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Abstract
Graphene is a carbon atom-thick layer with outstanding mechanical and electrical

properties. It has been envisioned as a promising candidate for its use as a conductive
medium in polymers, a flexible, transparent and highly conductive electrode in
optoelectronic devices and as the conductive channel of high frequency transistors. In
the pathway to use graphene and its exceptional properties in such applications there
are still open questions to be answered. One key issue always present for the fabrication
of devices is that of the electrical contacting of the conductive channel. Such is the
case for graphene where it is still not clarified how the oxygen content in Functionalized
Graphene Sheets (FGS), the lithography process or the contact design in graphene
produced by Chemical Vapor Deposition (CVD) impact the contact resistance between
the metal electrode and the graphene channel. This understanding is however of utmost
importance since contact resistances significantly affect the conductivity of electronic
devices.

Hence, the aim of this work is the characterization of electrical contacts in
graphene-based devices on ambient conditions. For a better understanding of the electrical
contacts, information on the submicrometer scale is advantageous, therefore Kelvin Probe
Force Microscopy (KPFM) was used as the main characterization technique. Since an
improvement is expected in the resolution of KPFM by detecting the force gradient instead
of the electrostatic force itself, phase modulation is implemented in the existing system and
its performance is examined. A feature of less than 20 nm and 80 mV in surface potential
variation could be clearly resolved in ambient conditions. In the following section, it is
shown that with decreasing oxygen content in FGS, the transport mechanism of the charge
carriers has a transition from predominantly hopping to predominantly diffusive transport,
along with a reduction of the sheet resistance from > 400 kΩ/� to < 10 kΩ/�. At the
same time it is reported that the contact resistance changes from nonlinear, Schottky-type
behavior with high resistance (> 100 kΩµm) to linear, ohmic behavior with low contact
resistance (∼ 1 kΩµm). In the last part of this work, the influence of the fabrication
process and contact design in the contact resistance of CVD graphene is investigated.
It is determined that optical lithography systematically produced devices with contact
resistances up to an order magnitude larger (� 1 kΩµm) than e-beam lithography
(< 1 kΩµm). It is determined that this is caused by a 3 – 4 nm thick residual layer from the
optical lithography process which is present between graphene and the metal electrode.
An elegant solution to prevent the effect of this residual layer in contact resistance is
the use of novel one dimensional contacts instead of the conventional two dimensional
contacts. In the former type of contact the charge carriers transit the metal/graphene
interface not vertically but horizontally. It can be shown that such novel type of contact
design, even with the use of optical lithography, can reach contact resistances lower than
200 Ωµm.





Zusammenfassung
Graphen, ein monolagiges Kohlenstoffallotrop, besitzt herausragende mechanische

und elektrische Eigenschaften. Derzeit wird es u.a. als ein aussichtsreicher Kandidat
für den Einsatz als leitfähiges Medium in Polymeren, als flexible, transparente und
elektrisch hoch leitfähige Elektrode in optoelektronischen Bauelementen und als
Kanalmaterial in Hochfrequenztransistoren gehandelt. Bis zur kommerziellen Nutzung
in diesen Anwendungsbereichen müssen jedoch noch grundlegende Fragen geklärt
werden. Eine zentrale Fragestellung, die immer auftaucht, sobald reale Bauelemente
hergestellt werden sollen, ist die der elektrischen Kontaktierung. So ist im Fall des
Graphens immer noch nicht geklärt, wie sich der unterschiedliche Sauerstoffgehalt
in funktionalisierten Graphenflocken (Functionalized Graphene Sheets, FGS) und
das Lithographieverfahren oder das Kontaktdesign von Graphen hergestellt mittels
chemischer Gasphasenabscheidung (CVD) auf den elektrischen Kontaktwiderstand
zwischen Metallelektrode und Graphen auswirken. Ein Verständnis ist jedoch von
fundamentaler Bedeutung, da Kontaktwiderstände die Leistungsfähigkeit elektronischer
Bauelemente erheblich beeinflussen.

Der Fokus dieser Arbeit richtet sich auf die Charakterisierung von elektrischen
Kontakten in Graphen-basierten Bauelementen unter Umgebungsbedingungen. Da
es für das Verständnis elektrischer Kontakte unabdingbar ist, Informationen im
Submikrometerbereich zu erhalten, wurde die Charakterisierung mittels der Kelvin
Probe Force Microscopy (KPFM) Technik durchgeführt. Da die Ortsauflösung eines
Rasterkraftmikroskops durch die Messung des Kraftgradienten anstelle der direkten
Kraftmessung erheblich verbessert werden kann, wurde die Technik der Phasenmodulation
in das bestehende System implementiert und auf seine Leistungsfähigkeit hin untersucht.
Es konnte eine Ortsauflösung von weniger als 20 nm und eine Potenzialauflösung von
80 mV unter Umgebungsbedingungen demonstriert werden. Im folgenden Teil der
Arbeit konnte gezeigt werden, dass sich mit abnehmendem Sauerstoffgehalt in FGS
der Leitungsmechanismus der Ladungsträger von überwiegend Hopping-Transport zu
überwiegend diffusivem Ladungstransport verändert, begleitet von einer Reduzierung des
elektrischen Schichtwiderstands von > 400 kΩ/� auf < 10 kΩ/�. Gleichzeitig wurde
nachgewiesen, dass sich der Kontaktwiderstand von nichtlinearem, Schottky-ähnlichem
Verhalten mit hohen Kontaktwiderständen (> 100 kΩµm) zu linearem, ohmschem
Verhalten mit niedrigeren Kontaktwiderständen (∼ 1 kΩµm) verändert hat. Im letzten
Teil der Arbeit wurde der Einfluss des Lithographieverfahrens und des Kontaktdesigns auf
die Kontaktwiderstände bei CVD Graphen untersucht. Es zeigte sich, dass das optische
Lithographieverfahren systematisch Bauelemente mit elektrischen Kontaktwiderständen
produziert, die um eine Größenordnung (� 1 kΩµm) gegenüber denjenigen beim
Elektronenstrahl-Lithographieverfahren (< 1 kΩµm) erhöht sind. Als Grund dafür
konnte eine Residuenschicht von Photolack der Dicke 3 – 4 nm zwischen Graphen
und Metallelektrode ermittelt werden. Eine elegante Methode, diese Residuenschicht
zu verhindern, stellt der Übergang von konventionellen, zweidimensionalen elektrischen
Kontakten zu neuartigen, eindimensionalen Kontakten dar. Bei Letzteren findet der
Ladungsträgerübergang vom Metall ins Graphen nicht senkrecht zur Graphenschicht statt,
sondern lateral. Es konnte gezeigt werden, dass durch solche neuartigen Kontaktdesigns
selbst unter Verwendung der optischen Lithographie Kontaktwiderstände von weniger als
200 Ωµm realisierbar sind.
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Chapter 1

Introduction

With an ever growing demand of faster and more powerful cutting edge technologies for

consumer electronic applications, conventional semiconductor materials are being pushed

towards the borders of their physical limitations. Therefore, to continue the improvement

of electronic devices and their applications, new paths must be studied, which can take the

form of new and/or improved materials with outstanding properties. In 2004 scientists at

Manchester University published a paper on the finding of such a new and outstanding

material: graphene [1].

Graphene, is defined as a single layer of sp2 bonded carbon atoms arranged in a

hexagonal structure. Thus, this atom-thick layer is considered to have only 2 dimensions

(2D). The first paradigm that graphene changed was the fact that a 2D structure

can indeed exist, either suspended or supported on a substrate [2], since theoretical

calculations had shown that obtaining graphene was thermodynamically not feasible [3]

[4]. The 2004 paper reported that graphene′s electrical conductivity could be controlled

by a perpendicular electric field which could induce charge carrier concentrations up

to 1013 cm−2 with mobilities up to 104 cm2V −1s−1[1]. The following year, the same

team observed in graphene the anomalous quantum Hall effect, which was the evidence

that electrons in graphene behave as massless Dirac Fermions [5]. Along with other

properties such as ballistic transport at room temperature [6], graphene has placed itself

as a competitor against established semiconductor technologies [7]. This has caused a

knowledge-rush in the scientific community which the industry has followed with names

such as IBM, Samsung, BASF, among others exploring different applications of graphene.

For example, electronic displays mainly use Indium Tin Oxide which is a scarce and brittle

material, graphene on the other hand is abundant (carbon), transparent and flexible. This
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positions graphene as a competitor for its use in ordinary displays and state-of-the-art

flexible displays [8] [9].

On the road to implement the above mentioned properties of graphene in off-the-shelf

products, as with any other material, the establishment of low cost and large scale

fabrication processes for the whole chain is needed, from raw materials to finished

products. The graphene studies began with an artisanal mechanical exfoliation from

graphite [1], which cannot be applied for mass production. Therefore, other means

to synthesize graphene have been studied to obtain larger yields without losing the

exceptional properties of this material. For this purpose, two chemical approaches

have excelled in large scale production at low cost relative to other synthesis processes,

namely thermochemical exfoliation of graphite [10] and carbon deposition on catalytic

surfaces [11]. Once the material is available, the fabrication of graphene-based devices

follows. Micrometer and nanometer devices can be fabricated by electron beam (e-beam)

lithography or optical lithography [1]. Again keeping the industrial implementation in

mind, the manufacturing process requires a high output production rate. Therefore,

optical lithography is rather desired in industry and efforts must be made to effectively

produce devices by this method. Inevitably, the operation of graphene in electronic

and optoelectronic applications requires the use of electric contacts, mostly in the form

of metal/graphene interfaces, to inject and extract the charge carriers from and into

graphene. The most widely used methods for the electrical characterization of devices and

their electrical contacts are macroscopic approaches. However, for graphene, information

on the nanometer scale is very valuable for the overall understanding of this extremely

thin and relative new material. As a 2D material, graphene can be considered mostly a

surface. Therefore, Kelvin Probe Force Microscopy (KPFM), stands as a suitable option

since it is a surface potential sensitive technique, which is based in the Atomic Force

Microscopy (AFM), therefore sharing the intrinsic high spatial resolution, down to the

nanoscale.

The characterization of graphene-based micro- and nanodevices could then benefit

from the use of KPFM as an electrical characterization technique to deeply understand the

behavior of graphene synthesized by large-scale approaches. Thus, this thesis is devoted

to the electrical characterization with high spatial resolution by means of KPFM on

graphene-based devices and their metal/graphene interfaces.

KPFM is an established technique at the Duisburg-Essen University′s Werkstoffe

der Elektroteknik (WET) workgroup, where these investigations were made. Here the
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CHAPTER 1. INTRODUCTION

method is based on measuring the electrostatic force between the sample and a nanometer

metallic tip. It has been reported [12], however, that the sensitivity of KPFM can be

enhanced instead by measuring the rate of change of this electrostatic force i.e. the

force gradient. The use of the force gradient is usually reserved for vacuum conditions

where the frequency shifts are directly accessible, however, in ambient conditions, phase

shifts could approximate the electrostatic force gradients, thus allowing an improvement

in the current operation conditions. Hence, it is yet to be validated if the phase shifts

can be implemented for the detection of the force gradient and operation of single pass

KPFM in our system and whether this in fact provides an improvement in the technique.

Subsequently, the results of this non-conventional technique must be compared to other

established characterization methods to analyze operating devices.

One of the graphene types on which this research is focused [10], is synthesized by the

oxidation of graphite and exfoliation of its (graphene) layers with a simultaneous and/or

posterior thermal reduction step of the product. This process causes a functionalization

of the graphene structure with oxygen species, thus referred as Functionalized Graphene

Sheets (FGS). The controlled ratio of carbon to oxygen atoms in the structure can tailor

the electronic properties of the materials in a broad spectrum [13]. In literature, it is

proposed that the charge transport regime of the electric current in FGS devices is in

function of the carbon to oxygen ratio [14]. Despite the importance of the electrical

contacts on devices, the impact that this ratio and transport regime transition could have

on them has not yet been studied. Thus, the influence that the carbon to oxygen ratio

can have on the resistance of electric contacts and channel must be separated. This can

be achieved by studying the submicrometer FGS devices with the high spatial resolution

of KPFM.

The second type of graphene investigated in this work is grown on the surface

of copper where carbon atoms are soluble, by Chemical Vapor Deposition (CVD) [11].

Contrary to mechanically exfoliated graphene, CVD graphene has mass production

potential and has been used with outstanding results in high frequency applications [15].

However, preliminary results show that devices fabricated by optical lithography have

a lower performance compared to those fabricated by e-beam lithography [16]. This

suggests a process-related issue that negatively affects the operation of the electrical

contacts, where investigations have not yet clarified whether this is an intrinsic change

of graphene and/or the spatial coverage and homogeneity of this process-related issue.

Related to this, the contact design can also impact the performance of devices.
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Investigations have shown that novel contact designs can positively influence the overall

performance of graphene-based devices [17]. Nevertheless, the processes reported up

until now to obtain such contact architectures are laborious and hard to implement

on a large scale. Colleagues from AMO GmbH have recently produced operating

graphene devices with such novel contacts through a small modification of an already

established optical lithography process. Whether such a procedure and contact design

can actually improve the performance of ordinary optical lithography devices is still to

be confirmed. Therefore, with the perspective of improving graphene-based electronic

applications towards industry-friendly processes, the fabrication procedure and contact

design influence are investigated in this work as well.

This thesis report is organized as follows,

• Chapter 2 deals with the basic information and physics of graphene. It includes

definition, structure and properties of pristine graphene. It is then followed by the

definition for the different nomenclature used in literature, types of graphene and

a brief description of their synthesis methods. Afterwards, the preparation and

fabrication of operating devices from the two types of graphene analyzed in this

work is described.

• Chapter 3 presents and describes the main characterization techniques, AFM and

KPFM. Their mathematical models, physics and operation modes are discussed,

along with the experimental equipment used. Auxiliary techniques used in

this research such as Raman spectroscopy and established macroscopic electrical

characterization such as Transmission Line Method (TLM) and 4-point (4p) probe

measurements are presented and described as well.

• Chapter 4 reviews the working principle and presents the technical implementation

required to increase the sensitivity of KPFM by the detection of the electrostatic

force gradient. The cabling, signals and working parameters are presented and the

relevance of the grounding for the interpretation of the results is discussed. The

achievable resolution of phase modulation (PM) KPFM and a comparison of force

against force gradient detection for the analysis of operational devices is reported.

The chapter ends with the comparison of results of KPFM against those of standard

macroscopic 4p probe to ascertain the reliability of the technique.

• Chapter 5 reports the electrical characterization, by means of KPFM, of individual

submicrometer FGS with different carbon to oxygen ratios. First, the geometries
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CHAPTER 1. INTRODUCTION

and AFM height profiles are presented for representative samples, followed by the

surface potential distribution map of the FGS devices with and without voltage

applied. At the end of this chapter, the current-voltage characteristics, KPFM

voltage drop analysis and results of the calculations are presented and discussed for

the different types of FGS.

• Chapter 6 is dedicated to investigating the origins of contact resistance derived

from the device production processes and the impact of a novel contact architecture.

First, using KPFM voltage drop analysis, the influence of optical lithography and

e-beam lithography on the electrical characteristics of graphene devices is assessed.

From these results, the investigation deepens in the identification of the source of

the process-related influence. Afterwards, the modification used by our partners for

the production of a novel contacting scheme to overcome the residual layer caused

by optical lithography is described. Finally, the results and findings of the devices

produced with this new scheme, analyzed by a combination of TLM and KPFM

voltage drop, are reported.

• Chapter 7 gives a summary of the results obtained in this investigation.
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Chapter 2

Background physics

This chapter will review and discuss the physical properties, types and synthesis of

graphene. First, graphene′s structure and characteristics will be presented. This includes

the lattice cell, electronic band structure, Dirac point, electric field dependence of its

carrier density and its non-zero conductivity. The chapter continues with a brief discussion

of some technological applications, focusing on the fields of electronics and optoelectronics.

The following section clarifies the nomenclature used in literature for the different

presentations of graphene and the methods to synthesize this material. The chapter

finishes by expanding the information on the two types of graphene investigated in this

thesis, namely Functionalized Graphene Sheets (FGS) and Chemical Vapor Deposition

(CVD) of graphene on copper. For both types, the process from synthesis to a final

operating device will be reviewed.
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2.1. STRUCTURE AND PROPERTIES OF GRAPHENE

2.1 Structure and properties of graphene

Carbon can have several allotropes such as diamond or amorphous carbon, where their

properties are dictated by the bonding between its components. Among all the different

structures, the allotropes based on sp2 hybridized carbon bonds, such as nanotubes,

fullerenes and, for the last decade, graphene have been intensively studied by the scientific

community [18]. These structures can find a simple connection which is more commonly

known: graphite. Graphite is a 3D structure which is composed of stacked layers of the

2D material graphene. Albeit with changes in the pure sp2 network, materials with even

lower dimensions can be obtained out of graphene structure, such as one-dimensional

carbon nanotubes and zero-dimensional fullerenes as seen in Figure 2.1. Thus, as building

blocks of other sp2 bonded carbon materials, the understanding of the graphene structure

and properties is fundamental [19].

Figure 2.1: Graphite is composed of stacked sheets of graphene with weak interlayer
coupling. Using graphene as a starting point, carbon nanotubes can be visualized as a
rolled sheet in a cylindrical form or fullerenes in a spherical form. Adapted from [20].

The structure of pristine graphene is a planar repetitive network of six-atom rings of

carbon, similar in form to benzene rings [21]. This periodicity can be represented, as any

other crystal, by the unit cell which contains the symmetry information needed to repeat

the structure indefinitely. The unit cell of graphene consists of two carbon atoms, which

can be named A and B. These atoms are differentiated because their positions are not

equivalent, i.e. their closest neighbor-atoms do not share the same surroundings. These
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CHAPTER 2. BACKGROUND PHYSICS

two atoms, along with the basis vectors â1 and â2 define a 2D triangular Bravais lattice

with which the whole honeycomb network can be recovered. The basis vectors are defined

as

â1 =
3a

2
î+

√
3a

2
ĵ (2.1)

â2 =
3a

2
î−
√

3a

2
ĵ (2.2)

where î and ĵ are orthogonal unit vectors of the xy-cartesian coordinate system and a =

0.142 nm, which is the interatomic separation [22].

These definitions have the objective to calculate and study the behavior of electrons

in the electronic band structure of pristine graphene. For that, it is necessary to determine

its reciprocal lattice vectors and Brillouin zone. The electrons sense the carbon atoms

in the graphene structure as a repetitive periodical potential. The behavior of electrons

under such conditions can be described by wave vectors in the reciprocal k-space with

kx, ky coordinates and k̂x, k̂y unit vectors. The reciprocal vectors â∗1 and â∗2 are defined

in Equation 2.3 and Equation 2.4, respectively. The first Brillouin zone, which are the

planes delimiting the energetic borders of graphene′s primary cell, can be calculated using

the reciprocal vectors. The reciprocal vectors are

â∗1 =
2π

3a
k̂x +

2π
√

3

3a
k̂y (2.3)

â∗2 =
2π

3a
k̂x −

2π
√

3

3a
k̂y (2.4)

The unit cell, hexagonal structure and vectors of the direct lattice can be seen in

Figure 2.2a. In Figure 2.2b, the Brillouin zone in the reciprocal space, which has its

center at the gamma point Γ, delimited at the corners by the K and K
′

points, is shown.

This can be seen along with the reciprocal vectors.

The carbon atoms are covalently bonded through their sigma electrons while their

pi electrons are the ones responsible for the conductivity of graphene as they can freely

move in the lattice [22]. The Brillouin zone, the k-space and tight-binding approximations

for the energy dispersion of the pi electrons [19] are used to obtain the general equation

9
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Figure 2.2: (a) Hexagonal ring structure of the carbon atoms in graphene showing its
interatomic distance, unit cell and lattice vectors. (b) In the k-space the reciprocal vectors,
the first Brillouin zone and the Dirac points at the K and K

′
points are shown.

for the energies (Ek) in the electronic band structure of graphene as

Ek = ±γ

√√√√3 + 2cos
(√

3kya
)

+ 4cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
(2.5)

where γ is the hopping energy between neighbor carbon atoms.

The plus and minus sign of Ek stands for the conduction and valence band

respectively, seen in the electronic band structure plot of graphene in Figure 2.3a. Solving

the equation close to zero (around K point) results in a symmetric linear relation between

both bands, which is represented as [19, 7]

Ek = ±~vF
√
k2x + k2y (2.6)

where vF = 3γa/2~ ∼= 106 m/s, known as the Fermi velocity and ~ reduced Planck

constant.

The linear relation can be seen at the K and K
′

points known as the Dirac points,

visible in the inset of Figure 2.3a with conical shapes facing downwards and upwards,

which represent the conduction and valence bands respectively. Thus, the Dirac points

show that no electronic band gap exists in graphene, as the bands touch each other, which

in turn defines this material as a semimetal or a zero-band gap semiconductor. At larger

values of Ek the symmetry between the bands is broken and linearity is lost [19].

10



CHAPTER 2. BACKGROUND PHYSICS
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𝑘𝑥 

Figure 2.3: (a) Electronic band structure of graphene. Inset: the lower cone represents
the valence band and the upper cone the conduction band. Adapted from [23]. (b) The
electric field of a gate-source voltage induces doping on graphene which shifts the position
of EF (blue shade). Graphene exhibits a minimum σ as EF is at the Dirac point.

At temperatures close to zero Kelvin, the carrier density at the Dirac point

theoretically should be zero. Nevertheless, in practice graphene exhibits a minimum

of electrical conductivity σ (Figure 2.3b) at the Dirac point despite the theoretical

predictions [20]. Besides thermal occupation, its origin is thought to be the doping

inhomogeneity on its surface [24, 25, 26]. As a zero-band gap semiconductor graphene′s

conductivity is defined as

σ = nµe (2.7)

where n is the charge carrier density, µ the charge carrier mobility and e the elementary

charge.

In graphene, due to the lack of a band gap, the Fermi level (EF ) corresponds to

the upmost position where carriers have populated the energy levels underneath. An

electric field, normal to the direction of current, such as a gate-source voltage (Vgs) adds

charge carriers (electrons or holes) to graphene which in turns varies the position of EF

between the valence and conduction bands (Figure 2.3b). Thus, graphene is known to

be ambipolar as it can freely work with both carriers [1, 27]. The electric field induced

change (∆EF ) in graphene is defined by Kim et al. [28] as

∆EF = sign (∆Vgs) ~vF (ζπ |∆Vgs|)1/2 (2.8)

where ζ corresponds to the substrate gate capacitance in electron charge (cm−2 V−1) of

the selected dielectric substrate.
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Although the control of σ by the electric field effect is the basis of modern electronics,

as a result of the lack of a band gap and non-zero carrier density at the Dirac point, the

modulation of graphene′s electric current renders low on-to-off current ratios which are not

competitive for digital logical applications [29, 15, 30]. However, the intrinsic properties

of this material such as its thinness, high current capacity [31] and outstanding charge

carrier mobility [32] are promising for analog electronics and optoelectronics technological

breakthroughs.

In analog electronics applications, Sire et al. obtained transistors with current gain

cutoff frequencies of 2.2 GHz on flexible substrates [33], while in rigid substrates and

350 nm gates, Lin et al. reported 50 GHz [34]. Using graphene transistors Yu-Ming et al.

demonstrated a radio frequency mixer operating up to 10 GHz [35]. Wu et al. reported

devices with intrinsic cutoff frequencies above 300 GHz for large-scale CVD and SiC grown

graphene [36], which theoretically could reach THz frequencies at sub-10 nm gate lengths

[37]. Also foreseen in the THz range are bipolar transistors with vertical designs, as Mehr

et al. calculated, where graphene works as the base electrode [38].

For optoelectronics Bae et al. used this material as a transparent electrode with

values competitive with those of ITO both in transparency and conductivity [39]. Blake

et al. demonstrated graphene electrodes in liquid crystal devices [40]. Neumaier et

al. obtained a photodetector with data rates up to 50 GBits/sec [41] and recently

demonstrated a graphene-based heater for silicon waveguides in photonics [42].

Several challenges need to be overcome before the advantages of graphene′s unique

properties can be commercially exploited. Some of these challenges include increasing

control and yield of the synthesis and overall cost reductions, as well as contact engineering

to reduce the voltage drops at the metal/graphene interfaces within a device [30, 15, 43].

In the next section, the different nomenclature of graphene as well as the main synthesis

processes will be discussed.
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CHAPTER 2. BACKGROUND PHYSICS

2.2 Production: Types of graphene

The first production method started in 2004 with the mechanical exfoliation, also

known as the micro cleavage or scotch tape technique, where the layers of graphite

were separated by a manual repetitive removal of its surface using the adhesive forces

of a tape. In the last stages of the exfoliation, due to the thinness of the material,

visibility became hard, however, it was overcome by the optical reflection caused on

SiO2/Si substrates (Figure 2.4a). Thus, the obtained graphene could be identified and

investigated. Being easy to reproduce, cheap and with the possibility of transferring

to other substrates, this method was the working horse in the beginning of graphene

investigations [44], which still produces the most defect-free samples up to this date.

Nevertheless, it has some obvious disadvantages. As a manual method, the production

rate is very low and prone to failure i.e. the material does not attach to the surface of

the substrate. Even after a successful attachment, the search of the adhered flakes by an

optical microscope, which are usually a mixture of isolated graphene samples and stacks

of 2 or more graphene layers (Figure 2.4a) not larger than hundreds of micrometers, is a

time-consuming task. Additionally, the yield of isolated graphene samples obtained, the

position on the substrate and the size of the samples are unpredictable. Nevertheless,

this is still a widely used method for principle-of-proof investigations.

SLG 
BLG 

FLG 

MLG 

a) b) 

Figure 2.4: (a) Graphene′s nomenclature in function of its number of layers and the
reflection caused by a SiO2/Si substrate. (b) Dependence of the optical transmission and
(inset) electrical resistance on the number of layers. Adapted from [39].

Graphene is by definition a monolayer, however, it can be often found in the
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literature under different terms in function of its number of layers or size. The most

common nomenclatures used are Single Layer Graphene (SLG), Bilayer Graphene (BLG),

Few Layers Graphene (FLG) and Multilayers Graphene (MLG), where the latter is

considered as >10 layers [45]. The optical contrast in dependence of the number of layers

is schematized in Figure 2.4a. Even with a difference of only one layer, BLG can have

different properties than SLG. For example, BLG can show an opening of the electronic

band gap up to 0.3 eV [46] and an increase in conductivity at the cost of the reduction

of its optical transmission [47] as seen in Figure 2.4b. Not only the number of layers but

also the size can have an effect on the electric properties. Such is the case for the so-called

Graphene Nanoribbons (GNR). GNRs are defined as graphene with widths smaller than

50 nm. With these constrictions in size, the structure at the edges of graphene starts to

play a role in the electronic band structure which can also open a band gap [48]. Thus,

with the objective of having a controlled production of graphene types with large yields,

other approaches to synthesize have been investigated.

SLG BLG FLG 

Si 

SiC 

Heat ~ 1100°C 

b) a) c) 

Figure 2.5: (a) Schematic diagram of the epitaxial growth of graphene at SiC surfaces.
Schematic diagrams of graphene CVD growth mechanism in (b, top) Ni and (c, top) Cu
and optical images of graphene transferred to a SiO2 substrate from (b, bottom) Ni and
(c, bottom) Cu. Images taken from [49].

The epitaxial growth of carbon on the surface of SiC has been investigated as

a method to obtain graphene. Using high temperatures around 1100oC, in vacuum

conditions or inert atmosphere, the surface layers of SiC will decompose by desorption
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of Si [50]. The remaining carbon atoms will rearrange and bond to each other creating

layers of epitaxial graphene (Figure 2.5a). Along with SLG, this method can also grow

on its surface BLG or MLG [51]. The semi-insulating SiC substrate has the advantage

that it can be structured to define graphene growth which can be used to directly produce

devices in the SiC substrate [52]. Nevertheless, due to the high temperatures required,

this technique cannot be directly integrated with other sensitive semiconductor devices.

Furthermore, the high costs and lack of capacity to transfer to other substrates limits

other applications for epitaxial graphene.

The Chemical Vapor Deposition (CVD) of graphene on metal substrates has also

been extensively studied. Different metals have been investigated for its catalytic effect

and reduced solubility of carbon on their surfaces such as Ni, Cu, Ru, Ir, Pt, Co, Pd, and

Re [49]. The growth of graphene layers on metals such as Ni and Ru is not self-limited;

due to the relative large solubility of carbon in Ni mainly mixtures of SLG, BLG and FLG

are obtained as seen in Figure 2.5b [49]. The growth on Ir and Cu, being self-limited, does

produce a more uniform product, yielding usually a covered area of SLG with (possible)

small size areas of BLG or FLG (Figure 2.5c). Cu is more widely used due to its low price

and well-established techniques for transferring the grown graphene to other substrates,

which improves its large scale production potential [39]. Vertically aligned graphene or

carbon nanowalls is another graphene-based material which is obtained by the plasma

enhancement of the CVD process [53, 54]. Using microwaves for the plasma, the required

process temperature for the synthesis can be reduced down to 500oC, however, this

out-plane graphene has not attracted much attention compared to the usual in-plane

graphene.

Another approach for the production of graphene is the chemical oxidation of

graphite to graphene oxide (GO) and its subsequent reduction. This method, which

has different variations, can create large quantities of product with relatively little effort.

For example, Schniepp et al. used thermal shock [55] for the simultaneous exfoliation

and reduction of GO, while Zhu et al. used microwaves [56] and Park et al. different

chemicals [57, 58] for the same purpose. All the different approaches share the same

principle: the oxidation process to obtain GO separates the stacked layers of graphite at

the same time it enriches it with oxygen-containing functional groups. This means that

the original structure of graphene is altered and the sp2 C-C bonds are partially replaced

by sp3 C-O bonds. To recover the original structure and thus graphene′s properties, the

oxidized product is reduced, either chemically or thermally, thus reducing the number of
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sp3 bonds and increasing those of sp2. Even with this partial loss of the original structure,

the graphene obtained by this method has obtained a good position in a number of

applications such as chemical sensors [59], capacitors [60] and conductive inks [61, 62].

Graphene oxide Pristine graphene 

SiC 
CVD 

FGS 

sp3 bonds sp2 bonds 

Defects 

Conductivity 

Mech. ex. 

Figure 2.6: The spectrum of graphene types from GO to pristine graphene. In GO the red
dots represent the oxygen atoms bonded to carbon atoms (black dots). The shades in the
middle bar represents, not in scale, the ranges of crystallinity of the resulting materials
obtained by the indicated techniques. Adapted from [63].

It can be seen that there is a vast range of graphene types from GO to pristine

graphene as seen in Figure 2.6. In the far left of the spectrum, GO is rich in defects

and sp3 bonds (red dots). Its electrical conductivity is poor and thus considered an

insulator. As soon as reduction methods are applied to GO, some functional groups

are removed while others stay, partially recovering sp2 along with conductivity. These

reduced GO sheets also receive the name of Functionalized Graphene Sheets (FGS). High

crystallinity and high output rate can be obtained near the right end of the spectrum

by CVD, while epitaxial growth and mechanical exfoliation are close to the synthesis of

pristine (defect-free) graphene, albeit with a low output rate.

FGS and CVD graphene grown on copper share the advantages of high output yield

and, in comparison, more industrial-friendly approaches. Since the devices investigated

in this work are based on these materials, the syntheses and fabrication of FGS and CVD

devices will be explained in the next section and deepened in appendixes A.1 and A.2. An

information summary of the analyzed devices on all chapters is presented in appendix B.
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2.2.1 Synthesis and preparation of Functionalized Graphene

Sheets samples

The synthesis of FGSs starts with the chemical oxidation of graphite by the Hummer′s

method [64]. In this widely used method, graphite is mixed with NaNO3 in a solution

with H2SO4, followed by controlled variations of temperature and pressure after which

KMnO4 is added. Since the oxygen functional groups make GO hydrophilic [65, 66], water

can be used for the dispersion of the obtained graphitic oxide flakes [64]. The synthesis

of GO can also be done through the Staudenmaier process [67] which uses KClO3 in the

process instead. Both methods produce GO with different yields and characteristics [64]

and both are used to obtain graphene flakes with sizes typically on the micrometer scale.

The method of choice for the oxidation, i.e. the starting material, has repercussions on the

properties of the resulting graphene material. Samples synthesized through the Hummers′

method have unique characteristics compared to the Staudenmaier process such as the

presence of nitrogen in the graphene backbone [68]. From both processes, the next step

is the reduction of GO. For this, the most common reduction processes are thermal [55],

chemical [57] or a combination of both [69]. At this point several names have been used

in literature, such as reduced graphene oxide [70], FGS [55], chemically reduced graphene

oxide [57], chemically modified graphene [71], chemically functionalized graphene [72],

which mainly differ from the synthesis procedure used and/or the author. The thermal

reduction, as the name implies, uses heat for the removal of the oxygen species (thermal

pyrolysis) on the structure of graphene. This can be done either during the exfoliation

and/or afterwards. After obtaining the GO, the chemical reduction usually follows. For

this purpose different compounds have been used such as hydrazine [73], hydrogen sulfide

[74], sodium borohydride [75], hydrochloric acid [76].

A simplified flow chart for the fabrication of a two-terminal single flake device,

obtained from GO through thermal-shock reduction, can be seen at Figure 2.7a-e. In

this investigation, the GO was obtained by a modified Hummers′ method (a) [55]. The

GO is then washed and dried to then be simultaneously exfoliated and reduced with a

sudden increase in temperature (b). For higher levels of reduction, a subsequent thermal

treatment under Ar atmosphere can be applied (c). Afterwards, the bulk material is

ready to be used and/or for compositional analysis. To single out individual FGS samples

from the bulk material and deposit them onto a desired substrate several approaches

can be chosen. The usual procedure done in this work to obtain single flakes devices is

explained next. The FGS products are suspended in ethanol for transport and storage.
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Exfoliation + Thermal reduction 

a) Oxidation of graphite 

Modified Hummer’s method. Sudden increment in temperature. 

Dispersion +  Deposition 

Selection + Contacting 

Optional annealing Washing + Drying GO b) 

c) 

d) 

e) 

f) 

Figure 2.7: (a-c) Simplified flow chart of the production of FGS exfoliated and reduced
by thermal-shock and (d-e) fabrication of a two-terminal single flake device.

The FGS-ethanol solution is dropped on a pre-patterned substrate. The flakes will be

deposited after the solvent dries (d). The aleatory deposition of the individual flakes

call for an optical search of a suitable sample, which is aided by pre-patterned areas

over the surface of the substrate. Once the flakes are selected, the metals that will be

used for electric contacts are made by e-beam lithography followed by lift-off (e). Once

contacted, the single FGS can be electrically characterized. The detailed procedure for

the fabrication of FGS devices is presented in section A.1.

2.2.2 Synthesis and preparation of Chemical Vapor Deposition

samples

In 2009, Li and colleagues reported a method to grow large-area graphene on 25 µm thin

copper foils in a hot wall furnace [11], and with it, a step forward was made in lowering the

price of high-quality graphene through mass production and expanding the application

spectrum. In attempts to improve the characteristics of the synthesized product, several

other groups have reported variations to the well-known procedure reported by Li et al.

Using Cu surface as a catalyst for the decomposition of carbon sources, conditions such as

carbon source-to-diluent gas ratio, pressure and temperature [49] have been varied; carbon

sources such as CH4 [11], C2H4 [77], liquid [78] or solid organic matter such as cookies

or grass [79] have been used. The heat source has also been varied for example using

rapid heating [80], flame pyrolysis [81], cold tube wall [82] or plasma [83]. The origins of

the Cu substrate used for the CVD growth also have an impact on the obtained product.

18



CHAPTER 2. BACKGROUND PHYSICS

Some options are polycrystalline Cu foils [11, 84], epitaxially grown Cu with a single

crystal orientation [85] or sputtered Cu films on a substrate [86]. Zhao et al. observed

improved properties of graphene grown on Cu(111) compared to Cu(100) [87] and since a

deposited Cu film (in principle) could be more controllable in a crystallographic context,

graphene grown on Cu/SiO2 could be appealing. However, a direct comparison shows

that sputtered Cu films produced smaller grain sizes than Cu foils. Moreover, the large

density of grain boundaries in Cu films increase the thickness of grown graphene while the

Cu foil conserved a surface-limited growth [88]. To exemplify this, optical images (left)

and AFM topography maps (right) of commercial graphene grown on a 25 µm-thick Cu

foil and of sputtered Cu on SiO2 are shown for comparison in Figure 2.8a and Figure 2.8b,

respectively. In the optical image of the Cu foil a continuous surface with rippling texture

is visible while in the image of the Cu film a grain-like surface with spots on the substrate

uncovered by Cu (seen violet) can be observed. The AFM image of the Cu foil shows that

the macrometer undulations are formed by step-like terraces down to the nanoscale. These

undulations, even with hundreds of nanometers in height variations, are continuous over

the foil and have no separations. The topography map of the Cu film reveals separations

between adjacent grains up to hundreds of nanometers with depths larger than 100 nm.

Thus, it can be expected that graphene obtained using either Cu foil or sputtered Cu film,

although both produced by thermal CVD, can have evident differences which can affect

the subsequent fabrication processes, e.g. during transfer. Indeed, experiments within

the WET work group had also shown that the quality of the graphene sheets from thin

Cu foils was always superior and relatively easier to transfer compared to Cu films. This

observation is corroborated by literature, as it can be found that Cu foils-derived devices

are reported much more predominantly than Cu films [89]. The commercial graphene

chosen for the devices analyzed during this investigation were produced thermally on

25 µm-thick Cu foils.

The production of graphene-based devices by CVD grown on Cu-foils requires the

transfer of the graphene layer to the desired substrate. The transfer has two main families

of methods, namely the wet transfer and the dry transfer [90]. For the wet transfer a

sacrificial layer is used, usually Polymethyl methacrylate (PMMA), which functions as a

protection for graphene during transfer. This method is based on the transfer knowledge

of mechanically exfoliated graphene onto other substrates [91, 92]. The flow chart of a

standard wet transfer process for a Cu-CVD graphene can be followed in Figure 2.9a-j.

After the CVD growth is finished (a), a PMMA layer is spin coated over the surface of
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a) 

b) 

Figure 2.8: 20x optical image (left) and AFM topography (right) comparison of CVD
grown graphene on (a) Cu foil (Graphenea, S.A. de C.V.) and (b) Cu film sputtered on a
SiO2 (Aixtron, Ltd) substrate.

graphene/Cu (b). Once dried, the PMMA coating will hold and protect the graphene

sheet while Cu is being etched away (c). Some etchants used in literature are FeCl3

[93], Fe(NO3)3 [94], (NH4)2SO4 [95], (NH4)2S2O8 [90] or H2SO4 in electrochemical etching

[96]. In this work, a FeCl3 solution was used for etching the Cu. After Cu is dissolved

(d), PMMA works as a temporary carrier, however, is not as rigid as the Cu foil and

therefore must be ”fished out” using glass (e) to place it in deionized water (DI) for

further cleaning (f). The PMMA and graphene are then fished out again and placed in

a different container with clean DI water to ensure Cu and FeCl3 residues are removed.

This last step is repeated at least three times. Once cleaned, the PMMA and graphene

are fished out using the desired substrate onto which the graphene layer will be finally

placed (g). The substrate is then placed on a hot plate for gentle heating (h) to remove

the excess of water and ensure a firm and homogeneous adhesion of the graphene layer
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to the substrate (i) before the removal of the PMMA layer. The transfer process finishes

once the PMMA layer is removed with acetone (j).

The graphene layer will have a size similar to the original Cu foil and is ready

for analysis or to be processed further for the production of devices using the suitable

lithography procedure. This is described further in the next chapters and in detail in

section A.2 for the different processes used for the devices in this work.
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Figure 2.9: (a-j) Flow chart diagrams of the standard wet transfer process for CVD
graphene grown on Cu foils with an optical image of a 1 cm2 graphene sheet transferred
onto SiO2. G stands for graphene.
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Chapter 3

Techniques for characterization

The characterization techniques used in this thesis for the analysis of graphene

and graphene-based devices will be presented and explained in this chapter. First,

the procedures and equipment used for the conventional macroscopic electrical

characterization techniques, namely four point (4p) probe method and Transmission Line

Method (TLM) will be reviewed. This is followed by the description of the interactions,

mathematical models and operation modes of Atomic Force Microscopy (AFM). The

chapter continues by presenting the main characterization technique of this investigation:

Kelvin Probe Force Microscopy (KPFM). This AFM-derived technique is based on the

macroscopic Kelvin method which will be first described, followed by its implementation

on the nanoscale, the available operation modes and their attributes. Afterwards, the

instrumentation used for AFM/KPFM measurements will be introduced. Finally, Raman

spectroscopy principles, graphene′s Raman spectra and the equipment used for Raman

measurements will be presented.
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TECHNIQUES

3.1 Conventional macroscopic electrical

characterization techniques

The main electrical characterization of graphene and graphene devices consist on the

measurement of the resistivity (ρ), the inverse of the conductivity σ (see Equation 2.7),

which can be accessed by measuring the electrical resistance (R), defined by Ohm′s law

as the voltage (V ) divided by the electric current (I) flowing between two points,

R =
V

I
(3.1)

The device′s I dependence with respect to the applied V , known as output

characteristics or simply as IV curves, can be linear or non-linear. Since all devices

require the use of at least two electrical contacts for the injection and extraction of charge

carriers, the electrical resistance of the whole device is then a contribution of the material

(device′s channel) and the contacts. Throughout this work, the electrical contact where

the voltage will be applied is termed drain contact independently of the polarity applied.

In the same way, the grounded electrical contact is denoted source contact (Figure 3.1a).

Therefore the current and voltage between these contacts are denominated Ids and Vds,

respectively. For a linear IV dependence (Figure 3.1b) the slope (dVds/dIds) equals the

overall resistance of the two-terminal device (R2p). Here it is considered that the channel

and the contacts have an ohmic behavior. In the non-linear case (Figure 3.1c) a specific

section of the curve can be selected and linearized to obtain the average resistance at

determined voltages. As it will be seen in chapter 5, this behavior could be caused by the

material itself and/or the material/contact interfaces known as Schottky contacts.

𝑉𝑑𝑠 

𝐼𝑑𝑠 

a) b) c) 

𝑑𝐼𝑑𝑠
𝑑𝑉𝑑𝑠

= 𝑅2𝑝
−1

 

𝑉𝑑𝑠 

𝐼𝑑𝑠 

d s 

𝑙 

𝑤 

±𝑉𝑑𝑠 

Figure 3.1: (a) Schematic diagram of a two-terminal device and illustration of its possible
output characteristics: (b) linear and (c) non-linear behavior. For the non-linear case,
the linearization of the operation conditions is exemplified.
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This work concentrates on determining the contribution of the contact resistivity (ρc)

and the sheet resistivity (ρs) to the overall resistance of micrometer and submicrometer

graphene devices. In 3D materials, contact resistivity is normalized as the resistance

at the contact (Rc) times the area of contact, thus reported in Ωcm2. However, in 2D

materials, such as graphene, it is usual to find ρc normalized just by the width (w) of

contact (ρc = Rcw), hence reported in Ωµm. In the channel, due to graphene′s thinness,

ρs is normalized as the resistance at the channel (Rs) times its aspect ratio (Figure 3.1a),

i.e. its width divided by its length (ρs = Rsw/l), thereby reported in Ω/�. Thus, the

total resistance obtained by the output characteristics of a two-terminal device is known

as two-point resistance (R2p), and corresponds to the contributions of the drain and source

contacts ρc, as well as the channel ρs,

R2p = 2ρc/w + ρsl/w (3.2)

In order to obtain ρc and ρs two methods are traditionally used: 4-point probe

measurements (4p) and the Transmission Line Method (TLM).

3.1.1 Four point probe method

This method relies on eliminating the contact resistance contribution by using a set of four

aligned probes, with a constant separation (l) between probes. Two outer probes are used

to inject a current into the material, while the other two probes, the inner ones, are used

as voltmeters (Figure 3.2a). Since the inner probes draw very little current, the voltage

drop across the probes resistance and at the interface probe/material is very small, thus

its measured resistance (R4p) is approximate only to the contribution of the material′s

channel [97]. In the case of graphene channels, with spacing in the order of few µm, this

principle is used as an approximation to remove the Rc of the metal deposited on the

material′s surface. The actual setup for a graphene device with 4p layout measurement is

shown in Figure 3.2b, using one channel of a Source-Measure Unit (SMU) for the current

bias and R2p measurement of the outer probes, and one channel for the voltage difference

and R4p measurement of the inner probes. Optionally another SMU can be connected to

the substrate to apply a perpendicular electric field to the channel by means of a gate

voltage Vgs (see section 2.1).
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Figure 3.2: (a) Schematic of the IV curves for the 2- and 4-probe measurement and (b)
connection diagram used for the 4-probe experimental analysis.

3.1.2 Transmission Line Method

This method was originally proposed by Schockley [98] to determine ρc for planar ohmic

contacts and it relies on the assumption of a constant ρs along the channel, i.e. no

material′s variations under the contacts [99]. This method is applied to obtain ρs and ρc

for graphene devices by plotting the R2p times the width w of the graphene channel as a

function of a variable separation of the contacts (ln),

R2p ∗ w = 2ρc + ρsln (3.3)

The measurement results are linearized and the slope corresponds to ρs while the

intercept of y-axis will equal 2ρc (Figure 3.3a),

R2p ∗ w
2

= ρc

∣∣∣∣
l=0

(3.4)

The connection diagram and sequence for the TLM analysis in graphene is schemed in

Figure 3.3b. Again, during the analysis an optional Vgs can be applied by means of a back

gate contact.

The macroscopic characterizations presented in this work were done using a Suss

Microtec PM5 probe station. The PM5 station uses PH110 Suss Microtec manual probe
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Figure 3.3: (a) Schematic of the distance vs 2-probe resistance plot and (b) connection
diagram of the sequence used for the TLM experimental analysis

positioners with a xyz-screw resolution of 350 µm/rev and low resistance Beryllium

Copper or Tungsten probes with a 6 µm radius from American Probe and Technologies

Inc. All electric measurements were done using a two-channel Keithley SMU 2612.

It can be noted that these two methods rely on the use of more than a pair of

contacts for the estimation of channel and contacts contribution to the total resistance.

Hence, these macroscopic techniques can neither provide a direct estimation of the contact

and channel contributions on operational two-terminal devices nor spatially resolved

information. In the next section the use of AFM, with its intrinsic lateral resolution,

will be presented as an electrical characterization technique for the estimation of the

contact and channel contributions to the total resistance of two-terminal devices.
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3.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) belongs to a microscopy family, known as Scanning

Probe Microscopy (SPM), which began in 1982 with the work of G. Binning and H.

Rohrer at IBM laboratories [100, 101, 102]. This branch of microscopy covers a wide

range of imaging with spatial resolution from several hundreds of µm down to atomic

bonds [103, 104]. SPM techniques separate themselves from e.g. electron microscopy, by

the use of a probe, for the imaging of the sample. Therefore its operation can be not

only in high vacuum but also in air or even liquids [105, 106, 107]. Within the SPM

family, AFM, also known as Scanning Force Microscopy, is one of the most versatile tools

for the study and manipulation of matter on the nanoscale from material engineering to

biological applications [105, 106].

3.2.1 Operation principle

As part of the SPM family, AFM uses a probe to scan the sample′s surface. The probe is

usually a nanometric tip made of silicon, at the very end of a micrometer flexible beam,

known as the cantilever, which is attached to a millimetric carrier body, known as support

chip (Figure 3.4a and Figure 3.4b). Depending on the operation mode, different forces

act on the tip and cantilever, causing small deflections (∆z) of the latter (Figure 3.4c).

The force
→
F acting on the tip, causing the cantilever′s deflections, can be represented by

Hooke′s law as

→
F = −k∆zk̂ (3.5)

where k is the spring constant of the cantilever in N/m and k̂ the unit vector in the

z-direction.

At the nanometric distances between tip and sample, with which AFM works, near

field forces account for
→
F . In function of the distance, near field forces are separated in

short and long range forces [108]. Characteristic of the short range forces are the repulsive

forces between the electron orbitals of the tip and the sample atoms. Van der Waals

and electric interactions between the tip and the sample are classified as long range and

attractive forces (electric interactions can also present repulsive forces). The separation

of the involved forces and their measurement diversify the applications of AFM, e.g. to

analyze the electric or magnetic properties of any given sample [109, 110].
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Figure 3.4: (a) Scanning electron microscope image of the characteristic pyramidal shape
of the tip. (b) Diagram of the support chip and cantilever′s common dimensions. (c)
Scheme of the AFM operation principle.

3.2.2 Conventional AFM instrumentation

A common setup with the core components for AFM measurements is shown in Figure 3.5

[105, 111]. The scanning of the tip over the surface of the sample in the x- and y-direction

can be in steps of tenths of nanometers to tens of micrometers, while the z- direction steps

can be in tenths of nanometers to a couple of micrometers. These movements are either

done by the stage controller with a piezoelectric tube or by the AFM head, which holds

the support chip. In the AFM/KPFM instrumentation used for this investigation (see

subsection 3.2.8), the scans are done by the stage controller i.e. the tip is in a fixed

position and the sample moves under it via a piezoelectric tube. The detection of the

cantilever′s deflections can be either by optical or non-optical means, the former usually

being the most common in all commercial AFMs. The optical detection is done by a
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laser beam which is directed to the cantilever′s back and reflected towards a mirror. The

mirror angle can be adjusted in order to center the reflected laser on a Quadrant Photo

Diode (QPD). The QPD photocurrent signal is a measure of the tip-sample interactions

at different positions. This signal is sent to a detection unit to extract the corresponding

deflections. The amount of deflection is then compared to a set point on a Proportional,

Integral and Derivative (PID) controller. The calculated error of the PID is used by the

piezoelectric tube as feedback for the height control, therefore known as z-controller. For

the dynamic operation modes (see subsection 3.2.4), a piezoelectric dither, which is in

direct contact with the support chip, creates mechanical oscillations of the cantilever at

a specific frequency (f).

𝑥 

𝑦 𝑧 

Piezoelectric  
dither QPD 

Cantilever 

AFM head Laser 

Mirror 

Piezoelectric  
tube 

Detection unit 

z-controller 

Figure 3.5: Simplified diagram of a conventional AFM setup with the core components
for the optical detection of the cantilever/tip deflections.

3.2.3 Relevant tip-sample forces and operation modes

There are basically two modes of operation for AFM: contact and dynamic modes.

Dynamic modes consist of non-contact and intermittent mode [112, 113, 114] differentiated

by its cantilever/tip-sample interactions. The tip-sample force,
→
F ts, causing the

cantilever′s deflections is the sum of repulsive (
→
F rep), attractive (

→
F attr), electrostatic (

→
F el)

and magnetic forces (
→
Fmag),

→
F ts =

→
F rep +

→
F attr +

→
F el +

→
Fmag (3.6)

Without the specific coating, the tip will have no electrostatic and/or magnetic

interactions with the sample. The attractive and repulsive forces are, however, always

present and will be described next. At distances of less than 1 nm, the deflections of the
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Figure 3.6: Diagram of the resulting force exerted to the AFM tip as a sum of repulsive and
attractive forces by variations in the tip-sample distance. The AFM modes of operation
are delimited in color shades.

cantilever arise from the overlap of the electron orbitals and the repulsion of the tip and

sample atoms, as stated by the Pauli principle. The repulsive force is stated as

→
F rep =

(σrep
d13

)
k̂ (3.7)

where d is the tip-sample distance and σrep is a case-specific proportional constant.

At tip-sample separations above 1 nanometer, the attractive forces, also known as

van der Waal forces, start to be relevant [115]. Up to 100 nm in distance these forces can

still effectively cause tip-sample interactions. The attractive force has the form

→
F attr = −

(σattr
d7

)
k̂ (3.8)

the negative sign is a convention which represents the work exerted by the atoms due

to attraction, while
→
F rep has a positive sign since work must be provided to force the

overlapping of the atom′s electron orbitals.

Finally, using Equation 3.7 and Equation 3.8 the tip-sample interactions for an

uncoated tip has the form

→
F ts =

(σrep
d13
− σattr

d7

)
k̂ (3.9)

which corresponds to the derivative of the Lennard-Jones potential model [108] and is

represented in Figure 3.6.

The operation mode regions can be described in function of the tip-sample distances.

At large separation distances, say hundreds of nanometers, there is no interaction, and
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the force
→
F ts is close to zero. As soon as the tip gets closer to the sample (d →0),

→
F attr

experiences a polynomial growth (∼ d7). This is the beginning of the dynamic modes,

specifically, non-contact mode of operation (blue shade, Figure 3.6). By further reducing

d,
→
F ts reaches a minimum (

−→
F min

ts ) which corresponds to the distance at which
→
F rep start

to be relevant. By decreasing the distance even more, the non-contact mode is left behind,

to then enter the intermittent (tapping) mode (yellow shade, Figure 3.6) operation region.

When the tip has made actual contact with the surface the forces are zero, (
→
F ts = 0).

This is the end point of the intermittent contact mode and the beginning of the contact

mode operation region (red shade, Figure 3.6). By further decreasing d, the tip will press

against the sample thus flexing the cantilever. The end of the contact mode operation

region would be basically exceeding the stiffness of the cantilever to the point of damage.

Along with the operation modes, the types of tip, cantilever and coatings diversify

the measurement capabilities of AFM. As mentioned before, the electric or magnetic

properties of a sample can be analyzed, by coating the silicon tip with the respective

materials, i.e. with Conductive AFM (CAFM), Electric Force Microscopy (EFM) or

Magnetic Force Microscopy (MFM), respectively. In Table 3.1 a few examples are

presented as an insight into the differences in properties of commercially available tips.

Usually, the most important characteristics are the type of tip, the spring constant

k, the fundamental mechanical resonant frequency f0 and the coating materials. The

cantilevers can then be produced with different aspect ratios and/or are coated with

different materials for different purposes such as to increase the cantilever′s reflection (of

the laser) or to improve hardness for contact mode.

Commercial name k (N/m) f0 (kHz) Coating Application

Contact-G 0.2 13 None AFM
ContAl-G 0.2 13 Electric (Al) AFM, CAFM

MagneticMulti 75 3 75 Magnetic (Co, Al) AFM, MFM
ElectriTap 300 40 300 Electric (Pt, Ir) EFM, KPFM

Table 3.1: Examples of commercially available AFM tips, properties and applications.

3.2.4 Dynamic modes

To measure the tip-sample interactions in dynamic modes, both in non-contact and

intermittent modes, it can be selected whether the cantilever amplitude is modulated

(AM-AFM) or the cantilever frequency (FM-AFM). The selection of either modulation is
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dependent on the analysis conditions. In vacuum conditions, FM-AFM is advised [116],

while for air and liquid conditions [106, 114] AM-AFM is suitable. Since the experiments

in this work are performed in ambient conditions, the focus will be on AM-AFM.

The cantilever′s amplitude (A) is a function of the frequency used for the oscillation.

The frequency at which the amplitude has an absolute maximum (free-amplitude)

corresponds to the fundamental mechanical resonant frequency f0. The value of f0

depends on the cantilever properties itself such that,

f0 =
1

2π

√
k

m∗

or

ω0 =

√
k

m∗
(3.10)

where m∗ is the effective mass of the cantilever and ω0 the angular frequency, where

ω = 2πf .

To experimentally obtain f0 the piezoelectric dither vibrates the cantilever (see

subsection 3.2.2), far away from the sample, over a range of frequencies as the QPD

records the amplitude. The small amplitude obtained from the QPD photocurrent is

then amplified to match a user-specified value of A0. The bandwidth of the QPD provides

the range of frequencies at which the cantilever′s oscillations can be detected, therefore

allowing or preventing the use of specific cantilevers with high resonant frequencies. After

f0 and A0 are established, the system selects an operation frequency f
′
0 close to the

resonant frequency (hundreds of hertz) and readjusts to 0o the phase between the signal

send to the piezoelectric dither and that of the cantilever/QPD signal response.

To interact with the sample, d is reduced, such that
→
F ts with a larger attractive

component will start to affect the properties of the cantilever. By considering this

interaction as a weakly perturbed harmonic oscillator with small amplitudes and small

force gradients [113], the perturbed resonant frequency (f̃0) is caused by a change of the

spring constant (k̃). This, in turn, is caused by the changes of the interactions forces as

k̃ = k − ∂
→
F ts

∂z
(3.11)
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The shift of the fundamental mechanical frequency due to the tip-sample interactions

causes a reduction of A0. This will continue until the amplitude equals the selected

amplitude for set point (Asp). This stage of operation is known as engaged or landed.

During operation, valleys (peaks) in the sample′s topography would cause an increase

(decrease) in the value of Asp (Figure 3.7a). These changes in amplitude will be controlled

by the z-controller to match Asp again, as seen in Figure 3.7b.
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Figure 3.7: Diagram of the (a) free amplitude reduction due to the tip-sample interactions
and reduction or increase in amplitude relative to Asp. (b) Response of the tip oscillation
amplitude to topography features.

The topography map is seen as a contrast image of the z-controller corrections due

to the amplitude variations tracing the topography of the measured sample. Usually, the

amplitude and phase variations are recorded along topography, extending the available

information of the AFM analysis. With the use of the correct coating for the cantilever

tip, the
→
F el and

→
Fmag components will interact as well, and could be observed in the

relative changes of the phase channel [114].
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3.2.5 Electrostatic force in AFM

As mentioned in subsection 3.2.3, a metallic coating on the tip enables electric interactions

with the sample, i.e.
→
F el becomes relevant for tip-sample interactions and is described as

follows. The apex of the metal-coated tip and the sample can be considered as a parallel

plate capacitor with energy Eel,

Eel =
1

2
CV 2 (3.12)

where C is the capacitance, V is the voltage between tip and sample.

The cantilever′s oscillations will cause a variation of the capacitance. The

electrostatic force
→
F el between the capacitor plates is the derivative of Eel. Thus,

considering a very sharp tip, where only the forces acting normal to the sample surface,

i.e. z-direction, are relevant, the electrostatic force will have the form

→
F el = ∇Eel = −

(
1

2

∂C

∂z
V 2 − CV ∂V

∂z

)
k̂ (3.13)

Considering a constant voltage in respect to the distance (∂V
∂z

= 0), the electric force is

then

→
F el = −1

2

∂C

∂z
V 2k̂ (3.14)

Thus, the capacitive gradients are a function of the tip-sample distance, but also, as
→
F el are long range forces, of the geometrical form of the metallic tip apex, the cone and

the cantilever as shown in Figure 3.8. Here it can be seen that surrounding areas (1-4)

with different work functions (gray and black areas) can have capacitive contributions not

only from interactions with the tip apex but also from the tip cone. Therefore, to improve

the sensitivity and resolution to
→
F el it is desired to reduce the n contributions from other

areas other than those underneath the tip apex.

Even more, the relative tilt of the tip/cantilever over the sample can have an

influence, thus an analytic determination of all the capacitance acting on a tip can be

specific for every case and complicated. The usual approximation used is that of a system

of parallel plate capacitors, with individual contributions Cn at specific heights zn, such

that

∂C

∂z
=

n∑
1

∂Cn

∂zn
(3.15)

35



3.2. ATOMIC FORCE MICROSCOPY

𝐶1 𝐶3 
𝐶2 

∅1 ∅2 ∅3 

𝑥 

𝑦 𝑧 

Figure 3.8: Capacitance system model of the KPFM setup. The measured Fel is a weighted
average of the different contributions over the tip apex, cone and cantilever. The sample′s
contrast represents different materials. Adapted from [117].

3.2.6 Principle of the Kelvin method

The principle of the Kelvin method for the measurement of the contact potential difference

(CPD) between two metals is a macroscopic analysis established in 1898 by Lord Kelvin

[118, 119]. To clarify the principle, in Figure 3.9a, two different metals are shown with

work functions φA, φB and Fermi levels EF,A, EF,B being separated by a gap and without

any electrical contact (open circuit). In such conditions, the vacuum energy levels Evac

are leveled, while the EF have different positions.

If the materials achieve an electrical contact (close circuit) as shown in Figure 3.9b

electrons will flow from the material with a larger Fermi level (A) to the material with a

lower Fermi level (B), to level their EF position. This diffusion of charge carriers causes

also a polarization of the surface of the materials and a shift in Evac as well. This new

equilibrium position generates an electric potential VCPD, which is proportional to the

difference of the material′s work functions [120],

VCPD =
∆φ

e
=

(φB − φA)

e
(3.16)

The polarization of the surface caused by the CPD creates an electric field in the gap

between the materials with a force
→
F el. This force can be nullified by applying a voltage

Vk (Kelvin voltage) to the circuit, of the same magnitude but different polarity than

(φB − φA), such that the position of the EF and Evac returns to the initial conditions.
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Figure 3.9: Diagram of the Kelvin method principle for two metals A and B separated by
a gap. (a) Without any electric connection, both Evac are aligned. (b) An electrical
connection levels the position of the EF due to electron migration, causing in turn
a potential VCPD and a polarization at the surfaces. (c) Applying a voltage Vk will
compensate VCPD and the polarization, leveling anew the Evac.

The relevance of Equation 3.16 with respect to the grounding of the technique will be

studied in subsection 4.2.1.

3.2.7 Kelvin Probe Force Microscopy

The measurement of the CPD at the nanoscale in Kelvin Probe Force Microscopy (KPFM)

is based on the electric field created between the tip and the sample. Using the same

considerations of a parallel plate capacitor as in Figure 3.8, the objective of KPFM is

to nullify
→
F el, caused by VCPD, by applying the correct Vk during the mapping of the

sample. The electrostatic interactions are sensed by applying a modulating AC signal of

amplitude Vac and frequency ωac, (ωac = 2πfac) to one material while the other remains

grounded. Hence, in KPFM measurements the voltages involved are,

V = Vk + VCPD + Vacsin (ωact) (3.17)

Thus, V can be substituted in Equation 3.14, such that

→
Fel = −1

2

∂C

∂z
[Vk + VCPD + Vacsin (ωact)]

2 k̂ (3.18)
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The binomial expansion of Equation 3.18 can also be written by separating its

spectral components as
→
F el =

→
F dc +

→
F ωac +

→
F 2ωac , where,

→
Fdc = −∂C

∂z

[
1

2
(Vk + VCPD)2 +

V 2
ac

4

]
k̂ (3.19)

→
F ωac = −∂C

∂z
[(Vk + VCPD)Vacsin (ωact)] k̂ (3.20)

→
F 2ωac =

∂C

∂z

V 2
ac

4
cos (2ωact) k̂ (3.21)

where
→
Fdc is a contribution to topography,

→
F ωac is used to calculate the CPD and

→
F 2ωac

is related to the capacitance of the material. It can be deduced from Equation 3.19 that

the amplitude of the modulation voltage is desired to be as low as possible to reduce

cross-talk between electric and topography measurements.

KPFM can be done parallel or subsequently to topography measurements, namely

as single or double pass. In single pass measurements the amplitude variations of

the cantilever′s mechanical oscillations at ω
′
0 are measured along with the electrostatic

interactions at ωac using two dedicated detection units, where ωac 6= ω
′
0. In double pass

measurements, a topography line is measured first. Once finished, the piezoelectric dither

and z-controller are turned off and the tip retraces again (double pass) the topography

information. To prevent damage to the tip and/or sample the tip is retracted from the

surface of the sample. During the second pass the electrostatic interactions are measured

using a modulation AC signal which is directly applied to the tip, usually at ωac ≈ ω
′
0. Due

to the retraction, double pass techniques are usually time-consuming and the separation

used, often >10 nm, causes an intrinsic loss of resolution as well. In this work, only single

pass KPFM measurements are used.

AM-KPFM

The established technique at the Duisburg-Essen University′s WET workgroup, where

this investigation was done, is the Amplitude Modulation KPFM (AM-KPFM). In

AM-KPFM, the amplitude of the signal at ωac is proportional to the
→
F ωac component

of
→
F el and is used to determine the CPD by means of Vk (see Equation 3.20). To measure

this in single pass AM-KPFM, the interactions at the ac-frequency ωac are measured by

a lock-in amplifier (LIA-II) in parallel with the lock-in amplifier for topography (LIA-I)

as seen in Figure 3.10.

38



CHAPTER 3. TECHNIQUES FOR CHARACTERIZATION

The amplitude of the AC signal is then proportional to the in-phase component of LIA-II,

XII , such that,

XII ∝
∣∣∣→F ωac

∣∣∣ (3.22)

XII = 0 ⇐⇒ (Vk + VCPD) = 0 (3.23)

The AM-KPFM setup uses the sensitivity of the second resonant frequency of the

mechanical oscillations, ω1, as ωac [121]. Therefore, ω
′
0 can be applied to the dither

for topography and, simultaneously, ω1 (ω1 ∼ 6.3ω0) direct to the tip for the potential

profiling. For specificity, as both AFM and KPFM are working with AM, the setup can

be referred as AM-AM-KPFM. Operationally speaking LIA-I and LIA-II have as input

the deflection signal from the QPD. LIA-I has as reference signal (Ref) the mechanical

oscillations at ω
′
0 while LIA-II has ωac as Ref . The signal ωac can come from the LIA-II

itself or from an external signal generator. Since this mode usually requires voltages Vac

> 1 Vp−p [12, 112], and due to specifications of the LIA, an external generator is used in

this setup.
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Figure 3.10: KPFM amplitude modulation setup at the second resonant frequency for the
analysis of operating devices. Drain, source and gate contacts are indicated as d, s and
g, respectively.

39



3.2. ATOMIC FORCE MICROSCOPY

AM- versus FM-KPFM

KPFM can also be operated in frequency modulation (FM) mode. Here, the gradient of

the electrostatic force component at ωac (∂
→
F ωac/∂z) is detected instead of the force

→
F ωac

itself, by means of the frequency shift of the fundamental resonance frequency ∆f0 caused

by the modulating AC signal [12], as seen in Equation 3.11. Thus, the frequency shifts

are related to the force gradient as,

∆f0(ωac) ∝

∣∣∣∣∣∂
→
F ωac

∂z

∣∣∣∣∣ = −∂
2C

∂z2
(Vk + VCPD)Vacsin (ωact) (3.24)

In a common FM-KPFM setup this is detected by a LIA using ωac as the reference

frequency and as input ∆f0. In Figure 3.11a simulations of the tip apex, cone and

cantilever contributions to the first order of capacitance gradient (
→
F ωac in AM) and in

Figure 3.11b for the second order of capacitance (∂
→
F ωac/∂z in FM) are shown as a function

of distance of a mechanical oscillation amplitude (solid lines). [122].

a) b) 

Figure 3.11: Calculated contributions of the tip apex, cone and cantilever for (a) AM and
(b) FM operation modes as a function of distance. The shaded areas represent variations
of the mechanical amplitude. Image taken from [122].

In these simulations, it can be noted that for AM-KPFM at the range of tip-sample

distances with which intermittent contact (tapping) mode works, i.e. fractions of nm

up to tens of nm, a large contribution percent comes from the cantilever and cone. For

FM-KPFM this contribution is drastically reduced and the main contributor at small
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d is the tip apex. Hence, the advantage of the gradient force measurement instead

of the electrostatic force measurement is clear. However, the direct implementation of

FM-KPFM has the requirement of the ∆f0 which is obtained by the instrumentation of

FM-AFM setups, usually operating at high vacuum conditions [116]. As it will be seen in

chapter 4, a solution for the measurement of the electrostatic force gradient in ambient

AM-AFM operation is the detection of the phase shifts of the cantilever’s oscillation

frequency. To clarify, while KPFM can be operated in vacuum conditions using both

amplitude and frequency modulation [12], the use of AM-AFM in vacuum conditions is

not advised due to the slow response of the change in the cantilever oscillation imposed

by the decrease of damping in the cantilever [116].

KPFM voltage drop analysis of operational devices

This non-conventional electrical characterization technique has been applied to study the

voltage distribution in light emitting diodes [123], lasers [124] [125], silicon nanowires

[126], organic electronic devices [127] and perovskites solar cells [128]. This analysis is

based on mapping the surface potential of the device under operating conditions, and

comparing it to the values at zero voltage bias. The calculations of ρs and ρc from KPFM

voltage drop analysis are described next.

First, the components of the device (drain, channel and source) are defined as

resistors in series, and thus all resistances share the same amount of Ids. It is then

expected that a corresponding drop of the applied Vds along the device would correspond

to variations in conductivity. To determine the voltage drops KPFM analysis are done at

Vds = 0 V and Vds 6= 0 V. The KPFM information of the device at zero bias voltage

(intrinsic φ) is an offset incorporated in the KPFM map of the device analyzed at

Vds and must be subtracted. It is assumed that although changes in the dielectric

substrates potential, reacting to the applied Vds can be seen, these do not contribute

to the conductivity of the devices. Thus, out of the KPFM map, information is extracted

in the form of line profiles (Figure 3.12), e.g. fixing a vertical position y and extracting

the horizontal information along x. By subtracting the line profiles without bias voltage

(V 0V
k (x)) from those done under voltage bias (V ds

k (x)) , the offset (material information)

is removed and only the voltage drop along the specified selection remains such as

Vdrop(x, y) = V ds
k (x, y)− V 0V

k (x, y) (3.25)
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The local voltage drops at the channel and contact interfaces, which correspond toRs

and Rc, are then defined by comparison with the corresponding topography information.

The height profile, which is taken simultaneously in single-pass KPFM, can be extracted in

a similar fashion. The voltage drops profiles can be then related to the device′s components

by comparing directly against the topography profiles. Using Ohm′s law and normalizing

by device′s geometrical dimensions, ρs and ρc can be obtained for graphene devices as

ρs = Rs
w

l
=

(
Vdrop(xn, y)− Vdrop(xn+m, y)

Ids

)
w

l
(3.26)

ρc = Rcw =

(
Vdrop(xn, y)− Vdrop(xn+m, y)

Ids

)
w (3.27)

Due to technology constraints the devices′ nominal dimensions might deviate from

the real measured ones, thus AFM measurements provide more precise information for

the calculations. Furthermore, the visualization of the device at such a scale can provide

information such as integrity of the channel, extent of electrode/material connection over

its width, visualization of damaged areas and/or debris over the contact or channel, which

might be responsible for the device behavior. Thus, voltage drops can be identified along

the length (l) and width (w) of the device with a nanometric spatial resolution without

the need of more than a pair of contacts.
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Figure 3.12: Diagram of a basic device (bottom) configuration seen as three resistors in
series (top) each having a corresponding voltage drop (middle) along the contact interfaces
and device channel.
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3.2.8 AFM/KPFM instrumentation

For the AFM/KPFM measurements in this work, two different systems were used, namely

the Veeco Innova SPM system and the NT-MDT Ntegra Spectra SPM system. Both

instruments have differences from its commercial counterparts, as they were customized

to meet the requirements of this workgroup. The Veeco Innova is delivered with built-in

measurement and control units for KPFM. However, this was modified to extract the

necessary signals for the measurement and control, with external dedicated units, of

AM-KPFM. The NT-MDT Ntegra Spectra SPM system, as it will be seen later, is capable

of stand-alone optical measurements as well as simultaneous AFM/optical analysis.

Veeco SPM system

In Figure 3.13a the Innova SPM system from Veeco instruments (now Bruker) can be

seen. It has a scanning range area of 100 µm x 100 µm and 7.5 µm in the vertical range,

with up to 1024 pixels per line. The scan rate reaches from 0.1 Hz to 100 Hz, i.e. 0.1 to

100 lines per second and 360o scan rotation. The scan direction is fixed from left to right

and top to bottom. The engage controls are done coarsely by the head motors and fine by

the piezoelectric tube. In the measuring head (Figure 3.13b), a diode laser is used for the

detection of the cantilever oscillations with a maximum output of 0.2 W in the wavelength

range of 600 to 700 nm, as stated by the company. The QPD can detect frequencies from

0 to 1 MHz. The laser and QPD are aligned horizontally with an angle. It has two full

digital LIAs available. Although this system itself had the KPFM option built-in, it was

replaced by a homemade setup which consists of an external signal generator, LIA and PI

controller [129]. This modification allows adjusting the feedback electronics at the desired

frequency of operation.

For AM-KPFM measurements at f1 a Stanford Research lock-in amplifier model

SR844 is used, with a frequency range from 25 kHz to 200 MHz, a phase resolution of

0.02o, a full-scale sensitivity of 100 nV to 1 V and a time constant of 100 µs to 30 ks. The

sinusoidal signal at f1 sent to the tip and to the LIA as the reference signal is generated

by a signal generator Stanford Research Systems DS345.

NT-MDT SPM system

The Ntegra Spectra SPM system from NT-MDT can be seen in Figure 3.14a. It has a

scanning range area of 120 µm x 120 µm and 9 µm in the vertical range, with up to

4000 pixels per line. The scan rate reaches from 0.5 Hz to 50 Hz and scan rotation from
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a) b) 

Figure 3.13: Optical images of the (a) SPM system and the (b) measuring head of the
Veeco Innova system.

-45o to 45o is possible. In addition, several scan directions can be selected e.g. scans from

bottom to top, from right to left. The coarse and fine engage commands, for the tip-sample

distance, are controlled by the scanner stage while the head and tip are fixed at a specific

height. The detection of the cantilever deflection is performed through a semiconductor

laser diode of 650 nm wavelength. The QPD has a bandwidth from 0 to 5 MHz. The

laser and QPD are aligned vertically. Integrated are two analog and three digital LIAs

with three signal generators. Two signal generators, bounded to the analog LIAs, are

capable of up to 1 Vp−p and frequencies up to 5 MHz. One digital LIA has a dedicated

signal generator as the modulation voltage with up to 5 Vp−p for frequencies between

0.1 and 10 kHz. The system has interchangeable SPM heads for different purposes.

For example, the universal SPM head (Figure 3.14b) can perform topography, tunneling

microscopy, conductive AFM, thermal microscopy and KPFM measurements. While the

optical/AFM head (see subsection 3.3.2) can implement topography, KPFM, near-field

optical microscopy, photoluminescence, Raman and Tip-enhanced Raman measurements.

44



CHAPTER 3. TECHNIQUES FOR CHARACTERIZATION

a) b) 

Figure 3.14: Optical images of the (a) SPM setup and (b) universal head of the NT-MDT
Ntegra Spectra system.
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3.3 Raman spectroscopy

Raman spectroscopy is a technique sensitive to vibrational and rotational transitions of

molecules and groups of arranged atoms as in the crystal lattice of graphene. Before

reviewing the specifics of Raman spectroscopy in graphene, the Raman process will be

analyzed for the case of a diatomic molecule.

If the molecule is irradiated by a photon source with frequency ν0, the light can

be elastically (Rayleigh) or inelastically (Raman) scattered (Figure 3.15a). Rayleigh

scattering is strong and the frequency (ν0) of the photon is conserved. The Raman

scattering of light is weak and here the frequency of the photon is not conserved (ν0±νm)

due to interactions of the light with the vibrational states with frequency νm, of the

molecule. If a reduction in the frequency of the scattered light is detected this is

known as a Stokes shift (ν0 − νm). If the scattered light has increased its frequency it is

known as an anti-Stokes shift (ν0+νm). These interactions are illustrated in Figure 3.15b.
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Figure 3.15: (a) Scheme of an incident photon altering the vibrational and rotational
energy states of a diatomic molecule and (b) energy level diagram of the possible scattering
processes when an incident photon excites a molecule.

For a correct measurement of the type of shift, the photons interacting with the

material must be of a single frequency, i.e. monochromatic. Therefore lasers are used as

the source for the incident photons [130]. For the measurement of the vibrational states

by means of the Stokes and anti-Stokes shifts it must be noted that while the equations

development is done with photon frequencies ν, measured in Hz, vibrational spectroscopies
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commonly uses the wavenumber ν̃, in cm−1 units for its representation, where

ν̃ =
ν

c
(3.28)

where c is the speed of light.

A diatomic molecule can be irradiated with a laser radiation of frequency (ν0) and

a time (t) varying electric field strength, E, such as

E = E0cos (2πν0t) (3.29)

where E0 is the electric field amplitude of the laser radiation.

As the laser irradiates the diatomic molecule, an electric dipole moment P is induced:

P = αE = αE0cos (2πν0t) (3.30)

where α is the polarizability.

The natural vibration of the diatomic molecule at frequency νm creates an oscillating

displacement (q) of the atoms as illustrated in Figure 3.15, which can be represented as

q = q0cos (2πνmt) (3.31)

where q0 is the vibrational amplitude.

In the simple case, for a small amplitude of vibrations, α is a linear function of q,

such that

α = α0 +

(
∂α

∂q

)
0

q (3.32)

where α0 is the polarizability at the equilibrium position of the molecule′s vibration,

and (∂α/∂q)0 is evaluated at this equilibrium position. Substituting Equation 3.31 and

Equation 3.32 in Equation 3.30,

P = αE0cos (2πν0t)

= α0E0cos (2πν0t) +

(
∂α

∂q

)
0

qE0cos (2πν0t)

= α0E0cos (2πν0t) +

(
∂α

∂q

)
0

q0E0 [cos (2πν0t) cos (2πνmt)] (3.33)
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Using trigonometric identities,

P = α0E0cos (2πν0t) +
1

2

(
∂α

∂q

)
0

q0E0 {cos [2π (ν0 + νm) t] + cos [2π (ν0 − νm) t]} (3.34)

Hence, in Equation 3.34, the Rayleigh scattering, Stokes and Anti-stokes shifts are

visible in the right part of the equation. A schematic example of a Raman spectra can be

seen in Figure 3.16, where the Rayleigh scattering (green shade) is represented in the first

term of the equation. The second term corresponds to the anti-Stokes (ν0 + νm) Raman

shift (blue shade) and Stokes (ν0 − νm) Raman shift (red shade) [131].

Raman shift (cm-1) 
0 

In
te

n
si

ty
 (

a.
u

.)
 

Stokes  Anti-Stokes  

R
ay

le
ig

h
  

Figure 3.16: Exemplification of the Rayleigh scattering and the Stokes and anti-Stokes
shifts in a Raman spectra.

Even with the use of a high-intensity excitation source such as the laser, the

Raman scattering is very weak compared to the reflection of the laser on the sample

(Rayleigh scattering). To separate these two signals, edge filters, notch filters or triple

monochromators are used to attenuate the signal from the laser. With edge filters it can

be measured closer to the laser line, while with notch filters Stokes and Anti-Stokes signals

can be detected. After filtering, the detection is usually done by charge-coupled devices

(CCD) due to their high sensitivity compared to photomultipliers [132].

3.3.1 Raman shift of graphene

The use of Raman spectroscopy for the study and characterization of graphene, graphite

and other carbon materials has been extensively studied in literature [133, 134, 135, 136].

The highly ordered honeycomb structure of sp2 carbon to carbon bonds of graphene has
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more complex atom-group vibrations, addressed as normal modes. These Raman active

normal modes present peaks which are widely used for the characterization, between

others, of the number of layers, doping and defects [137, 138].

Pristine 

Defective 

Figure 3.17: Raman shift spectra of non-defective graphene (pristine) and defective
graphene. Most widely used for characterization are the D-, G- and 2D-mode peaks,
seen around ∼1350, ∼1580 and ∼2700 cm−1, respectively. Image adapted from [137].

The Raman shift range used for graphene extends approximately from 1100 to

3300 cm−1. As seen in Figure 3.17, in this range all identified graphene characteristic

peaks can be found. The most widely used and prominent features in literature, as well

as in this work, are the D-mode peak (from disorder) at ∼1350 cm−1 which accounts for

the breathing modes of six-atom rings and requires a defect for its activation, the G-mode

peak (from graphite) at ∼1580 cm−1 corresponding to the high frequency normal mode

at the center of the Brillouin zone and the 2D-mode peak at ∼2700 cm−1 which is the

overtone of the D-mode peak.

In Figure 3.18a and Figure 3.18b, the schemes of the vibrations for the G- and

D-mode of graphene are shown. The 2D-mode, although it is an in-plane mode, is sensitive

to the number of layers, since the resonant Raman mechanism that gives rise to it is closely

related to the electronic band structure. As the electronic band structure changes with

the number of layers and the layer′s relative orientation, it is therefore used to identify

the number of layers usually through the 2D- to G-mode peak (2D/G) ratio [137, 138].
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a) b) 

Figure 3.18: Normal modes for the (a) in-plane phonon displacement at ∼1580 cm−1

(G-peak) and (b) atom displacement breathing mode of the six-atom rings of graphene
at ∼1350 cm−1. The 2D-mode peak is an overtone of the latter and is sensitive to the
number of layers.

3.3.2 NT-MDT Ntegra Spectra Optical/AFM

The NT-MDT Ntegra Spectra has the possibility to perform optical measurements inside

and outside the SPM system. For the optical measurements inside the SPM system a high

performance optical/AFM measuring head (Figure 3.19a) is used, instead of the universal

SPM head shown before. The characteristics of this head, along with the spectrometer

instrumentation, can provide a spatial resolution down to 0.5 µm in optical measurements.

The main component of the optical/AFM measuring head is the high numerical

aperture (0.7) Mitutoyo M Plan Apo 100 lens. It has a focal length of 2 mm, a visual

field of 80 µm and a working distance of 6 mm, through which the AFM and other lasers

are delivered and their response collected. The xyz-sample motor and scanning area for

the optical/AFM measurements are the same as the SPM system described above (120 µm

x 120 µm x 9 µm). An isolation chamber can be used to reduce ambient light and noise

sources. A front view scheme of the system can be seen in Figure 3.19b, which can be

compared to the optical image in Figure 3.14a. A second motor is available only for optical

measurements, which controls the xy-position of a mirror. The mirror scanner is inside

of the diffraction module (Figure 3.19c) and has a scanning range area of 52 µm x 52 µm,

up to 4000 pixels per line, a scan rate of .0005 to 500 Hz and free selection of the scan

direction. The mirror motor is used to position the laser independent of the position of

the sample motor. Thus the sample can be analyzed without moving the sample and/or, if

needed, to focus the laser to a specific point. Such case is mainly for measurements where

50



CHAPTER 3. TECHNIQUES FOR CHARACTERIZATION

the laser needs to be focused at the end of the AFM tip. Thus, this setup provides the

capability of simultaneous optical and AFM measurements such as topography, Raman

measurements or more sophisticated like Tip-enhanced Raman Spectroscopy or Scanning

Near-field Optical Microscopy.

a) b) c) 
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Figure 3.19: The (a) optical/AFM head and (b) front view and (c) side view diagrams of
the optical/AFM setup. Here are visible the (1) optical head, (2) xyz-sample motor, (3)
isolation chamber, (4) diffraction module, (5) lamp and digital camera lenses, (6) digital
camera, (7) xy-mirror motor and (8) aligning mirrors.

The detection of the sample′s optical response is done by a 1024 x 25 pixels ANDOR

CCD camera with built-in Peltier element to cool down the CCD-matrices to -90oC in

order to reduce thermal noise. The laser line is attenuated by a Semrock, Inc. edge

filter. The system has 3 lasers at dispose for different wavelengths: 325 nm, 405 nm and

532 nm. For the Raman spectroscopy analysis of graphene samples and devices only the

532 nm solid state laser was used. The laser is delivered to the spectrometer through a

single-mode optical fiber and is linearly polarized with a maximum power of 20 mW.
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Chapter 4

Phase sensitive detection of the force

gradient for KPFM

This chapter presents the implementation and measurement results of phase modulation

(PM-) KPFM on an already operating AM-KPFM system. While FM-KPFM uses the

frequency shifts of the mechanical oscillation to detect the force gradient, PM-KPFM uses

the phase shifts for the same purpose. First, it will be discussed how the detection of

phase shifts are related to the already available theory in FM-KPFM. It will be explained

how the cantilever′s mechanical oscillation carries the electrostatic force information in

its phase signal along with the description of the inputs and outputs of the Lock-In

Amplifiers (LIA) to extract the relevant information for single pass PM-KPFM. Following,

the exact technical implementation in an operating Veeco Innova system, including the

equipment employed and its working parameters will be described. Afterwards, the

importance of the correct adjustment at the LIA outputs for the precise measurement

of the CPD is explained. The chapter continues with the results of the grounding

configurations and their significance in the interpretation of the results, and how, for

the purposes of this investigation, the sample-grounded configuration is the only option.

Furthermore, the improvement of PM-KPFM over AM-KPFM will be demonstrated, with

a comparison of the KPFM voltage drop analysis results obtained by both modulations.

To conclude this chapter, the reliability of PM-KPFM voltage drop analysis for the

electrical characterization of the devices is verified by comparing its results to those of

the macroscopic 4p probe method.
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4.1 Development of PM-KPFM

As mentioned in subsection 3.2.7, the gradient detection of
→
F ωac shows an improvement

over the detection of the electrostatic force itself for KPFM measurements by reducing

the contribution of cantilever and cone to the overall signal. The tip-sample interactions

cause a frequency shift of the fundamental oscillation frequency ∆f0 which is related to

the force gradient ∂
→
F ts/∂z. In FM-AFM operation, the ∆f0 is directly obtained, since

the oscillation frequency of the cantilever is varied to maintain the oscillation amplitude

constant and thus, can be directly used for FM-KPFM by detecting the oscillations

of the frequency shift ∆f0(ωac) at ωac. Since in AM-AFM the oscillation frequency is

maintained constant, the phase shift of the oscillation frequency (∆θ0) can be used to

retrieve the force gradient ∂
→
F ωac/∂z. Thus by demodulating the phase shift oscillations

at ωac, ∆θ0(ωac), the amplitude of the electrostatic interactions can be obtained for the

correction of the CPD during KPFM operation.

Using the harmonic approximation [139], which assumes that the vibration of the

cantilever is harmonic and ∆k and ∆ω shifts are small compared to k and ω, respectively,

the phase shift (∆θ0) can be related to ∆f0 at the resonance frequency [140] by:

∆θ0 =
π

2
− arctan

(
ω0

2Q∆ω0

)
≈ 2Q

∆ω

ω0

(4.1)

or
∆θ0
2Q
≈ ∆f0

f0
(4.2)

Due to the non-linear relation of the phase with respect to frequency, the proportionality in

Equation 4.2 holds true only at the regime of low frequency shifts, i.e. ∆f0 < f0/2Q [141].

To ascertain that the general case of the AFM/KPFM setup is indeed in the low

frequency shift regime, the quality factor Q must be stated. The value of Q is in function

of the resonance frequency bandwidth (B), as

Q

f0
=

1

B
(4.3)

To obtain B, a spectrum analyzer is used for the QPD signal of the usual tip

used throughout this investigation (Budget sensors Multi 75E coated with Cr/PtIr).

The bandwidth is defined here as the frequency difference between the lower and upper
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frequency where the signal of the cantilever′s mechanical oscillation losses half of its power

(Figure 4.1a). Hence, for a mechanical resonance at 66.3 kHz, a value for the bandwidth

is calculated to be B ∼ 0.4 kHz. Thus, the quality factor has a value of Q ∼ 165, which

correlates with values in literature for ambient conditions [142]. This result establishes

that ∆f0 must not exceed 0.2 kHz for a linear relation between phase and frequency shifts.

The resonance frequency shift influenced partially by the electrostatic force and

detected by the alternating electric field Vac causes sidebands (satellite peaks) around

the mechanical oscillation frequency. The modulation index of the frequency modulation

signal, defined as ∆ω0/ωac, is in direct relation to the number of sidebands to expect and

is defined as the ratio of the frequency shift and the modulating signal. If the modulating

index is < 0.5, sidebands can be expected at ω0 ± ωac and ω0 ± 2ωac, as depicted in

Figure 4.1b.
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Figure 4.1: (a) Resonance spectra of the AFM tip and its bandwidth. (b) Expected
frequency spectra of frequency modulated signal where ω0 � ωac

Thus, if the AFM/KPFM setup operates in the low frequency shift regime with a

linear relation of ∆θ0 and ∆f0, the frequency modulation equation for the detection of

the force gradient can be recast as

∆θ0(ωac) ∝ ∆f0(ωac) ∝

∣∣∣∣∣∂
→
F ωac

∂z

∣∣∣∣∣ = −∂
2C

∂z2
(Vk + VCPD)Vacsin (ωact) (4.4)

Hence the phase shifts of the mechanical oscillations caused by electrostatic

interactions ∆θ0(ωac) can be used for the detection of ∂
→
F ωac/∂z.

The detection of ∆θ0 can be thus achieved by means of the phase sensitive lock-in

amplifier (LIA-I) used for the topography channel while the detection of the electrostatic
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interactions with a second LIA (LIA-II) connected in series. In LIA-I, the reference

signal sRef (ω
′
0) will be multiplied with the QPD signal where the tip-sample interactions

→
F ts(z, ω

′
0) are embedded

→
F ts(z, ω

′

0) =
→
F (z0) +

∂
→
F ts

∂z

∣∣∣∣∣
z0

(z(t)− z0) (4.5)

where the function z(t) describes sinusoidal motion of the cantilever with amplitude A

and frequency ω
′
0 around the tip-sample distance z0, as

z(t) = z0 + Asin
(
ω

′

0t
)

(4.6)

Due to the orthogonal nature of sinusoidal waves, from the mix of the two frequencies

at LIA-I, all signals different from ω
′
0 will be attenuated. The output is an in-phase

component (XI) and a quadrature component (YI),

→
F ts(ω

′

0)sRef (ω
′

0t)⇒ XI = kLIAVsigcos(θ) (4.7)

→
F ts(ω

′

0)sRef (ω
′

0t+ 90o)⇒ YI = kLIAVsigsin(θ) (4.8)

where kLIA is a scaling factor of the LIA and Vsig is the r.m.s LIA value of the measured

signal

Vsig ∼ Asin
(
ω

′

0t
) ∣∣∣∣∣∂

→
F ts

dz

∣∣∣∣∣ (4.9)

Here it is clear that both XI and YI components are proportional to the derivative

of the force [143]. This signal can be then used as the input of LIA-II tuned to wac to

extract the amplitude of electrostatic force gradients

YI ∝
∂
→
F ts

∂z
∝ ∂

→
F ωac

∂z
(4.10)

By correctly adjusting the phase of the LIA-II to zero, the in-phase component XII

should be proportional to the amplitude of the sidebands, which by the correction of the

Vk voltage of the Kelvin controller should nullify the amplitude of the sidebands.

If the setup indeed operates with a linear relation of the phase and frequency shifts

and the considerations shown above are correctly implemented, the appearance of the

sidebands near ω0 and the nullification of its amplitude by Vk can be expected. In

56



CHAPTER 4. PHASE SENSITIVE DETECTION OF THE FORCE GRADIENT
FOR KPFM

Figure 4.2a, the frequency spectrum of an engaged metal coated tip can be seen, while the

Kelvin controller is turned off. The mechanical oscillations frequency has the sidebands

at ω
′
0 ± ωac and ω

′
0 ± 2ωac, as expected for a low modulation index and small frequency

shifts. Indeed, as the Kelvin controller is turned on, the amplitude of the sidebands is

minimized (Figure 4.2b), accounting for the correct detection and nullifying of ∂
→
F ωac/∂z

by means of ∆θ0.
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Figure 4.2: Frequency spectra of an engaged Cr/PtIr coated tip showing the presence
of satellite peaks as the Kelvin controller is turned off. (b) The nullifying of the
satellite peaks as the Kelvin controller is turned on, evidencing the working setup of
the PM-KPFM. The red asterisk shows a natural peak of the tip, not related to the
electrostatic forces.
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4.2 Technical implementation of PM-KPFM

For the sensing of the electrostatic force gradient in single pass PM-KPFM, an external

Stanford Research Digital Signal Processing Lock-In Amplifier (LIA-II) model SR830 is

connected in series to the internal Lock-In Amplifier (LIA-I) inside the Veeco Innova

system. The model SR830 has a phase resolution of 0.01o, a full-scale sensitivity of 2 nV

to 1 V and a time constant of 10 µs to 30 s. It differs from the LIA used for AM-KPFM

(see Figure 3.10), by having a frequency range from 1 mHz to 102 kHz, which allows to

demodulate at ω0 � ωac and stay within the topography LIA′s low pass filter bandwidth

[144].

The block diagram of the setup is shown in Figure 4.3. The PM-KPFM loop

starts at the tip while it interacts with the sample. The QPD signal, which contains

the topography information at ω
′
0 and embedded in its phase shift the electrostatic forces

gradient information at ωac, is fed to the built-in LIA-I. In LIA-I, the XI and YI are used

to obtain the amplitude A (magnitude) of the signal, which is sent to the topography

z-controller to equal Asp.

LIA-I LIA-II 

Kelvin controller 

z-controller 

𝑅𝑒𝑓: 𝜔0
′  

+ 

𝑋𝐼𝐼 
𝜔0

′  

𝐴𝑠𝑝 
Set point: 

𝑋𝐼𝐼 = 0 

Set point: 

𝑋𝐼
2 + 𝑌𝐼

2 

𝑉𝑘 

𝑅𝑒𝑓: 𝜔𝑎𝑐 ≪ 𝜔0 

(𝜔𝑎𝑐, 𝑉𝑎𝑐) + 𝑉𝑘 
𝑉𝑎𝑐~1𝑉𝑝−𝑝 

BUS  
PORT 

𝑌𝐼 ∝ ∆𝜃0(𝜔𝑎𝑐) 

Figure 4.3: Block diagram for the implementation of PM-KPFM in a Veeco Innova SPM
system.

The out-of-phase component YI carries the force gradient information and must be

sent to LIA-II for demodulation. Using the open access hardware in the control software,

the signal must be manually activated and sent to the internal BUS connectivity port of

the Innova system. Through a BNC output, the analog signal is extracted and used as
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the input of LIA-II.

Standard Cr/PtIr coated tips with f0 ∼65 kHz, k = 48 N/m, ωac of 1.5 kHz and

1 Vp−p were used. The LIA-II filter parameters that render the best results for PM-KPFM

in ambient conditions were a time constant of 100 µs with a roll-off of 18 dB/oct, full-scale

sensitivity of 500 mV and low noise reserve. The internal oscillator of LIA-II was used

as the reference for ωac and the source of Vac. The XII output is then fed to the Kelvin

controller input, where Vac and Vk are added and send back to the tip for the sensing and

nullifying of the sidebands completing the PM-KPFM loop.

4.2.1 Ground dependence of KPFM measurements

For the KPFM analysis, it is required that either the sample or the tip has to be grounded

while the Vk + Vac are applied to the opposite terminal (see Figure 4.3). The selection

of the ground does not alter the principle of the technique: the electrostatic interactions,

either being sensed by the force directly (AM-KPFM) or from its derivative (PM-KPFM),

must be reduced to zero. However, depending on which end is grounded, the polarity of Vk

and therefore of the data obtained is changed, which can lead to misinterpretation of the

results. To corroborate the correct operation of the PM-KPFM setup, a gold sample was

analyzed using both the tip and the sample as ground. The obtained results are discussed

on the basis of changes in their EF using simplified band diagrams to clarify their relative

shifts and implications on the KPFM results. An aleatory 8 µm x 8 µm area on the gold

surface was analyzed in ambient conditions with a 25 nm radius Cr/PtIr silicon probe

(Budget sensors) and a Vac = 1 V. The height map of the area is shown in Figure 4.4a

and the height distribution in Figure 4.4b. This mostly flat surface with particles less

than 100 nm in height (inset), was deliberately selected to prevent if any, topography

cross-talk [145] and for orientation when comparing the following KPFM measurements.

First the tip-grounded setup is reviewed, i.e. the tip is grounded and Vk + Vac are

send to the sample. The KPFM map of this setup can be seen in Figure 4.5a, and by direct

comparison with Figure 4.4a, it can be observed how KPFM gives access to information

not available by topography. The potential variations seen in the middle of the KPFM

map, do not correlate with any topographic features. This can be caused by surface

adsorbates or intrinsic changes in the Au surface [146]. However, in general, the KPFM

map shows low variations for the Vk values, which are centered at positive values around

200 mV with a distribution of ±75 mV (Figure 4.5b). To validate the center value of

the distribution a (KPFM) tip spectroscopy is performed, obtaining a value of 150 mV
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Figure 4.4: (a) Height map of a gold surface and its (b) height distribution histogram.
Inset: Line profile over a topographic feature.

(inset). Tip spectroscopy is a punctual analysis done with the Kelvin controller turned

off and consists of averaging several sweeps of Vk values, while tracking the response of

XII . The Vk value corresponding to the lower averaged XII value represents the value at

which the electrostatic force is minimized by compensating the CPD.
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Figure 4.5: KPFM (a) map of the gold surface as the tip is grounded and (b) value
distribution of this map. Inset: The valley of the tip spectroscopy is centered at Vk = 150
mV. The measurement position is marked in (a) by a circle.

In this setup, the value of Vk corresponds directly to the work function of the sample

(φs) being greater by 150 mV to that of the tip (φt) and can be explained following the

relative shifts EF in the band diagrams of Figure 4.6. Since the tip is grounded, its Fermi

level EF,t acts as the reference and is assumed as zero. It is clear from the work function

difference that the Fermi level of the sample (EF,s) lies below the reference EF,t before the
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EF leveling in the initial condition of KPFM. To correct the VCPD, the position of EF,s

has to be shifted downwards back to its original position. This is achieved by applying

a positive voltage (+Vk) to the sample (black arrow in Figure 4.6b). Thus, the values in

the KPFM maps, i.e. the polarity of Vk, in this setup will correspond directly to the work

function of the sample with an offset equal to φt. Using a value for φt of 4.9 eV [147]

to calculate φs results in 5.1 eV for this Au surface in ambient conditions, which fairly

agrees with literature [148].

𝑉𝐶𝑃𝐷 

+ - 

∅s ∅t 

𝐸𝑣𝑎𝑐  
𝐸 ∅t ∅s +𝑉𝑘 𝐸𝐹,𝑡 = 0 

∅t ∅s 

𝐸𝐹,𝑠 = 0 

−𝑉𝑘 

a) b) c) 
∅𝑠 > ∅𝑡 + 𝑉𝐶𝑃𝐷 𝑉𝑘 = 𝑉𝐶𝑃𝐷 =

1

𝑒
(∅𝑠 − ∅𝑡) −𝑉𝑘= 𝑉𝐶𝑃𝐷 =

1

𝑒
(∅𝑡 − ∅𝑠) 

+ 
+ 

- 
- 

𝜕𝐹 𝜔𝑎𝑐/𝜕𝑧 

Figure 4.6: Band diagrams showing the correction of the (a) initial condition of KPFM,
by the relative shifts of the materials EF to nullify the force gradient using the (b) tip or
(c) sample as ground

Next the sample-grounded setup is reviewed, i.e. the sample is grounded and the tip is

receiving Vk + Vac. Figure 4.7a shows the KPFM map centered nominally at the same

position as in the analysis above. Compared to Figure 4.5, the same features are seen on

the map with a clear change in its contrast over its surface. In Figure 4.7b the width of

the Vk values distribution is ±75 mV and the spectroscopy shows us that the lowest value

of the XII corresponds to Vk = -140 mV, which is in agreement with the expected polarity

change of the tip-grounded setup. In this setup, EF,s is the reference, thus its value is fixed

at zero. By applying a negative Vk to the tip, the relative position of EF,t is increased

(black arrow in Figure 4.6c) with respect to the sample causing again the nullifying of

∂
→
F ωac/∂z. Therefore, for the KPFM analysis where the sample is grounded, the positive

(negative) Vk values obtained in the map correspond to areas where φs is lower (larger)

than φt. As the interest of this investigation is the voltage drops of operational devices,

only the sample-grounded configuration can be used, since applying a DC voltage such as

Vk to the sample would interfere with Ids measurement during the KPFM analysis.
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Figure 4.7: KPFM (a) map of the gold surface, as the system operates with the sample
grounded. The (b) value distribution of this map follows the expected change in polarity
in Vk values. Inset: The valley of the tip spectroscopy is centered at Vk = -140 mV. The
measurement position is marked in (a) by a circle.

4.2.2 Resolution of PM-KPFM

To display the resolution achievable by PM-KPFM, the measurement done on a sample

of graphene on Cu substrate is shown next. Graphene was grown by CVD on a

polycrystalline Cu, sputtered on a SiO2 substrate. This sample is chosen as it was

observed that its surface offers a heterogeneous combination of features, for nominally

the same material, with sharp changes which could be resolved [149]. In the topography

map of a 1 µm2 area of the sample (Figure 4.8a) a set of terraces can be seen. Although

from a sputtered process a specific roughness of the whole sample is expected, at these

dimensions these features might have their origin due to the growth of graphene as

it is reported that its presence causes islands and valley topologies in the Cu surface [149].

The surface potential map of the same area is shown in Figure 4.8b. Here a

heterogeneous surface potential can be clearly noted, many of them correlating with

topography features. The independence of the KPFM measurement to topography can

be evidenced with the feature inside of the dashed line box. In this area an explicit

change of surface potential is visible which is clearly not resolved by neither topography

nor the phase map (Figure 4.8c). The phase map consists of the recorded changes of

the mechanical oscillation′s phase included those influenced by the electrostatic force

(detected by ωac). The absence of any visible feature in the phase map of the dashed

line box proves the actively and accurate correction of the phase changes caused by the
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electrostatic interactions ∆θ0(ωac) as shown in section 4.1.
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Figure 4.8: (a) Topography, (b) KPFM and (c) phase map of a graphene sample grown
by CVD on a polycrystalline Cu substrate. The dashed line box shows the independence
of KPFM to topography features and the accurate correction of only the phase shifts at
ωac. The values of smallest featured extracted from (b) are indicated by the white arrow
and plotted in (d).

The smallest, but clearly distinguishable potential variation in the KPFM map was

chosen (white arrows in Figure 4.8b) to demonstrate the high resolution of the technique.

The line profile (Figure 4.8d) shows a clear reduction of the Kelvin voltage of about

80 mV within a range of less than 20 nm. These results are comparable to the reported

measurement of a 20 nm feature in InAlAs/InGaAs layered heterostructures resolved by

Xie et al. [150] with a similar variation of potential. This proves the improvement by

PM-KPFM over the state-of-the-art electric measurements with high spatial resolution in

ambient conditions.
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4.3 Comparison of AM- and PM-KPFM voltage

drop analysis

To demonstrate the improvement of PM- over AM-KPFM voltage drop analysis, an

operational graphene device is analyzed by both methods and a comparison of the

KPFM maps and voltage drops obtained are presented next. All measurements were

done in ambient atmosphere at room temperature, with the respective instrumentation

for each method, a ωac of 1.5 kHz is used for PM while for AM ωac = ω1 ∼ 425 kHz was

selected (ω0 ∼ 68 kHz), both at Vac = 1 Vp−p. In Figure 4.9a, the topography map of

the whole graphene device is shown, consisting of four contacts on top of the graphene

channel. The AM-KPFM and PM-KPFM maps at Vds = 0 V are shown in Figure 4.9b

and Figure 4.9c, respectively, and are nominally centered at the same position of the

topography map.

Qualitatively a better resolution and less variation of values of the PM- over the

AM-KPFM map are seen from the images, specifically the noise reduction and definition

of the features in the map for the same Vac. Specifically, the graphene channel can be

clearly differentiated from the substrate at the top and bottom of the PM-KPFM map.

For the case of semiconductors, large modulation voltages can induce a band bending of

the electronic band structure in the surface of the material [151]. Although graphene is

considered to behave like a metal, the increase in resolution without increase of Vac in PM

is desired for KPFM in general to maintain a marginal contribution of the
→
F dc component

to topography (see subsection 3.2.7).
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Figure 4.9: (a) Topography of the analyzed device, (b) AM- and (c) PM-KPFM maps
both at Vds = 0 V.
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For the voltage drop analysis ± 1 V are applied to the device, Figure 4.10a and

Figure 4.10b show the maps at Vds = -1 V for AM- and PM-KPFM, respectively. It can

be seen that similar qualitative results are obtained as in the 0 V case, and the definition

of the channel′s device and loss of noise in the PM compared to AM image is evident once

again. The channel is clearly distinguishable from the contacts and substrate. The area

with different potential close to the source contact corresponds presumably to lingering

metal rests of the fabrication process. The outer contacts have a floating potential and

are not taken into account for the analysis. The full operation of both inner contacts can

be seen as the whole area uniformly shifts the potential due to Vds.

a) b) 

Figure 4.10: (a) AM- and (b) PM-KPFM maps of the graphene device at Vds = -1 V.

The quantitative improvement of PM-KPFM in voltage drop analysis can be seen

with a comparison of line profiles. An average of 11 lines are extracted out of the KPFM

maps and subtracted following the process described in section 3.2.7. The results are

plotted in Figure 4.11a and Figure 4.11c for AM- and PM-KPFM, respectively, where it

can be seen the voltage drops for Vds = -1 V (red lines) and Vds = 1 V (black lines), in

comparison with the topography (gray shaded area) of the device. Zooming into the drain

interface (Figure 4.11b,d) the rate of change of the voltage over the tip position ∆V /∆x

is used to compare both techniques. Thus, with slopes of 0.24 V/µm in AM versus that of

0.6 V/µm in PM, for the same interface, it is clearly seen that the detection of ∂
→
F ωac/∂z

induces an increased reaction to surface potential variations without an increase of the

modulation voltages.
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Figure 4.11: Line profile of the voltage drop of a graphene device (11 lines averaged), for
(a) AM- and (c) PM-KPFM. Enlargement of the drain contact interface and the ∆V/∆x
slope for (b) AM- and (d) PM-KPFM
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4.4 Comparison of PM-KPFM voltage drop and 4

point probe method

To establish KPFM voltage drop as a reliable technique for the electrical characterization

of microscale graphene devices, the same graphene devices were analyzed by both 4p

method and KPFM voltage drop analysis to compare the results of Rc and Rs. The

micrometer devices consisted of four evenly distanced nickel contacts (20 nm) over a

graphene channel (l = 20 µm, w = 15 µm). The nickel contacts were reinforced with

100 nm of gold to prevent delamination during bonding and measurements. The 4p

method was performed on a PM5 probe station (Suss microtech), using Tungsten 72T

tips (American Probes Inc) with a 6 µm diameter, connected to a Keithley SMU 2612.

For the KPFM voltage drop analysis, the two inner nickel contacts where microbonded

to allow the application in-situ of voltage on the AFM sample holder.

An average of 11 profile lines was extracted from the KPFM maps. The KPFM

voltage drop profiles at different Vds were normalized for comparison by dividing each line

by the nominal voltage applied. In Figure 4.12 the normalized voltage drop at different Vds

and the mean value of a representative device can be seen; this numerical average value

was used for the calculations. In this device is seen an evenly distributed sharp voltage

drop, at both drain and source interfaces as well as a homogeneous drop over the graphene

channel. In the inset of Figure 4.12 the IV curves obtained during the KPFM and the

macroscopic measurement during the analysis of the 4p method are shown. A variation

of R2p up to 17% can be identified between the data sets. This variation was unexpected

as no modification was done on the device nor the ambient conditions changed. This

suggests that the measurement conditions, i.e. from PM5 microprobes to microbonded

pads, might partially influence.

The results for three different devices analyzed by the two methods are summarized

in Table 4.1. For the 4p method the resistances are shown for channel (Rs), both contacts

(Rc) and the total (Sum). The resistance calculated by KPFM voltage drop are separated

by channel (Rs), both contacts (Rc), the drain-to-source voltage drop ratio (d/s) and the

individual resistances for each contact (Rc,d, Rc,s). The methods are then compared as a

percentage of the difference between the results for channel and contacts.
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Figure 4.12: (a) Normalized voltage drop of device 66 (see Table 4.1) and (inset) output
characteristics during the macroscopic 4p and KPFM measurements

4p Method (Ω) KPFM (Ω) % Difference
Device Rs Rc Sum Rs Rc d/s Rc,d Rc,s Rs Rc

15 431 1426 1858 244 2095 0.66 834 1261 43 -72
46 317 1723 2040 309 878 0.95 429 449 3 21
66 258 1001 1259 291 741 1.14 395 345 -12 -14

Table 4.1: Sumarized values of graphene device resistances obtained by 4p method and
KPFM voltage drop analysis.

Device 66, discussed above, shows an overall difference of 13% for Rc and Rs between

4p and KPFM methods. Furthermore, device 46, shows only a 3% difference on the Rs

values. However, the analysis of device 15 shows differences up to 72% at the contacts,

which might question the reliability of KPFM as a characterization method.

To discuss the discrepancy of device 15, Figure 4.13 shows its normalized voltage

drop. In this device, the variations between measurements at different Vds has a stronger

effect compared to device 66. At the interfaces, the voltage drop at the source (Rc,s) is

almost two times the drop at the drain contact (Rc,d), which potential drop fluctuates

largely compared to the mean value, suggesting a damaged contact. The variations found

between 4p and KPFM methods can arise due to the time between both measurements,

having an effect on the integrity of the device, such as oxidation of the nickel contacts, as

well as adsorption or desorption of species in the exposed graphene channel. From the IV
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curve (inset), it can be seen that the total resistance obtained during the KPFM analysis

indeed increased up to 50% compared to the R2p obtained during 4p analysis. By using

the information of the IV curves for the 4p in the calculations of KPFM their discrepancy

can be reduced down to 23%. It can be argued that changes over time on the device itself

are responsible for the discrepancy between the macroscopic and microscopic approach.

Thus, it can be concluded that given well behaved and stable operating devices, KPFM

voltage drop can render results which are comparable to macroscopic methods.
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Figure 4.13: (a) Normalized voltage drop of device 15 and (inset) output characteristics
of the macroscopic 4p and KPFM measurements
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4.5 Conclusions

The improvement of the established KPFM technique by the detection of the electrostatic

force gradient in ambient conditions by means of the phase shifts of the mechanical

oscillations was successfully attained. It was shown that the equipment used works in

the low frequency shifts regime, where the phase shifts are proportional to the frequency

shifts for the detection and nullifying of the sideband′s amplitude at ω
′
0 ± ωac and

ω
′
0 ± 2ωac. Thus, using the correct signals, set of parameters and equipment allows the

use of the higher resolution that the second order capacitance offers for KPFM. The

achievable resolution of PM-KPFM for features smaller than 20 nm and with 80 mV

in surface potential variation showed an improvement comparable with state-of-the-art

measurements for KPFM in ambient conditions. In the voltage drop analysis, it was

found a rate of change for AM-KPFM of ∆V /∆x = 0.24 V/µm, while for the PM-KPFM

data a ∆V /∆x = 0.6 V/µm which supports the improvement in resolution.

The comparison of the results with the macroscopic 4p method gives a level of

certainty for the electrical characterization of graphene devices using KPFM. The use of

this approach allows overcoming two disadvantages from the macroscopic conventional

techniques saw in section 3.1. First, 4p probe and/or TLM cannot be used to characterize

functional devices which have any other but the corresponding layout for the technique.

Second, they cannot be used if geometrical restrictions exist, i.e. if the conductive

material to be investigated is so small that no more than two contacts are possible. Even

more, KPFM allows the separation of potential drops not only between the conductive

channel and the contacts but also discriminates the drops and thus the resistance between

both contacts
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Chapter 5

Effect of the reduction level in FGS

devices

The structure of FGS has a variable density of oxygen-containing functional groups

and lattice defects [10]. Higher levels of reduction, in terms of the carbon to oxygen

ratio (C/O), have been reported to reduce the overall resistance. This is explained by

Mattevi et al. for chemically (and subsequent thermally) reduced GO as a change in

the charge transport mechanism [14]. Using Raman spectroscopy the domain size of

sp2 areas was followed at different reduction stages, finding that the oxygen content

decreased (higher C/O) without any distinguishable increase in the sp2 domain size.

Therefore, they concluded that at a sp2 fraction of 60%, the charge transport mechanism

undergoes a transition from hopping and tunneling between the scattered sp2 domains to

a diffusive transport due to the increased presence of small graphitic clusters, as illustrated

in Figure 5.1.

One of the main applications of FGS is as conductive inks [61, 62]. Conductive

inks can be seen as an interconnected network of single FGSs with nominally the same

electrical properties. Hence, a study of the effects that the charge transport mechanism

have in single FGSs flakes and on the metal/FGS interfaces is a valuable addition

to the understanding of the material itself and its collective behavior in a conductive

network. However, as it will be seen in this chapter, the characteristic geometry of FGSs,

independent of its degree of reduction, does not allow more than a pair of contacts with

standard laboratory equipment. Therefore, for the determination of the FGS sheet and

contacts contribution to the overall resistance, KPFM voltage drop analysis stands as a

remarkable option for this task.
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Figure 5.1: Structural model of the charge transport transition in chemically reduced
graphene oxide comparing separated (left) and interconnected (right) sp2 clusters (dark
grey areas). Oxygen species (grey dots) bonded to carbon atoms disrupt the sp2 network.
Adapted from [14].

Hence, this chapter deals with the systematic characterization of ρc and ρs of FGSs

thermally exfoliated and reduced at various temperatures from 500 oC to 1500 oC by

means of KPFM voltage drop analysis. The samples were selected to range from low to

high levels of reduction. First, the geometric characterization of single flakes in function

of their C/O ratio by AFM analysis is presented. The chapter continues with the KPFM

maps of the contacted flakes at Vds = 0 V, followed by the KPFM maps at different

values of Vds and the output characteristics. Finally, the KPFM voltage drop profiles are

presented along with the individual calculations of ρs and ρc for the different C/O ratios.

The results in this chapter are partially presented in the author′s publication [13].
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5.1 Experimental details

The production, chemical characterization and contacting of the FGS samples was done

by colleagues at Princeton University. The C/O ratio of the samples was determined

using combustion analysis (Atlantic Microlabs) and energy dispersive X-ray spectroscopy

(EDS, INCA x-act, Oxford instruments, attached to Vega 1 scanning electron microscope,

Tescan USA) of compressed FGS pellets. The FGS samples are identified as FGSx, were

x corresponds to its nominal C/O ratio, i.e. its degree of reduction. 10 mm x 10 mm

pieces of a silicon wafer with a 300 nm top layer of thermally grown SiO2 were used

as the substrates for the electrical characterizations. FGSs were suspended in ethanol

solution at a concentration of 0.1 g/l by tip sonification (Vibracells Inc.) for 30 min,

followed by centrifugation at 3000 rpm for 1 h (IEC Centra GP8R centrifuge with 218A

rotor). Onto the substrates 10 ml of suspension were drop-casted and allowed to dry at

room temperature overnight. The position of the selected individual FGSs with respect

to predefined alignment marks was measured with optical microscopy (Axioplan 2 with

AxioCam HRc, Carl Zeiss MicroImaging, Inc.) and two electrical contacts were applied to

each selected sheet using e-beam lithography (eLine, RAITH Inc) and metal evaporation

(Angstrom Engineering, 10 nm Ti adhesion layer and 100 nm Au) followed by a lift-off.

A detailed procedure for the fabrication of the contacted FGS samples is presented in

section A.1.

The AFM and KPFM measurements were done on a Veeco Innova SPM system

using silicon probes coated with 25/5 nm of Cr/PtIr (Budget sensors Multi 75E). The

sub-micrometer devices were bonded using a Delvotek micro bonder and a Keithley

Model 2601 to apply the Vds voltages. The devices were under voltage bias during the

whole duration (∼ 20 min) of the specified measurement. All electrical measurements

were performed in air at room temperature. The temperatures for thermal exfoliation

of the three different C/O ratios FGS7.3, FGS24 and FGS170 analyzed by KPFM,were,

respectively, 500oC, 1100oC and 1100oC with additional heating in Ar atmosphere for one

hour.
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5.2 Geometric dimensions of FGS

The variability of the individual flakes morphology have a direct impact on the contacting

procedure i.e. every flake has its own contact layout, and therefore the end-product has

specific dimensions. In Figure 5.2a, an AFM image of a contacted FGS is presented, where

its perimeter is delimited to improve visibility. The sections of the FGS underneath the

metal, making direct contact, can be visualized as the deposition of the metal follows the

contour.

a) b) 
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𝒍𝑻 

𝑨𝒔 

Figure 5.2: (a) AFM image of a FGS flake with inverted scale bar contrast to highlight its
perimeter. (b) Schematics of the irregular shapes found in the flakes and the measurements
reported.

In Figure 5.2b, the flakes′ dimensions reported in this chapter are indicated and

the irregular FGS shapes schematized, which yield inhomogeneous length and contact

widths within a single flake. The total length of the flake (lT ) was taken from the visible

edges of the FGS flakes underneath the contacts. The length on the substrate (l), which

represents the conductive channel, was taken as the distance between the contacts. The

contact width (w) between the two metals and the flake was usually dissimilar up to a

factor two; the values are reported as an average from both sides for simplification. The

mean height (h) or thickness, was taken as an average of substrate-to-FGS steps, not

considering wrinkles or any other features. The flake area on the substrate (AT ) not

covered by the contacts as well as the area of the flake underneath the metal (Ad,As),

having no ordinary geometry, were calculated by an image processor software (SPIP,

Image metrology).
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An example of a FGS7.3 flake is seen in Figure 5.3. Its dimensions are lT = 1.25 µm,

l = 0.8 µm, w = 0.9 µm, AT = 0.64 µm2, h = 1.26 nm, Ad = 0.109 µm2 and

As = 0.112 µm2. The shapes of the wrinkles of this low temperature reduced sample

suggest the presence of functional groups and defects that induce strain in the carbon

lattice [55]. Also, it is likely that during the sheet deposition, the sheet folds into itself

and/or capillary forces from the drying of the ethanol suspension acting on the sheet are

involved in the formation of this topographical features [152].

Figure 5.3: 3D representation of AFM topography of a FGS7.3 flake. A well-defined
wrinkle structures can be seen, over an otherwise flat surface. The width of the wrinkles
is less than 50 nm.

A representative FGS24 flake can be seen in Figure 5.4. It has a lT = 1.2 µm, l =

0.33 µm, w = 0.62 µm, AT = 0.198 µm2, h = 5.21 nm, Ad = 0.26 µm2 and As = 0.09

µm2. Here the conductive channel is only 27% of the whole flake length. With similar

dimensions as its lower C/O counterpart, this flake is a good example of the challenging

task of the contact procedure to individually analyze this material.

The analysis of one FGS170 flake resulted in a lT = 1.2 µm, l = 0.4 µm, w = 0.74 µm,

AT = 0.25 µm2, h = 23 nm, Ad = 0.11 µm2 and As = 0.2 µm2. The visible increase in

the number, height and shape of the wrinkles, which differs greatly from those at lower

C/O ratios, suggest that due to the sudden high temperatures of the thermal shock, a

violent expansion of the sheets could be involved in the formation of these features.

Summarized in Table 5.1 are the AFM measurement results of 11 FGS flakes. In

general, all FGS flakes have areas of about 1 µm2 with a variety of complex wrinkled

structures, independent of the level of reduction. It is also observed that h tends to

increase with the C/O ratio. This trend is also followed by the density and height of

wrinkles. To prevent damage by electrostatic discharge before operation of the FGS

77
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Figure 5.4: 3D representation of AFM topography of a FGS24 flake. At this level of
reduction the flakes show an averaged increase in the thickness and the width of the
wrinkles can reach more than 50 nm.

Figure 5.5: 3D representation of AFM topography of a FGS170 flake. The more capricious
shape of the wrinkles in this material might be related to the sudden thermal exposure
during synthesis.

device a short circuit is patterned between the metal electrodes (see section A.1). During

the length of the analysis, all devices remain operational without physical deformations

or damage. Partial damage could be expected due to Joule heating of the electric current

flowing through the reduced contact area Ad and As between the flake and the metal

[153]. The length of the irregular contact area at drain and source was equal or less

than 200 nm. Avorious et al.[154] define a transfer length over which the carriers start

to effectively flow in and out between metal and graphene, which has been measured to

be <0.2 µm [154, 155]). This suggests that the whole area of contact, Ad and As, is
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CHAPTER 5. EFFECT OF THE REDUCTION LEVEL IN FGS DEVICES

actively participating in the injection of carriers into FGS. Moreover, the small areas of

thermally exfoliated and reduced FGSs have an advantage over larger types of reduced

GO to prevent problems such as nozzle clogging in printable electronics [156, 157].

C/O7.3 C/O24 C/O170

Total length (lT ) µm 1.16±.06 0.94±.18 1.04±.12
Length on substrate (l) µm 0.57±.14 0.25±.11 0.38±.1

Width (w) µm 0.99±.12 0.69±.04 0.70±.17
Mean height (h) nm 1.61±.92 4.19±2.1 11.71±6.9

Area on substrate (AT ) µm2 0.49±.09 0.14±.07 0.23±.06
Drain contact area (Ad) µm2 0.20±.07 0.15±.09 0.13±.04
Source contact area (As) µm2 0.08±.02 0.10±.04 0.09±.08

Table 5.1: Geometrical measurements summarized for a total of 11 measured FGS flakes.
For the KPFM voltage drop analysis the individual geometric data for each flake is used.
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5.3 KPFM measurements and output characteristics

In Figure 5.6a and Figure 5.6b the KPFM maps of a FGS7.3 and a FGS24 sample at

Vds = 0 V are shown, respectively. For FGS7.3 a well-defined channel with similar work

function values to the metal contacts is observed, while the substrate presents a noticeable

difference. Compared to the values of the Au sample obtained in subsection 4.2.1, the

Au/Ti contacts values are larger than expected. This shift is explained by the intrinsic

variability between the macroscopic Au sample and the sputtered Au/Ti contacts, along

with different ambient conditions and/or aging effects of the metals contacts and that of

the tip coating. However, since the relative difference between Au and the SiO2 values

(200 mV) and a negligible difference between FGS and metal are in agreement with prior

results [147], this can be seen as a Vk offset.
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Figure 5.6: KPFM images at Vds = 0 V of (a) FGS7.3 and (b) FGS24. Visible are the
similar values for FGS and contacts (green shade insets) while the SiO2 substrate has a
noticeable difference (blue shade insets).

From literature a reduction of φFGS due to decreasing oxygen content is expected,

as seen from GO to graphene [158]. However, a direct conclusion on the work function

from these KPFM values is withheld. The ambient conditions along with the own

variability of the C/O ratios seen in EDS analysis [13] yield inconclusive and speculative

data. Also, not only the C/O ratio and recovery of the sp2 network plays a role in φFGS,

additionally the type of dopant is involved. Electron withdrawing groups, such as OH,

will increase φFGS, while electron donating groups such as CH3 will reduce it [159].

Nevertheless, these variations will be subtracted and will not affect the calculations of
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CHAPTER 5. EFFECT OF THE REDUCTION LEVEL IN FGS DEVICES

the contact and sheet resistance during KPFM voltage drop analysis.

The KPFM maps at different Vds and the output characteristics for FGS7.3, FGS24

and FGS170 are presented next. The KPFM map of FGS7.3 at Vds = 2 V is seen in

Figure 5.7a. A homogeneous contrast over the whole area of both contacts can be

appreciated. The FGS channel shows a (sudden) change of Vk values at the contact

interfaces while over its length there is a gradual reduction. The KPFM resolves gradual

variations in the SiO2 substrate as Vds is applied, measuring the relative shifts of the

substrate′s Fermi level. However, it is expected that these shifts does not overcome

the large band gap of the substrate and therefore does not contribute to the device′s

conductivity. In Figure 5.7b, Ids is recorded over the range of Vds = ± 2 V. It can be seen

that FGS7.3 exhibits a non-linear behavior with dVds/dIds values (blue lines) ranging from

580 to 3000 kΩ. Based on the geometrical measurements of Ad and As, in Figure 5.7c a

factor two increment in the current density (Ids/Ad,s) as current flows in and out of the

FGS can be seen. This observation suggests that small FGS-to-FGS contact areas are

still capable of creating a fully conductive network of this material.
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Figure 5.7: (a) KPFM map at Vds = 2 V of a FGS7.3 device, where fully operational
contacts and channel can be observed. The (b) IV characteristics show a non-linear
behavior (black dots) with different dVds/dIds (blue line) values over the whole range.
The (c) Ids normalized by Ad and As, demonstrates the increase of a factor two of the
current density at such small contact areas.
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In Figure 5.8a the KPFM map of a FGS24 device at Vds = 2 V is shown. At this

level of reduction, a more gradual change in the contrast from drain contact to FGS

and from FGS to source contact can be observed. In Figure 5.8b the IV curve of this

sample is compared to that of FGS7.3 where a transition into a linear behavior with an

Ids increase is already visible. Different studies report the non-ohmic behavior seen in

FGS7.3, as well as a tendency to recover the linear behavior by increasing the reduction

of the GO [160, 161, 162, 163, 164, 165, 166]. However, compared to FGS24 samples, a

linearization was only partially achieved by their reduction process. In a related work

from Jung et al. [167], using week-long weak shear forces for delamination, they obtained

larger flakes of lower C/O ratios. In these larger samples, even with the use of a 4-probe

configuration to remove the influence of ρc from the IV curve, nonlinear behavior was

still observed in all cases. This suggests that the low C/O ratio of the sheet, and not the

contacts, dominates the IV behavior.
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Figure 5.8: (a) KPFM map of a fully functional FGS24 device at Vds = 2 V. (b)
Comparison of the non-linear and linear IV behavior of FGS7.3 (circles) and FGS24

(triangles), respectively.

The KPFM map of a representative FGS170 sample at Vds = 1 V is seen in

Figure 5.9a. Here a drain contact with homogeneous surface potential can be seen while

the channel and source contact present variations over their area. Such difference in the

channel is visible in the KPFM measurement at 0 V (not shown), therefore it can be

expected that its origin is related to a heterogeneous C/O composition of the flake. A

conclusion over the spatial composition of this flake is out of the scope of this investigation.

82



CHAPTER 5. EFFECT OF THE REDUCTION LEVEL IN FGS DEVICES

These variations, however, do not affect the overall operation of the device, as a linear

relation to Vds is obtained with a reduced overall resistance. At Figure 5.9b the Ids curves

of the three C/O ratios are compared. Here can be clearly noticed the trend of decreasing

R2p with increasing C/O ratio.
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Figure 5.9: (a) KPFM map of a FGS170 device at Vds = 1 V. The flake is indicated by
the arrows. (b) Comparison of the Ids increment vs drain voltage for FGS7.3, FGS24 and
FGS170 samples.
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5.4 KPFM voltage drop analysis

KPFM voltage drop analysis are employed to obtain the contribution of the contacts to

the total resistance of the devices presented above and with it to investigate the impact

of the non-ohmic behavior on the metal/FGS interfaces.

In the upper part of Figure 5.10a is shown the (horizontal) line profile extracted

from the topograpy map of FGS7.3. Aligned to the topography profile are the voltage

drops at different Vds (bottom of Figure 5.10a), calculated from extracted profile lines of

the different KPFM maps. It is visible how the sample has a severe voltage drop from

the drain (left) electrode to the channel. In Figure 5.10b the device current is plotted

as a function of the potential drops across the drain contact, graphene sheet and source

(right) contact. The potential drops are obtained as described in section 3.2.7.
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Figure 5.10: (a) KPFM voltage drop of a FGS7.3 device and (b) KPFM-determined IV
curve of the drain contact, graphene channel and source contact.
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Using the potential drops at the different sections of the device, along with the

corresponding Ids, a set of three different IV curves are obtained from each individual

measurement. These KPFM-determined IV curves reflect the behavior of the contacts

and the FGSs independently and can be used along with the geometric dimensions to

calculate the respective contact and sheet contribution to the overall resistance. The

pronounced non-ohmic relationship between Ids and Vds resulted in a corresponding

maximum effective ρs of 430 kΩ/� and maximum ρc at drain and source of 1000

and 148 kΩµm, respectively. A C/O ratio of 7.3 corresponds to an oxygen content of

12%, and thus the sp2 domains that have formed as a result of the thermal reduction

treatment are likely not percolated [14]. Therefore, it is contended that the observed

non-linear behavior is likely due to hopping within the FGSs sp2 regions, and the large

contact resistances are related to semiconducting characteristics of the FGS resulting in

a Schottky contact between the FGS and the metal contacts [161, 166].

From the IV curves obtained by KPFM, at the drain and source contacts there is no

pronounced asymmetry between the positive and negative polarity of Vds. For Schottky

contacts, however, it is expected that while one contact is under reverse bias (high

resistance) the other one should be under forward bias (low resistance) and vice versa,

as the polarity of Vds changes [161]. Since no clear indication for such behavior is found

in the data this could be related to convolution effects caused by the dimensions of the

AFM tip, as demonstrated in a recent KPFM study of Si nanowire Schottky junctions

[168]. Therefore, it is concluded, within the accuracy of these measurements, that the

Schottky characteristics are superimposed by the onset of ohmic behavior and/or a

tunneling contribution.

In Figure 5.11a, the KPFM voltage drop of a FGS24 device is presented. At this

reduction grade, a reduction of the voltage drop at the interfaces and an increase of the

drop at the channel can be seen, while the overall resistance is reduced by a factor of

10. For the FGS24 the KPFM-determined IV curves are nearly linear for the sheet and

contacts measurements, corresponding to an intrinsic ρs of 21 kΩ/�. Due to noise and

the reduced potential drops at the metal/FGS interfaces an upper estimation was made

for ρc at the drain and source contacts of 1.6 and 1.9 kΩµm, respectively (Figure 5.11b).
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Figure 5.11: (a) KPFM voltage drop of FGS24 and (b) KPFM-determined IV curve of
the drain contact, graphene channel and source contact.

The highest C/O ratio sample analyzed show as well a low voltage drop at the

contact interfaces while the channel dominates the resistance of the device (Figure 5.12a

and Figure 5.12b). Also, a nearly linear (KPFM-determined) IV curve is observed,

corresponding to an ρs of 10 kΩ/� and ρc of less than 1 kΩµm. These observations

are attributed to the existence of a highly percolated network of sp2 hybridized carbon

network within the FGS at this degree of reduction [14]. For all sheets characterized

by KPFM, the overall device resistance corresponds, within measurement error, to the

macroscopic results from a larger set of similar devices [13].

GO-derived graphene materials with an electrical conductivity comparable to that

of the most strongly reduced FGSs on this investigation could only be synthesized

by a combination of chemical and subsequent thermal reduction at 900oC in Ar/H2

[169]. Thermal reduction alone, without prior chemical treatment, cannot decrease the

oxygen content of substrate-supported graphene oxide sufficiently [170] and thus yields

resistances several orders of magnitude larger than those observed in the devices here
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Figure 5.12: (a) KPFM voltage drop of a FGS170 device and (b) KPFM-determined IV
curve of the drain contact, graphene channel and source contact.

studied. Therefore it is suggested that in order to obtain ρs of 10 kΩ/� and below,

a sufficient reduction of both the oxygen content and the defect density is necessary.

Thermally, this can only be achieved at temperatures in excess of 1000oC at which the

onset of structural changes in graphene has been observed [171]. Defects in the carbon

backbone that emerge upon thermal reduction at lower temperatures, e.g. through the

reduction of epoxide groups, [172, 173] can be reduced in number through such thermal

annealing [171]. Unlike in the case of substrate processing with thermally exfoliated

and reduced FGSs, such high annealing temperatures can be achieved, resulting in the

low resistances observed. It is proposed that the combination of chemical and thermal

reduction on a substrate yields high conductivities because the chemical reduction

step likely results in either the absence or a largely decreased density of lattice defects

compared to thermal reduction-only approach at temperatures up to 1000oC.
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5.5 Conclusions

In summary, KPFM analysis was successfully applied to the characterization of the contact

and sheet voltage drops in submicrometer, two-terminal single FGS devices, which ranged

from low C/O ratio to high C/O ratio samples. The increase of C/O ratio in FGS samples

is accompanied by a decrease in resistance and a linearization of the IV curve due to a

restoration of the sp2 carbon to carbon network. Using KPFM, it can be concluded that

the observed non-linear IV curves at low C/O are due to a combination of intrinsic hopping

charge transport at the channel and Schottky characteristics at the FGS-metal contacts

superimposed by an ohmic behavior onset and/or a tunneling contribution, happening

before the sp2 network recovery reaches the percolation limit. At high C/O values, the

diffusive charge transport mechanism can be observed in the linear voltage drop behavior

of the contacts and the FGS channel, rendering FGS-metal ohmic contacts.

The thermal exfoliation and reduction of GO are shown to yield FGSs with a wide

range of electrical properties, depending on the exfoliation and reduction protocol. With

increasing reduction time and temperature, a transition is observed from non-ohmic

high-resistance of ρs > 400 kΩ/� and ρc > 100 kΩµm to ohmic low-resistance of

ρs < 10 kΩ/� and ρc < 1 kΩµm. The efforts on the characterization of contact and sheet

resistance values of single FGS flakes are focused on the general behavior of this material.

This investigation makes a precedent for the characterization and understanding of the

operation of FGS conductive networks, such as in conductive inks.

Finally, the KPFM voltage drop analysis performed in this investigation shows the

potential of this technique as an alternative for the electrical characterization of single

devices with unique morphologies and limited dimensions, where conventional techniques

such as 4p or TLM cannot be directly applied. As well as the capability to analyze the

potential drops of the electrodes independently, which enables to differentiate between

the linear or non-linear behavior of individual contacts and/or channel.
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Chapter 6

Contact resistance in CVD

graphene-based devices

Two principal divisions of the semiconductor industry are the digital logic and the radio

frequency electronics. Due to its gapless nature, graphene has a larger potential on

radio frequency rather than on digital logic applications. Radio frequency applications

make use of High-Electron-Mobility Transistors (HEMTs) often based on SiGe or III-V

compounds, such as GaAs and InP. With graphene′s electron mobility reaching up to

106 cm2/Vs compared to that of III-V compounds with low band gaps being close to 105

cm2/Vs its potential for these applications is highlighted [43].

The characterization of graphene-based transistors for high frequency applications

can be done with established parameters, such as the cutoff frequency (fT ) and the

maximum frequency of oscillation (fmax) [15]. These values mark the upper frequency

limits at which the transistors start to loose their ability to amplify; fT is the frequency

at which the current gain has dropped to unity and fmax the frequency where the power

gain equals one. Hence, both fT and fmax are required to be as high as possible.

Figure 6.1a and Figure 6.1b are a comparison of graphene against established HEMT′s

semiconductor technologies for fmax and fT , respectively. It can be seen that while

graphene is competitive against III-V compounds in fT values (CVD graphene included),

it falls way behind in the fmax values.

The main cause of the low values of fmax is the large drain conductance gds

(dIds/dVds) caused by the absence or low saturation of the drain current, where high

contact resistances may play a role [174]. Indeed, from the definition of fT and fmax,

an indirect relation to Rc,d and Rc,s can be found, while having a proportion to the
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Figure 6.1: Graphene-based transistors compared against established semiconductor
technologies for (a) the maximum frequency of oscillation (fmax) and (b) the cutoff
frequency (fT ) versus gate length. Images taken from [15].

transconductance gm (dIds/dVgs), [43] such as

fT =
gm

2π(Cgs + Cgd)

1

1 + gds(Rc,s +Rc,d) +
Cgdgm(Rc,s+Rc,d)

Cgs+Cgd

fmax =
gm

4πCgs

1(
gds(Ri +Rc,s +Rg) + gmRg

Cgd

Cgs

)1/2
where Rg is the gate resistance, Ri the intrinsic resistance of the transistor and Cgd as

well as Cgs are the drain and source gate capacitance, respectively.

Hence, it can be followed that the resistivity ρc of the contacts has a contribution

to gds and gm as well as to fT , fmax, such that

fT = f(gm, ρc, ρs)

fmax = f(gm, ρc, ρs)

gm = f(ρc, ρs)

It is then clear that the study and reduction of resistance at the electrical contacts is

aligned to the improvement of graphene-based transistors for high frequency applications.

The different causes influencing contact resistance can be:

1. Contact material: The work function of the materials used as contacts could
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create barriers either due to the work function mismatch and/or the doping of the

channel, induced by the contact material in the vicinity of the interface [175, 176].

2. Field-effect: The field effect generating carriers in the graphene channel also affects

the graphene under the metal and thus a dependence of the contact resistance to

Vgs has been observed. This can be related to the issues mentioned above, creating

space-charge regions between adjacent areas with different doping [177, 178].

3. Contact design: It has been stated that graphene tends to create weak bonds

out-of-plane [179, 180]. The customary approach for the design of graphene devices

is the placement of metal above an area of graphene known as top or 2D contacts.

However, by making use of graphene′s thickness it has been shown that contacts over

the edge of graphene, i.e. 1D contacts, have an influence on reducing the contact

resistance [17].

4. Fabrication issues: Also the fabrication process can have an impact on contact

resistance. Although it has been observed that some traces of residues can be found

on the graphene surface after the transfer and/or fabrication process, still no direct

imaging of such residues and its thickness have been reported [181, 182]. Also, it

is yet to clarify to which extent the residues cover the graphene surface, whether

these residues affect permanently the material and/or if there is any dependence to

a particular fabrication process.

This chapter is dedicated to the study of contact design and fabrication issues on the

contact resistance of CVD graphene-based devices. First, a comparison is made between

devices produced by optical lithography and e-beam lithography. The voltage drops at

the contacts and over the channel are examined by KPFM analysis. Consequently, the

influence of standard optical lithography process on graphene is further studied, with

a combination of AFM patterning, Raman mapping and KPFM analysis. The chapter

continues following the results of the fabrication issues by exploring the effect of 1D contact

design in optical lithography fabrication processes. Devices fabricated with a modification

of the customary approach of 2D contacts, which aims to produce metal/graphene contacts

only over the edge of the channel, are characterized by a combination of TLM and

AFM/KPFM analysis. The slight modification of the fabrication process, done by our

partners at AMO GmbH, is stated and it will be discussed how this modification results

in homogeneous, damage-free contacts over the edge of graphene. Parts of the results in

this chapter are reported in the author′s publications [16].
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6.1 Experimental procedure

To confirm a possible difference of the ρc between e-beam and optical lithography graphene

devices, colleagues at AMO GmbH prepared several operational devices by both methods

using the customary approach, i.e. top contacts. Both lithographic procedures used

commercial graphene grown on Cu foils by CVD (Graphenea, S.A. de C.V.). The

PMMA-assisted wet transfer method was used to deposit graphene onto a p-doped Si

substrate with 90 nm thermally grown SiO2 layer. The structuration of the channel and

the metallization of the contacts of one type of devices were prepared by standard e-beam

process using PMMA as the resist. Another batch of devices was prepared by an optical

lithography process using AZ5214E (MicroChem corp) as the resist. For the contacts,

20 nm and 80 nm of Ni were deposited by sputter deposition and lift-off technique

on optical and e-beam samples, respectively. To examine the process residues left by

optical lithography on the graphene surface and thus, in the metal/graphene interface,

a 1 cm2 of the same type of graphene was transferred to the same type of substrate

as mentioned before. The large area of this reference sample was deliberately chosen

to clarify if any, the presence and the surface coverage of the residual layer. Once the

graphene was transferred from the copper to the substrate and the PMMA sacrificial

layer was removed, the sample was further treated with the standard lithography process

used for the device fabrication. The optical resist was used as in the fabrication of the

metal contacts. However, no metallization was done, i.e. the surface of the whole sample

resembles that of the graphene before the metal contact placement, thus giving us the

opportunity to study the conditions between metal and graphene surface in operational

devices. These procedures are described in detail in section A.2.

The KPFM voltage drop analysis as well as the Raman spectroscopy measurements

were taken with the NT-MDT Ntegra Spectra system in ambient conditions. Silicon probes

(Budget sensors) with a ω0 ∼ 66 kHz, nominal radius of < 25 nm and a conductive Cr/PtIr

coating on both sides of the cantilever were used. For mechanical patterning, the AFM

was used in contact mode with a scan rate of 1 Hz and a contact force of 50 - 100 nN.

The patterning procedure was performed three times to ensure complete removal of the

residue layer. The measurements of operational devices and the reference samples by

KPFM were done in single-pass PM mode, with a modulation voltage of Vac = 1 Vp−p at

a frequency of ωac = 2.5 kHz sent to the tip, while the source contact of the devices was

grounded. For the Raman measurements, a 532 nm laser with < 1 mW power was used,

focused by a long-distance 100x objective with a NA of 0.7.
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6.2 Comparison of e-beam and optical lithography

processed devices

The analyzed devices in this section are produced by the customary approach as stated

above and detailed in section A.2. First, topography and surface potential mapping of

the devices were taken for both lithography processes. In Figure 6.2a (bottom), the

topography map of an optical lithography processed device can be seen with the drain

and source contacts centered in the image. Here the graphene channel is covering the

whole width and length of the image. The extracted line profile (average of 11 lines) is

shown in Figure 6.2a above the topography map and marked as dashed line in the image.

In Figure 6.2b (bottom) the corresponding KPFM map at Vds = 0 V is shown. The

analyzed area for voltage drop corresponds to that between the inner contacts, marked

with dashed line rectangle at the corresponding averaged line profile of Figure 6.2b

(top) for a l ∼ 8 µm and w ∼ 14 µm. Similar Vk values (∼ 230 mV) can be seen in

both electrodes clearly distinguishable from the graphene channel (∼ -50 mV). The

spatial distribution of the CPD inhomogeneity in the channel suggests doping variations,

however, no large inhomogeneity is present in the area selected in the channel for voltage

drop analysis. The KPFM map at Vds = 1 V is shown in Figure 6.2c (bottom). The

voltage applied can be clearly followed in the contrast change over the whole area of the

drain contact displaying a fully operational contact. This change can also be seen in

the extracted line profile (Figure 6.2c, top) with a ∆V between the drain and source of

0.96 V. The homogeneous and gradual voltage drop in the graphene channel at +1 V

suggests equivalent conductive paths.

The KPFM voltage drop measurements of optical lithography devices (Figure 6.3)

are obtained as stated in section 3.2.7 from the information shown above. Here large and

sharp voltage drops at the metal/graphene interface at the drain and source contacts can

be observed, which are used to calculate Rc for every Vds applied. Consequently, these

results are averaged and the reported ρc is determined using the geometrical dimensions

of the device. The calculated ρc here is about 4 kΩµm for both contacts, reaching up to

30 kΩµm for other devices with the same production process. Similarly, the voltage drop

over the channel was used to calculate an averaged ρs of about 590 Ω/� reaching up to

900 Ω/� for other similar devices.
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Figure 6.2: Maps (bottom) and extracted averaged line profiles (top) of the (a)
topography, (b) KPFM Vds = 0 V and (c) Vds = +1 V of a top contact device fabricated
by optical lithography. The analyzed area corresponds to the inner contacts.
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Figure 6.3: KPFM voltage drop analysis of a representative graphene top contact device
made by optical lithography. The voltage drops can be clearly separated for ρc (4.9 kΩµm
at the drain and 4.2 kΩµm at the source contact) and ρs (586 Ω/�).

Top contact devices prepared by e-beam lithography were also analyzed by KPFM

and its information was extracted and processed as presented above. In Figure 6.4 an

e-beam processed device, with l ∼ 1.5 µm and w ∼ 8.5 µm, presents a smoother and

much lower voltage drop at the interface compared to the optical processed devices, while

the graphene channel behaves similarly. For this device a ρc up to 540 Ωµm and a ρs of

700 Ω/� were calculated. Macroscopic TLM measurements, done independently by AMO

GmbH, were performed on several samples from different runs (more than three each),

always resulting in ρc values of 0.1 – 1 kΩµm for devices fabricated by e-beam lithography,

while devices fabricated by optical lithography always showed values larger than 4 kΩµm.

Within error, the calculated top limits of ρc of KPFM measurements correlate with the

values obtained by the macroscopic method.

The KPFM measurements were done in a statistically relevant manner about 20

measurements on 3 optical and 3 e-beam lithography derived devices. The calculated

values of contact and sheet resistivity are presented in Figure 6.5a and Figure 6.5b,

respectively. From Figure 6.5a the difference of up to one order of magnitude between

ρc of e-beam and optical lithography processed devices is clearly distinguishable. This

difference clearly demonstrates the impact of the used lithography process on the

metal/graphene interface and its electrical resistance. In contrast, no variation of the

sheet resistance has been found for the two different approaches (Figure 6.5b).
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Figure 6.4: KPFM voltage drop analysis of a representative graphene top contact device
made by e-beam lithography. The averaged small voltage drops at the contacts represent
a ρc of 360 Ωµm at the drain contact, 540 Ωµm at the source contact and ρs of 700 Ω/�
for the channel.
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Figure 6.5: Summary of the results of (a) contact resistance and (b) sheet resistance
derived from KPFM measurements for different devices prepared by optical and e-beam
lithography.

The lack of a trend in the results of sheet resistance in Figure 6.5b could be a hint

that optical lithography does not have a lingering effect on graphene, i.e. no structural

or chemical changes occur during the fabrication process.
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6.3 Presence of process residual layer

Apparently, PMMA and the use of e-beam lithography yield devices with lower ρc

compared to those produced by optical lithography. This is consistent with literature

reports where ρc of e-beam devices of several hundreds of Ωµm can be found [183], while

for optical lithography devices it is common to obtain values of some few, up to several

tens of kΩµm [184, 185, 186, 181]. This observation has been investigated by means of

XPS [181] and roughness analysis [182], indicating that layer(s) of residues play a role

in the high contact resistivity for optical lithography processed devices. Out of these

investigations, it was not clear whether the residues cover the surface of graphene entirely

or partially, the spatial homogeneity, the thickness of the residue layer and/or whether

graphene itself has been intrinsically modified.

There have been attempts to measure the residue layer of e-beam derived devices.

Dan et al. [187] measured 1 nm of thickness of a residual PMMA layer similar to the

observation of Cheng et al. [188] who found 0.7 nm. However, less is known about optical

lithography derived devices. Ishigami et al. [189] could not perform scanning tunneling

microscopy on a graphene surface and therefore assumed a layer of optical resist residues

without further investigation. Li et al. [182] measured an rms roughness of 7.89 nm

directly after developing the optical resist, which could be reduced to 1.49 nm by UV

ozone treatment. Nevertheless, even after this roughness reduction, there is no evident

proof whether the residue layer was completely removed or just its surface was smoothed

since the thickness of the assumed residue layer was not measured. These organic residues

are also found in the semiconductor industry and are easily removed with a treatment

of ozone plasma. However, this same approach cannot be used for graphene since the

treatment removes the residues as well as graphene from the substrate.

In order to determine whether the graphene layer is intrinsically modified due to the

process or indeed a residual layer of the organic resist is left behind, a 1 cm2 graphene

samples was processed by optical lithography without the metallization step (details in

section A.2) and used as a reference sample to study the graphene surface beneath the

contacts in operational devices. A 100x optical image of this reference sample can be seen

in Figure 6.6a. Intentionally an area close to a defective region was chosen, where the

uncovered SiO2/Si substrate is visible which can help for orientation and identification.

On this same area, a 5 µm × 7.5 µm area was mechanically patterned by an AFM tip in

contact mode to remove a possible residue layer as illustrated in Figure 6.6b. From the

contrast in the optical images, it can be seen that indeed a residual layer was removed.
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Figure 6.6: 100x optical images (left) and schematization (a) before and (b) after the
AFM patterning of the optical resist residues on graphene.

The size of the pattern was chosen for two reasons: it is small enough to ensure

that the patterning will be able to fully remove the layer, i.e. the scan/patterning step

(∼ 14 nm) will be equal or less than the end-diameter of the AFM tip (∼ 25 nm).

Second, it is large enough to be seen by our built-in 100x optical microscope, allowing us

to compare in-situ before and after the removal.

Raman spectroscopy is performed to assess the presence of the residual layer and, if

any, damage to the graphene sheet due to the AFM patterning procedure. In Figure 6.7a

and Figure 6.7b Raman maps of the 2D to G peak intensity ratio (see subsection 3.3.1),

are shown before and after processing, respectively, calculated as integrated area using a

Lorentzian spectral shape [190]. The presence of FLG and MLG regions (low 2D/G values)

can be seen at the center of the maps, surrounded by areas of SLG (high 2D/G values)

and the substrate. Since the residual layer is homogeneous and continuous (not island-like

accumulations) and since from Figure 6.7a it is evident that the Raman signal of graphene

is not affected by the residues, the presence of this layer can easily be unnoticed. This

observation is of great importance, since investigations that deal with contact resistances

and improvement procedures, which overlook the presence of an interfacial residue layer
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between graphene and metal, can lead to reported results with compromised data. In

Figure 6.7b, an increase of the 2D/G intensity ratio can be seen in the patterned area

(dashed line box), especially in the area of SLG, however, the presence of the residual layer

itself is still not clearly distinguishable. The increase of the 2D/G ratio might indicate

an enhanced doping level of the graphene due to the residual layer [45, 190, 191, 192],

however, as no trend was observed in the results of ρs from TLM measurements, this

might be rather an indication that the electron-phonon scattering of the 2D-mode peak

is affected slightly by the residue layer [193].
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Figure 6.7: Raman maps of the 2D/G peak intensity ratio of the investigated area (a)
before and (b) after the AFM patterning. The patterned area is indicated by the dashed
line rectangle. Single Raman spectra were extracted from the position marked with
crosses.

To confirm whether the mechanical treatment affects the graphene itself, single

spectra were extracted from the Raman maps indicated by the crosses in Figure 6.7 from

nominally the same position before (red) and after (blue) AFM patterning. The extracted

spectra are shown in Figure 6.8. Here it can be seen that both, the 2D- and the G-mode

peaks are visible without any indication of the defect-induced D-mode peak at around

1350 cm−1. This clearly proves that the AFM patterning removed a residual layer without

damaging the graphene underneath.
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Figure 6.8: Spectra extracted from nominally the same position of the Raman map before
(red line) and after (blue line) AFM patterning of the residual layer. The absence of the
D-mode peak confirms that the AFM patterning does not damage the graphene sheet.

Due to the high sensitivity of KPFM to small work function differences, this

technique was applied to compare the AFM patterned area to the rest of the sample.

The KPFM map of the same area is shown in Figure 6.9a, where a clear contrast between

(A) AFM patterned areas (where the residual layer is at least partially removed) and

(B) the untreated areas (areas still covered by optical resist residues) can be observed.

In addition, the uncovered SiO2 area can also be clearly identified. In order to compare

the Kelvin voltages of each area, mean values have been determined from the histograms

(Figure 6.9b).

A Kelvin voltage of ∼ 0.39 V is determined for the AFM patterned area (A in

Figure 6.9a), ∼ 0.52 V for the covered graphene (B in Figure 6.9a) and ∼ 0.56 V

for the SiO2 region. An additional area in the KPFM map can be seen with a Vk of

about ∼ 0.38 V occurring along the SiO2 areas, which can be attributed to uncovered

graphene, excavated by sample handling. As the absolute value of the Kelvin voltage

depends on the work function of the used tip, the discussion is focused on the work

function differences between the various areas of interest. A Kelvin voltage difference of

about ∼ 0.12 V is found between the AFM patterned and the covered graphene areas.

In contrast, the Kelvin voltage of the uncovered graphene (∼ 0.38 V) and the AFM
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Figure 6.9: (a) KPFM map of the graphene sample where the surface potential of the (A)
AFM patterned area, (B) optical resist residual layer and substrate are visible. Scale bar:
4 µm. The extracted line profile is indicated by the white dashed line in (a). (b) Histogram
extracted from the KPFM map (black line) and peak fit (red line). The deconvolution
of the peaks fit (green line) shows the distribution values of graphene and optical resist
areas.

patterned area (∼ 0.39 V) is similar, confirming that the graphene layer itself is not

noticeably modified after removing the residual layer. From this observation, along with

the sheet resistance measurements (see Figure 6.5) and the absence of a D-mode peak in

the Raman spectra (see Figure 6.8), it can be concluded that the optical resist residues

are only physically adsorbed and not chemically bonded to the graphene surface and can

thus be removed by AFM patterning.

The AFM topography maps of the same areas before (Figure 6.10a) and after

patterning (Figure 6.10b) confirm that the patterning leads to the removal of a layer of

about 3 – 4 nm thick as derived from the data. Comparing this value with the thickness

of the residual layer of 0.7 – 1 nm typically observed in case of electron beam lithography

[187, 188] gives a clear hint why the contact resistance is much higher in case of optical

lithography than in case of electron beam lithography.
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Figure 6.10: AFM height map of the selected area (a) before and (b) after contact mode
patterning. Scale bar: 4 µm. The black dashed line in (b) indicates the extracted line
profile.
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Figure 6.11: Graph of the line profiles extracted from the topography (bottom) and KPFM
(top) map. The red lines represent the average values within each area.

Figure 6.11 shows the averaged scan of 11 lines (dashed lines in Figure 6.9a and

Figure 6.10b) of the (top) Kelvin voltage and the corresponding (bottom) topography.

The red lines represent the average values. Evident Kelvin voltage steps can be seen

between the different areas as discussed above. From the topography measurements, a
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height step of ∼ 1.1 nm from the SiO2 to the graphene areas can be deduced, in very

good agreement with literature values [188, 189, 194]. From this data a r.m.s. roughness

of ∼ 0.99 nm for the covered area is extracted, which is comparable to the value that

Hsu et al. measured using the same optical resist [184]. Compared to the r.m.s. surface

roughness of 0.54 nm for the residues remaining on graphene after e-beam lithography

[188], this is a nearly two times increased value and could thus be an additional reason for

the high contact resistance. After AFM patterning the roughness decreases to ∼ 0.56 nm,

which is very close to the roughness of the underlying SiO2 substrate of ∼ 0.41 nm. This

along with similar KPFM values for uncovered and patterned graphene areas indicates a

virtually complete removal of the optical resist residual by the AFM patterning.

Following these results, it is evident that the high contact resistance of optical

lithography processed devices must have a direct relation with the residual layer on top

of graphene. Thus, the surface of the sample must be treated prior the metal contact

placement and/or other contact architectures must be used in order to overcome this

issue and reduce ρc.
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6.4 Production scheme for edge contact graphene

devices

Treatments to reduce the ρc of graphene devices can be found in literature mostly in

the form of cleaning steps before [182] and after [183] metallization of the contacts.

Also for this objective, the effect of metal/graphene work function differences have been

studied using different metals as contacts [195] without obtaining a clear trend and/or

control which could be consistently replicated. All of these experiments used the standard

fabrication procedure, i.e. top contacts. Here the metal contact area is distributed over

the surface of graphene injecting charges from/to graphene vertically (out-of-plane). It

has been stated that graphene has poor out-of-plane conductivity due to weak van der

Waals bondings, while having a very good in-plane conductivity due to covalent bondings

[179]. Moreover, as seen before in this chapter, in the case of optical lithography devices

the presence of a residual layer can be expected.

In 2013, a new contact architecture between metal and graphene was reported [17].

Using the intrinsic thickness of graphene, and thus of basically any 2D material, a punctual

contact between the edges of graphene and metal can be obtained, also known as 1D

contact. Making this horizontal contact over the edge of the graphene channel width, and

not over the surface, it is expected that charges are injected in-plane from/to graphene.

The reported improvements in ρc are expected to be based on avoiding graphene′s poor

interlayer conductivity [196]. However, the reported procedure is rather complicated and

not straightforward, as it requires a stack structure of graphene between two layers of

hexagonal Boron Nitride and the metal deposition with an acute contacting angle.

A simplification of the above mentioned method has been proposed by colleagues

at AMO GmbH. With a small change of the standard optical lithography production

scheme, graphene/metal edge contacts can be obtained in a much more accessible way.

This simplification requires the graphene contact structuration and metallization step

to be merged, which main difference can be stated as removing graphene before metal

placement. The difference to the customary approach is exemplified in Figure 6.12 and

detailed in section A.2. Starting from a transferred graphene sample, the areas onto which

the metals will be evaporated are defined and exposed to oxygen plasma to have graphene

deliberately removed from the substrate. The metal is then evaporated onto the sample,

placing itself on the substrate i.e. no graphene is underneath the metal. The process

continues as in the standard approach by using a different mask to define the channel and
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remove the excess of graphene.

The edge contact devices analyzed here were produced by AMO GmbH using

commercial CVD graphene grown on copper foil and wet transferred onto a 90nm

SiO2/highly p-doped Si substrate. The entire steps of device fabrications were conducted

with optical lithography and AZ5214E as the resist. This allows comparing the influence

of contact design on ρc. Using one mask, graphene is removed by 30 s of O2 plasma

treatment followed by the placement of sputtered Ni/Al (15/120 nm) contacts. A

different mask was used to structure the device′s channel with O2 plasma for 2 min for a

final TLM layout.

Metal 

 

O2 plasma 

 

      

    

      

  

  
  

Customary  
approach 

Edge contact  
approach 

Exposed graphene  
is covered  
with metal 

Exposed graphene 
 is removed 

 by O2 plasma 

Metal contact 
is on substrate 

Metal contact 
is on graphene 

  
  

Metal 

  
  

      

      

Metal/graphene contact: Vertical Metal/graphene contact: Horizontal 

R 
G 

R 
G 

Figure 6.12: Simplified schematic comparison of the main difference between the
customary (left) and edge contact (right) approach for the fabrication of graphene devices.
For edge contacts, graphene is removed from the substrate before the placement of the
metal contacts. G and R stand for graphene and optical lithography resist, respectively.
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6.5 Macroscopic electrical characterization of edge

contact devices

The TLM layout of the graphene devices fabricated by the edge contact approach have

contact separation lengths of l = 1.5, 3.5, 5.5, 7.5 and 9.5 µm, respectively with three

different channel widths of w = 1.5, 4 and 15 µm (Figure 6.13a). The measured R2p is

normalized by the respective w and plotted versus l in Figure 6.13b. Every device was

measured several times at different voltages and polarities, Vds = ± 0.1, ± 0.2, ± 0.5, ± 1

and ± 2 V to study R2p variations. The results were averaged for the TLM plot and their

normal distribution shown as an error bar. The measurements were done in air at a PM5

probe station using a Keithley 2612 as the SMU without any gate voltage applied.
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Figure 6.13: (a) A 100x optical micrograph of a graphene edge contact TLM layout (w =
4 µm). The (b) R2p ∗ w vs l graph of the measured devices for three different widths at
varying Vds voltages, where the variations within the same devices are shown as an error
bar. (c) Linear IV characteristics of representative edge contact devices with different
dimensions.
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Even with the absence of gate-induced doping in graphene, it can be fairly concluded,

from the TLM measurements, that the intercept of the linearization has a tendency to

values below the usual 4 kΩµm of optical lithography devices (see section 6.2), suggesting

already a reduction of ρc compared to 2D contacts. During the measurements, a scattering

of R2p as Vds increased was observed within devices. Between devices, the scattering was

noted to be proportional to l for all widths, while inversely proportional to w, i.e. wider

devices have less scattering compared to their narrow counterparts for any given l. Since

the devices showed linear IV behavior for relatively fast Vds sweeps (Figure 6.13c), the

observed scattering could be explained as defects in the channel having a more crucial

effect on the electrical characteristics for narrow devices. As ρc approaches values close to

zero the scattering within a device and/or between devices over the length of the layout,

can increase the error margins for the TLM linear fit and its intercept, which could render

erroneous negative ρc. While not all devices within the same TLM layout presented these

variations, even if individual devices operate with reduced ρc due to edge contacts, the

correct estimation can be hindered by the TLM requirement of a linear fit. Therefore, to

corroborate the suggested reduction of ρc by TLM measurements, a KPFM voltage drop

analysis is performed in single two-terminal devices for an individual estimation of ρs and

ρc.
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6.6 KPFM voltage drop analysis of graphene edge

contact devices

The selected devices for the KPFM analysis displayed a reduced R2p, for their specific

geometries, which potentially could be caused by a decrease of ρc due to the effect of the

edge contact. The KPFM analysis were performed in air on a NT-MDT Ntegra Spectra

system. Bond wires were used to connect the devices to a Keithley SMU 2612 for in-situ

electric measurements. Produced by optical lithography, the graphene channels presented

also a residual layer on their surface. To access the unscreened surface potential of the

graphene channel the residual layer was removed by contact AFM as described earlier

in this chapter. The AFM topography map of an edge contact device (w = 4 µm and

l = 1.5 µm) is shown in Figure 6.14a. In the middle of the image is the graphene channel

with drain and source contacts at its sides. Wrinkle-like features of around 3 nm in

height and 30 nm wide are present at the bottom part of the channel. This is caused by

the formation of vertical multilayers during the transfer process as the sheet folds into

itself while drying [197, 198]. In Figure 6.14b a 3D representation of the metal/graphene

interface is shown. It can be seen that the fabrication by the edge contact approach

renders a uniform contact with no sign of damage.

In Figure 6.15a the KPFM map (bottom) of the same device at Vds = 0 V and

the extracted profile (top) averaged over the whole width of the channel are shown. The

metal/graphene interfaces present a sharp variation of the surface potential. Within the

graphene channel itself the relative decrease of 100 mV in the work function surrounding

the areas of the wrinkle features, agrees with reported values for multilayer graphene

[194]. In Figure 6.15b and Figure 6.15c the KPFM map (bottom) and profile line

(top) of the device at Vds = +1 V and Vds = -1 V, respectively are shown. Here, a

particular effect can be seen at the channel interfaces which does not follow the usual

appearance as in top contact devices. In the top contact case, for positive bias voltage,

the drain contact displays a variation of the Kelvin signal in relation to the voltage

applied (∆Vk ∼= Vds). Then, over the length of the device this value gradually or suddenly

decreases (|∆Vk(x)| < |Vds|), continuing this way until the source contact. In the case of

high contact resistances, the potential of the source contact is expected to have a lower

value than the channel, i.e. the voltage drop at the contact.
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Figure 6.14: (a) AFM topography of an analyzed edge contact device and the (b)
3D topography map of the interface (along black arrow), which shows a uniform
metal/graphene contact without damage.

However, in end contact devices graphene at the source interface has a surface

potential lower than at the contact (compare with Figure 6.2), already indicating a

possible reduction of the contact resistance.

The corroboration of a lower ρc, already suggested by TLM measurements, can be

followed in Figure 6.16, where the voltage drop distribution map at Vds = -1 V of the

device presented above is shown. This map was created by carefully correlating every

point measurement (pixel) from the Vds = 0 V and the Vds = -1 V KPFM map. Both

contacts are indicated by the white dashed lines. In this plot the surface potential has a

subtle change over the metal/graphene interface, i.e. no significant voltage drop, which

can translate in a low ρc. The gradual drop over the length of the channel accounts for the

integrity of the same, where it can be observed that the influence of the surface potential

of the wrinkle features is marginal after the subtraction.
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Figure 6.15: KPFM map and extracted profile (top) of the analyzed edge contact device
at Vds = (a) 0 V, (b) +1 V and (c) -1 V.

For the estimation of the ρc and ρs an average of 128 lines is extracted covering

the whole channel′s width. The KPFM voltage drops for different Vds and topography

profile are shown in Figure 6.17. As expected from Figure 6.16, the voltage drop at the
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metal/graphene interface in Figure 6.17 is small and therefore complicate to evaluate.

Figure 6.16: KPFM voltage drop distribution map of an end-contacted graphene device
at Vds = -1 V.
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Figure 6.17: KPFM voltage drop profile along an edge contact device for different
drain-source voltages. The shaded area represents the corresponding FWHM of the
topography at the interface (see Figure 6.18).

To evaluate the small voltage drop of the edge contact devices a different approach for

the calculation was used. Exemplified in Figure 6.18 is a non-averaged topography profile

(black line), its derivative and the derivative′s peak fit (red/blue lines) at the interface
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are shown. The voltage drop is calculated using the width of the peak fit centered at its

inflection point (red shade).
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Figure 6.18: Plot of the topography profile (black line), its derivative (red dotted line)
and derivative peaks fitting (blue line) of the drain and source contacts. The peak′s center
and FWHM of the drain/graphene interface was used for calculation of the voltage drop.

Using this approximation and the corresponding experimental values of the current

Ids obtained during the KPFM measurements, the contact resistances for every Vds

applied can be estimated. No particular trend was found for the voltage polarity.

Although the negative polarity has seemingly a larger drop in the profile line, close to

the interface, this mostly happens at the metal. This can be explained as a measurement

artifact caused by the subtraction method and the intrinsic decrease in the potential

before the interface (seen in the Vds = 0 V profile) and is therefore not taken into account

for the ρc calculation. The resistances obtained for every voltage applied were averaged

and resulted, as expected, in a reduced mean value of 250 Ωµm, with a lowest value of

156 Ωµm. The averaged channel′s ρs resulted in 870 Ω/� which is comparable to results

obtained before. This outcome denotes the effect of the edge contact architecture in ρc,

with a reduction of at least one order of magnitude for graphene devices fabricated by

optical lithography in comparison to the conventional fabrication process [16].

In Table 6.1 a summary of the different devices analyzed by KPFM voltage drop

as described previously is shown. In this representative sample group, reduced values of

averaged ρc can be observed for different devices with variable geometries. It can be noted
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that devices with w = 1.5 µm did not present an improvement, which as discussed before,

can be related to defects on the channel having a larger and more critical effect on the

total resistance of these narrow devices.

Since the modified fabrication process is aimed at not having any graphene

underneath the metal, it can be argued that these improvements come indeed from the

narrowing of the interfaces, forcing an in-plane injection of carriers over the width of

the channel. Even more, devices produced with this scheme have been also analyzed

at AMO GmbH for transconductance measurements achieving a record value peak of

gm = 0.51 A/V for CVD graphene devices prepared by optical lithography. This again

accounts for the improvement obtained by the modification of the customary approach.

Device w (µm) l (µm) ρc (Ωµm) ρs (Ω/�)

C7 15 9.5 250 2500
C7 15 5.5 320 860
A4 4 1.5 250 870
A5 4 1.5 180 400
C5 4 3.5 370 3000
C6 4 3.5 200 700

Table 6.1: Summary of the analyzed devices by the KPFM voltage drop method. The
values of ρc correspond to an average value for drain and source contacts.
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6.7 Conclusions

In summary, the influence of fabrication and contact design issues in ρc of graphene-based

devices were investigated. First, a comparison between devices produced by optical and

e-beam lithography was made by KPFM voltage drop analysis. A systematic increase of

ρc was found for optical lithography derived devices (4 – 30 kΩµm) compared to those

derived by e-beam lithography (0.1 – 1 kΩµm). Consequently, the influence of standard

optical lithography process was further studied. It was found that optical lithography

leaves a 3 – 4 nm thick and 1 nm rough layer of optical resist residues behind which can

be removed by AFM patterning. Raman spectroscopy before and after the patterning

procedure showed no damage to the underlying graphene sheet suggesting that the residue

layer is physically adsorbed to the surface of the graphene. It was found by KPFM analysis

that this small residue layer has a screening effect of about 100 mV on the surface potential

of graphene. This clarifies the contact resistance difference of optical lithography process

devices, which can be about an order of magnitude larger, with respect to reference devices

patterned with e-beam lithography. These findings make evident that in case of optical

lithography, resist residues have to be taken into account.

This was followed up by the investigation of the contact design in optical lithography

graphene-based devices. Graphene-based devices were prepared by a modified optical

lithography approach to have the material deliberately removed from underneath the

metal and make contact with graphene only over its width. These devices were analyzed

by a combination of TLM and KPFM measurements. Even with this restriction in the

physical connection between the two materials, this procedure yields working devices.

TLM measurements suggested a reduction of the graphene/metal contact resistance

which was verified in individual two-terminal devices by KPFM measurements. KPFM

voltage drop analysis indeed showed a reduced voltage drop at the metal/graphene

interfaces, confirming a positive influence of the contact architecture by reducing the

contact resistivity down to values of 250 Ωµm, thus confirming the reduction of contact

resistance by one order of magnitude. These results showed an improvement of optical

lithography graphene-based devices due to a change in the contact design accomplished

by simple but effective modification of the fabrication process. With it the disadvantage

of the residue layer left by optical lithography in graphene surface was overcome without

the need of an extra cleaning step and with a reduction of the contact resistance down to

values comparable to those from e-beam lithography.
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Chapter 7

Summary

This work aimed to investigate the electrical behavior of operational graphene-based

devices on ambient conditions at the nanoscale by means of KPFM. The analysis

concentrated on the metal/graphene interfaces and device channel of two-terminal

devices fabricated with graphene types derived from high production yield syntheses.

First, efforts were placed in the improvement of KPFM by the detection of the

electrostatic force gradient. Then, the effects of the C/O ratio and transport regime

transitions were studied for FGS devices. On the last part of this work, the influence

of the fabrication processes and contact design on CVD graphene-based devices were

investigated. This chapter will summarize the conclusions and results obtained in this

thesis.

The phase shifts of the mechanical oscillation of the AFM tip were successfully

implemented for the detection of the electrostatic force gradient in single pass

PM-KPFM on an already operating AM-KPFM system. The connections, signals and

working parameters needed for its operation were presented. The improvement of this

implementation was shown with the investigation of graphene grown on a Cu film. Here

a feature of less than 20 nm and a Kelvin signal variation of 80 mV could be clearly

resolved. These values are competitive to the results reported in the literature for the

analysis of InAlAs/InGaAs layered heterostructures. The improvement of PM-KPFM

over AM-KPFM on the acquisition of KPFM maps for the same modulation voltage

was shown. For the voltage drop analysis comparison, the information extracted from

the KPFM maps derived from the detection of the force and force gradient had a rate

of change ∆V /∆x = 0.24 V/µm and ∆V /∆x = 0.6 V/µm, respectively, showing an
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increased reaction to surface potential variations without an increase of the modulation

voltage. The certainty of KPFM voltage drop analysis was supported by a comparison

of results, in the same devices, to those from the conventional 4p macroscopic method.

Due to KPFM high spatial resolution, this non-invasive technique allows the

electrical characterization of operating two-terminal micrometer devices with irregular

geometries. This was successfully applied to the study of the C/O ratio effect on

individual flakes of FGS and their electric contacts by means of KPFM voltage drop

analysis. The use of KPFM allows separating the contributions of the channel and

contacts, were a transition could be observed from non-ohmic high-resistance of

ρs > 400 kΩ/� and ρc > 100 kΩµm to ohmic low-resistance of ρs < 10 kΩ/� and

ρc < 1 kΩµm with increasing C/O ratio. It is concluded that the non-linear behavior at

low C/O are due to a combination of sheet intrinsic hopping-dominated charge transport

at the channel and Schottky characteristics at the FGS-metal contacts superimposed

in an ohmic behavior onset and/or tunneling contributions, which happens before the

sp2 network recovery reaches the percolation limit. Agreeing with literature, at mildly

reduced samples (C/O = 23), the linear IV behavior observed at both, channel and

contacts, appears due to the charge transport percolating through the restored sp2

network of graphene. These results are a valuable contribution to the overall knowledge

of this material and make a precedent for understanding the behavior of FGS conductive

networks and their electrical contacts in technological applications.

In the last part of this thesis, the impact that the fabrication process and

contact design can have on the contact resistance of CVD grown graphene devices were

investigated. Optical lithography showed a negative effect on the device′s ρc compared

to those produced by e-beam lithography, with usual values larger than kΩµm for the

former and lower than kΩµm for the latter. Using a combination of AFM patterning,

KPFM and Raman mapping it was found that optical lithography leaves a 3 – 4 nm

thick and 1 nm rough layer of optical resist residues behind which is physically adsorbed

to the surface of the graphene. It is then argued that this thin residue layer leads to the

observed increase in resistance. Due to the importance of optical lithography in industry,

devices produced with a simple and efficient modification in the customary fabrication

procedure were analyzed to overcome this problem. This modification had the objective

of making a metal/graphene contact only over the edge of the channel instead of its
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surface. The influence of this modified optical lithography process could have in the

performance of the devices was studied by a combination of TLM and KPFM voltage

drop analysis. KPFM voltage drop analysis confirmed that devices with ρc values of

less than 200 Ωµm can be achieved, thus confirming the reduction of contact resistance

by one order of magnitude with a simple and effective modification of the customary

approach for optical lithography devices. Overall, these results highlight the potential of

edge contacts on graphene devices for a variety of applications.

In the outlook, KPFM can be applied to the study of the ever-growing family of

2D materials, but most importantly their heterostructures and devices. A great deal of

interest could be on the relative changes of surface potential in their interfaces and/or

the relative reactions to atmospheric conditions. Also, the capabilities for electrical

characterization could be expanded by the use of a third lock-in amplifier and the second

harmonic of the KPFM frequency which gives access to dielectric characteristics of the

sample. Such approach has been marginally studied and reported, however, it could

prove itself as a powerful characterization technique, along with KPFM, for the study of

2D devices.
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Appendix A

Detailed procedure of the

production of samples

A.1 FGS samples

This procedure was reported in [199] and performed by F. E. Muckel and S. Wolff for the

publication [13].

The GO obtained by the Hummer′s method is washed to remove residues from the

process such as acid excess. The material is then thoroughly dried as water content in

GO has a negative effect in the exfoliation and reduction process [10].

For the thermal exfoliation/reduction a quartz tube is used. The tube is flushed

with nitrogen and then brought to the desired temperature. For the FGS7.3 samples

temperatures of 500oC for one minute were used. The FGS24 and FGS170 samples were

treated at 1000oC for one minute. The FGS170 samples were additionally placed for 1 hr

at > 100oC temperatures in Ar atmosphere.

For the electrical characterization, the FGS samples are brought to a SiO2/Si

substrate to be individually contacted. This was done through a two-step e-beam

lithography process. Both steps used the e-beam lithography system eLine from Raith

Inc. In the first step the substrate is patterned with areas of 550 µm x 550 µm covered

with ∼12 µm crosses (10 nm Ti/200 nm Au), separated by 50 µm (Figure A.1a). These

crosses have underneath numbers which were placed on the SiO2 substrate to help with the

identification of the flakes and adjustment of the contacts position during the contacting

process. The areas covered with crosses (e.g. A, B, C and D in Figure A.1b) are

surrounded by 500 µm x 500 µm square bond pads, which will be used later for the
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microbonding of the samples. After the placement of the adjustment crosses, the substrate

is cleaned in an acetone bath. Afterwards the sample is rinsed with acetone, methanol

and isopropanol and dried with nitrogen.

a) b) 

50 µm 

Figure A.1: (a) Diagram of one area containing micrometer Ti/Au adjustment crosses.
(b) Overview diagram of several adjustment crosses areas and the surrounding bond pads
for microbonding. Adapted from [199].

The produced FGS, in its powder form, is weighed and diluted in an ethanol

dispersion (0.1 mg/ml to 0.02 mg/ml). To dissolve agglomerates the dispersion is treated

with ultrasound (tip sonification) for 30 min, followed by centrifugation at 3000 rpm for

1 hr. An aliquot of 10 to 20 ml (depending on the concentration of the dispersion) is

dropped onto the pre-patterned SiO2/Si substrate. The ethanol is left to evaporate over

time at room temperature.

The selection and measurement of the suitable flakes is done by a light microscope.

The discrimination between SLG and MLG is done by contrast comparison. For the

contacting of the flake by metal electrodes, coordinates are required by the eLine software.

This is achieved by taking a picture of the selected flake and its surrounding adjustment

crosses. Assisted by Matlab software a coordinate system is specified from this picture

and thus the position of the contacts can be calculated in relation to the adjusting crosses.

In Figure A.2a is the picture of a flake with the associated coordinates from Matlab. Four

flakes of the same C/O ratio will be contacted.

The coordinates calculated by Matlab are introduced in the design of the eLine

software. The metal contacts consist of two shapes: a trapezoid shape is used for

the physical contact of the metal electrode and FGS, and the interconnection from the

trapezoid contacts to the bond pads is done with a rectangle shape (Figure A.2b). To
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a) b) 

Figure A.2: (a) Optical image of a selected FGS flake and its coordinates taken by Matlab.
(b) Optical image of a contacted FGS flake and its interconnection to the bond pads.
Images taken from [199].

prevent damage from electrostatic discharge to the flake during storage and before (the

first) operation, a short circuit is placed between the two bond pads.

For the e-beam lithography, few drops of a 3% PMMA resist were placed on the

surface of the substrate and spin coated at 400 rpm during 40 s. The accelerating voltage

used for the e-beam was 10 kV with an aperture of 30 µm. The PMMA resist was exposed

to a dose of 250 µC/cm2. After the illumination, the sample was placed in a 3 to 1 mixture

of methyl isobutyl ketone and isopropanol for development and afterwards cleaned with

isopropanol for a minute. In the next step 10 nm Ti (as an adhesion layer) and 100 nm

Au were deposited by e-beam evaporation. For the lift-off, the sample was left on acetone

overnight. The use of ultrasound bath during lift-off is not advised since the FGS flakes

might release from the substrate. After lift-off, the samples were rinsed with acetone,

methanol and isopropanol and dried with nitrogen.
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A.2 CVD samples

The graphene devices samples were produced by colleagues at AMO GmbH.

For all samples, commercial graphene grown by CVD on 25 µm-thick Cu foil

(Graphenea, S.A.) was transferred onto dielectric substrates (details in Appendix B) by

PMMA-assisted wet transfer as presented in subsection 2.2.2.

1. Customary approach (Top contacts): After graphene is available on the

desired substrate, the production of micrometer devices undergoes either an e-beam or

optical lithography process for the definition of the metal contacts and graphene channel,

this is exemplified in Figure A.3(a-l) and described next. The graphene sample (a) is

spin coated with the corresponding positive lithography resist (b), PMMA for e-beam

and AZ5214E for optical lithography. The resist was spin coated onto the sample with a

thickness of ∼ 1 µm and cured at 95oC for 1.5 min. The definition of the metal contacts

is done by exposing the resist to either an e-beam or UV light (365 nm) which will change

its properties, exemplified in (c) as a change in color. The design and position of the

contacts by e-beam are done through software which indicates where the e-beam should

raster the sample. In optical lithography, this is done through a mask which aligns with

the sample and only allows UV exposure to the areas already imprinted on the mask.

After the resist is exposed the sample is developed, i.e. the exposed areas of resist are

removed while the unexposed are unaffected (d). Afterwards, metal is evaporated on the

sample (e) and after the removal of the resist (lift-off), the metal electrode is placed on

top of graphene.

The production continues by defining the devices′ channels, i.e. the transferred

graphene sheet must be patterned to remove all the graphene aside from the planned

channel areas. The structure of the graphene channel in the device will be covered by

a negative optical lithography resist (g) and then exposed to UV light (h). Exposed

negative lithography resists are unaffected by the development while unexposed areas will

be removed (i). The sample is then exposed to O2 plasma (2 min). The carbon atoms of

the unprotected areas of graphene will react with the plasma and will be removed from

the substrate (j) while the resist (usually > 300 nm) protects the graphene underneath.

Afterwards, the resist is removed by acetone and the graphene channels are defined (l).

This method was used for the 4p probe samples in section 4.4 and for TLM samples

in section 6.2. The 1 cm2 reference sample in section 6.2 followed the procedure showed

in Figure A.3(a-d), with the variation of exposing the whole 1 cm2 sample to UV light
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for 2.5 s, subsequently baked at 110oC for 2 min and again exposed for 15 s to UV light.

After development in AZ developer (MicroChem corp.) for 6 s, the optical resist was

finally removed in boiling acetone and rinsed in isopropyl alcohol.
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Figure A.3: Schematic flow chart of the customary approach to (a-f) place metal electrodes
on graphene and (g-l) to define the graphene device channel. G stands for graphene.

2. Modification of the customary approach (Edge contacts): The variation

to the optical lithography customary approach to produce edge contact to graphene is

exemplified in process flow chart in Figure A.4(a-g). Commercial graphene grown by

CVD on Cu foil was transferred onto a 90 nm SiO2/p-Si substrate (a). The entire steps

of device fabrication were conducted with optical lithography and AZ5214E as resist (b).

The sample was sample exposed to UV light (365 nm) for 2.5 s, subsequently baked at

110oC for 2 min and again exposed for 15 s to UV light (c). The resist is then developed

in AZ developer for 6 s (d) followed by exposure to oxygen plasma for 30 s (e). Metal

contacts of Ni/Al (15/120 nm) were deposited using sputtering deposition (f) followed by

lift-off technique (g). Both, the removal of graphene and placement of metal electrode

123



A.2. CVD SAMPLES

was performed with the same mask.

Using a different mask the rest of graphene was etched away with O2 plasma for 2

min for the definition and patterning of the graphene channel. This process follows the

procedure shown in Figure A.3(g-l). This method was used for the end contact samples

in section 6.4.
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𝒉𝝂 

 
a) b) c) d) 

  
    

  

  
  

  
  

  
  

  
  

  
  

  

    

Figure A.4: (a-g) Schematic flow chart of the variation to the optical lithography
customary approach to produce an edge contact to graphene.
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Appendix B

Summarized information of the

analyzed devices

Information of the analyzed devices on chapter 4, chapter 5 and chapter 6 are summarized

next in table B.1, B.2 and B.3, respectively.

4p probe
Dielectric 85 nm Al2O3/SiO2/Si
Lithography for contacts Optical
Lithography for channel Optical
Metal contacts Ni 20 nm

Channel’s dimensions
l = 8 µm
w = 14 µm

Table B.1: Description of the analyzed devices in chapter 4.
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FGS7.3 FGS24 FGS170

Dielectric 300 nm SiO2/Si
Lithography for contacts e-beam
Lithography for channel n/a
Metal contacts Ti/Au 10/100 nm

Channel’s dimensions
l = 0.8 µm
w = 0.9 µm

l = 0.33 µm
w = 0.74 µm

l = 0.4 µm
w = 0.74 µm

Table B.2: Description of the analyzed devices in chapter 5.

4p probe TLM Edge contact
Dielectric 85 nm Al2O3/SiO2/Si 90 nm SiO2/Si
Lithography for contacts Optical e-beam optical
Lithography for channel Optical
Metal contacts Ni 20 nm Ni 20 nm Ni/Al 15/120 nm

Channel’s dimensions
l = 8 µm
w = 14 µm

l = 1.5 µm
w = 8 µm

l = 1.5 µm
w = 4 µm

Table B.3: Description of the analyzed devices in chapter 6.
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coupling. Using graphene as a starting point, carbon nanotubes can be

visualized as a rolled sheet in a cylindrical form or fullerenes in a spherical
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