3.6. 

 

 

Figure 7.3.5: Fastscan CVs of FcMeOH on the edge of hBN-Gr-hBN vdW-HS stack electrodes. 
a) Comparison of CVs recorded with vf = 500 mV/s (= 0.5 V/s, standard CV) and vf = 50 V/s 
(fastscan CV) in the presence of 1 mM FcMeOH on a device with #Rib = 1 and wRib = 10 µm. 
b) Scan rate dependent fastscan CV measurements in the presence of 1 mM FcMeOH. c),d) The 
same measurements in the presence of 5 mM FcMeOH. All measurements performed in buffer 
(pH 6.7, BC = 10 mM, IS = 250 mM). Fastscan CVs smoothed for clarity.  

 

Figure 7.3.6a) and c) show direct comparisons of curves measured with conventional CV 

scan rates and with a fastscan scan rate of 50 V/s in the presence of 1 mM and 5 mM 

FcMeOH. Comparatively, this scan rate is still slow, although being two orders of 

magnitude higher than the conventional scan rate, which was 0.5 V/s and, hence, already 

fast for a standard CV. The scan rate of 50 V/s is equivalent to a frequency of approx. 
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20 Hz. The flashing difference between the conventional CVs and the fastscan CVs is the 

shape of the current profile. While the slower scans show the typical sigmoidal shape of 

a steady state current, the fastscan CVs show the peak-shape typically observed in CVs 

on macroelectrodes. [39, 148-150] As discussed in section 2.4, the diffusion pattern at an 

ultramicroelectrode is hemi-cylindrical and the mass transport radial. For 

macroelectrodes, planar diffusion is governing the peak shape. With increasing scan rate, 

the diffusion layer becomes thinner and planar diffusion contributes stronger to the mass 

transport at the nanoelectrode. [149] Therefore, the diffusion pattern at the graphene edge 

nanoelectrodes at high scan rates is equivalent to macroelectrodes and the typical peak-

shape is observed in the fastscan CVs. In Figure 7.3.6b) and d), the fastscan CVs recorded 

at increasing scan rates are shown. The higher the scan rate, the less clear the peaks of the 

oxidation and re-reduction of FcMeOH are visible, indicating the competition between 

increasing capacitive current and Faradaic current.  

These parameters are analyzed in detail in Figure 7.3.7. Firstly, the CVs at vf = 100 V/s 

are compared for different concentrations of FcMeOH in Figure 7.3.7a). The FcMeOH 

peaks are distinctly visible for concentrations of 1 mM and 5 mM. For 100 µM, the 

oxidation is barely visible, indicating the strong increase of capacitive current in 

comparison to the Faradaic current contribution of the species, as the limit of detection is 

much higher in the fastscan measurements.  

Figure 7.3.7b) shows a comparison of the Faradaic peak currents of FcMeOH extracted 

from Figure 7.3.6b) and d). The current measured at conventional scan rates as shown in 

Figure 7.3.2d) is added in that graph as well. At the slower scan rates a small increase of 

the current was already observed indicating the beginning of the increasing contribution 

of planar diffusion. The extracted current values are plotted against the square root of the 

scan rate. The magnitude of the peak currents of the reduction is displayed.  
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Figure 7.3.6: Parameter analysis of fastscan CVs. a) FcMeOH-concentration dependent fastscan 
CVs at a scan rate of vf = 100 V/s on a device with #Rib = 1 and wRib = 10 µm. b) Comparison of 
Faradaic currents iF (peak currents ip(ox) and ip(red) and steady state current iss) extracted from 
standard and fastscan CVs in the presence of 1 mM and 5 mM FcMeOH as a function of square 
root of the scan rate vf

1/2 showing a linear trend. c) Peak potentials Ep(ox) and Ep(red), formal 
potential E0’ and half-wave potential of steady state currents E1/2 (ss) as a function of the scan rate 
extracted from fastscan and standard CVs in the presence of 5 mM FcMeOH. d) Analysis of the 
capacitive current as a function of the scan rate extracted from standard and fastscan CVs. From 
the linear fit icap = C ∙ vf, the interfacial capacitance can be extracted with C ≈ 0.26 nF. The green 
dashed line shows the fit of the oxidative peak current for 5 mM FcMeOH over the square root 
of the scan rate as fitted in b). All measurements performed in buffer (pH 6.7, BC = 10 mM, IS = 
250 mM). Fastscan CVs smoothed for clarity. 

 

For both concentrations, the reduction peak is smaller than the oxidation as expected, 

since only the reduced form is present in the bulk solution. A linear fit was applied to the 

data over the square root of the scan rate yielding satisfactory agreement. This 

relationship is predicted by the Randles-Sevcik-equation, as discussed earlier, which 

underlines the transition of the diffusion profile to planar for the redox reaction with high 

reversibility. Interestingly, for both concentrations the fits overlapped with the data of the 
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steady state current at slower scan rates showing that the sigmoidal steady state current is 

the minimum value of the diffusion limited current that is observable on this electrode.  

Furthermore, the peak potential Ep of the oxidation and reduction were extracted and are 

plotted for the 5 mM case in Figure 7.3.7c). The smallest value of peak-to-peak separation 

is 110 mV at 50 V/s and 100 V/s indicating that the reaction is not ideally reversible, 

which is also confirmed by the increase of the separation at higher scan rates. The position 

of the formal potential of the reaction, however, remained constantly at E0’ = 0.225 V, 

which overlaps with the half-wave potential observed at slower scan rates for the steady 

state currents with E1/2 = 0.225 V. Overall, the electrochemical redox reaction at the 

graphene edge of the hBN-Gr-hBN vdW-HS stack electrode showed reversible, near-

Nernstian behavior.  

Finally, the increase of the capacitive current was analyzed in Figure 7.3.7d). The values 

were constant independent of the FcMeOH concentration. They increase linear with the 

scan rate. The interfacial capacitance can be extracted as the slope of the linear fit of the 

capacitive current values. The fit of the Faradaic peak current of the oxidation of 5 mM 

FcMeOH is shown in the graph as well. At approx. vf = 200 V/s, both fits overlap. Before 

this value, the peak current dominates. However, at very high scan rates the capacitive 

current dominates by far. This underlines the competition between the two and the need 

for small capacitive currents in fastscan CV. 

As mentioned before, the Faradaic currents measured for FcMeOH were overall 

extraordinarily high for the device discussed in detail above. Therefore, similar 

measurements were repeated on other devices with the same, as well as different layouts. 

In Figure 7.3.8 this is shown for another “1 x 10 µm”-device and a “5 x 0.5 µm” device.  
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Figure 7.3.7: Further fastscan CVs of FcMeOH on the edge of hBN-Gr-hBN vdW-HS stack 
electrodes. a) Comparison of CVs recorded with vf = 100 mV/s (= 0.1 V/s, standard CV) and vf = 
20 and 50 V/s (fastscan CV) in the presence of 5 mM FcMeOH on a different device with #Rib = 
1 and wRib = 10 µm. b) Scan rate dependent fastscan CV measurements in the presence of 5 mM 
FcMeOH on that device. c) Comparison of CVs recorded with vf = 100 mV/s (= 0.1 V/s, standard 
CV) and vf = 100 V/s (fastscan CV) in the presence of 5 mM FcMeOH on a device with #Rib = 
5 and wRib = 0.5 µm. d) Scan rate dependent fastscan CV measurements in the presence of 5 mM 
FcMeOH on that device. All measurements performed in buffer (pH 6.7, BC = 10 mM, IS = 250 
mM). Fastscan CVs in b) and d) smoothed for clarity.  

 

On both devices, a current signal that can be attributed to FcMeOH can be observed with 

E0’ = 0.225 V. On the “1 x 10 µm” device shown in Figure 7.3.8a), a sigmoidal-like 

current is observed for 5 mM FcMeOH at vf = 20 V/s, which is already strongly increased 

in comparison to the slower scan rate (0.1 V/s) shown as well. For vf = 50 V/s, current 

peaks can be observed. For higher scan rates, as shown in Figure 7.3.8b), the FcMeOH 

signal is still discernible. However, peaks are not clearly observable, especially at the 

highest scan rates. The Faradaic current measured for 5 mM FcMeOH is smaller on this 
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device, but the same also holds for the capacitive current. The interfacial capacitance on 

this device was found to be approx. 0.20 nF. For the “5 x 0.5 µm” device, as presented in 

Figure 7.3.8c) and d) the signal is also discernible, however no peak currents were 

observed. Furthermore, at high scan rates like 500 V/s and 1000 V/s, the signal is 

completely covered by the capacitive current. Generally, the signal of FcMeOH was 

smaller on devices with multiple ribbons even though they consistently showed the 

smallest interfacial capacitance with approx. 0.13 nF. Potentially this has to be attributed 

to the diffusion profiles at the ribbons. For devices with a single, wide ribbon, there are 

only two edges available and both are far apart. Both can be seen separately and the 

transition to planar diffusion could be occurring faster than for the devices with multiple 

ribbons, where eight out of the ten ribbons face another edge (see Figure 7.1.1a)) with 

just 400 nm between them. Here, the diffusion pattern should be different from a simple 

band electrode. Without the peak current arising, the currents are generally smaller and 

therefore, the FcMeOH is less clearly discernible in fastscan CV.  

Overall FcMeOH could be detected in fastscan CVs recorded on the hBN-Gr-hBN vdW-

HS stack electrodes. The signals were stronger and more distinct on devices with a single 

wide ribbon. Device-to-device variations of the magnitude of the Faradaic currents were 

observed and the limit of detection was rather high with distinct signals starting only at 

1 mM.  

Subsequently, the possibility to detect dopamine in fastscan CVs was evaluated. The 

results for a “5 x 0.5 µm”-device are shown in Figure 7.3.9. With the comparatively slow 

electron transfer that limits the current observed on the device in section 7.3.1, weaker 

signals were expected for this species.  
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Figure 7.3.8: Fastscan CVs of dopamine on the edge of hBN-Gr-hBN vdW-HS stack electrodes. 
a) Comparison of CVs recorded with vf = 1 V/s (standard CV) and vf = 100 V/s (fastscan CV) in 
the presence of 5 mM dopamine on a device with #Rib = 5 and wRib = 0.5 µm. b) Scan rate 
dependent fastscan CV measurements in the presence of 5 mM dopamine on that device. The pink 
dotted lines indicate the approximate background current, from which the measured current 
deviates at the onset potential of the oxidation and re-reduction of dopamine, as indicated by the 
arrows for the blue curve at 500 V/s. All measurements performed in buffer (pH 6.7, BC = 10 mM, 
IS = 250 mM). Fastscan CVs in b) smoothed for clarity.  

 

As shown in Figure 7.3.9a), an increasing current could only be observed with an onset 

potential of approx. 0.6 V at vf = 100 V/s in the presence of 5 mM dopamine. This signal 

can be attributed to dopamine as it was absent in blank buffer solution on this device. 

Furthermore, a similar signal could be observed at higher scan rates as well, as shown in 

Figure 7.3.9b). However, this was only possible after the solution was exchanged prior to 

the measurement. Shifts of the onset potential for reactions with slow electron transfer at 

high scan rates can be expected. [39] Potentially, the current increase in the backward scan 

below 0.1 V can be attributed to the re-reduction, however this can not be confirmed with 

certainty.  

The detection of dopamine was limited by a few factors. The signal attributed to dopamine 

was decreasing in intensity over the course of several cycles. This is exemplary shown in 

Figure 7.3.10a). The current measured in the 30th and 40th cycle was almost identical to 

the measurement in blank buffer. This could be linked to adsorption of dopamine or the 
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formed quinone on the edge passivating it over time. Refreshing the solution lead to 

higher signals again, however this effect limits the signals that can be observed since large 

cycle numbers need to be scanned in fastscan CVs and the signal can vanish fast.  

 

 

Figure 7.3.9: Limitations of fastscan detection of dopamine. a) Comparison of multiple cycles of 
fastscan CV with vf = 100 V/s in the presence of 5 mM dopamine on a device with #Rib = 5 and 
wRib = 0.5 µm in comparison to measurement in blank buffer. b) Average of multiple cycles of 
fastscan CV with vf = 100 V/s in the presence of 5 mM dopamine on a device with #Rib = 1 and 
wRib = 10 µm in comparison to signal in blank buffer. c) Background-subtracted fastscan CV 
showing the signal of dopamine oxidation measured on different devices extracted from a) and 
b). All measurements performed in buffer (pH 6.7, BC = 10 mM, IS = 250 mM). 

 

On some devices background signals can be observed in blank buffer that overlap with 

currents originating from the analyte. This was especially the case for the “1 x 10 µm” 

devices, as exemplary shown in Figure 7.3.10b). The green curve measured in buffer 
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shows a peak around 0.8 V. The dopamine signal can be distinct from it, since it has a 

much smaller onset potential (approx. 0.6 V). However, such overlapping signals can 

mask the target signal and therefore disturb the measurement. Subtraction of the current 

measured in buffer from that measured in the presence of 5 mM dopamine can help to 

reveal the actual signal, as shown in Figure 7.3.10c). There, the background subtracted 

current attributed to dopamine measured on devices with different layouts is shown. The 

onset potential is the same for both. Interestingly, the shape of the curves shows a certain 

similarity to the fastscan CVs measured for FcMeOH: For the “1 x 10 µm”-device, the 

current appears to show a peak, while on the “5 x 0.5 µm”-device the current rather shows 

a sigmoidal profile.  

In conclusion, a Faradaic current component was observed in the presence of dopamine 

in fastscan CV measurements on the edge of graphene in hBN-Gr-hBN vdW-HS stack 

electrodes as well. Like for FcMeOH, this only holds for rather high concentrations of 

more than 1 mM. Furthermore, the signal was shifted to high onset potentials in 

comparison to slower scan rates. The re-reduction was not distinctly observable, which 

has to be partially attributed to the slow electron transfer  

 

7.4 Challenges for hBN-graphene-hBN devices 

In conclusion, it was shown that hBN-Gr-hBN vdW-HS stacks can be operated in liquid 

in field-effect devices and as electrodes for electroanalysis. For their use in 

electrochemically gated FETs, gating via the edge is possible in a similar fashion as for 

GrEdge-FET devices discussed in section 6. However, the devices lack reliability due to 

stability issues concerning the source and drain contacts. This was found to be mainly due 

to the window of operation, as below potentials of -0.2 V, hydrogen evolution could be 
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catalyzed at the electrode. The resulting gas formation is detrimental to the device, as it 

leads to problematic increases of the contact resistance in field-effect measurements, as 

well as in rapid increases of the capacitive current in electrochemistry. Therefore, 

measurements below that potential need to be avoided limiting the practical use of the 

devices. This is also the reason, why the re-reduction of dopamine could not be 

investigated in detail. Furthermore, the contamination that was attributed to Cu or Ag 

impurities needs to be removed more reliably. As outlined before, all of these issues might 

be avoidable by using mechanically exfoliated graphene instead of CVD-graphene. The 

latter is practically easier to handle during the fabrication and gives single layers more 

reliably. However, Cu impurities are not the only drawback of this type of graphene. The 

polycrystalline nature of CVD-graphene leads to grain boundaries being present on the 

micrometer scale. Furthermore, ripples and folds as well as amorphous carbon 

agglomerates are always present due to the growth on Cu. All of these factors might 

prevent optimal interaction between hBN and graphene. The extraordinarily high currents 

on one of the “1 x 10 µm”-devices might be attributable to such structural defects being 

present on the edge. Overall, the use of mechanically exfoliated graphene could improve 

the quality of the devices and is therefore an interesting prospect for future work.  

Furthermore, for the electrochemical application of these electrodes, the device layouts 

need to be optimized. Their current layout with two contacts was chosen to allow for 

testing the conductivity of the stacks. The size and length of the stacks could be adjusted 

for optimal signals. The use of a single short edge appears to be preferable due to the 

expected diffusion profile, which is equivalent to a nanoband electrode. For those, the 

strongest signals were detected in fastscan CV measurements. On top of the layout, the 

operation procedure could be optimized as well. For the dopamine detection in fastscan 
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CV, ideal operation parameters have been developed in other studies. This process needs 

to be revisited for this type of electrode.  

The final challenge for the hBN-Gr-hBN vdW-HS stack electrodes, however, will be the 

miniaturization of the substrate including the contacts, as for in vivo measurements not 

only the electrode needs to be small, but its socket as well. On the other hand, the edge of 

graphene was demonstrated to bare a lot of potential for electrochemical sensing and the 

field is only starting to gain more attention with exciting applications emerging on the 

horizon.  
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8 CONCLUSION & OUTLOOK 
8. Conclusion & outlook 

In this thesis, advances have been made for a better understanding of processes at the 

graphene-liquid-interface and towards novel sensor designs based on the graphene edge. 

The fabrication of GFETs was optimized for patterning of graphene and passivation of 

the electrode leads by the use of organic photoresists. Using photolithography, a range of 

different graphene field-effect transistor (GFET) layouts could be realized.  

As a “gold standard” characterization measurement, the pH/IS sensitivity of graphene 

field-effect devices [253] was deployed with optimized buffer solutions. This test was used 

to evaluate the performance of devices with different layouts. By variation of the substrate 

material, it was found that the isoelectric point of graphene, which was determined in pH 

and IS dependent measurements, is not influenced by the pKa of the supporting substrate. 

Instead, the isoelectric point and pH sensitivity needs to be attributed to trace impurities 

and functional groups intrinsically present on the surface of graphene.  

First, a new sensing mechanism for electrochemically gated GFETs was found. This was 

achieved by detailed investigation of the interaction of redox active molecules with 

graphene. Electron transfer between these probes and graphene in the channel of GFET 

sensors causes shifts in the Dirac point, which was termed “Faradaic effect” in 

electrochemically gated GFETs. Graphene was shown to be a partially polarizable 

electrode. The presented results show that this kind of shift is observed only under certain 

conditions. Oxidized species cause a reductive shift only if the formal potential lies in the 

valence band, while reduced species cause an oxidative shift if the formal potential lies 

in the conduction band. The magnitude of the shift is found to be linearly proportional to 

the concentration of the redox probe and electrode area, which correlates well with the 
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nature of Faradaic currents observed in electrochemical processes. In this context, a 

GFET layout was developed, in which the channel length could be varied in operando. 

Furthermore, the Faradaic effect is dictated by the kinetics of the electrode reaction, which 

differentiates this effect clearly from electrostatic or charge transfer doping transduction 

mechanisms. Finally, it was discussed that redox active probes do not induce changes in 

field-effect characteristics when the graphene FET channel area is small (microscale). 

The same may be expected if the kinetics are hampered by covalent or non-covalent 

functionalization. In these cases, the graphene-liquid-interface approaches an ideal 

polarizable interface. These results have important implications for the field of 

electrochemically gated graphene FET sensing devices, as this new sensing mechanism 

needs to be considered in sensor design. For electrochemically active (bio)molecules, this 

Faradaic effect can be parasitic in sensing. Therefore, the occurrence of Faradaic currents 

due to electrochemical activity of the molecules used to design a specific biosensor and/or 

the targeted analytes should always be monitored and minimized in electrical sensors 

operating in liquid, especially, if graphene is used as the transducer.  

Secondly, it was shown that a field-effect can be observed in a sheet of 2D material when 

the 1D edge of the sheet is gated exclusively in a liquid environment. This gating was 

achieved by realizing a graphene edge FET (GrEdge-FET), wherein the basal plane is 

shielded by a thick photoresist and only the edge is exposed to the gating medium, which 

is an electrolyte solution. The electric field at the edge-electrolyte interface is efficient 

enough to modulate the charge carrier density in the entire graphene channel. While such 

an effect appears to be possible for graphene width up to several microns, the gating is 

more efficient for a smaller resist-protected basal width (RPBW) of graphene in the 

channel, typically less than 1 micron, as exemplified by a high ON/OFF ratio of up to 10. 

It was demonstrated that GrEdge-FETs can function as pH sensors, which enabled the 
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determination of the isoelectric point of the edge interface. Finally, the charge distribution 

at the edge could be modulated successfully by covalent attachment of 4-aminophenyl 

residues. Although such a modification affects the electronic transport to some extent, the 

shielded basal plane remains untouched, because of which the typical graphene FET 

response is preserved even after successive rounds of covalent modification. Overall, 

edge-gated sensors with a small RPBW (< 1 µm) are robust and are advantageous due to 

their unique design with a 1D active area, increased ON/OFF ratio, high sensitivity 

towards chemical functionalities at the edge and the capability to be decorated persistently 

with appropriate receptors. Future work may focus on the selective detection of 

biomolecules at the GrEdge and the realization of GrEdge-FETs with narrower graphene 

ribbons or with a multitude of edges with the goal of improving the sensing performance.  

Finally, hBN-graphene-hBN (hBN-Gr-hBN) van der Waals heterostructure (vdW-HS) 

stacks were evaluated for their use as sensors in aqueous solutions. The stacks were 

contacted in such a way, that they could be used as FETs with the graphene in the vdW-

HS as the active element, or as electrodes in electroanalysis. Different layouts were tested. 

Only the graphene edge on the side of the hBN-Gr-hBN vdW-HS was in contact with the 

solution. For transistor measurements, the same gating mechanism as for the GrEdge-

FET devices is viable. Gating of the channel via the edge was successfully demonstrated. 

However, the devices often did not withstand many sensor trials. This was confirmed in 

electrochemical measurements, where it was revealed that background reactions at 

negative potentials are detrimental for the stacks potentially due to gas formation, leading 

to increased capacitive currents in cyclic voltammetry (CV) and failure of the device in 

GFET measurements. However, in the appropriate potential window of operation, 

electrochemical currents could be measured on the graphene edge in CVs in the presence 

of ferrocene methanol and dopamine. For the earlier, diffusion controlled steady state 
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currents with sigmoidal shape could be observed at the graphene edge nanoband 

electrode. In the case of dopamine, kinetic control was observed. Furthermore, the use of 

hBN-Gr-hBN vdW-HS electrodes for fastscan CV with scan rates of up to 1000 V/s was 

demonstrated for the first time. At these large scan rates, the current profile in the fastscan 

CVs of ferrocene methanol changed to the diffusion-limited peak shape usually observed 

at macroelectrodes. Dopamine signals, although weaker, were clearly present. These 

initial tests confirmed that hBN-Gr-hBN vdW-HS stacks might be suitable candidates for 

the development of a novel type of nanoelectrode for the electrochemical detection of 

dopamine with high temporal resolution. Overall, graphene edge FETs and electrodes 

based on vdW-HS might open the door for new sensor designs based on the 2D material. 

However, the sensor design needs to be optimized in accordance to the desired 

application.  

Although graphene sensors are already well developed, they have not yet made the step 

out of the laboratory and into industry and our everyday lives. Sensors have been designed 

for a broad range of analytes. The concept is rather trivial, as a suited receptor for the 

desired analyte just needs to be immobilized at the surface of graphene in the channel of 

a field-effect device. Most reported sensors based on this concept show high selectivity 

and sensitivity. The challenges arise at a more fundamental level. Affordability, usability, 

reusability and reproducibility are among the biggest issues. Graphene as a raw material 

is comparably expensive and point-of-care devices based on FETs would additionally 

require a reference electrode and measurement hardware. The same holds for other 

electrochemical graphene sensors based e.g. on electron transfer. Ideally, these issues 

could be overcome with a lab-on-a-chip approach, where the sensor contains all 

components on a small device that can be controlled via a smartphone. However, a 

widespread use of this strategy is not within grasp yet. For many applications, qualitative 
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results appear to be sufficient. It is still a long way to go until electrical graphene sensors 

could replace lateral-flow-tests for such purposes. Therefore, the focus for graphene 

should rather be on quantitative and reusable sensors comparable to pH sensors based on 

IS-FETs or sensors, where the active part is cheap and easily exchangeable like in glucose 

meters.  

The fundamental studies conducted here contribute valuable insight for the field of 

graphene-based sensors operating in liquid. The Faradaic effect is a concept that was 

predicted, but barely understood. Since it is now known when and how it occurs, sensors 

can be designed accordingly. On one hand, sensors based on the Faradic effect are 

imaginable. However, sufficient Faradaic currents need to be present for the Faradaic 

effect to occur. Sensors probing electron transfer appear to be more suited for such 

applications, unless the resistance through the sensor could be engineered to such values 

that small currents are translated to large voltage shifts, while avoiding high noise levels. 

On the other hand, it should be expected that sensors based on electrostatic interactions 

are more sensitive. For these, the GLI needs to be designed to avoid the occurrence of 

Faradaic currents by creating a polarized interface. Therefore, a dielectric layer on top of 

graphene should be considered for sensors, which is often already present in the form of 

an anchor layer for the receptors. Furthermore, shifts based on the Faradaic effect (as well 

as leakage currents) can be minimized by fabrication of devices on the micro- or 

nanoscale. At micro- and nanoelectrodes the currents are much smaller than on 

macroelectrodes, since the current scales with the electrode area.  

Electrochemical graphene edge sensors are such nanostructured devices. Field-effect 

sensors based on the graphene edge originally introduced in this thesis have been realized 

only recently and the technology will have to be developed much further for realistic 

applications. However, the concept carries a lot of potential, as the fragile graphene 
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channel is protected in this type of device. Stability and reusability could be among 

advantages of these devices. Furthermore, nanoelectrodes based on the graphene edge 

have been demonstrated to show very low capacitive currents, while low amounts of 

electrochemically active species can be detected. Especially in the case of hBN-Gr-hBN 

heterostructures this can be utilized to design nanoelectrodes. It should be expected that 

such devices would have a rather specialized field of application like the in vivo detection 

of neurotransmitters. On the other hand, sensors based on electroanalysis like glucose 

meters are relevant in everyday life applications. Such applications could be developed 

for graphene edge devices as well. Overall, the development of graphene based 

(bio)sensors for real life applications remains a challenge. However, with new concepts 

and technological approaches as well as smart design choices this challenge will turn into 

a success, eventually.  

 

 

 



 

210 
 

9 BIBLIOGRAPHY 
9. Bibliography 

[1] Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, 
S. V.; Grigorieva, I. V.; Firsov, A. A., Science 2004, 306, 666. 
[2] Wallace, P. R., Phys. Rev. 1947, 71, 622. 
[3] Backes, C.; Abdelkader, A. M.; Alonso, C.; Andrieux-Ledier, A.; Arenal, R.; 
Azpeitia, J.; Balakrishnan, N.; Banszerus, L.; Barjon, J.; Bartali, R.; Bellani, S.; Berger, 
C.; Berger, R.; Ortega, M. M. B.; Bernard, C.; Beton, P. H.; Beyer, A.; Bianco, A.; 
Bøggild, P.; Bonaccorso, F.; Barin, G. B.; Botas, C.; Bueno, R. A.; Carriazo, D.; 
Castellanos-Gomez, A.; Christian, M.; Ciesielski, A.; Ciuk, T.; Cole, M. T.; Coleman, J.; 
Coletti, C.; Crema, L.; Cun, H.; Dasler, D.; De Fazio, D.; Díez, N.; Drieschner, S.; 
Duesberg, G. S.; Fasel, R.; Feng, X.; Fina, A.; Forti, S.; Galiotis, C.; Garberoglio, G.; 
García, J. M.; Garrido, J. A.; Gibertini, M.; Gölzhäuser, A.; Gómez, J.; Greber, T.; Hauke, 
F.; Hemmi, A.; Hernandez-Rodriguez, I.; Hirsch, A.; Hodge, S. A.; Huttel, Y.; Jepsen, P. 
U.; Jimenez, I.; Kaiser, U.; Kaplas, T.; Kim, H.; Kis, A.; Papagelis, K.; Kostarelos, K.; 
Krajewska, A.; Lee, K.; Li, C.; Lipsanen, H.; Liscio, A.; Lohe, M. R.; Loiseau, A.; 
Lombardi, L.; Francisca López, M.; Martin, O.; Martín, C.; Martínez, L.; Martin-Gago, 
J. A.; Ignacio Martínez, J.; Marzari, N.; Mayoral, Á.; McManus, J.; Melucci, M.; Méndez, 
J.; Merino, C.; Merino, P.; Meyer, A. P.; Miniussi, E.; Miseikis, V.; Mishra, N.; Morandi, 
V.; Munuera, C.; Muñoz, R.; Nolan, H.; Ortolani, L.; Ott, A. K.; Palacio, I.; Palermo, V.; 
Parthenios, J.; Pasternak, I.; Patane, A.; Prato, M.; Prevost, H.; Prudkovskiy, V.; Pugno, 
N.; Rojo, T.; Rossi, A.; Ruffieux, P.; Samorì, P.; Schué, L.; Setijadi, E.; Seyller, T.; 
Speranza, G.; Stampfer, C.; Stenger, I.; Strupinski, W.; Svirko, Y.; Taioli, S.; Teo, K. B. 
K.; Testi, M.; Tomarchio, F.; Tortello, M.; Treossi, E.; Turchanin, A.; Vazquez, E.; 
Villaro, E.; Whelan, P. R.; Xia, Z.; Yakimova, R.; Yang, S.; Yazdi, G. R.; Yim, C.; Yoon, 
D.; Zhang, X.; Zhuang, X.; Colombo, L.; Ferrari, A. C.; Garcia-Hernandez, M., 2D 
Materials 2020, 7, 022001. 
[4] Bhimanapati, G. R.; Lin, Z.; Meunier, V.; Jung, Y.; Cha, J.; Das, S.; Xiao, D.; 
Son, Y.; Strano, M. S.; Cooper, V. R.; Liang, L.; Louie, S. G.; Ringe, E.; Zhou, W.; Kim, 
S. S.; Naik, R. R.; Sumpter, B. G.; Terrones, H.; Xia, F.; Wang, Y.; Zhu, J.; Akinwande, 
D.; Alem, N.; Schuller, J. A.; Schaak, R. E.; Terrones, M.; Robinson, J. A., ACS Nano 
2015, 9, 11509. 
[5] Gupta, A.; Sakthivel, T.; Seal, S., Prog. Mater Sci. 2015, 73, 44. 
[6] Novoselov, K. S.; Fal′ko, V. I.; Colombo, L.; Gellert, P. R.; Schwab, M. G.; Kim, 
K., Nature 2012, 490, 192. 
[7] Geim, A. K.; Novoselov, K. S., Nat. Mater. 2007, 6, 183. 
[8] Romagnoli, M.; Sorianello, V.; Midrio, M.; Koppens, F. H. L.; Huyghebaert, C.; 
Neumaier, D.; Galli, P.; Templ, W.; D’Errico, A.; Ferrari, A. C., Nature Reviews 
Materials 2018, 3, 392. 
[9] Ferrari, A. C.; Bonaccorso, F.; Fal'ko, V.; Novoselov, K. S.; Roche, S.; Bøggild, 
P.; Borini, S.; Koppens, F. H. L.; Palermo, V.; Pugno, N.; Garrido, J. A.; Sordan, R.; 
Bianco, A.; Ballerini, L.; Prato, M.; Lidorikis, E.; Kivioja, J.; Marinelli, C.; Ryhänen, T.; 



9 Bibliography 

211 
 

Morpurgo, A.; Coleman, J. N.; Nicolosi, V.; Colombo, L.; Fert, A.; Garcia-Hernandez, 
M.; Bachtold, A.; Schneider, G. F.; Guinea, F.; Dekker, C.; Barbone, M.; Sun, Z.; 
Galiotis, C.; Grigorenko, A. N.; Konstantatos, G.; Kis, A.; Katsnelson, M.; Vandersypen, 
L.; Loiseau, A.; Morandi, V.; Neumaier, D.; Treossi, E.; Pellegrini, V.; Polini, M.; 
Tredicucci, A.; Williams, G. M.; Hee Hong, B.; Ahn, J.-H.; Min Kim, J.; Zirath, H.; van 
Wees, B. J.; van der Zant, H.; Occhipinti, L.; Di Matteo, A.; Kinloch, I. A.; Seyller, T.; 
Quesnel, E.; Feng, X.; Teo, K.; Rupesinghe, N.; Hakonen, P.; Neil, S. R. T.; Tannock, 
Q.; Löfwander, T.; Kinaret, J., Nanoscale 2015, 7, 4598. 
[10] Li, J.; Niu, L.; Zheng, Z.; Yan, F., Adv. Mater. 2014, 26, 5239. 
[11] Balasubramanian, K.; Kern, K., Adv. Mater. 2014, 26, 1154. 
[12] Neumaier, D.; Zirath, H., 2D Materials 2015, 2, 030203. 
[13] Béraud, A.; Sauvage, M.; Bazán, C. M.; Tie, M.; Bencherif, A.; Bouilly, D., 
Analyst 2021, 146, 403. 
[14] Andronescu, C.; Schuhmann, W., Current Opinion in Electrochemistry 2017, 3, 
11. 
[15] Donnelly, M.; Mao, D.; Park, J.; Xu, G., J. Phys. D: Appl. Phys. 2018, 51. 
[16] Zhang, X.; Jing, Q.; Ao, S.; Schneider, G. F.; Kireev, D.; Zhang, Z.; Fu, W., Small 
2019. 
[17] Hannah, S.; Blair, E.; Corrigan, D. K., Current Opinion in Electrochemistry 2020, 
23, 7. 
[18] Huang, C.; Hao, Z.; Qi, T.; Pan, Y.; Zhao, X., Journal of Materiomics 2020. 
[19] Ning, J.; Wang, Y.; Feng, X.; Wang, B.; Dong, J.; Wang, D.; Yan, C.; Shen, X.; 
Wang, X.; Zhang, J.; Hao, Y., Carbon 2020, 163, 417. 
[20] Fakih, I.; Mahvash, F.; Siaj, M.; Szkopek, T., Physical Review Applied 2017, 8. 
[21] Sohrabi, C.; Alsafi, Z.; O'Neill, N.; Khan, M.; Kerwan, A.; Al-Jabir, A.; Iosifidis, 
C.; Agha, R., International Journal of Surgery 2020, 76, 71. 
[22] Seo, G.; Lee, G.; Kim, M. J.; Baek, S.-H.; Choi, M.; Ku, K. B.; Lee, C.-S.; Jun, 
S.; Park, D.; Kim, H. G.; Kim, S.-J.; Lee, J.-O.; Kim, B. T.; Park, E. C.; Kim, S. I., ACS 
Nano 2020, 14, 5135. 
[23] Sengupta, J.; Hussain, C. M., Carbon Trends 2021, 2, 100011. 
[24] Heller, I.; Chatoor, S.; Männik, J.; Zevenbergen, M. A. G.; Dekker, C.; Lemay, S. 
G., physica status solidi (RRL) – Rapid Research Letters 2009, 3, 190. 
[25] Li, Y.; Zhu, Y.; Wang, C.; He, M.; Lin, Q., Biosens. Bioelectron. 2019, 126, 59. 
[26] Takagiri, Y.; Ikuta, T.; Maehashi, K., ACS Omega 2020, 5, 877. 
[27] Ahn, S. R.; An, J. H.; Lee, S. H.; Song, H. S.; Jang, J.; Park, T. H., Sci. Rep. 2020, 
10, 388. 
[28] Hwang, M. T.; Wang, Z.; Ping, J.; Ban, D. K.; Shiah, Z. C.; Antonschmidt, L.; 
Lee, J.; Liu, Y.; Karkisaval, A. G.; Johnson, A. T. C.; Fan, C.; Glinsky, G.; Lal, R., Adv. 
Mater. 2018, 30. 
[29] Kim, J. W.; Jang, Y. H.; Ku, G. M.; Kim, S.; Lee, E.; Cho, K.; Lim, K. I.; Lee, W. 
H., Org. Electron. 2018, 62, 163. 



9 Bibliography 

212 
 

[30] Sharon, E.; Liu, X.; Freeman, R.; Yehezkeli, O.; Willner, I., Electroanal. 2013, 
25, 851. 
[31] Wang, C.; Ye, W.; Li, Y.; Zhu, Y.; Lin, Q.; He, M., Biosens. Bioelectron. 2019, 
129, 93. 
[32] Wu, D.; Yu, Y.; Jin, D.; Xiao, M. M.; Zhang, Z. Y.; Zhang, G. J., Anal. Chem. 
2020, 92, 4006. 
[33] Zhou, L.; Mao, H.; Wu, C.; Tang, L.; Wu, Z.; Sun, H.; Zhang, H.; Zhou, H.; Jia, 
C.; Jin, Q.; Chen, X.; Zhao, J., Biosens. Bioelectron. 2017, 87, 701. 
[34] Zuccaro, L.; Tesauro, C.; Kurkina, T.; Fiorani, P.; Yu, H. K.; Knudsen, B. R.; 
Kern, K.; Desideri, A.; Balasubramanian, K., ACS Nano 2015, 9, 11166. 
[35] Pumera, M., Electrochem. Commun. 2013, 36, 14. 
[36] Ambrosi, A.; Chua, C. K.; Bonanni, A.; Pumera, M., Chem. Rev. 2014, 114, 7150. 
[37] Brownson, D. A.; Kampouris, D. K.; Banks, C. E., Chem. Soc. Rev. 2012, 41, 
6944. 
[38] Janata, J., ECS Solid State Lett. 2012, 1, M29. 
[39] Bard, A. J.; Faulkner, L. R., Electrochemical Methods: Fundamentals and 
Applications. 2nd ed.; Wiley: New York, 2000. 
[40] Aguirre, C. M.; Levesque, P. L.; Paillet, M.; Lapointe, F.; St-Antoine, B. C.; 
Desjardins, P.; Martel, R., Adv. Mater. 2009, 21, 3087. 
[41] Levesque, P. L.; Sabri, S. S.; Aguirre, C. M.; Guillemette, J.; Siaj, M.; Desjardins, 
P.; Szkopek, T.; Martel, R., Nano Lett. 2011, 11, 132. 
[42] Cervenka, J.; Budi, A.; Dontschuk, N.; Stacey, A.; Tadich, A.; Rietwyk, K. J.; 
Schenk, A.; Edmonds, M. T.; Yin, Y.; Medhekar, N.; Kalbac, M.; Pakes, C. I., Nanoscale 
2015, 7, 1471. 
[43] Manna, A. K.; Pati, S. K., Chemistry – An Asian Journal 2009, 4, 855. 
[44] Matković, A.; Kratzer, M.; Kaufmann, B.; Vujin, J.; Gajić, R.; Teichert, C., Sci. 
Rep. 2017, 7, 9544. 
[45] Boussaad, S.; Diner, B. A.; Fan, J., J. Am. Chem. Soc. 2008, 130, 3780. 
[46] Acik, M.; Chabal, Y. J., Jpn. J. Appl. Phys. 2011, 50, 070101. 
[47] Fujii, S.; Enoki, T., Acc. Chem. Res. 2013, 46, 2202. 
[48] Jia, X.; Campos-Delgado, J.; Terrones, M.; Meunier, V.; Dresselhaus, M. S., 
Nanoscale 2011, 3, 86. 
[49] Zhang, X.; Xin, J.; Ding, F., Nanoscale 2013, 5, 2556. 
[50] Enoki, T.; Fujii, S.; Takai, K., Carbon 2012, 50, 3141. 
[51] Tan, C.; Rodríguez-López, J.; Parks, J. J.; Ritzert, N. L.; Ralph, D. C.; Abruña, H. 
D., ACS Nano 2012, 6, 3070. 
[52] Shen, A.; Zou, Y.; Wang, Q.; Dryfe, R. A. W.; Huang, X.; Dou, S.; Dai, L.; Wang, 
S., Angew. Chem., Int. Ed. 2014, 53, 10804. 
[53] Güell, A. G.; Cuharuc, A. S.; Kim, Y.-R.; Zhang, G.; Tan, S.-y.; Ebejer, N.; 
Unwin, P. R., ACS Nano 2015, 9, 3558. 



9 Bibliography 

213 
 

[54] Salehi-Khojin, A.; Estrada, D.; Lin, K. Y.; Bae, M.-H.; Xiong, F.; Pop, E.; Masel, 
R. I., Adv. Mater. 2012, 24, 53. 
[55] Tan, X.; Chuang, H.-J.; Lin, M.-W.; Zhou, Z.; Cheng, M. M.-C., The Journal of 
Physical Chemistry C 2013, 117, 27155. 
[56] Chen, Z.; Lin, Y.-M.; Rooks, M. J.; Avouris, P., Physica E: Low-dimensional 
Systems and Nanostructures 2007, 40, 228. 
[57] Wang, X.; Ouyang, Y.; Li, X.; Wang, H.; Guo, J.; Dai, H., Phys. Rev. Lett. 2008, 
100, 206803. 
[58] Tan, X.; Chuang, H.-J.; Lin, M.-W.; Zhou, Z.; Cheng, M. M.-C., J. Phys. Chem. 
C 2013, 117, 27155. 
[59] Xie, G.; Shi, Z.; Yang, R.; Liu, D.; Yang, W.; Cheng, M.; Wang, D.; Shi, D.; 
Zhang, G., Nano Lett. 2012, 12, 4642. 
[60] Li, X.; Wang, X.; Zhang, L.; Lee, S.; Dai, H., Science 2008, 319, 1229. 
[61] Kwon, S. S.; Shin, J. H.; Choi, J.; Nam, S.; Park, W. I., ACS Appl. Mater. 
Interfaces 2017, 9, 14216. 
[62] Sandner, A.; Preis, T.; Schell, C.; Giudici, P.; Watanabe, K.; Taniguchi, T.; Weiss, 
D.; Eroms, J., Nano Lett. 2015, 15, 8402. 
[63] Traversi, F.; Raillon, C.; Benameur, S. M.; Liu, K.; Khlybov, S.; Tosun, M.; 
Krasnozhon, D.; Kis, A.; Radenovic, A., Nat. Nanotechnol. 2013, 8, 939. 
[64] Tao, L.; Wang, Q.; Dou, S.; Ma, Z.; Huo, J.; Wang, S.; Dai, L., Chem. Commun. 
2016, 52, 2764. 
[65] Li, K.; Jiang, J.; Dong, Z.; Luo, H.; Qu, L., Chem. Commun. 2015, 51, 8765. 
[66] Jiang, J.; Zhang, P.; Liu, Y.; Luo, H., Anal. Methods 2017, 9, 2205. 
[67] Bellunato, A.; Schneider, G. F., Nanoscale 2018, 10, 12011. 
[68] Yuan, W.; Zhou, Y.; Li, Y.; Li, C.; Peng, H.; Zhang, J.; Liu, Z.; Dai, L.; Shi, G., 
Sci. Rep. 2013, 3, 2248. 
[69] Yadav, A.; Iost, Rodrigo M.; Neubert, T. J.; Baylan, S.; Schmid, T.; 
Balasubramanian, K., Chem. Sci. 2019, 10, 936. 
[70] Yadav, A.; Wehrhold, M.; Neubert, T. J.; Iost, R. M.; Balasubramanian, K., ACS 
Applied Nano Materials 2020, 3, 11725. 
[71] Balasubramanian, K., Biosens. Bioelectron. 2010, 26, 1195. 
[72] Kurkina, T.; Balasubramanian, K., Cell. Mol. Life Sci. 2012, 69, 373. 
[73] Pachauri, V.; Kern, K.; Balasubramanian, K., Appl. Phys. Lett. 2013, 102, 023501. 
[74] Geim, A. K.; Grigorieva, I. V., Nature 2013, 499, 419. 
[75] Novoselov, K. S.; Mishchenko, A.; Carvalho, A.; Castro Neto, A. H., Science 
2016, 353, aac9439. 
[76] Weitz, R. T.; Yacoby, A., Nat. Nanotechnol. 2010, 5, 699. 
[77] Yankowitz, M.; Xue, J.; Cormode, D.; Sanchez-Yamagishi, J. D.; Watanabe, K.; 
Taniguchi, T.; Jarillo-Herrero, P.; Jacquod, P.; LeRoy, B. J., Nat. Phys. 2012, 8, 382. 



9 Bibliography 

214 
 

[78] Hasan, N.; Hou, B.; Moore, A. L.; Radadia, A. D., Advanced Materials 
Technologies 2018, 3. 
[79] Dean, C. R.; Young, A. F.; Meric, I.; Lee, C.; Wang, L.; Sorgenfrei, S.; Watanabe, 
K.; Taniguchi, T.; Kim, P.; Shepard, K. L.; Hone, J., Nat. Nanotechnol. 2010, 5, 722. 
[80] Xue, J.; Sanchez-Yamagishi, J.; Bulmash, D.; Jacquod, P.; Deshpande, A.; 
Watanabe, K.; Taniguchi, T.; Jarillo-Herrero, P.; LeRoy, B. J., Nat. Mater. 2011, 10, 282. 
[81] Feijoo, P. C.; Pasadas, F.; Iglesias, J. M.; Hamham, E. M.; Rengel, R.; Jiménez, 
D., IEEE Trans. Electron Devices 2019, 66, 1567. 
[82] Velický, M.; Hu, S.; Woods, C. R.; Tóth, P. S.; Zólyomi, V.; Geim, A. K.; Abruña, 
H. D.; Novoselov, K. S.; Dryfe, R. A. W., ACS Nano 2019. 
[83] Mayorov, A. S.; Gorbachev, R. V.; Morozov, S. V.; Britnell, L.; Jalil, R.; 
Ponomarenko, L. A.; Blake, P.; Novoselov, K. S.; Watanabe, K.; Taniguchi, T.; Geim, A. 
K., Nano Lett. 2011, 11, 2396. 
[84] Kretinin, A. V.; Cao, Y.; Tu, J. S.; Yu, G. L.; Jalil, R.; Novoselov, K. S.; Haigh, 
S. J.; Gholinia, A.; Mishchenko, A.; Lozada, M.; Georgiou, T.; Woods, C. R.; Withers, 
F.; Blake, P.; Eda, G.; Wirsig, A.; Hucho, C.; Watanabe, K.; Taniguchi, T.; Geim, A. K.; 
Gorbachev, R. V., Nano Lett. 2014, 14, 3270. 
[85] Caridad, J. M.; Calogero, G.; Pedrinazzi, P.; Santos, J. E.; Impellizzeri, A.; Gunst, 
T.; Booth, T. J.; Sordan, R.; Bøggild, P.; Brandbyge, M., Nano Lett. 2018, 18, 4675. 
[86] Zhao, S. Y. F.; Elbaz, G. A.; Bediako, D. K.; Yu, C.; Efetov, D. K.; Guo, Y.; 
Ravichandran, J.; Min, K.-A.; Hong, S.; Taniguchi, T.; Watanabe, K.; Brus, L. E.; Roy, 
X.; Kim, P., Nano Lett. 2018, 18, 460. 
[87] Geim, A. K.; Novoselov, K. S., Nat. Mater. 2007, 6, 183. 
[88] Kim, S.; Nah, J.; Jo, I.; Shahrjerdi, D.; Colombo, L.; Yao, Z.; Tutuc, E.; Banerjee, 
S. K., Appl. Phys. Lett. 2009, 94, 062107. 
[89] Venugopal, A.; Chan, J.; Li, X.; Magnuson, C. W.; Kirk, W. P.; Colombo, L.; 
Ruoff, R. S.; Vogel, E. M., J. Appl. Phys. 2011, 109, 104511. 
[90] Jia, Y.; Gong, X.; Peng, P.; Wang, Z.; Tian, Z.; Ren, L.; Fu, Y.; Zhang, H., Nano-
Micro Letters 2016, 8, 336. 
[91] Banszerus, L.; Schmitz, M.; Engels, S.; Dauber, J.; Oellers, M.; Haupt, F.; 
Watanabe, K.; Taniguchi, T.; Beschoten, B.; Stampfer, C., Sci. Adv. 2015, 1. 
[92] Cai, W.; Moore, A. L.; Zhu, Y.; Li, X.; Chen, S.; Shi, L.; Ruoff, R. S., Nano Lett. 
2010, 10, 1645. 
[93] Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. J.; Stauber, 
T.; Peres, N. M. R.; Geim, A. K., Science 2008, 320, 1308. 
[94] Lee, C.; Wei, X.; Kysar, J. W.; Hone, J., Science 2008, 321, 385. 
[95] Schedin, F.; Geim, A. K.; Morozov, S. V.; Hill, E. W.; Blake, P.; Katsnelson, M. 
I.; Novoselov, K. S., Nat. Mater. 2007, 6, 652. 
[96] Hui, J.; Pakhira, S.; Bhargava, R.; Barton, Z. J.; Zhou, X.; Chinderle, A. J.; 
Mendoza-Cortes, J. L.; Rodríguez-López, J., ACS Nano 2018, 12, 2980. 
[97] Castro Neto, A. H.; Guinea, F.; Peres, N. M. R.; Novoselov, K. S.; Geim, A. K., 
Rev. Mod. Phys. 2009, 81, 109. 



9 Bibliography 

215 
 

[98] Meric, I.; Han, M. Y.; Young, A. F.; Ozyilmaz, B.; Kim, P.; Shepard, K. L., Nat. 
Nanotechnol. 2008, 3, 654. 
[99] Reddy, D.; Register, L. F.; Carpenter, G. D.; Banerjee, S. K., J. Phys. D: Appl. 
Phys. 2011, 44, 313001. 
[100] Hummers, W. S.; Offeman, R. E., J. Am. Chem. Soc. 1958, 80, 1339. 
[101] Kovtyukhova, N. I.; Ollivier, P. J.; Martin, B. R.; Mallouk, T. E.; Chizhik, S. A.; 
Buzaneva, E. V.; Gorchinskiy, A. D., Chem. Mater. 1999, 11, 771. 
[102] Tang, L.; Wang, Y.; Li, Y.; Feng, H.; Lu, J.; Li, J., Adv. Funct. Mater. 2009, 19, 
2782. 
[103] Piccinini, E.; Bliem, C.; Reiner-Rozman, C.; Battaglini, F.; Azzaroni, O.; Knoll, 
W., Biosens. Bioelectron. 2017, 92, 661. 
[104] Cai, B.; Wang, S.; Huang, L.; Ning, Y.; Zhang, Z.; Zhang, G.-J., ACS Nano 2014, 
8, 2632. 
[105] Negishi, R.; Kobayashi, Y., Appl. Phys. Lett. 2014, 105, 253502. 
[106] Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A. Y.; Feng, R.; Dai, Z.; 
Marchenkov, A. N.; Conrad, E. H.; First, P. N.; de Heer, W. A., The Journal of Physical 
Chemistry B 2004, 108, 19912. 
[107] Huang, H.; Chen, S.; Wee, A. T. S.; Chen, W., 1 - Epitaxial growth of graphene 
on silicon carbide (SiC). In Graphene, Skákalová, V.; Kaiser, A. B., Eds. Woodhead 
Publishing: 2014; pp 3. 
[108] Mattevi, C.; Kim, H.; Chhowalla, M., J. Mater. Chem. 2011, 21, 3324. 
[109] Lee, J.; Kim, Y.; Shin, H.-J.; Lee, C.; Lee, D.; Moon, C.-Y.; Lim, J.; Jun, S. C., 
Appl. Phys. Lett. 2013, 103, 103104. 
[110] Rösicke, F.; Gluba, M. A.; Shaykhutdinov, T.; Sun, G.; Kratz, C.; Rappich, J.; 
Hinrichs, K.; Nickel, N. H., Chem. Commun. 2017, 53, 9308. 
[111] Yazyev, O. V.; Louie, S. G., Phys. Rev. B 2010, 81, 195420. 
[112] Nguyen, V. L.; Lee, Y. H., Small 2015, 11, 3512. 
[113] Huang, P. Y.; Ruiz-Vargas, C. S.; van der Zande, A. M.; Whitney, W. S.; 
Levendorf, M. P.; Kevek, J. W.; Garg, S.; Alden, J. S.; Hustedt, C. J.; Zhu, Y.; Park, J.; 
McEuen, P. L.; Muller, D. A., Nature 2011, 469, 389. 
[114] Ago, H.; Fukamachi, S.; Endo, H.; Solis-Fernandez, P.; Yunus, R. M.; Uchida, 
Y.; Panchal, V.; Kazakova, O.; Tsuji, M., ACS Nano 2016, 10, 3233. 
[115] Troppenz, G. V.; Gluba, M. A.; Kraft, M.; Rappich, J.; Nickel, N. H., J. Appl. 
Phys. 2013, 114, 214312. 
[116] Helmholtz, H., Annalen der Physik 1853, 165, 211. 
[117] Gouy, G., J. Phys. Theor. Appl. 1910, 9, 457. 
[118] Chapman, D. L., Phil. Mag. 1913, 25, 475. 
[119] Stern, O., Zeitschrift für Elektrochemie und angewandte physikalische Chemie 
1924, 30, 508. 
[120] Grahame, D. C., Chem. Rev. 1947, 41, 441. 



9 Bibliography 

216 
 

[121] Bockris, J. O. m.; Devanathan, M. A. V.; Müller, K.; Butler, J. A. V., Proceedings 
of the Royal Society of London. Series A. Mathematical and Physical Sciences 1963, 274, 
55. 
[122] Newman, J.; Thomas–Alyea, K. E., Electrochemical Systems. Third edition ed.; 
John Wiley & Sons, Inc.: Hoboken, N.J., 2011. 
[123] Wei, C.; Sun, S.; Mandler, D.; Wang, X.; Qiao, S. Z.; Xu, Z. J., Chem. Soc. Rev. 
2019, 48, 2518. 
[124] Grahame, D. C.; Whitney, R. B., J. Am. Chem. Soc. 1942, 64, 1548. 
[125] Shinwari, M. W.; Zhitomirsky, D.; Deen, I. A.; Selvaganapathy, P. R.; Deen, M. 
J.; Landheer, D., Sensors 2010, 10, 1679. 
[126] Zhang, S., Journal of Physics: Conference Series 2020, 1617, 012054. 
[127] Prasad, R., Transistor Bipolar Junction (BJT) and Field-Effect (FET) Transistor. 
In Analog and Digital Electronic Circuits - Fundamentals, Analysis, and Applications, 
Springer Nature Switzerland: Cham, 2021; pp 457. 
[128] Bergveld, P., IEEE Trans. Biomed. Eng. 1972, BME-19, 342. 
[129] Sahay, S.; Kumar, M. J., Junctionless Field-Effect Transistors : Design, 
Modeling, and Simulation. Hoboken, New Jersey : John Wiley & Sons Inc.: Hoboken, 
New Jersey, 2019. 
[130] Bergveld, P., Sens. Actuat. B 2003, 88, 1. 
[131] Bergveld, P., IEEE Trans. Biomed. Eng. 1970, BME-17, 70. 
[132] Matsuo, T.; Wise, K. D., IEEE Trans. Biomed. Eng. 1974, BME-21, 485. 
[133] van Hal, R. E. G.; Eijkel, J. C. T.; Bergveld, P., Sens. Actuat. B 1995, 24, 201. 
[134] van Hal, R. E. G.; Eijkel, J. C. T.; Bergveld, P., Adv. Colloid Interface Sci. 1996, 
69, 31. 
[135] van Kerkhof, J. C.; Eijkel, J. C. T.; Bergveld, P., Sens. Actuat. B 1994, 18, 56. 
[136] Mettler-Toledo AG [Publ.], Prozessanalytische Lösungen zur Optimierung Ihres 
Brauprozesses. 2009, online brochure https://www.mt.com/de/de/home/library/product-
brochures/process-
analytics/Brochure_brewery_Oct06/_jcr_content/standardpar/88807/file/file.res/Brewer
y_Brochure_g_52900309_Aug09.pdf (accessed  20.04.2021). 
[137] Lin, M.-W.; Ling, C.; Agapito, L. A.; Kioussis, N.; Zhang, Y.; Cheng, M. M.-C.; 
Wang, W. L.; Kaxiras, E.; Zhou, Z., Phys. Rev. B 2011, 84, 125411. 
[138] Fu, W.; Jiang, L.; van Geest, E. P.; Lima, L. M. C.; Schneider, G. F., Adv. Mater. 
2017, 29, 1603610. 
[139] Tran, T. T.; Mulchandani, A., TrAC - Trends in Analytical Chemistry 2016, 79, 
222. 
[140] Ohno, Y.; Maehashi, K.; Matsumoto, K., Graphene Biosensor. In Frontiers of 
Graphene and Carbon Nanotubes: Devices and Applications, Matsumoto, K., Ed. 
Springer Japan: Tokyo, 2015; pp 91. 
[141] Zanello, P., Inorganic electrochemistry theory, practice and application. Royal 
Society of Chemistry: Cambridge, 2003. 

https://www.mt.com/de/de/home/library/product-brochures/process-analytics/Brochure_brewery_Oct06/_jcr_content/standardpar/88807/file/file.res/Brewery_Brochure_g_52900309_Aug09.pdf
https://www.mt.com/de/de/home/library/product-brochures/process-analytics/Brochure_brewery_Oct06/_jcr_content/standardpar/88807/file/file.res/Brewery_Brochure_g_52900309_Aug09.pdf
https://www.mt.com/de/de/home/library/product-brochures/process-analytics/Brochure_brewery_Oct06/_jcr_content/standardpar/88807/file/file.res/Brewery_Brochure_g_52900309_Aug09.pdf
https://www.mt.com/de/de/home/library/product-brochures/process-analytics/Brochure_brewery_Oct06/_jcr_content/standardpar/88807/file/file.res/Brewery_Brochure_g_52900309_Aug09.pdf


9 Bibliography 

217 
 

[142] Compton, R. G.; Laborda, E.; Ward, K. R., Understanding Voltammetry. 2013; p 
260. 
[143] Elgrishi, N.; Rountree, K. J.; McCarthy, B. D.; Rountree, E. S.; Eisenhart, T. T.; 
Dempsey, J. L., J. Chem. Educ. 2018, 95, 197. 
[144] Rountree, E. S.; McCarthy, B. D.; Eisenhart, T. T.; Dempsey, J. L., Inorg. Chem. 
2014, 53, 9983. 
[145] Randles, J. E. B., Discuss. Faraday Soc. 1947, 1, 11. 
[146] Venton, B. J.; Cao, Q., Analyst 2020, 145, 1158. 
[147] Wightman, R. M., Anal. Chem. 1981, 53, 1125A. 
[148] Aoki, K., Electroanal. 1993, 5, 627. 
[149] Ching, S.; Dudek, R.; Tabet, E., J. Chem. Educ. 1994, 71, 602. 
[150] Heinze, J., Angew. Chem., Int. Ed. 1993, 32, 1268. 
[151] Snapp, P.; Kim, J. M.; Cho, C.; Leem, J.; Haque, M. F.; Nam, S. W., NPG Asia 
Materials 2020, 12. 
[152] Kokkinos, C.; Economou, A., Current Opinion in Electrochemistry 2020, 23, 21. 
[153] Lai, K. W. C.; Xi, N.; Fung, C. K. M.; Chen, H., Chapter 12 - Development of 
Optical Sensors Using Graphene. In Nano Optoelectronic Sensors and Devices, Xi, N.; 
Lai, K. W. C., Eds. William Andrew Publishing: Oxford, 2012; pp 199. 
[154] Gao, X.-G.; Cheng, L.-X.; Jiang, W.-S.; Li, X.-K.; Xing, F., Frontiers in 
Chemistry 2021, 9. 
[155] Khan, Z. H.; Kermany, A. R.; Öchsner, A.; Iacopi, F., J. Phys. D: Appl. Phys. 
2017, 50, 053003. 
[156] Chen, F.; Qing, Q.; Xia, J.; Tao, N., Chemistry - An Asian Journal 2010, 5, 2144. 
[157] Sharma, B. K.; Ahn, J. H., Solid-State Electron. 2013, 89, 177. 
[158] Stine, R.; Mulvaney, S. P.; Robinson, J. T.; Tamanaha, C. R.; Sheehan, P. E., Anal. 
Chem. 2013, 85, 509. 
[159] Zhan, B.; Li, C.; Yang, J.; Jenkins, G.; Huang, W.; Dong, X., Small 2014, 10, 
4042. 
[160] Viswanathan, S.; Narayanan, T. N.; Aran, K.; Fink, K. D.; Paredes, J.; Ajayan, P. 
M.; Filipek, S.; Miszta, P.; Tekin, H. C.; Inci, F.; Demirci, U.; Li, P.; Bolotin, K. I.; 
Liepmann, D.; Renugopalakrishanan, V., Mater. Today 2015, 18, 513. 
[161] Blaschke, B. M.; Lottner, M.; Drieschner, S.; Calia, A. B.; Stoiber, K.; Rousseau, 
L.; Lissourges, G.; Garrido, J. A., 2D Materials 2016, 3, 025007. 
[162] Veliev, F.; Cresti, A.; Kalita, D.; Bourrier, A.; Belloir, T.; Briançon-Marjollet, A.; 
Albrieux, M.; Roche, S.; Bouchiat, V.; Delacour, C., 2D Materials 2018, 5. 
[163] Zheng, C.; Huang, L.; Zhang, H.; Sun, Z.; Zhang, Z.; Zhang, G.-J., ACS Appl. 
Mater. Interfaces 2015, 7, 16953. 
[164] Hao, Z.; Zhu, Y.; Wang, X.; Rotti, P. G.; Dimarco, C.; Tyler, S. R.; Zhao, X.; 
Engelhardt, J. F.; Hone, J.; Lin, Q., ACS Appl. Mater. Interfaces 2017, 9, 27504. 
[165] Kim, J.; Na, J.; Joo, M. K.; Suh, D., ACS Appl. Mater. Interfaces 2019, 11, 4226. 



9 Bibliography 

218 
 

[166] Kim, S.; Xing, L.; Islam, A. E.; Hsiao, M. S.; Ngo, Y.; Pavlyuk, O. M.; Martineau, 
R. L.; Hampton, C. M.; Crasto, C.; Slocik, J.; Kadakia, M. P.; Hagen, J. A.; Kelley-
Loughnane, N.; Naik, R. R.; Drummy, L. F., ACS Appl. Mater. Interfaces 2019, 11, 
13927. 
[167] Kuo, C. J.; Chiang, H. C.; Tseng, C. A.; Chang, C. F.; Ulaganathan, R. K.; Ling, 
T. T.; Chang, Y. J.; Chen, C. C.; Chen, Y. R.; Chen, Y. T., ACS Appl. Mater. Interfaces 
2018, 10, 12311. 
[168] Liu, S.; Fu, Y.; Xiong, C.; Liu, Z.; Zheng, L.; Yan, F., ACS Appl. Mater. Interfaces 
2018, 10, 23522. 
[169] Nishiori, D.; Zhu, W.; Salles, R.; Miyachi, M.; Yamanoi, Y.; Ikuta, T.; Maehashi, 
K.; Tomo, T.; Nishihara, H., ACS Appl. Mater. Interfaces 2019, 11, 42773. 
[170] Soikkeli, M.; Kurppa, K.; Kainlauri, M.; Arpiainen, S.; Paananen, A.; 
Gunnarsson, D.; Joensuu, J. J.; Laaksonen, P.; Prunnila, M.; Linder, M. B.; Ahopelto, J., 
ACS Appl. Mater. Interfaces 2016, 8, 8257. 
[171] Ahn, S. R.; An, J. H.; Song, H. S.; Park, J. W.; Lee, S. H.; Kim, J. H.; Jang, J.; 
Park, T. H., ACS Nano 2016, 10, 7287. 
[172] An, J. H.; Park, S. J.; Kwon, O. S.; Bae, J.; Jang, J., ACS Nano 2013, 7, 10563. 
[173] Campos, R.; Borme, J.; Guerreiro, J. R.; Machado, G.; Cerqueira, M. F.; 
Petrovykh, D. Y.; Alpuim, P., ACS Sensors 2019, 4, 286. 
[174] Hu, S. K.; Lo, F. Y.; Hsieh, C. C.; Chao, L., ACS Sensors 2019, 4, 892. 
[175] Kanai, Y.; Ohmuro-Matsuyama, Y.; Tanioku, M.; Ushiba, S.; Ono, T.; Inoue, K.; 
Kitaguchi, T.; Kimura, M.; Ueda, H.; Matsumoto, K., ACS Sensors 2020, 5, 24. 
[176] Okuda, S.; Ono, T.; Kanai, Y.; Ikuta, T.; Shimatani, M.; Ogawa, S.; Maehashi, K.; 
Inoue, K.; Matsumoto, K., ACS Sensors 2018, 3, 200. 
[177] Dankerl, M.; Hauf, M. V.; Lippert, A.; Hess, L. H.; Birner, S.; Sharp, I. D.; 
Mahmood, A.; Mallet, P.; Veuillen, J.-Y.; Stutzmann, M.; Garrido, J. A., Adv. Funct. 
Mater. 2010, 20, 3117. 
[178] Lin, C.-T.; Loan, P. T. K.; Chen, T.-Y.; Liu, K.-K.; Chen, C.-H.; Wei, K.-H.; Li, 
L.-J., Adv. Funct. Mater. 2013, 23, 2301. 
[179] Wu, G.; Dai, Z.; Tang, X.; Lin, Z.; Lo, P. K.; Meyyappan, M.; Lai, K. W. C., 
Advanced Healthcare Materials 2017, 6. 
[180] Hess, L. H.; Jansen, M.; Maybeck, V.; Hauf, M. V.; Seifert, M.; Stutzmann, M.; 
Sharp, I. D.; Offenhäusser, A.; Garrido, J. A., Adv. Mater. 2011, 23, 5045. 
[181] Tian, M.; Xu, S.; Zhang, J.; Wang, X.; Li, Z.; Liu, H.; Song, R.; Yu, Z.; Wang, J., 
Advances in Condensed Matter Physics 2018, 2018. 
[182] Wang, Z.; Hu, S.; Li, F.; Fan, Q.; Jia, Y., Analyst 2019, 144, 4787. 
[183] Cagang, A. A.; Abidi, I. H.; Tyagi, A.; Hu, J.; Xu, F.; Lu, T. J.; Luo, Z., Anal. 
Chim. Acta 2016, 917, 101. 
[184] Xie, H.; Li, Y. T.; Lei, Y. M.; Liu, Y. L.; Xiao, M. M.; Gao, C.; Pang, D. W.; 
Huang, W. H.; Zhang, Z. Y.; Zhang, G. J., Anal. Chem. 2016, 88, 11115. 
[185] Zhang, C.; Xu, J. Q.; Li, Y. T.; Huang, L.; Pang, D. W.; Ning, Y.; Huang, W. H.; 
Zhang, Z.; Zhang, G. J., Anal. Chem. 2016, 88, 4048. 



9 Bibliography 

219 
 

[186] Kim, S. J.; Park, S. J.; Kim, H. Y.; Jang, G. S.; Park, D. J.; Park, J. Y.; Lee, S.; 
Ahn, Y. H., Appl. Phys. Lett. 2016, 108. 
[187] Li, P.; Liu, B.; Zhang, D.; Sun, Y.; Liu, J., Appl. Phys. Lett. 2016, 109. 
[188] Mitsuno, T.; Taniguchi, Y.; Ohno, Y.; Nagase, M., Appl. Phys. Lett. 2017, 111, 
213103. 
[189] Tian, M.; Li, Z.; Song, R.; Li, Y.; Guo, C.; Sha, Y.; Cui, W.; Xu, S.; Hu, G.; Wang, 
J., Appl. Surf. Sci. 2020, 503. 
[190] Wu, G.; Tang, X.; Meyyappan, M.; Lai, K. W. C., Appl. Surf. Sci. 2017, 425, 713. 
[191] Xu, S.; Jiang, S.; Zhang, C.; Yue, W.; Zou, Y.; Wang, G.; Liu, H.; Zhang, X.; Li, 
M.; Zhu, Z.; Wang, J., Appl. Surf. Sci. 2018, 427, 1114. 
[192] Hao, Z.; Pan, Y.; Huang, C.; Wang, Z.; Zhao, X., Biomed. Microdevices 2019, 21. 
[193] Ahn, S. R.; An, J. H.; Jang, I. H.; Na, W.; Yang, H.; Cho, K. H.; Lee, S. H.; Song, 
H. S.; Jang, J.; Park, T. H., Biosens. Bioelectron. 2018, 117, 628. 
[194] Fenoy, G. E.; Marmisollé, W. A.; Azzaroni, O.; Knoll, W., Biosens. Bioelectron. 
2020, 148. 
[195] Han, D.; Chand, R.; Kim, Y. S., Biosens. Bioelectron. 2017, 93, 220. 
[196] Kumar, N.; Wang, W.; Ortiz-Marquez, J. C.; Catalano, M.; Gray, M.; Biglari, N.; 
Hikari, K.; Ling, X.; Gao, J.; van Opijnen, T.; Burch, K. S., Biosens. Bioelectron. 2020, 
156. 
[197] Lei, Y. M.; Xiao, M. M.; Li, Y. T.; Xu, L.; Zhang, H.; Zhang, Z. Y.; Zhang, G. J., 
Biosens. Bioelectron. 2017, 91, 1. 
[198] Schuck, A.; Kim, H. E.; Jung, K. M.; Hasenkamp, W.; Kim, Y. S., Biosens. 
Bioelectron. 2020, 157. 
[199] Pham, T.; Ramnani, P.; Villarreal, C. C.; Lopez, J.; Das, P.; Lee, I.; Neupane, M. 
R.; Rheem, Y.; Mulchandani, A., Carbon 2019, 142, 504. 
[200] Wang, Z.; Jia, Y., Carbon 2018, 130, 758. 
[201] Iost, R. M.; Crespilho, F. N.; Zuccaro, L.; Yu, H. K.; Wodtke, A. M.; Kern, K.; 
Balasubramanian, K., ChemElectroChem 2014, 1, 2070. 
[202] Ghosh, S.; Khan, N. I.; Tsavalas, J. G.; Song, E., Frontiers in Bioengineering and 
Biotechnology 2018, 6. 
[203] Tu, J.; Gan, Y.; Liang, T.; Hu, Q.; Wang, Q.; Ren, T.; Sun, Q.; Wan, H.; Wang, 
P., Frontiers in Chemistry 2018, 6. 
[204] Veliev, F.; Han, Z.; Kalita, D.; Briançon-Marjollet, A.; Bouchiat, V.; Delacour, 
C., Frontiers in Neuroscience 2017, 11. 
[205] Hasan, N.; Hou, B.; Radadia, A. D., IEEE Sens. J. 2019, 19, 8758. 
[206] Hinnemo, M.; Makaraviciute, A.; Ahlberg, P.; Olsson, J.; Zhang, Z.; Zhang, S. L.; 
Zhang, Z. B., IEEE Sens. J. 2018, 18, 6497. 
[207] Kireev, D.; Zadorozhnyi, I.; Qiu, T.; Sarik, D.; Brings, F.; Wu, T.; Seyock, S.; 
Maybeck, V.; Lottner, M.; Blaschke, B. M.; Garrido, J.; Xie, X.; Vitusevich, S.; Wolfrum, 
B.; Offenhäusser, A., IEEE Transactions on Nanotechnology 2017, 16, 140. 



9 Bibliography 

220 
 

[208] Kawata, T.; Ono, T.; Kanai, Y.; Ohno, Y.; Maehashi, K.; Inoue, K.; Matsumoto, 
K., Jpn. J. Appl. Phys. 2018, 57. 
[209] Okamoto, S.; Ohno, Y.; Maehashi, K.; Inoue, K.; Matsumoto, K., Jpn. J. Appl. 
Phys. 2012, 51, 06FD08. 
[210] Ono, T.; Oe, T.; Kanai, Y.; Ikuta, T.; Ohno, Y.; Maehashi, K.; Inoue, K.; 
Watanabe, Y.; Nakakita, S. I.; Suzuki, Y.; Kawahara, T.; Matsumoto, K., Jpn. J. Appl. 
Phys. 2017, 56. 
[211] Taniguchi, Y.; Miki, T.; Ohno, Y.; Nagase, M.; Arakawa, Y.; Yasuzawa, M., Jpn. 
J. Appl. Phys. 2019, 58. 
[212] Lee, S. H.; Kim, K. H.; Seo, S. E.; Kim, M. I.; Park, S. J.; Kwon, O. S., Journal 
of Industrial and Engineering Chemistry 2020, 83, 29. 
[213] Piccinini, E.; Alberti, S.; Longo, G. S.; Berninger, T.; Breu, J.; Dostalek, J.; 
Azzaroni, O.; Knoll, W., J. Phys. Chem. C 2018, 122, 10181. 
[214] Vieira, N. C. S.; Borme, J.; MacHado, G.; Cerqueira, F.; Freitas, P. P.; Zucolotto, 
V.; Peres, N. M. R.; Alpuim, P., Journal of Physics Condensed Matter 2016, 28. 
[215] Blaschke, B. M.; Böhm, P.; Drieschner, S.; Nickel, B.; Garrido, J. A., Langmuir 
2018, 34, 4224. 
[216] Piccinini, E.; Bliem, C.; Giussi, J. M.; Knoll, W.; Azzaroni, O., Langmuir 2019, 
35, 8038. 
[217] Ballesio, A.; Parmeggiani, M.; Verna, A.; Frascella, F.; Cocuzza, M.; Pirri, C. F.; 
Marasso, S. L., Microelectron. Eng. 2019, 209, 16. 
[218] Basu, J.; Samanta, N.; Jana, S.; RoyChaudhuri, C., Microelectronics Reliability 
2018, 91, 154. 
[219] Li, F.; Wang, Z.; Jia, Y., Micromachines 2019, 10. 
[220] Melcher, J. L.; Elassy, K. S.; Ordonez, R. C.; Hayashi, C.; Ohta, A. T.; Garmire, 
D., Micromachines 2019, 10. 
[221] Sun, J.; Liu, Y., Micromachines 2018, 9. 
[222] Wang, B.; Cheong, K. Y.; Huang, C. F.; Zhao, F., Microsystem Technologies 
2020, 26, 1717. 
[223] Song, R.; Tian, M.; Li, Y.; Liu, J.; Liu, G.; Xu, S.; Wang, J., NANO 2020. 
[224] Bay, H. H.; Vo, R.; Dai, X.; Hsu, H. H.; Mo, Z.; Cao, S.; Li, W.; Omenetto, F. G.; 
Jiang, X., Nano Lett. 2019, 19, 2620. 
[225] Fu, W.; Feng, L.; Mayer, D.; Panaitov, G.; Kireev, D.; Offenhäusser, A.; Krause, 
H. J., Nano Lett. 2016, 16, 2295. 
[226] Fu, W.; Nef, C.; Knopfmacher, O.; Tarasov, A.; Weiss, M.; Calame, M.; 
Schönenberger, C., Nano Lett. 2011, 11, 3597. 
[227] Kwon, O. S.; Song, H. S.; Park, S. J.; Lee, S. H.; An, J. H.; Park, J. W.; Yang, H.; 
Yoon, H.; Bae, J.; Park, T. H.; Jang, J., Nano Lett. 2015, 15, 6559. 
[228] Kwon, S. S.; Choi, J.; Heiranian, M.; Kim, Y.; Chang, W. J.; Knapp, P. M.; Wang, 
M. C.; Kim, J. M.; Aluru, N. R.; Park, W. I.; Nam, S., Nano Lett. 2019, 19, 4588. 



9 Bibliography 

221 
 

[229] Ohno, Y.; Maehashi, K.; Yamashiro, Y.; Matsumoto, K., Nano Lett. 2009, 9, 
3318. 
[230] Park, S. J.; Kwon, O. S.; Lee, S. H.; Song, H. S.; Park, T. H.; Jang, J., Nano Lett. 
2012, 12, 5082. 
[231] Yang, L.; Zhao, Y.; Xu, W.; Shi, E.; Wei, W.; Li, X.; Cao, A.; Cao, Y.; Fang, Y., 
Nano Lett. 2017, 17, 71. 
[232] Nekrasov, N.; Kireev, D.; Omerović, N.; Emelianov, A.; Bobrinetskiy, I., 
Nanomaterials 2019, 9. 
[233] Zhou, L.; Wang, K.; Sun, H.; Zhao, S.; Chen, X.; Qian, D.; Mao, H.; Zhao, J., 
Nano-Micro Letters 2019, 11. 
[234] Mavredakis, N.; Garcia Cortadella, R.; Bonaccini Calia, A.; Garrido, J. A.; 
Jiménez, D., Nanoscale 2018, 10, 14947. 
[235] Wang, X.; Hao, Z.; Olsen, T. R.; Zhang, W.; Lin, Q., Nanoscale 2019, 11, 12573. 
[236] Wehrhold, M.; Neubert, T. J.; Yadav, A.; Vondráček, M.; Iost, R. M.; Honolka, 
J.; Balasubramanian, K., Nanoscale 2019, 11, 14742. 
[237] Zhang, Y.; Dodson, K. H.; Fischer, R.; Wang, R.; Li, D.; Sappington, R. M.; Xu, 
Y. Q., Nanoscale 2016, 8, 19043. 
[238] Sun, J.; Xie, X.; Xie, K.; Xu, S.; Jiang, S.; Ren, J.; Zhao, Y.; Xu, H.; Wang, J.; 
Yue, W., Nanoscale Research Letters 2019, 14. 
[239] Kim, J. W.; Kim, S.; Jang, Y. H.; Lim, K. I.; Lee, W. H., Nanotechnol. 2019, 30. 
[240] Sun, J.; Finklea, H. O.; Liu, Y., Nanotechnol. 2017, 28, 125703. 
[241] Hajian, R.; Balderston, S.; Tran, T.; deBoer, T.; Etienne, J.; Sandhu, M.; Wauford, 
N. A.; Chung, J. Y.; Nokes, J.; Athaiya, M.; Paredes, J.; Peytavi, R.; Goldsmith, B.; 
Murthy, N.; Conboy, I. M.; Aran, K., Nature Biomedical Engineering 2019, 3, 427. 
[242] Jiang, L.; Fu, W.; Birdja, Y. Y.; Koper, M. T. M.; Schneider, G. F., Nat. Commun. 
2018, 9, 793. 
[243] Wang, Z.; Yi, K.; Lin, Q.; Yang, L.; Chen, X.; Chen, H.; Liu, Y.; Wei, D., Nat. 
Commun. 2019, 10. 
[244] Xu, S.; Zhan, J.; Man, B.; Jiang, S.; Yue, W.; Gao, S.; Guo, C.; Liu, H.; Li, Z.; 
Wang, J.; Zhou, Y., Nat. Commun. 2017, 8, 14902. 
[245] Gao, N.; Gao, T.; Yang, X.; Dai, X.; Zhou, W.; Zhang, A.; Lieber, C. M., Proc. 
Natl. Acad. Sci. U. S. A. 2016, 113, 14633. 
[246] Michael, T. H.; Preston, B. L.; Joon, L.; Duyoung, C.; Alexander, H. M.; Gennadi, 
G.; Ratnesh, L., Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 7088. 
[247] Yue, W.; Tang, C.; Wang, C.; Bai, C.; Liu, S.; Xie, X.; Hua, H.; Zhang, Z.; Li, D., 
RSC Advances 2017, 7, 44559. 
[248] Fu, W.; Feng, L.; Panaitov, G.; Kireev, D.; Mayer, D.; Offenhäusser, A.; Krause, 
H.-J., Sci. Adv. 2017, 3, e1701247. 
[249] Manoharan, A. K.; Chinnathambi, S.; Jayavel, R.; Hanagata, N., Science and 
Technology of Advanced Materials 2017, 18, 43. 
[250] Grover, S.; Joshi, A.; Tulapurkar, A.; Deshmukh, M. M., Sci. Rep. 2017, 7. 



9 Bibliography 

222 
 

[251] Kireev, D.; Brambach, M.; Seyock, S.; Maybeck, V.; Fu, W.; Wolfrum, B.; 
Offenhäusser, A., Sci. Rep. 2017, 7, 6658. 
[252] Ordonez, R. C.; Hayashi, C. K.; Torres, C. M.; Melcher, J. L.; Kamin, N.; Severa, 
G.; Garmire, D., Sci. Rep. 2017, 7. 
[253] Zuccaro, L.; Krieg, J.; Desideri, A.; Kern, K.; Balasubramanian, K., Sci. Rep. 
2015, 5, srep11794. 
[254] Kim, D. H.; Oh, H. G.; Park, W. H.; Jeon, D. C.; Lim, K. M.; Kim, H. J.; Jang, B. 
K.; Song, K. S., Sensors (Switzerland) 2018, 18. 
[255] Mackin, C.; McVay, E.; Palacios, T., Sensors (Switzerland) 2018, 18. 
[256] Lerner, M. B.; Pan, D.; Gao, Y.; Locascio, L. E.; Lee, K.-Y.; Nokes, J.; Afsahi, 
S.; Lerner, J. D.; Walker, A.; Collins, P. G.; Oegema, K.; Barron, F.; Goldsmith, B. R., 
Sens. Actuat. B 2017, 239, 1261. 
[257] Fakih, I.; Centeno, A.; Zurutuza, A.; Ghaddab, B.; Siaj, M.; Szkopek, T., Sens. 
Actuat. B 2019, 291, 89. 
[258] Kim, H. E.; Schuck, A.; Lee, J. H.; Kim, Y. S., Sens. Actuat. B 2019, 291, 96. 
[259] Kwon, S. S.; Shin, J. H.; Choi, J.; Nam, S.; Park, W. I., Sens. Actuat. B 2018, 254, 
16. 
[260] Li, H.; Zhu, Y.; Islam, M. S.; Rahman, M. A.; Walsh, K. B.; Koley, G., Sens. 
Actuat. B 2017, 253, 759. 
[261] Yuan, Q.; Wu, S.; Ye, C.; Liu, X.; Gao, J.; Cui, N.; Guo, P.; Lai, G.; Wei, Q.; 
Yang, M.; Su, W.; Li, H.; Jiang, N.; Fu, L.; Dai, D.; Lin, C. T.; Chee, K. W. A., Sens. 
Actuat. B 2019, 285, 333. 
[262] Nekrasov, N.; Kireev, D.; Emelianov, A.; Bobrinetskiy, I., Toxins 2019, 11. 
[263] Heller, I.; Chatoor, S.; Männik, J.; Zevenbergen, M. A. G.; Dekker, C.; Lemay, S. 
G., J. Am. Chem. Soc. 2010, 132, 17149. 
[264] Chen, Y.; Michael, Z. P.; Kotchey, G. P.; Zhao, Y.; Star, A., ACS Appl. Mater. 
Interfaces 2014, 6, 3805. 
[265] Farid, S.; Meshik, X.; Choi, M.; Mukherjee, S.; Lan, Y.; Parikh, D.; Poduri, S.; 
Baterdene, U.; Huang, C.-E.; Wang, Y. Y.; Burke, P.; Dutta, M.; Stroscio, M. A., Biosens. 
Bioelectron. 2015, 71, 294. 
[266] Heinze, S.; Tersoff, J.; Martel, R.; Derycke, V.; Appenzeller, J.; Avouris, P., Phys. 
Rev. Lett. 2002, 89, 106801. 
[267] Chen, R. J.; Choi, H. C.; Bangsaruntip, S.; Yenilmez, E.; Tang, X.; Wang, Q.; 
Chang, Y.-L.; Dai, H., J. Am. Chem. Soc. 2004, 126, 1563. 
[268] Tang, X.; Bansaruntip, S.; Nakayama, N.; Yenilmez, E.; Chang, Y.-l.; Wang, Q., 
Nano Lett. 2006, 6, 1632. 
[269] Gui, E. L.; Li, L.-J.; Zhang, K.; Xu, Y.; Dong, X.; Ho, X.; Lee, P. S.; Kasim, J.; 
Shen, Z. X.; Rogers, J. A.; Mhaisalkar, J. Am. Chem. Soc. 2007, 129, 14427. 
[270] Byon, H. R.; Choi, H. C., J. Am. Chem. Soc. 2006, 128, 2188. 
[271] Yeh, P.-H.; Li, Z.; Wang, Z. L., Adv. Mater. 2009, 21, 4975. 



9 Bibliography 

223 
 

[272] Li, B.-R.; Chen, C.-W.; Yang, W.-L.; Lin, T.-Y.; Pan, C.-Y.; Chen, Y.-T., Biosens. 
Bioelectron. 2013, 45, 252. 
[273] Balasubramanian, K.; Burghard, M.; Kern, K.; Scolari, M.; Mews, A., Nano Lett. 
2005, 5, 507. 
[274] Sundaram, R. S.; Steiner, M.; Chiu, H.-Y.; Engel, M.; Bol, A. A.; Krupke, R.; 
Burghard, M.; Kern, K.; Avouris, P., Nano Lett. 2011, 11, 3833. 
[275] Giubileo, F.; Di Bartolomeo, A., Prog. Surf. Sci. 2017, 92, 143. 
[276] Pereira, C. L.; Cadore, A. R.; Rezende, N. P.; Gadelha, A.; Soares, E. A.; 
Chacham, H.; Campos, L. C.; Lacerda, R. G., 2D Materials 2019, 6. 
[277] Taniselass, S.; Arshad, M. K. M.; Gopinath, S. C. B., Biosens. Bioelectron. 2019, 
130, 276. 
[278] Bai, Y.; Xu, T.; Zhang, X., Micromachines 2020, 11, 60. 
[279] Lin, H.-Y.; Chen, W.-H.; Huang, C.-H., Chapter 15 - Graphene in Electrochemical 
Biosensors. In Biomedical Applications of Graphene and 2D Nanomaterials, Nurunnabi, 
M.; McCarthy, J. R., Eds. Elsevier: 2019; pp 321. 
[280] Banerjee, S.; Shim, J.; Rivera, J.; Jin, X.; Estrada, D.; Solovyeva, V.; You, X.; 
Pak, J.; Pop, E.; Aluru, N.; Bashir, R., ACS Nano 2013, 7, 834. 
[281] Akhavan, O.; Ghaderi, E.; Rahighi, R., ACS Nano 2012, 6, 2904. 
[282] Schneider, G. F.; Kowalczyk, S. W.; Calado, V. E.; Pandraud, G.; Zandbergen, H. 
W.; Vandersypen, L. M. K.; Dekker, C., Nano Lett. 2010, 10, 3163. 
[283] Vogt, P.; De Padova, P.; Quaresima, C.; Avila, J.; Frantzeskakis, E.; Asensio, M. 
C.; Resta, A.; Ealet, B.; Le Lay, G., Phys. Rev. Lett. 2012, 108, 155501. 
[284] Fleurence, A.; Friedlein, R.; Ozaki, T.; Kawai, H.; Wang, Y.; Yamada-Takamura, 
Y., Phys. Rev. Lett. 2012, 108, 245501. 
[285] Backes, C.; Higgins, T. M.; Kelly, A.; Boland, C.; Harvey, A.; Hanlon, D.; 
Coleman, J. N., Chem. Mater. 2017, 29, 243. 
[286] Jakubczak, M.; Szuplewska, A.; Rozmysłowska-Wojciechowska, A.; 
Rosenkranz, A.; Jastrzębska, A. M., Adv. Funct. Mater. n/a, 2103048. 
[287] Bafekry, A.; Faraji, M.; Hoat, D. M.; Shahrokhi, M.; Fadlallah, M. M.; Shojaei, 
F.; Feghhi, S. A. H.; Ghergherehchi, M.; Gogova, D., J. Phys. D: Appl. Phys. 2021, 54, 
155303. 
[288] Bosi, M., RSC Advances 2015, 5, 75500. 
[289] Wang, Y.-H.; Huang, K.-J.; Wu, X., Biosens. Bioelectron. 2017, 97, 305. 
[290] Jiang, J.; Zheng, Z.; Guo, J., Physica B: Condensed Matter 2016, 498, 76. 
[291] Zhang, Y.; Feng, D.; Xu, Y.; Yin, Z.; Dou, W.; Habiba, U. E.; Pan, C.; Zhang, Z.; 
Mou, H.; Deng, H.; Mi, X.; Dai, N., Appl. Surf. Sci. 2021, 548, 149169. 
[292] Scrace, T.; Tsai, Y.; Barman, B.; Schweidenback, L.; Petrou, A.; Kioseoglou, G.; 
Ozfidan, I.; Korkusinski, M.; Hawrylak, P., Nat. Nanotechnol. 2015, 10, 603. 
[293] Sahoo, P. K.; Memaran, S.; Nugera, F. A.; Xin, Y.; Díaz Márquez, T.; Lu, Z.; 
Zheng, W.; Zhigadlo, N. D.; Smirnov, D.; Balicas, L.; Gutiérrez, H. R., ACS Nano 2019, 
13, 12372. 



9 Bibliography 

224 
 

[294] Dean, C. R.; Young, A. F.; Cadden-Zimansky, P.; Wang, L.; Ren, H.; Watanabe, 
K.; Taniguchi, T.; Kim, P.; Hone, J.; Shepard, K. L., Nat. Phys. 2011, 7, 693. 
[295] Son, M.; Lim, H.; Hong, M.; Choi, H. C., Nanoscale 2011, 3, 3089. 
[296] Tang, S.; Ding, G.; Xie, X.; Chen, J.; Wang, C.; Ding, X.; Huang, F.; Lu, W.; 
Jiang, M., Carbon 2012, 50, 329. 
[297] Rosenberger, M. R.; Chuang, H.-J.; McCreary, K. M.; Hanbicki, A. T.; Sivaram, 
S. V.; Jonker, B. T., ACS Appl. Mater. Interfaces 2018, 10, 10379. 
[298] Li, L.; Yu, Y.; Ye, G. J.; Ge, Q.; Ou, X.; Wu, H.; Feng, D.; Chen, X. H.; Zhang, 
Y., Nat Nano 2014, 9, 372. 
[299] Tao, L.; Cinquanta, E.; Chiappe, D.; Grazianetti, C.; Fanciulli, M.; Dubey, M.; 
Molle, A.; Akinwande, D., Nat. Nanotechnol. 2015, 10, 227. 
[300] Gilardi, C.; Pedrinazzi, P.; Patel, K. A.; Anzi, L.; Luo, B.; Booth, T. J.; Bøggild, 
P.; Sordan, R., Nanoscale 2019, 11, 3619. 
[301] Wilmart, Q.; Boukhicha, M.; Graef, H.; Mele, D.; Palomo, J.; Rosticher, M.; 
Taniguchi, T.; Watanabe, K.; Bouchiat, V.; Baudin, E.; Berroir, J. M.; Bocquillon, E.; 
Fève, G.; Pallecchi, E.; Plaçais, B., Applied Sciences (Switzerland) 2020, 10. 
[302] Xie, S.; Tu, L.; Han, Y.; Huang, L.; Kang, K.; Lao, K. U.; Poddar, P.; Park, C.; 
Muller, D. A.; DiStasio, R. A.; Park, J., Science 2018, 359, 1131. 
[303] Najafidehaghani, E.; Gan, Z.; George, A.; Lehnert, T.; Ngo, G. Q.; Neumann, C.; 
Bucher, T.; Staude, I.; Kaiser, D.; Vogl, T.; Hübner, U.; Kaiser, U.; Eilenberger, F.; 
Turchanin, A., Adv. Funct. Mater. 2021, 31, 2101086. 
[304] Heidelberg Instruments Mikrotechnik GmbH [Publ.], μMLA - The Tabletop 
Maskless Aligner. 2021, online brochure https://heidelberg-instruments.com/wp-
content/uploads/2021/02/fact-sheet-umla.pdf (accessed  04.07.2021). 
[305] Smith, B. W., 1 - Optical projection lithography. In Nanolithography, Feldman, 
M., Ed. Woodhead Publishing: 2014; pp 1. 
[306] Koch, C.; Rinke, T. J., Fotolithografie : Grundlagen der Mikrostrukturierung. 1. 
Auflage ed.; MicroChemicals GmbH Ulm, 2017. 
[307] Novembre, A.; Liu, S., 7 - Chemistry and processing of resists for 
nanolithography. In Nanolithography, Feldman, M., Ed. Woodhead Publishing: 2014; pp 
194. 
[308] Groves, T. R., 3 - Electron beam lithography. In Nanolithography, Feldman, M., 
Ed. Woodhead Publishing: 2014; pp 80. 
[309] Walsh, M. E.; Zhang, F.; Menon, R.; Smith, H. I., 6 - Maskless photolithography. 
In Nanolithography, Feldman, M., Ed. Woodhead Publishing: 2014; pp 179. 
[310] Reiser, A.; Huang, J. P.; He, X.; Yeh, T. F.; Jha, S.; Shih, H. Y.; Kim, M. S.; Han, 
Y. K.; Yan, K., Eur. Polym. J. 2002, 38, 619. 
[311] Teh, W. H.; Dürig, U.; Drechsler, U.; Smith, C. G.; Güntherodt, H.-J., J. Appl. 
Phys. 2005, 97, 054907. 
[312] Lin, Y.-C.; Lu, C.-C.; Yeh, C.-H.; Jin, C.; Suenaga, K.; Chiu, P.-W., Nano Lett. 
2012, 12, 414. 

https://heidelberg-instruments.com/wp-content/uploads/2021/02/fact-sheet-umla.pdf
https://heidelberg-instruments.com/wp-content/uploads/2021/02/fact-sheet-umla.pdf


9 Bibliography 

225 
 

[313] Haugstad, G., Atomic Force Microscopy : Understanding Basic Modes and 
Advanced Applications. John Wiley & Sons, Incorporated: Somerset, UNITED STATES, 
2012. 
[314] Reifenberger, R. G.; Baró, A. M.; Baró, A. M., Atomic Force Microscopy in 
Liquid : Biological Applications. John Wiley & Sons, Incorporated: Weinheim, 
GERMANY, 2012. 
[315] Bruker Nano GmbH [Publ.], QI™ mode - Quantitative Imaging with the 
NanoWizard® 3 AFM. 2021, online brochure https://www.jpk.com/app-technotes-
img/AFM/pdf/jpk-tech-quantitative-imaging.14-1.pdf (accessed  03.07.2021). 
[316] Hesse, M.; Meier, H.; Zeeh, B., Spektroskopische Methoden in der organischen 
Chemie. 7., überarbeitete Auflage. ed.; Stuttgart: Georg Thieme Verlag: Stuttgart, 2005. 
[317] Hollas, J. M., Modern spectroscopy. 4. ed., reprint. ed.; Chichester [u.a.] : Wiley: 
Chichester [u.a.], 2010. 
[318] Ferrari, A. C., Solid State Commun. 2007, 143, 47. 
[319] Ferrari, A. C.; Basko, D. M., Nat. Nanotechnol. 2013, 8, 235. 
[320] Malard, L. M.; Pimenta, M. A.; Dresselhaus, G.; Dresselhaus, M. S., Phys. Rep. 
2009, 473, 51. 
[321] Ang, P. K.; Chen, W.; Wee, A. T. S.; Loh, K. P., J. Am. Chem. Soc. 2008, 130, 
14392. 
[322] Cheng, Z.; Li, Q.; Li, Z.; Zhou, Q.; Fang, Y., Nano Lett. 2010, 10, 1864. 
[323] Ristein, J.; Zhang, W.; Speck, F.; Ostler, M.; Ley, L.; Seyller, T., J. Phys. D: Appl. 
Phys. 2010, 43, 345303. 
[324] Yates, D. E.; Levine, S.; Healy, T. W., Journal of the Chemical Society, Faraday 
Transactions 1: Physical Chemistry in Condensed Phases 1974, 70, 1807. 
[325] Levine, S.; Smith, A. L., Discuss. Faraday Soc. 1971, 52, 290. 
[326] Bérubé, Y. G.; de Bruyn, P. L., J. Colloid Interface Sci. 1968, 27, 305. 
[327] Blok, L.; de Bruyn, P. L., J. Colloid Interface Sci. 1970, 32, 533. 
[328] Wright, H.; Hunter, R., Aust. J. Chem. 1973, 26, 1183. 
[329] Bergveld, P.; van Hal, R. E. G.; Eijkel, J. C. T., Biosens. Bioelectron. 1995, 10, 
405. 
[330] Niu, M.-N.; Ding, X.-F.; Tong, Q.-Y., Sens. Actuat. B 1996, 37, 13. 
[331] Mohanta, T. K.; Khan, A.; Hashem, A.; Abd_Allah, E. F.; Al-Harrasi, A., BMC 
Genomics 2019, 20, 631. 
[332] Healy, T. W.; Fuerstenau, D. W., J. Colloid Interface Sci. 2007, 309, 183. 
[333] Menéndez, J. A.; Illán-Gómez, M. J.; y León, C. A. L.; Radovic, L. R., Carbon 
1995, 33, 1655. 
[334] Lyklema, J., Ch. 3 - Electric Double Layers. In Fundamentals of interface and 
colloid science Vol. 2: Solid-liquid interfaces, Lyklema, J., Ed. Academic Press: London, 
1995; Vol. 2, pp 3.1. 
[335] Duval, J.; Kleijn, J. M.; Lyklema, J.; van Leeuwen, H. P., J. Electroanal. Chem. 
2002, 532, 337. 

https://www.jpk.com/app-technotes-img/AFM/pdf/jpk-tech-quantitative-imaging.14-1.pdf
https://www.jpk.com/app-technotes-img/AFM/pdf/jpk-tech-quantitative-imaging.14-1.pdf


9 Bibliography 

226 
 

[336] Balasubramanian, K.; Zuccaro, L.; Kern, K., Adv. Funct. Mater. 2014, 24, 6348. 
[337] Zuccaro, L.; Kern, K.; Balasubramanian, K., ACS Nano 2015, 9, 3314. 
[338] Back, J. H.; Shim, M., The Journal of Physical Chemistry B 2006, 110, 23736. 
[339] Duval, J.; Lyklema, J.; Kleijn, J. M.; van Leeuwen, H. P., Langmuir 2001, 17, 
7573. 
[340] Rümmeli, M. H.; Rocha, C. G.; Ortmann, F.; Ibrahim, I.; Sevincli, H.; Börrnert, 
F.; Kunstmann, J.; Bachmatiuk, A.; Pötschke, M.; Shiraishi, M.; Meyyappan, M.; 
Büchner, B.; Roche, S.; Cuniberti, G., Adv. Mater. 2011, 23, 4471. 
[341] Liu, H.; Liu, Y., Physical Sciences Reviews 2017, 2. 
[342] Lin, L.; Zhang, J.; Su, H.; Li, J.; Sun, L.; Wang, Z.; Xu, F.; Liu, C.; Lopatin, S.; 
Zhu, Y.; Jia, K.; Chen, S.; Rui, D.; Sun, J.; Xue, R.; Gao, P.; Kang, N.; Han, Y.; Xu, H. 
Q.; Cao, Y.; Novoselov, K. S.; Tian, Z.; Ren, B.; Peng, H.; Liu, Z., Nat. Commun. 2019, 
10, 1912. 
[343] Pettes, M. T.; Jo, I.; Yao, Z.; Shi, L., Nano Lett. 2011, 11, 1195. 
[344] Yun, H.; Lee, S.; Jung, D.; Lee, G.; Park, J.; Kwon, O. J.; Lee, D. J.; Park, C.-Y., 
Appl. Surf. Sci. 2019, 463, 802. 
[345] Li, Z.; Wang, Y.; Kozbial, A.; Shenoy, G.; Zhou, F.; McGinley, R.; Ireland, P.; 
Morganstein, B.; Kunkel, A.; Surwade, S. P.; Li, L.; Liu, H., Nat. Mater. 2013, 12, 925. 
[346] Schweizer, P.; Dolle, C.; Dasler, D.; Abellán, G.; Hauke, F.; Hirsch, A.; Spiecker, 
E., Nat. Commun. 2020, 11, 1743. 
[347] Bühler, J.; Steiner, F. P.; Baltes, H., Journal of Micromechanics and 
Microengineering 1997, 7, R1. 
[348] Kosmulski, M., Adv. Colloid Interface Sci. 2020, 275, 102064. 
[349] Wang, Q. H.; Jin, Z.; Kim, K. K.; Hilmer, A. J.; Paulus, G. L. C.; Shih, C.-J.; Ham, 
M.-H.; Sanchez-Yamagishi, J. D.; Watanabe, K.; Taniguchi, T.; Kong, J.; Jarillo-Herrero, 
P.; Strano, M. S., Nature Chem. 2012, 4, 724. 
[350] Fratini, S.; Guinea, F., Phys. Rev. B 2008, 77, 195415. 
[351] Macedo, L. J. A.; Iost, R. M.; Hassan, A.; Balasubramanian, K.; Crespilho, F. N., 
ChemElectroChem 2019, 6, 31. 
[352] Heller, I.; Kong, J.; Williams, K. A.; Dekker, C.; Lemay, S. G., J. Am. Chem. Soc. 
2006, 128, 7353. 
[353] Balasubramanian, K.; Burghard, M.; Kern, K., Phys. Chem. Chem. Phys. 2008, 
10, 2256. 
[354] Veligura, A.; Zomer, P. J.; Vera-Marun, I. J.; Józsa, C.; Gordiichuk, P. I.; van 
Wees, B. J., J. Appl. Phys. 2011, 110, 113708. 
[355] Park, K.; Kang, H.; Koo, S.; Lee, D.; Ryu, S., Nat. Commun. 2019, 10, 4931. 
[356] Unwin, P. R.; Güell, A. G.; Zhang, G., Acc. Chem. Res. 2016, 49, 2041. 
[357] Narayanan, R.; Yamada, H.; Marin, B. C.; Zaretski, A.; Bandaru, P. R., J. Phys. 
Chem. Lett. 2017, 8, 4004. 
[358] Cline, K. K.; McDermott, M. T.; McCreery, R. L., J. Phys. Chem. 1994, 98, 5314. 



9 Bibliography 

227 
 

[359] van den Beld, W. T. E.; Odijk, M.; Vervuurt, R. H. J.; Weber, J.-W.; Bol, A. A.; 
van den Berg, A.; Eijkel, J. C. T., Sci. Rep. 2017, 7, 45080. 
[360] Brett, C. M. A.; Inzelt, G.; Kertesz, V., Anal. Chim. Acta 1999, 385, 119. 
[361] Randviir, E. P.; Brownson, D. A.; Gomez-Mingot, M.; Kampouris, D. K.; Iniesta, 
J.; Banks, C. E., Nanoscale 2012, 4, 6470. 
[362] Brownson, D. A. C.; Gorbachev, R. V.; Haigh, S. J.; Banks, C. E., Analyst 2012, 
137, 833. 
[363] Yang, W.; Ratinac, K. R.; Ringer, S. P.; Thordarson, P.; Gooding, J. J.; Braet, F., 
Angew. Chem. Int. Ed. 2010, 49, 2114. 
[364] Kang, X.; Wang, J.; Wu, H.; Aksay, I. A.; Liu, J.; Lin, Y., Biosens. Bioelectron. 
2009, 25, 901. 
[365] Bartlett, P. N.; Al-Lolage, F. A., J. Electroanal. Chem. 2018, 819, 26. 
[366] Hirose, A.; Kasai, T.; Koga, R.; Suzuki, Y.; Kouzuma, A.; Watanabe, K., 
Bioresources and Bioprocessing 2019, 6, 10. 
[367] Manohar, S. K.; Fafadia, C.; Saran, N.; Rao, R., J. Appl. Phys. 2008, 103, 094501. 
[368] Singh, M.; Holzinger, M.; Tabrizian, M.; Winters, S.; Berner, N. C.; Cosnier, S.; 
Duesberg, G. S., J. Am. Chem. Soc. 2015, 137, 2800. 
[369] Bunimovich, Y. L.; Shin, Y. S.; Yeo, W.-S.; Amori, M.; Kwong, G.; Heath, J. R., 
J. Am. Chem. Soc. 2006, 128, 16323. 
[370] Ritter, K. A.; Lyding, J. W., Nat. Mater. 2009, 8, 235. 
[371] Xu, W.; Lee, T.-W., Materials Horizons 2016, 3, 186. 
[372] Jessen, B. S.; Gammelgaard, L.; Thomsen, M. R.; Mackenzie, D. M. A.; Thomsen, 
J. D.; Caridad, J. M.; Duegaard, E.; Watanabe, K.; Taniguchi, T.; Booth, T. J.; Pedersen, 
T. G.; Jauho, A.-P.; Bøggild, P., Nat. Nanotechnol. 2019, 14, 340. 
[373] Molitor, F.; Güttinger, J.; Stampfer, C.; Graf, D.; Ihn, T.; Ensslin, K., Phys. Rev. 
B 2007, 76, 245426. 
[374] Chen, C.; Low, T.; Chiu, H.; Zhu, W., IEEE Electron Dev. Lett. 2012, 33, 330. 
[375] Hähnlein, B.; Händel, B.; Schwierz, F.; Pezoldt, J., Mater. Sci. Forum 2013, 740-
742, 1028. 
[376] Panchal, V.; Lartsev, A.; Manzin, A.; Yakimova, R.; Tzalenchuk, A.; Kazakova, 
O., Sci. Rep. 2014, 4, 5881. 
[377] Hwang, W. S.; Zhao, P.; Kim, S. G.; Yan, R.; Klimeck, G.; Seabaugh, A.; 
Fullerton-Shirey, S. K.; Xing, H. G.; Jena, D., npj 2D Materials and Applications 2019, 
3, 43. 
[378] Xu, K.; Fullerton-Shirey, S. K., Journal of Physics: Materials 2020, 3, 032001. 
[379] Lee, E. J. H.; Balasubramanian, K.; Weitz, R. T.; Burghard, M.; Kern, K., Nat. 
Nanotechnol. 2008, 3, 486. 
[380] Bekyarova, E.; Sarkar, S.; Wang, F.; Itkis, M. E.; Kalinina, I.; Tian, X.; Haddon, 
R. C., Acc. Chem. Res. 2013, 46, 65. 
[381] Allen J. Bard, L. R. F., Electrochemical Methods: Fundamentals and 
Applications. 2nd ed. ed.; Wiley: 2000. 



9 Bibliography 

228 
 

[382] Buron, J. D.; Pizzocchero, F.; Jepsen, P. U.; Petersen, D. H.; Caridad, J. M.; 
Jessen, B. S.; Booth, T. J.; Bøggild, P., Sci. Rep. 2015, 5, 12305. 
[383] Yang, Y.; Murali, R., IEEE Electron Device Lett. 2010, 31, 237. 
[384] Stolyarov, M. A.; Liu, G.; Rumyantsev, S. L.; Shur, M.; Balandin, A. A., Appl. 
Phys. Lett. 2015, 107, 023106. 
[385] Xu, G.; Torres, C. M.; Zhang, Y.; Liu, F.; Song, E. B.; Wang, M.; Zhou, Y.; Zeng, 
C.; Wang, K. L., Nano Lett. 2010, 10, 3312. 
[386] Takeshita, S.; Matsuo, S.; Tanaka, T.; Nakaharai, S.; Tsukagoshi, K.; Moriyama, 
T.; Ono, T.; Arakawa, T.; Kobayashi, K., Appl. Phys. Lett. 2016, 108, 103106. 
[387] Back, J. H.; Shim, M., J. Phys. Chem. B 2006, 110, 23736. 
[388] Greenwood, J.; Phan, T. H.; Fujita, Y.; Li, Z.; Ivasenko, O.; Vanderlinden, W.; 
Van Gorp, H.; Frederickx, W.; Lu, G.; Tahara, K.; Tobe, Y.; Uji-i, H.; Mertens, S. F. L.; 
De Feyter, S., ACS Nano 2015, 9, 5520. 
[389] Paulus, G. L. C.; Wang, Q. H.; Strano, M. S., Acc. Chem. Res. 2013, 46, 160. 
[390] Niyogi, S.; Bekyarova, E.; Hong, J.; Khizroev, S.; Berger, C.; de Heer, W.; 
Haddon, R. C., J. Phys. Chem. Lett. 2011, 2, 2487. 
[391] Lyskawa, J.; Bélanger, D., Chem. Mater. 2006, 18, 4755. 
[392] Rösicke, F.; Sun, G.; Neubert, T.; Janietz, S.; Hinrichs, K.; Rappich, J., J. Phys.: 
Condens. Matter 2016, 28, 094004. 
[393] Lim, H.; Lee, J. S.; Shin, H.-J.; Shin, H. S.; Choi, H. C., Langmuir 2010, 26, 
12278. 
[394] Bellunato, A.; Arjmandi Tash, H.; Cesa, Y.; Schneider, G. F., ChemPhysChem 
2016, 17, 785. 
[395] Yang, W.; Chen, G.; Shi, Z.; Liu, C.-C.; Zhang, L.; Xie, G.; Cheng, M.; Wang, 
D.; Yang, R.; Shi, D.; Watanabe, K.; Taniguchi, T.; Yao, Y.; Zhang, Y.; Zhang, G., Nat. 
Mater. 2013, 12, 792. 
[396] Cazalas, E.; Hogsed, M. R.; Vangala, S.; Snure, M. R.; McClory, J. W., Appl. 
Phys. Lett. 2019, 115. 
[397] Quezada-Lopez, E. A.; Joucken, F.; Chen, H.; Lara, A.; Davenport, J. L.; Hellier, 
K.; Taniguchi, T.; Watanabe, K.; Carter, S.; Ramirez, A. P.; Velasco, J., J. Appl. Phys. 
2020, 127. 
[398] Banks, C. E.; Davies, T. J.; Wildgoose, G. G.; Compton, R. G., Chem. Commun. 
2005, 829. 
[399] Kobayashi, Y.; Fukui, K. i.; Enoki, T.; Kusakabe, K., Phys. Rev. B 2006, 73, 
125415. 
[400] Shang, N. G.; Papakonstantinou, P.; McMullan, M.; Chu, M.; Stamboulis, A.; 
Potenza, A.; Dhesi, S. S.; Marchetto, H., Adv. Funct. Mater. 2008, 18, 3506. 
[401] Xu, M.; Zhang, Y.; Wang, K.; Mao, J.; Ji, W.; Qiu, W.; Feng, T.; Zhang, M.; Mao, 
L., Analyst 2019, 144, 2914. 
[402] Patel, A. N.; Tan, S. y.; Miller, T. S.; Macpherson, J. V.; Unwin, P. R., Anal. 
Chem. 2013, 85, 11755. 



9 Bibliography 

229 
 

[403] Keithley, R. B.; Takmakov, P.; Bucher, E. S.; Belle, A. M.; Owesson-White, C. 
A.; Park, J.; Wightman, R. M., Anal. Chem. 2011, 83, 3563. 
[404] Jacobs, C. B.; Ivanov, I. N.; Nguyen, M. D.; Zestos, A. G.; Venton, B. J., Anal. 
Chem. 2014, 86, 5721. 
[405] Yang, C.; Trikantzopoulos, E.; Jacobs, C. B.; Venton, B. J., Anal. Chim. Acta 
2017, 965, 1. 
[406] Zestos, A. G.; Venton, B. J., J. Electrochem. Soc. 2018, 165, G3071. 
[407] Yang, C.; Hu, K.; Wang, D.; Zubi, Y.; Lee, S. T.; Puthongkham, P.; Mirkin, M. 
V.; Venton, B. J., Anal. Chem. 2019, 91, 4618. 
[408] Cao, Q.; Shin, M.; Lavrik, N. V.; Venton, B. J., Nano Lett. 2020, 20, 6831. 
[409] Shin, M.; Copeland, J. M.; Venton, B. J., Anal. Chem. 2020, 92, 14398. 
[410] Roberts, J. G.; Sombers, L. A., Anal. Chem. 2018, 90, 490. 
[411] Clark, L. C., Jr.; Lyons, C., Ala J Med Sci 1965, 2, 353. 
[412] Wang, Y.; Velmurugan, J.; Mirkin, M. V., Isr. J. Chem. 2010, 50, 291. 
[413] Bath, B. D.; Michael, D. J.; Trafton, B. J.; Joseph, J. D.; Runnels, P. L.; Wightman, 
R. M., Anal. Chem. 2000, 72, 5994. 
[414] Umpleby, R. J.; Baxter, S. C.; Chen, Y.; Shah, R. N.; Shimizu, K. D., Anal. Chem. 
2001, 73, 4584. 
[415] Das Sarma, S.; Adam, S.; Hwang, E. H.; Rossi, E., Rev. Mod. Phys. 2011, 83, 407. 
 

 



 

230 
 

APPENDIX 
Appendix 

A. Model of charge and potential landscape at the GLI 

In section 4.2 in the main text, a model for the pH and ionic strength (IS) sensitivity of 

graphene is introduced that was developed by Zuccaro (et al.). [253] Here, the approaches 

for the description of the potentials ΨGr, Ψ0 and ΨOHP and the corresponding charges σGr, 

σ0 and σOHP are outlined.  

In Figure 4.2.1 in the main text, Ψ(x) is exemplary shown for a specific case. For the 

general expression of the potential profile, it is clear that three zones need to be described 

separately. [339] In the Stern model of the EDL, a layer of ions forms at the liquid side of 

the interface (Stern layer), followed by the diffuse layer, which is dominated by charges 

of the same sign as at the OHP. However, their concentration decreases further away from 

the OHP and charge neutrality is given beyond the diffuse layer in the bulk solution. [39] 

Across the diffuse layer, the potential decays exponentially as described in the Gouy-

Chapman and Stern theory. [39, 117, 118] Therefore, Ψ(x) reaches the maximum of that 

exponential function at the OHP, which corresponds to ΨOHP. From thereon, Ψ(x) varies 

linearly across the Stern layer to Ψ0 as a function of ΨOHP, which can be described as 

given in Equation A-1. [253, 339] 

𝛹𝛹0(𝛹𝛹OHP) = 𝛹𝛹OHP −
𝜎𝜎OHP(𝛹𝛹OHP)

𝐶𝐶Stern
 Equation A-1 

Therein, CStern is the specific capacitance of the Stern layer.  
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ΨGr, on the other hand, is applied externally via the gate and is the negative of the gate 

voltage VecG. An offset-potential Ψoff can be present. Hence, ΨGr is given by Equation 

A-2. [253] 

𝛹𝛹Gr = −(𝑉𝑉ecG + 𝛹𝛹off) Equation A-2 

This is independent of ΨOHP. However, σGr can be described as given in Equation A-3. 

[253, 339] 

𝜎𝜎Gr(𝛹𝛹OHP) = �𝛹𝛹Gr − 𝛹𝛹0(𝛹𝛹OHP)�𝐶𝐶FL Equation A-3 

Herein, CFL is the specific capacitance of the FL. CFL and CStern are defined by Equation 

A-4. 

𝐶𝐶L =
𝜀𝜀0𝜀𝜀𝑟𝑟(L)

𝑡𝑡L
 Equation A-4 

The index L represents the respective layer (Stern or functional). ε0 is the permittivity of 

free space, εr(L) the relative permittivity of the respective layer and tL the thickness of the 

layer.  

Furthermore, σOHP can be determined based on the Gouy-Chapman and Stern theory in 

accordance to Equation A-5 and Equation A-6. [253, 263, 339] 

𝜎𝜎OHP(𝛹𝛹OHP) = −
2 𝜅𝜅 𝜀𝜀0𝜀𝜀r(H2O) 𝑘𝑘B𝑅𝑅

𝑒𝑒
∙ sinh �

𝑒𝑒
2 𝑘𝑘𝐵𝐵𝑅𝑅

∙ 𝛹𝛹𝑂𝑂𝑂𝑂𝑂𝑂� Equation A-5 

with       𝜅𝜅 = � 2 𝑒𝑒2

𝑘𝑘B𝑅𝑅𝜀𝜀0𝜀𝜀r
∙ IS  Equation A-6 

Therein, κ-1 is the Debye screening length, εr(H2O) the relative permittivity of water and IS 

the total ionic strength of the solution.  
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For the determination of σ0, Langmuir-Freundlich isotherms can be modeled. [263, 338, 414] 

Therefore, the protonatable/deprotonatable groups in the FL need to be described to arrive 

at a qualitative fit of the interface. Two different situations can be generally assumed, 

equivalent to the processes described earlier in this chapter. These are represented by the 

reactions in Equation A-7 and Equation A-8. [253] 

Gr − H ⇌ Gr− + H+ (Ka1)  Equation A-7 

Gr − H+ ⇌ Gr + H+ (Ka2) Equation A-8 

Both reactions describe a deprotonation with an acid dissociation constant Ka. Gr 

represents functional graphene sites (functional groups in the FL at graphene) that can be 

protonated, while Gr-H represents deprotonatable functional graphene sites. (Note that 

these groups do not need to be covalently bound to graphene.) The degree of dissociation 

(deprotonation) can be determined according to Equation A-9 and Equation A-10. [253] 

[Gr−]
[Gr − H]

=
𝐾𝐾a1

[H+] ∙ exp �− 𝑒𝑒
𝑘𝑘𝐵𝐵𝑅𝑅

∙ 𝛹𝛹0�
 Equation A-9 

[Gr − H+]
[Gr]

=
[H+] ∙ exp �− 𝑒𝑒

𝑘𝑘𝐵𝐵𝑅𝑅
∙ 𝛹𝛹0�

𝐾𝐾a2
 Equation A-10 

In both equations, the species in square brackets represents the surface concentration of 

that species, but [H+], which refers to the concentration of protons in the bulk solution 

(and hence the pH of the solution). [339] The charged species is in the numerator on the 

left side of both equations, separating the sign of the charge in the following equations. 

The charge at the interface of each kind of group is than expressed by Equation A-11 and 

Equation A-12. [253] 
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𝜎𝜎0(−)
𝑖𝑖 (𝛹𝛹OHP) =

𝜎𝜎max𝑖𝑖

�1 + �
[H+] ∙ exp �− 𝑒𝑒

𝑘𝑘𝐵𝐵𝑅𝑅
∙ 𝛹𝛹0(𝛹𝛹OHP)�

𝐾𝐾a1𝑖𝑖
�

𝑚𝑚

�

 
Equation A-11 

𝜎𝜎0(+)
𝑗𝑗 (𝛹𝛹OHP) =

𝜎𝜎max
𝑗𝑗

�1 + �
𝐾𝐾a2
𝑗𝑗

[H+] ∙ exp �− 𝑒𝑒
𝑘𝑘𝐵𝐵𝑅𝑅

∙ 𝛹𝛹0(𝛹𝛹OHP)�
�

𝑚𝑚

�

 
Equation A-12 

In these equations the superscripts i and j summarize all types of chargeable groups, with 

i collecting all negatively chargeable groups and j all positively chargeable groups. σmax 

is the maximum charge density that each type of group can achieve at full 

protonation/deprotonation. [253, 324] All negatively (i) or positively (j) chargeable groups 

have an individual Ka1 or Ka2, respectively. The exponent m in the denominator of the 

right side represents the degree of heterogeneity in the distribution of 

protonatable/deprotonatable groups and has been introduced in a modified Langmuir-

Freundlich theory. [414] Finally, σ0 can be defined as the sum of all individual 𝜎𝜎0(−)
𝑖𝑖  and 

𝜎𝜎0(+)
𝑗𝑗  as described in Equation A-13. [253, 263] 

𝜎𝜎0(𝛹𝛹OHP) = ∑ 𝜎𝜎0(−)
𝑖𝑖 (𝛹𝛹OHP)𝑖𝑖 + ∑ 𝜎𝜎0(+)

𝑗𝑗 (𝛹𝛹OHP)𝑗𝑗 + 𝜎𝜎off =

∑ 𝜎𝜎max
𝜇𝜇

�1+10𝑚𝑚 �pH−p𝐾𝐾𝑎𝑎
𝜇𝜇� sign�𝜎𝜎max

𝜇𝜇 � exp� 𝑒𝑒
𝑘𝑘𝐵𝐵𝑇𝑇

 𝛹𝛹0(𝛹𝛹OHP) sign�𝜎𝜎max
𝜇𝜇 �� �

+𝜇𝜇=𝑖𝑖,𝑗𝑗 𝜎𝜎off  Equation A-13 
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B. Additional details on the observation of the Faradaic effect 

In this section, further details on the observation of the Faradaic effect are discussed. This 

includes the observation of a reductive shift (towards higher VecG) in the presence of 

[Ru(NH3)6]3+, as well as a discussion of the choice of the applied potential window and 

the relevance of the initial position of the Dirac point.  

 

a) Example of a reductive shift induced by [Ru(NH3)6]3+ 

On some GFET devices, the Dirac point was unusually high (approx. 0.21 V in pH 3). 

These devices belonged to a batch, where the gated graphene area was 2 by 1 mm2. These 

devices showed less stability due to a design flaw. However, they were used for some 

initial experiments, including the one presented in Figure B.1. Here, the shift towards 

higher VecG originates from the reduction of [Ru(NH3)6]3+ during the operation of the 

GFET device. Since the initial Dirac point is found above the position of E0’ for 

[Ru(NH3)6]3+/2+, the situation here is equivalent to the presented examples of [IrCl6]2-/3- 

and [Fe(CN)6]3-/4-. Interestingly, the shape of the gate-dependent transfer curve also 

changes in the presence of increasing concentrations of [Ru(NH3)6]3+, as can be seen in 

Figure B.1b). Again, this can be attributed to the strong fluctuation of the current during 

the measurement. In the situation presented in this figure, the reductive current increases 

equivalently to the 2 EL CV measurement presented in Figure 5.2.8d) in the main text. 

Due to the increase of current at each potential step, the half-cell potential of graphene 

increases permanently as well, which might stretch the transfer curve over the scanned 

potential window in addition to the Dirac point shift. This is in contrast to the case 

presented for [IrCl6]2-, where it was pointed out, that the whole transfer curve shifted, as 

the diffusion-limited reductive current is rather stable far away from E0’ of [IrCl6]2-. 
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Figure B.1: Field-effect response of graphene with an unusually high Ve
D
c
i
G
rac in buffer solution in 

the presence of [Ru(NH3)6]3+ redox probe. a) Evolution of the gate-dependent transfer curve of 
graphene in blank buffer with increasing concentration of oxidized [Ru(NH3)6]3+ plotted as a 2D 
map. The first five cycles are measured in buffer, the following five with 10 µM probe in the 
same buffer. Subsequently, five cycles are measured in buffer again and so on. The concentration 
is shown on top of the map. The white profile indicates the position of the Dirac point. b) Selected 
individual cycles from the map in a), from where the Dirac point is extracted. c) Evolution of the 
Dirac point Ve

D
c
i
G
rac as a function of the concentration of [Ru(NH3)6]3+. Error bars indicate the 

strongest deviation of a single cycle from the average Dirac point position. The measurements 
were performed in phosphate buffer at pH 3 (buffer concentration BC = 10 mM, ionic strength IS 
= 100 mM). The area of the graphene AGr was 2∙1 mm2. 

 

b) Influence of applied potential and Dirac point position on Faradaic effect 

In potentiodynamic measurements, the scanned gate voltage window can be adjusted. 

Although a standard measurement window was established probing the transfer curve 

(and current) between -0.1 and 0.4 V in most measurements, the vertex potentials are 

freely adjustable for any measurement. Ideally, it should cover 𝑉𝑉ecGDirac. Since each 

individual E0’ is fixed on the VecG scale, the chosen potential window can influence the 
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generated Faradaic current. A good example for this is the redox probe [Fe(CN)6]3-/4-. As 

mentioned before, the potential window from -0.1 V to 0.4 V does not cover the E0’ of 

that species, which is approx. -0.22 V on the VecG scale.  

 

 

Figure B.2: Effect of the scanned potential window on Faradaic effect. a) 2 EL CVs of blank 
buffer and in the presence of reduced species [Fe(CN)6]4- (1 mM) at graphene in different potential 
windows. b) Gate-dependence of resistance of graphene in the presence of 1mM [Fe(CN)6]4- 
measured in different gate voltage windows as indicated in the legend (Note that only the response 
close around the Dirac point is shown for clarity). 

 

As shown in Figure B.2, the Faradaic current and the resulting reductive shift imposed on 

the transfer curve deviate strongly, depending on the probed potential window. In the 

2 EL CVs shown in Figure B.2a), the current profiles recorded between -0.1 V and 0.4 V 

are almost identical in blank buffer solution and in the presence of 1 mM [Fe(CN)6]4-. 

However, as the potential window incorporates E0’ of the redox probe (-0.3 to 0.2 V), the 

oxidation of [Fe(CN)6]4- is starting to be measureable as a positive current at 

approx. -0.2 V. In the scan direction from -0.3 V to 0.2 V, a small reductive current occurs 

as a result of the oxidation of [Fe(CN)6]4- representing the re-reduction of the generated 

[Fe(CN)6]3-. If the potential is scanned even further to negative potentials, as shown in 

the blue curve for the potential window from -0.8 V to 0.2 V, the oxidation of [Fe(CN)6]4- 
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is enhanced covering the peak potential of the oxidation at approx. -0.5 V in the sweep 

from 0.2 to -0.8 V. In the opposite direction, a peak for the re-reduction of [Fe(CN)6]3- is 

additionally measured. The profile measured in blank buffer in the same potential window 

is flat and does not show significant hysteresis. In Figure B.2b) the corresponding gate-

dependent transfer curves are displayed. Independent of the scanned gate voltage 

window, 𝑉𝑉ecGDirac in buffer solution is constant. However, due to the very different amounts 

of in situ generated [Fe(CN)6]3- the reductive shift induced by the reductive electron 

transfer the species undergoes, the transfer curve is shifted the stronger, the further the 

vertex of the gate potential window of operation was chosen on the negative side. This 

observation validates the Faradic effect measured in the presence of [Ru(NH3)6]3+, where 

the in situ generated [Ru(NH3)6]2+ was behind the oxidative shift. Furthermore, in Figure 

B.2b), only the forward scan direction (from negative to positive VecG) is shown. It should 

additionally be mentioned that in agreement with the hysteresis discussed in section 5.4.1, 

the same effect was also present here, with almost no hysteresis of 𝑉𝑉ecGDirac in the case of 

the gate voltage window from -0.1 to 0.4 V and strong hysteresis of 𝑉𝑉ecGDirac in the gate 

voltage window from -0.8 to 0.2 V. However, this is only true in the presence of 

[Fe(CN)6]4-. In blank buffer solution no hysteresis of 𝑉𝑉ecGDirac was measured, which is in 

agreement with the current profile measured in that case.  

At multiple points in the main text, it was mentioned that the Dirac point of graphene is 

not fixed, but shows a certain sample-to-sample variation. That implies that the potential 

difference between E0’ of a redox probe and 𝑉𝑉ecGDirac in buffer varies, whereby the 

overpotential applied at 𝑉𝑉ecGDirac varies as well. Since the overpotential drives the rate of 

electron transfer, the Faradaic current should be the larger the further away 𝑉𝑉ecGDirac is found 

from E0’, as long as the current is not purely diffusion controlled. Therefore, the slope of 

the shift of the Faradaic effect should increase, if 𝑉𝑉ecGDirac is found at a larger overpotential. 
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To investigate this, multiple measurements like the one presented in Figure 5.2.5 with 

[Fe(CN)6]3- were compared. To determine the slope (∆𝑉𝑉ecGDirac/c) of the reductive shift over 

the concentration of [Fe(CN)6]3-, a linear fit was applied. This slope is plotted against the 

initial position of the Dirac point (𝑉𝑉ecGDirac(c = 0 µM)) extracted from each of these 

experiments in Figure B.3. 

 

 

Figure B.3: Slope of the reductive shift over the concentration of [Fe(CN)6]3- ΔVe
D
c
i
G
rac/c in 

correlation to the initial position of the Dirac point in buffer Ve
D
c
i
G
rac(c = 0 µM). Error bars indicate 

the standard deviation of the linear fit used to determine the slope.  

 

In the given case, the reductive shift is the stronger, the further away 𝑉𝑉ecGDirac is found in 

respect to E0’ of [Fe(CN)6]3-/4-. It is noteworthy that the initial position of the Dirac point 

is found in the realm, where the current increases strongly in the 2 EL CVs in Figure 

5.2.6a) (around VecG = 0 V). Therefore, this once again shows primarily that the Faradaic 

effect is the stronger, the higher the Faradaic current at the Dirac point is. A general 

correlation between the overpotential of the reduction and the Faradaic effect should be 

avoided. In the given situation, the current increases around the Dirac point, as E0’ of 

[Fe(CN)6]3-/4- is close to the scanned potential window. The current is driven by the 

overpotential. However, in a CV a peak potential is usually reached, after which the 
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Faradaic current is diffusion controlled and rather constant, independent of the 

overpotential. In the case of [IrCl6]2-, E0’ is found at -0.72 V on the VecG scale. The peak 

potential of the reduction is found at approx. -0.6 V with -500 nA for c = 500 µM as 

shown in Figure 5.3.2. Around 0 to 0.1 V, where the Dirac point would be expected, the 

current is at approx. 300 nA. In that situation, it can be expected in accordance with the 

assumed partial polarization of graphene that the reductive shift would be stronger 

at -0.6 V than at 0.1 V and therefore closer to E0’. However, this is not measureable, as 

the Dirac point cannot be forced to such values. This thought experiment only serves to 

show that the overpotential at the Dirac point alone does not determine the strength of the 

Faradaic effect. However, it does influence the kinetics of the electron transfer and can 

therefore have an ancillary impact on the Faradaic effect. The extreme case of this, again, 

is given for [Ru(NH3)6]3+/2+, where the position of the Dirac point dictates the sign of the 

overpotential, as well as the direction of the Faradaic effect’s shift.  
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C. Modified Drude model for extracting field-effect mobility 

In order to model the field-effect characteristics and obtain an idea of field-effect 

mobility, a modified semi-empirical Drude model was utilized in section 6.3. The 

theoretical basis of this model is outlined here. 

The density of states in graphene can be written as  

𝐷𝐷(𝐸𝐸) =  𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣|𝐸𝐸|
2𝜋𝜋(ℏ𝑣𝑣F)2

  Equation C-1 

characterized by a linear dispersion relation given by  

𝐸𝐸(𝑘𝑘) =  ±ℏ𝑣𝑣F|𝑘𝑘|  Equation C-2 

where gs and gv denote the spin and valley degeneracy respectively (with a value of 2 

each), k the wave vector, ℎ = 2𝜋𝜋ℏ is the Planck’s constant, vF ≈ 106 m/s the Fermi 

velocity.[1, 415] The charge carrier concentration of electrons n and holes h are obtained as 

follows 

𝑛𝑛(𝐸𝐸F) = ∫ 𝑑𝑑𝐸𝐸∞
0 𝐷𝐷(𝐸𝐸) �exp �𝐸𝐸−𝐸𝐸F

𝑘𝑘𝐵𝐵𝑅𝑅
� + 1�

−1
  Equation C-3 

𝑝𝑝(𝐸𝐸F) = ∫ 𝑑𝑑𝐸𝐸0
−∞ 𝐷𝐷(𝐸𝐸) �1 − �exp �𝐸𝐸−𝐸𝐸F

𝑘𝑘𝐵𝐵𝑅𝑅
�+ 1�

−1
�  Equation C-4 

with kB the Boltzmann constant and T the temperature.  

The graphene resistance as a function of the Fermi level EF is then given by 

𝑅𝑅(𝐸𝐸F) =  1
𝑒𝑒(𝑛𝑛(𝐸𝐸F)𝜇𝜇el+𝑝𝑝(𝐸𝐸F)𝜇𝜇hol)

+ 𝑅𝑅0  
Equation C-5 

where e is the elementary charge and 𝜇𝜇el and 𝜇𝜇hol refer to the mobility of holes and 

electrons respectively. R0 is an empirical parameter to account for the contact resistance, 
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scattering contributions and electron-hole puddles. This parameter signifies the minimum 

resistance measureable in the 2-probe devices. A constant capacitance for the gate 

capacitor is assumed and hence the Fermi energy is directly related to the applied 

electrochemical gate voltage VecG as follows 

𝐸𝐸𝑧𝑧 = 𝛼𝛼𝑒𝑒(𝑉𝑉ecG − 𝑉𝑉ecGDirac)  Equation C-6 

𝛼𝛼 is a measure of the gate coupling efficiency. The model parameters are R0, 𝑉𝑉ecG
Dirac, α, µel 

and µhol. Data from field-effect measurements are then fit to this model in Mathematica 

using the NonLinearModelFit routine to obtain a global minimum. A typical example of 

the result of the fit is shown in figure S6. The extracted mobility parameters should be 

interpreted as an apparent field-effect mobility, since an ideal graphene sheet is assumed. 

The use of this model also for the GrEdge-FET case is justified by considering that the 

entire graphene channel is gated via the edge, eventually. The evolution of the fit 

parameters for the GrEdge-FET devices with varying RPBW is discussed in section 6.3, 

especially Figure 6.3.4c).  

 

Figure C.1: Exemplary fit of graphene (edge) FET data with modified Drude model to extract 
device parameters. a),b) Measured transfer curve (in buffer, pH 6.7, IS = 250 mM, black squares) 
and model fit (red curve) for GrEdge-FET devices with a) RPBW = 1 µm and b) RPBW = 18 µm. 
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