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Abstract
The growth of chemical vapor deposited graphene on copper is approaching industrial maturity.
A subsequent transfer of the graphene layer from its catalytic growth substrate is required for
integration into optoelectronic devices and similar applications. It is well established that defects
such as cracks, line defects, and wrinkles all contribute to lowering the quality and usability of
graphene. This means that the development of transfer methods that does not introduce damage
to the graphene layer and is non-destructive towards the catalytic growth substrate are of high
importance.
This thesis addresses key issues for industrial integration of large area graphene for optoelectronic
devices. This is done through optimization of existing characterization methods and development
of new transfer techniques. A method for accurately measuring the decoupling of graphene
from copper catalysts is introduced. The method is based on Raman spectroscopy, a standard
characterization tool in the graphene community. By measuring when the graphene is fully
decoupled from its growth substrate we are able to transfer graphene by mechanical peeling from
12 inch diameter copper thin films.
Additionally, results from an electrochemical transfer method and from a transfer method based
on interfacial Cu oxidation in alkaline solution are presented. Both methods leave the copper
catalyst intact for regrowths of graphene. The structural integrity of the transferred graphene
is retained by these transfer methods and the electrical properties of graphene after transfer are
superior compared to the standard etching transfer method.
Spatial mapping of the electrical properties of transferred graphene is performed using terahertz
time-domain spectroscopy (THz-TDS). The non-contact nature of THz-TDS and the fact that it is
an accurate and reliable probe of the graphene sheet conductivity makes it an interesting candidate
for characterization of graphene production in industrial settings. Here we show that the electrical
properties of graphene are measurable by THz-TDS on different substrates such as silicon wafers,
glass, and polymer films, which only increases the suitability of THz-TDS for characterization of
graphene in industrial settings.
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Resume
Det todimensionelle materiale grafen kan fremstilles på industriel skala ved kemisk pådampning
på kobber. En transferproces, hvor grafen-laget flyttes fra kobberoverfladen til en anden overflade,
er nødvendig for at integrere grafen i elektroniske komponenter som for eksempel solceller og
fladskærme. Fremkomsten af defekter i et overført grafen-lag påvirker kvaliteten og dermed
anvendeligheden af grafen negativt. Derfor er udviklingen af nye transfermetoder, der ikke
introducerer defekter i grafen-laget, og hvor kobbersubstratet kan genanvendes efter transfer, et
forskningsområde med høj prioritet.
I denne afhandling adresseres nogle af de mest presserende problemer vedrørende brug af grafen på
industriel skala. Dette gøres gennem udvikling af nye transfermetoder og optimering af eksisterende
karakteriseringsmetoder. Vi præsenterer en metode til præcist at måle, hvor godt grafen-laget
sidder fast på kobberoverflader. Metoden er baseret på Raman spektroskopi, som er en almindeligt
anvendt metode til karakterisering af todimensionelle materialer. Ved at måle hvornår grafen-
laget er dekoblet fra kobbersubstratet, kan vi gennemføre transfer af grafen fra tynde kobberlag
deponeret på silicium wafere med en diameter på op til 30 cm.
Resultater basereret på en elektrokemisk transfermetode præsenteres også sammen med resultater
fra en transfermetode, der tager udgangspunkt i oxidering af kobberoverfladen under grafen-laget
i basiske opløsninger. Begge metoder efterlader kobbersubstratet intakt, så det kan genanvendes
til at dyrke et nyt lag grafen. Samtidigt er de elektroniske egenskaber af grafen overført ved
sådanne metoder bedre i forhold til den standardiserede transfermetode, hvor kobbersubstratet
fuldstændigt bortætses.
Vi kan kortlægge de elektroniske egenskaber af grafen efter transfer ved hjælp af terahertz
spektroskopi (THz-TDS). THz-TDS er en berøringsfri metode, der potentielt kan anvendes til
industriel karakterisering af igangværende grafenproduktion. Her viser vi, at THz-TDS kan
anvendes til at måle de elektroniske egenskaber af grafen efter transfer til forskellige substrater
som for eksempel silicium wafere, glas, og polymerfilm, hvilket er med til at øge anvendeligheden
af THz-TDS til grafenkarakterisering.

v





Preface
This thesis is submitted in partial fulfilment of the requirements for obtaining the PhD degree at
the Technical University of Denmark (DTU). The research was carried out under supervision of
Professor Peter Bøggild, head of the NanoCarbon Group at DTU Nanotech, and co-supervised by
Associate Professor Timothy J. Booth.

The main part of the work was conducted at DTU Nanotech in the lab belonging to the
NanoCarbon group. Graphene growth and electron microscopy was carried out at DTU Danchip
and DTU CEN. Terahertz time-domain spectroscopy was performed at DTU Fotonik. Fabrication
of organic light emitting diodes was conducted at Fraunhofer FEP, Germany.

Specific contributions to the work from co-workers and collaborators are stated at the relevant
section, where my contribution is also added for clarity. The contributor is from the NanoCarbon
group if not elsewise stated.

The research was financed by Innovation Fund Denmark (Grant 0603-005668B, DA-GATE) and
the European Union Seventh Framework Programme (FP7, Grant 6040000, GLADIATOR). From
June to September 2015 I was on an external research stay hosted by the Hofmann Group at
Cambridge University, UK. The stay was sponsored by IDA Fonden, Augustinus Fonden, and
Marie & M.B. Richters Fond. Financial support for travel expenses was given by Otto Mønsteds
Fond.

Published articles in the Appendices have been replaced by links in the online version of the thesis.

Patrick Rebsdorf Whelan

DTU Nanotech, December 2nd, 2016

vii





Acknowledgements
I owe a big thank you to my supervisors Peter Bøggild and Timothy J. Booth for guidance and
support over the course of my PhD studies. The freedom with responsibility supervision style
combined with doors that were always open made it easy to make things happen!

I would like to thank all present and former members of the NanoCarbon group at DTU Nanotech
for interesting collaborations and for being an enjoyable bunch of people to be around. To name
a few, I would like to thank Lene Gammelgaard, Adam C. Stoot, Bjarke S. Jessen and Natalie
Kostesha for easing my integration into the group and labs and also David M. A. Mackenzie,
Birong Luo, Filippo Pizzocchero, and Martin B. B. S. Larsen for always being helpful regarding
graphene growth and characterization. An extra thank you to Bjarke S. Jessen for all the help
with coverage mapping of graphene.

A big thank you goes to Jonas D. Buron, who taught me how to perform terahertz spectroscopy
measurements together with Peter U. Jepsen and Krzysztof Iwaszczuk from DTU Fotonik.

I also want to thank the people I worked with at Cambridge University during my external stay.
In particular, Professor Stephan Hofmann for inviting me over, and Ruizhi Wang and Philipp
Braeuninger-Weimer who were always helpful with characterization and providing samples, while
also making my time in Cambridge much more enjoyable overall.

From Fraunhofer FEP I thank Beatrice Beyer, David Wynands and Falk Schütze for their
collaboration with regards to fabrication of organic light emitting diodes.

The helpful staff at DTU Danchip and DTU CEN are also thanked, in particular Mikkel D. Mar
for help with the Black Magic CVD system.

Finally, but definitely not least, I want to thank family and friends for always supporting me
during my studies. The biggest thank you goes to Maria for your continued support, especially
during the last months, where writing up my thesis has taken most of my attention.

ix





Contents
Abstract iii

Resume v

Preface vii

Acknowledgements ix

1 Introduction 1
1.1 Electrical properties of graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Graphene as transparent conducting electrode . . . . . . . . . . . . . . . . . . . . . 3
1.3 Chemical vapor deposition of graphene . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Graphene transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Scope of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Large area characterization of graphene 9
2.1 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Scanning electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Optical microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Electrical device measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Terahertz time-domain spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.6 Overview of characterization methods . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 Graphene growth by chemical vapor deposition 21
3.1 Temperature calibration for a Black Magic CVD system . . . . . . . . . . . . . . . 21
3.2 Recipes for graphene growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 Copper substrates for graphene growth . . . . . . . . . . . . . . . . . . . . . . . . . 23

4 Oxidative decoupling transfer 27
4.1 Oxidative decoupling transfer from copper thin films . . . . . . . . . . . . . . . . . 27
4.2 Chemical acceleration of oxidative decoupling transfer . . . . . . . . . . . . . . . . 31

5 Raman spectral indicators of catalyst decoupling 35
5.1 Mechanical peeling transfer of graphene from copper foils . . . . . . . . . . . . . . 35
5.2 Characterization of decoupling from copper catalysts . . . . . . . . . . . . . . . . . 37
5.3 Transfer of graphene from copper thin films . . . . . . . . . . . . . . . . . . . . . . 42
5.4 Transfer of hexagonal boron nitride from copper foils . . . . . . . . . . . . . . . . . 43

6 Comparison of graphene transfer methods 47
6.1 Etching transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
6.2 Lift-off transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.3 Transfer of multilayer graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.4 Comparison of transfer methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

7 Special cases of terahertz time-domain spectroscopy 61
7.1 Timing jitter correction for THz-TDS measurements . . . . . . . . . . . . . . . . . 61

xi



CONTENTS

7.2 THz-TDS of sample with high degree of backscattering . . . . . . . . . . . . . . . . 65
7.3 THz-TDS of graphene transferred to polymer substrates . . . . . . . . . . . . . . . 66

8 Graphene based organic light emitting diodes 71
8.1 Chemical doping of graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
8.2 Graphene based organic light emitting diodes . . . . . . . . . . . . . . . . . . . . . 72

9 Conclusions and outlook 77
9.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
9.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

10 Bibliography 81
10.1 List of references . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
10.2 List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Appendices 99

A Fabrication of CVD graphene-based devices via laser ablation for wafer-scale
characterization 99

B Quality assessment of CVD graphene: continuity, uniformity and accuracy of
mobility measurements 101

C Non-destructive electrochemical graphene transfer from reusable thin-film
catalysts 117

D Raman spectral indicators of catalyst decoupling for transfer of CVD grown
2D materials 119

E Catalyst interface engineering for improved 2D film lift-off and transfer 141

F Robust mapping of electrical properties of graphene from terahertz time-
domain spectroscopy with timing jitter correction 143

xii



Chapter 1
Introduction

The hype about the two dimensional material graphene started in 2004 when Andre Geim and
Konstantin Novoselov managed to isolate and characterize it at the University of Manchester
leading to the Nobel Prize in physics in 2010. And there is definitely something to be excited
about with the list of extraordinary properties that comes with graphene; the mechanically strongest
compound discovered, high transparency, efficient conductor of heat and electricity, flexible/foldable
and the list goes on. Expectations for this new wonder material quickly grew and graphene was
predicted to play a major role in the electronics industry especially as a transparent conducting
electrode for organic light emitting diodes, solar cells and wearable electronics. Proceeding from
micron sized graphene flakes prepared by exfoliating graphite to large areas of a material that is
only one atom thick is however not straightforward.
Fabrication methods for synthesizing larger areas of graphene were realized by chemical vapor
deposition of graphene onto metallic catalysts in 2009. The next non-trivial step was to transfer
graphene from the catalyst onto a substrate that is suitable for final device processing without
introducing any defects. A method was devised where the catalytic growth substrate could be etched
away while the graphene was held together by a thin polymer film. This process releases the graphene
from its growth substrate and enables transfer to a target substrate. The transfer method works, but
questions arise about the cost efficiency and environmental load related to etching huge amounts of
copper and the cleanliness of the graphene after transfer with respect to remaining metal impurities
and polymer residues. This thesis shows that it is possible to develop and optimize new transfer
methods for the integration of graphene grown on copper substrates into devices that are suitable
for the optoelectronic industry.

1.1 Electrical properties of graphene

Atomically thin carbons films known as graphene were first isolated in 2004[1] and have since been
the subject of extensive research due to its list of extraordinary properties.[2] Different carbon
allotropes ranging from three– to zero–dimensional structures are shown in Fig. 1.1. Graphite
(3D), nanotubes (1D) and fullerenes (0D) are essentially built from graphene (2D) by stacking,
rolling and bending sheets of graphene.[3] Graphene itself consists of carbon atoms in a honeycomb
lattice where three out of four valence orbitals form sp2 hybridized bonds to neighbouring atoms.
The remaining out-of-plane orbital (pz) hybridizes to form valence (π) and conduction (π’) bands
and is responsible for many of the interesting properties of graphene.[4]

The dispersion relation of the π bands can be determined using a tight-binding model including
nearest- and next nearest-neighbour electron hopping.[3] The π and π’ bands touch each other
at singularity points (K and K’ points in the Brillouin zone, Fig. 1.2a).[6] The graphene carrier
dispersion relation[9]

E±(q) ≈ ±~νFq (1.1)

is linear near these singularity points (Dirac points). This entails that graphene is a gapless semi-
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CHAPTER 1. INTRODUCTION

Figure 1.1: Different carbon allotropes: (a) diamond, (b) amorphous carbon, c) fullerene (C60 bucky-ball),
d) single walled carbon nanotube, and e) graphite. Reprinted from Sivek.[5]

Figure 1.2: (a) Electronic dispersion of graphene with close-up of the dispersion at the singularity points.
Reprinted from Güttinger et al.[6] (b) Conductivity as a function of gate voltage for a single layer graphene
field-effect transistor, where insets show the conical low-energy spectrum E(q), indicating changes in the
position of the Fermi energy EF with changing gate voltage Vg. Adapted from Fuhrer et al.[7] and Geim
and Novoselov.[8]

conductor where the valence and conduction band energies are linear functions of momentum,[9]
which means that the speed of electrons in graphene is constant near the Dirac points given by
the Fermi velocity νF = 106 m/s.[3]

The charge carrier concentration in graphene can be controlled by the electric field effect,[1] where
it is possible to tune the carrier concentration density and type between an electron and a hole
regime. A linear dependence of the conductivity with regards to an applied gate voltage Vg can be
measured for graphene on SiO2 (Fig. 1.2b). The transport properties in graphene are influenced by

2



1.2. GRAPHENE AS TRANSPARENT CONDUCTING ELECTRODE

charged impurity scattering leading to the linearity in the conductivity.[7,10] The point of minimum
conductivity (ideally at zero gate potential for an undoped pristine graphene device) is called the
charge-neutrality-point (CNP) and is located exactly at the Fermi level. The position of the Fermi
energy (EF ) can be shifted through the application of a back-gate potential. The charge carrier
concentration induced by the external gate voltage is[9]

n = CgVg
e

+ nQ

(
1−

√
1 + CgVg

enQ

)
, (1.2)

where Cg is the gate capacitance, e is the electron charge, and nQ = π(Cg~νF /e2)2/2. The second
term on the right-hand side of Eq. 1.2 is the quantum capacitance term. For a substrate with
dielectric constant κ ≈ 4 and at gate voltages larger than a few mV, the quantum capacitance is
negligible for thicknesses of the dielectric larger than a few Å.[9] The charge carrier concentration
induced by the external gate voltage therefore reduces to

n = CgVg
e

, (1.3)

for the experiments presented in this thesis with SiO2 thicknesses of 90 or 300 nm. The charge
carrier mobility (µ) is an important parameter in graphene research. Fast carriers are for instance
required in field effect transistors for high-speed applications, where quick responses to variations
in Vg are required. Charge carriers scatter upon collisions at defects and impurities which lowers
the mobility. The mobility therefore functions as a figure of merit for quality and cleanliness of a
graphene sample with mobilities of 10,000–15.000 cm2/Vs being measured for exfoliated graphene
on oxidized silicon (Si) wafers.[11]. The electron mobility in Si at 300K is ∼1450 cm2/Vs for
comparison.[12] The mobility can be extracted from a gate dependent measurement as[13]

µ = dox
ε0εr

L

WVsd

dIsd
dVg

, (1.4)

where dox and εr is the thickness and permittivity of the SiO2, ε0 is the vacuum permittivity, L
and W is the length and width of the sample, and Vsd and Isd is the source-drain voltage and
current. For a square sample with L = W the equation reduces to

µ = dox
ε0εrVsd

dIsd
dVg

. (1.5)

It is noted that this relation is only valid sufficiently far away from the CNP where a majority
carrier density is well-defined.[9] The term dIsd/(VsddVg) can be determined numerically from a fit
to measured data where the maximum value is used for calculating the mobility of a sample.
Back gated graphene measurements are usually performed on small (<20 µm) graphene devices
and give information about the sheet resistance of a sample, its carrier mobility, and how doped
the graphene is from the displacement of VCNP away from Vg = 0 V.

1.2 Graphene as transparent conducting electrode

The number of smartphone users worldwide is expected to grow above 2 billion during 2016 and
approach 3 billion by 2020.[14] An increase in production of touch screens is required to follow the
demand and similar increasing demands for optoelectronic devices such as solar cells and (organic)
light emitting diodes (OLEDs/LEDs) exist. A standard component in this class of devices is the
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CHAPTER 1. INTRODUCTION

transparent conducting electrode; a layer of material functioning as contact on one side of a device
while simultaneously allowing passage of light (Fig. 1.3a). The current industry standard for the
transparent conducting electrode is indium tin oxide (ITO). ITO can have a sheet resistance of
10–100W/2 at 85–90%[15] transmittance and is the best performing transparent conducting oxide
material.[16] Drawbacks of ITO include the high cost of In as a raw material and process constraints,
which make this oxide system less attractive for low cost and high volume applications.[16]
The optical conductivity of graphene at low frequencies is mainly determined by intraband
transitions, while the contribution of interband transitions becomes dominant at high frequencies
(Fig. 1.3b).[17] The optical conductivity reduces to a constant value of e2/4~ at high frequencies
including the visible range, which leads to a universal absorption per graphene layer of 2.3% at
normal incidence.[18] The constant absorption together with a negligible reflectance (<0.1%)[18]
means that single layer graphene has a high constant transmittance of ∼97.7% in the visible range.

Figure 1.3: (a) Simple illustration of an OLED structure. Reprinted from Li et al.[19] (b) Real part of the
optical conductivity in graphene as function of frequency. The contribution from intraband transitions is
plotted in blue, while the contribution from interband transitions is plotted in red. Reprinted from Sensale
et al.[17]

The fact that graphene is mechanically strong (intrinsic tensile strength of 130GPa)[20] and
maintains high carrier mobility during deformation[21] combined with its electrical and optical
properties makes graphene an interesting material as a possible replacement for ITO. The industry
standards for sheet resistance and transmittance of ITO set some clear goals that graphene must
meet. Even in the case of graphene to remain inferior to ITO with respect to sheet resistance,
graphene may still become the transparent conducting electrode of choice for future flexible
optoelectronic devices due to the brittleness of ITO.[22]

1.3 Chemical vapor deposition of graphene

Large areas of graphene is required for graphene to be used for optoelectronic devices. The
highest quality graphene is prepared by mechanical cleavage of highly oriented pyrolytic graphite.[1]
Mechanically exfoliated graphene is therefore the most common choice for fundamental studies.
It is however not ideal for industrial purposes due to size limitations. Reproducible and scalable
production of graphene is accessible through chemical vapor deposition (CVD) using a range
of transition metals such as rhenium,[23] ruthenium,[24] iridium (Ir),[25] palladium,[26] platinum
(Pt),[27] copper (Cu),[28] and nickel (Ni),[29,30] as catalyst substrate. CVD graphene growth directly
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1.3. CHEMICAL VAPOR DEPOSITION OF GRAPHENE

on germanium (Ge) has been reported lately.[31] CVD is a chemical process where a substrate is
exposed to volatile precursors which decompose at the substrate and forms the desired material.
CVD growth of graphene on metal catalysts is performed by exposing the catalyst to gaseous
carbonaceous precursors (often methane, CH4) at elevated temperatures (Fig. 1.4a). The layer
thickness of graphene after growth depends on the solubility of carbon in the catalyst. For growths
on high solubility catalysts (such as Ni), the synthesis of graphene proceeds by diffusion of carbon
into the catalyst followed by a precipitation from bulk to surface during cool-down leading to
the formation of multilayer graphene.[29] The growth occurs as a surface mediated process on low
solubility catalysts (such as Cu) leading to a self-limited growth of single layer graphene.[28] Cu is
therefore the most commonly used substrate for CVD growth of single layer graphene.

Figure 1.4: CVD growth of graphene. (a) Illustration of graphene synthesis by CVD. Reprinted from Song
et al.[32] (b) Proposed growth mechanism of graphene on Cu substrates by CVD. Reprinted from Kumar
and Lee.[33]

Standard graphene growth processes on Cu (Fig. 1.4b) start with an annealing step at high
temperature in a reducing environment where Cu grain sizes can be drastically increased.[34] A
carbonaceous precursor is added which leads to nucleation of individual graphene domains. The
size of the individual graphene domains increases during continued exposure to the precursor until
they eventually aggregate into a continuous graphene film.[33]
The growth initiates as CH4 dissociates and is chemically adsorbed on the Cu surface to form active
carbon species (CHx<4). The active carbon species are thermodynamically unstable according to
theoretical calculations and will agglomerate into thermodynamically stable species (CyHx) on
active sites of the Cu surface.[35] These active sites are imperfections on Cu substrates such as step
edges,[36–38] defects,[36,39,40] and surface impurities[36,41–44] which acts as graphene nucleation sites.
The nucleation process is largely dependent on growth parameters like temperature, pressure,
and availability of carbonaceous precursor.[45–50] Once graphene nuclei are formed, most of the
active carbon species will be captured and consumed by growing graphene domains, reducing the
probability that new graphene nuclei will be formed in the nearby areas on the Cu catalyst.[47]
The presence of grain boundaries between aggregated grains is detrimental for the electrical
properties of graphene.[51–54] The influence of graphene grain boundaries can be minimized by
increasing the size of the individual graphene domains. Large domains can be grown by reducing
the number of active sites on the Cu substrate and by reducing the availability of carbonaceous
precursor. Efficient passivation of active surface sites on Cu catalysts was achieved by the
introduction of oxygen at the Cu surface which was shown to suppress nucleation of graphene.[55]
The partial pressure of the carbonaceous precursor can obviously be lowered by reducing the flow
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CHAPTER 1. INTRODUCTION

rate, but a more significant reduction leading to larger graphene domains was achieved by growths
on the inside of pockets of Cu foil. The pocket enclosures are formed by bending Cu foil and
subsequently crimping the three remaining sides.[56] By combining oxidized Cu foils annealed in
inert atmosphere with an enclosed growth environment it was possible to grow single graphene
grains with sizes up to ∼1mm in 1 hour using a commercially available CVD reactor.[50]

1.4 Graphene transfer

In order to take advantage of all the progress in the field of CVD graphene growth the synthesized
graphene must be transferred from its catalytic growth substrate to device compatible target
substrates (typically insulators). It is obviously important for subsequent device performance
that the quality of the graphene is not degraded during this transfer process. The transfer of
large, continuous, defect-free graphene from copper substrates to the application-relevant substrate
remains a key challenge within graphene research and technology, and is in many cases a serious
bottleneck for upscaling.[57]

Figure 1.5: Transfer of CVD grown graphene. (a) Etching transfer in a roll-to-roll setup. I: adhesion of
polymer support, II: copper etching, III: transfer to target substrate. Reprinted from Bae et al.[58] (b)
Mechanical peeling. I,II: Graphene/Cu is adhered to polymer and pressure is applied together with an
increase in temperature, III: Cu is peeled from graphene/polymer, IV: Graphene transferred to polymer.
Reprinted from Fechine et al.[59] (c) Electrochemical bubbling transfer. Reprinted from Liu et al.[60]

The earliest and still most common route for transferring graphene relies on wet etching of the
copper substrate (Fig. 1.5a).[58,61–63] This increases the cost of graphene production, generates
harmful waste, and leaves copper and copper oxide contaminants as well as polymer residues on
the transferred graphene with adverse effects on quality and reproducibility.[45,64–67]
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1.5. SCOPE OF THIS THESIS

Recent progress on graphene transfer has changed the focus towards non-destructive methods
that preserves and allows reusing the growth substrate.[57] Non-destructive methods include direct
delamination of the graphene from the growth substrate by mechanical peeling (Fig. 1.5b),[59,68,69]
electrochemical delamination by hydrogen evolution ("bubbling transfer", Fig. 1.5c),[60,70–73] and
a range of intercalation based techniques.[74–76] The common element between all of these transfer
methods is the requirement to decouple graphene from the catalyst layer without the introduction
of mechanical damage or contamination.

1.5 Scope of this thesis

It is well established that inhomogeneities, cracks, line defects, and wrinkles all contribute to
lowering the quality and usability, and eventually the application scope of graphene. Graphene
synthesis by CVD growth on Cu catalysts has reached industrial maturity. This means that it is
now the subsequent transfer of graphene required for successful integration of graphene in transpar-
ent electrode applications that must be improved. The work presented in this thesis addresses key
issues for industrial integration of large areas of graphene for optoelectronic applications through
development of new transfer techniques and optimization of existing characterization methods.

Characterization methods for large areas of graphene are introduced in Chap. 2. Raman
spectroscopy is a standard characterization method in the community of 2D materials for extracting
properties such as the number of graphene layers (single layer, bilayer, trilayer, etc.), the defect
density, and knowledge about doping and strain in samples. Scanning electron microscopy (SEM)
is a useful method for studying graphene on the catalytic growth substrate after the CVD process
and can be used for checking homogeneity in terms of single layer vs. multilayer regions and
checking whether full coverage growth has been achieved. Optical microscopy is an invaluable
tool for post-transfer characterization. High graphene contrast can be achieved on specific target
substrates, which makes it possible to quantitatively map the coverage of single layer and bilayer
graphene relative to the target substrate. Electrical devices and THz time-domain spectroscopy
(THz-TDS) are used for measuring the electrical properties of graphene post-transfer. Electrical
device measurements is the standard method for obtaining electrical properties in the graphene
community, while THz-TDS is a non-contact method for rapid spatial mapping of properties such
as the sheet conductivity and carrier drift mobility.

Chap. 3 introduces our setup for CVD growth of graphene. Control of the temperature in our
CVD system by directly controlling the power applied to the heaters was done as a substitute for
thermocouple based temperature control. Different Cu substrates for CVD growth of graphene
are also introduced here.

Chap. 4 presents a study on electrochemical transfer of graphene without the generation of
hydrogen bubbles. A slow and gentle release of the graphene film supported by a polymer layer
is achieved by running an electrochemical process at constant potential, where the interfacial Cu
is oxidized. This leads to delamination of the graphene/polymer stack from the Cu catalyst.
The transfer method is shown to work for non-destructively transferring graphene from thin film
copper catalyst layers on 4 inch diameter oxidized Si wafers, while enabling the reuse of copper for
subsequent CVD growths.

In Chap. 5, Raman spectroscopy, a standard characterization tool for 2D materials, is used for
measuring the decoupling of graphene from Cu catalysts after a water based oxidation of the
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Cu substrate. By accurately measuring when the graphene layer is completely decoupled, it is
possible to transfer graphene with a high coverage of up to 99.7% by mechanical peeling. We
achieve graphene transfer from 12 inch Cu thin films on oxidized Si wafer while leaving the Cu
catalyst intact for subsequent regrowths of graphene.

The standard etching transfer technique is summarized in Chap. 6 and a new transfer method for
2D materials based on interfacial Cu oxidation in alkaline solution is introduced. A method for
transferring multiple layers of 2D materials with a minimum of polymer residue is also described
here, before a comparison of different transfer methods is presented.

In Chap. 7, some specific cases for THz-TDS are described. A method for correcting for time
shifts between individual waveforms during measurements is introduced, which makes it possible
to reliably extract the electrical properties of graphene on Si substrates. Furthermore, it is shown
that THz-TDS can be used for measurements on defected graphene and for measurements of
graphene transferred to polymer substrates, both of which are important for integration of THz-
TDS as an in-line characterization tool for roll-to-roll processes.

Finally, Chap. 8 presents results related to doping of graphene in order to increase the sheet
conductivity and our progress on the integration of graphene as transparent conducting electrode
for OLEDs. The work on OLEDs is still work in progress.
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Chapter 2
Large area characterization of graphene

Essential figures of merit for large area graphene are coverage, defect density and electrical prop-
erties. In order to measure such properties reliably we need characterization methods with high
sensitivity and throughput. Common graphene characterization methods are introduced in this
chapter.
Raman spectroscopy is used as an all-round method for measuring defects in graphene. Charac-
terization of graphene on copper substrates after growth can be performed by scanning electron
microscopy, while optical microscopy is useful after transfer for checking graphene coverage and
residues from the transfer process. The electrical properties after transfer are measured by device
measurements and THz time-domain spectroscopy. From device measurements it is possible to
extract sheet resistance, mobility and obtain knowledge about doping, while THz spectroscopy en-
ables fast spatial mapping of a sample yielding electrical homogeneity, sheet conductivity, carrier
scattering time and drift mobility.

2.1 Raman spectroscopy

Raman spectroscopy is a versatile characterization method for graphene. Raman scattering of
laser light occurs when incident photons irradiate a sample and are scattered with lower (Stokes
scattering) or higher energy (anti-Stokes scattering) due to inelastic collisions that interact with the
vibrational or rotational energy of the sample.[77] The change in energy (Raman shift) is dependent
on the vibrational and rotational modes of the material being probed and can thus be used to
find fingerprints from different materials. The Raman spectrum for graphene is dominated by
peaks originating from one- and two-phonon processes and contains information about the atomic
structure (defects, number and orientation of layers) and the electronic structure (doping and
strain).[78,79] Besides the ability to give insights into many different properties, Raman spectroscopy
can be performed on graphene on a wide range of substrates; even without a substrate (suspended
graphene). The Raman spectra of graphene on SiO2 and Cu are shown in Fig. 2.1a,b with the
main graphene peaks highlighted.

The D, G and 2D peaks are the peaks that are mainly used for determining the properties of
graphene by Raman spectroscopy.[78,81] The G peak is due to bond stretching of sp2 atoms in rings
and chains and originates from phonons at the Γ point in the center of the first Brillouin zone.[79]
This band exists for all sp2 carbon systems, including amorphous carbon, carbon nanotubes, and
graphite.[82] The D peak is due to breathing modes of six-atom rings and requires a boundary
or defect for activation, where the defect provides the missing momentum in order to satisfy
momentum conservation in the Raman scattering process.[78,83] The 2D peak is the D peak overtone
and the G and 2D peaks originates from processes where momentum conservation is satisfied
meaning that they are always present in graphene.[78]
The Raman spectrum of pristine graphene therefore does not show any D peak (Fig. 2.1a) and the
D peak can be used to evaluate the level and types of defects and disorder. It is usually presented
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Figure 2.1: Raman spectroscopy of graphene. (a) Raman spectra of pristine (top) and defected (bottom)
graphene on SiO2 after transfer with the main peaks labelled (adapted from Ferrari and Basko[78]). (b)
Raman spectra of graphene on Cu directly after growth (top) and after subsequent oxidation of the Cu
substrate (bottom) showing the occurrence of Cu oxide peaks. (c) Raman I(D)/I(G) peak intensity ratio
from single layer graphene samples as a function of the average distance LD between defects, induced by
ion bombardment (adapted from Lucchese et al.[80]).

as the peak intensity ratio between the D and G peak, I(D)/I(G), which can be related to the
average distance LD between defects (Fig. 2.1c). For low defect densities (LD > 6 nm) the relation
between I(D)/I(G) and LD is I(D)/I(G) = 102/L2

D.[80] The peak intensity ratio of the 2D to G
peak, I(2D)/I(G), is generally ∼2 for single-layer graphene on SiO2 and decreases with increasing
number of layers.[29] The full width at half maximum (FWHM) of the 2D peak, Γ2D, is used as an
indicator of nanometer-scale strain variations in graphene that contribute to scattering of charge
carriers. Lower values of Γ2D are a direct indication of uniform strain.[84,85] Typical values of Γ2D
for graphene after etching transfer to SiO2 are in the range of 30–45 cm−1.[86–88]
Raman spectroscopy can additionally be used for investigating the Cu substrate for graphene
growth. Cu itself does not have any active Raman modes as shown in the top spectrum in
Fig. 2.1b, but Cu oxides have numerous peaks which can be used to identify oxidation of the Cu
substrate occurring below the graphene layer.[89–91] It is also noted that the Raman peak positions
for graphene depends on the substrate it is interacting with. The 2D peak position for graphene
on Cu after CVD growth is for instance blueshifted due to compressive strain compared to on SiO2
or for suspended graphene.[92–94]
Raman spectroscopy of graphene was carried out using a 455 nm laser with a 50x objective (spotsize
of ∼1 µm) with either a Thermo Fisher DXR or DXRxi Raman spectrometer. Collection time and
laser power was varied depending on the underlying substrate. Higher power and longer collection
time is required for a decent signal-to-noise ratio of graphene on Cu compared to graphene on
90 nm SiO2. In order to determine the intensity and position of Raman features of graphene,
individual peaks were fitted with a single Lorentzian function.

2.2 Scanning electron microscopy

SEM was used for characterization of graphene after growth on Cu substrates in order to optimize
growth processes. Due to the thinness of graphene, it is highly transparent to high energy
electron beams. Monte Carlo simulations show that even at low acceleration voltage (1 kV) a
significant part of the beam/specimen interaction volume is located inside the Cu substrate.[95]
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The detected signal is consequently mainly from secondary electrons emitted from the Cu substrate.
The contrast difference between Cu and graphene is suggested to be induced by attenuation of
secondary electrons emitted from the Cu substrate by the graphene layers.[95] Electron-beam-
induced deposition of carbon on the substrate from carbonaceous gas molecules in the vacuum
chamber may occur during SEM.[96,97] Low acceleration voltage is used to decrease possible
contamination from such depositions.
Typical SEM images of graphene are shown in Fig. 2.2. A Cu grain structure with boundaries
between individual Cu domains is clearly visible in a 1.5µm Cu thin film on an oxidized Si wafer
after graphene growth (Fig. 2.2a). There is a detectable contrast difference between Cu and
graphene (Fig. 2.2b) making it possible to distinguish between the Cu substrate, single layer
graphene and multilayer graphene in SEM images.[28] In the case of completely full coverage it is
a bit trickier, since there is no bare Cu to compare with which makes it harder to identify whether
there is actually full coverage or no graphene at all. There are however also other possible pointers
as shown in Fig. 2.2c with an individual graphene grain on Cu. Steps on the Cu surface are
visible under the graphene grain but not on the surrounding Cu surface, where oxidation leads to
a flattening of the surface as a Cu2O layer forms via depletion of Cu atoms from surface steps.[98]
Since graphene can function as a passivating coating for oxidation[99] the Cu steps are visible
below the graphene where they are not directly exposed to oxidation. Together with the presence
of wrinkles in the graphene layer occurring during cool down after growth due to its negative
thermal expansion coefficient[100,101] this can be used as indicators for the presence of graphene on
Cu substrates during SEM.[28,102,103]

Figure 2.2: SEM images of graphene on Cu. (a) Thin film Cu on oxidized Si wafer after graphene growth
where the surface consists of many individual copper domains with clear grain boundaries. (b) High
magnification image of graphene on thin film Cu on oxidized Si wafer showing clear contrast differences
between Cu substrate, graphene and bilayer graphene. (c) Individual graphene grain on Cu foil where steps
in the Cu surface are visible under the graphene layer.

Ideally, SEM characterization of full coverage graphene is combined with another characterization
method such as Raman spectroscopy due to the indirect nature of SEM characterization, where
Cu steps and graphene wrinkles are used as pointers for the presence of graphene. Unless stated
otherwise, SEM images were acquired with an in-lens detector in a ZEISS Supra 40VP SEM using
an acceleration voltage of 3 kV and a working distance of ∼5mm.
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2.3 Optical microscopy

Acknowledgement: The software for quantitative mapping of graphene coverage was programmed
by Bjarke S. Jessen.

The optical contrast of graphene can reach up to 15% on SiO2[104] which makes optical mi-
croscopy a very useful tool for characterization of graphene. The contrast (C) is determined as
C = (IBG − I)/IBG where I is the intensity of light reflected from the graphene compared to a
background substrate IBG. The contrast depends on the refractive index and thickness of both
graphene and substrate. It is shown for single layer graphene on SiO2 in Fig. 2.3a as function of sub-
strate thickness and wavelength using the wavelength dependent refractive index of graphene.[105]
At a SiO2 thickness of 90 nm the substrate functions as a quarter-wave antireflective coating[106]
optimized for green light yielding an optical contrast above 14% at 550 nm. This makes it easily
detectable to the human eye which has the highest sensitivity at a wavelength of ∼550 nm.[107]
An optical image of full coverage graphene on 90 nm SiO2 after transfer is shown in Fig. 2.3b.
Polymer residues from the transfer process, holes in the graphene layer and multilayer graphene
patches are all detectable by optical microscopy.

Figure 2.3: Optical contrast of graphene on SiO2 on Si. (a) Graphene contrast on SiO2 as function of
SiO2 thickness and wavelength at direct incidence. Adapted from Blake et al.[104] (b) Optical image of
full coverage graphene on 90 nm SiO2 highlighting a hole in the graphene, patches of bilayer graphene and
polymer residue on the sample.

It is possible to move from qualitative to quantitative optical characterization by using the
calculated optical contrast of graphene. By determining the background color of an image it
is possible to convert the image to a contrast map highlighting areas of SiO2, single layer graphene
(SLG), bilayer graphene (BLG) and other (multilayer graphene, polymer residues and similar)
which can be used to quantitatively determine the graphene coverage. More information about
the details of the image processing required for robust detection of graphene coverage is available
from Jessen.[108] An optical map of graphene made by stitching together individual images is
shown in Fig. 2.4a with the corresponding graphene coverage map in Fig. 2.4b and more detailed
images presented below. It can for instance be seen how some of the graphene is curled up
at edges and macroscopic holes leading to the formation of bilayer structures. The coverage
of single layer graphene in Fig. 2.4a is 50.5% for the full image and 96.9% inside the dotted
square. The concept of quantitative mapping makes optical microscopy a fast and efficient tool
for characterizing properties such as graphene coverage after transfer and the amount of polymer
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residues and similar impurities remaining after such process. Optical images were acquired with
either a Nikon Eclipse L200N with a motorized stage or a Nikon Eclipse LV150N.

Figure 2.4: Large area optical mapping of graphene. (a) Optical map of graphene consisting of several
images stitched together. (b) Coverage map of the sample in (a) with color codes for SiO2, single layer
graphene, bilayer graphene and other shown at the top. (c) Zoom-in on an area of (a) with the corresponding
coverage map in (d) showing the detail level of the optical and coverage map.

2.4 Electrical device measurements

Acknowledgement: Fabrication and measurements of electrical devices and subsequent data analysis
was performed by David M. A. Mackenzie. Work on fast fabrication of electrodes for electrical
measurements of CVD graphene is published as "Fabrication of CVD graphene-based devices via
laser ablation for wafer-scale characterization" (Appendix A) by Mackenzie, Buron, Whelan,
et al.[109] Work on accuracy of mobility measurements is submitted as "Quality Assessment of
CVD Graphene: continuity, uniformity and accuracy of mobility measurements" (Appendix B) by
Mackenzie, Buron, Whelan, et al.[110] I contributed to the publications with transfer of graphene
and characterization by stylus profilometry as well as optical and scanning electron microscopy.
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The typical method for extracting the electrical properties such as mobility, carrier density and
sheet resistance of graphene is through fabrication of graphene devices on the micrometer scale
as described in Sec. 1.1. Standard processes for fabrication of graphene devices involve coating
with resist, lithographic steps, deposition of metals and removal of resist all of which may have
an effect on the graphene itself.[87,111–113] Methods for laser ablation of graphene[114–116] were
optimized for pulsed picosecond lasers in order to fabricate millimeter sized graphene devices fast
and efficiently without substrate damage and avoiding the use of resists.[109] An outline of the
process flow for fabricating laser ablated graphene devices is depicted in Fig. 2.5. A shadow mask
is used for deposition of contacts followed by laser ablation of graphene in order to shape the
graphene according to the deposited contacts. For applications such as transparent electrodes, it
is very relevant to measure the electrical properties of graphene on larger devices as opposed to
micrometer scale devices since the conductance in graphene is influenced by the number of defects,
wrinkles, grain boundaries and contaminants.[117] 5x5mm2 devices that can be easily fabricated
without introducing additional defects and contaminants are therefore of high relevance.

Figure 2.5: Process for fabrication of graphene devices by laser ablation. (a) Graphene is transferred to
an oxidized Si substrate. (b) Chrome/gold contacts are deposited through a shadow mask. (c) Selective
laser ablation of the graphene is used to make graphene devices matching the deposited contacts. (d) Final
layout of 5x5mm2 devices. Reprinted from Mackenzie et al.[110]

Electrical characterization of graphene was performed using Keithley 2400 Source Measure Units
(SMU) in a four point probing setup controlled by a customized LabView program. The sheet
resistance was obtained by measuring the voltage drop with respect to current and then applying
the van der Pauw (vdP) method.[118] With the vdP method, the sheet resistance Rs,vdP is found
by solving

exp
(
−πRA
Rs,vdP

)
+ exp

(
−πRC
Rs,vdP

)
= 1, (2.1)

where RA and RC are the resistances measured in the A and C configurations, respectively, as
depicted in Fig. 2.6a together with an example of vdP corrected sheet resistance measured at 30 ◦C.
The mobility is determined according to Eq. 1.5. The sample shown in Fig. 2.6a has a negative CNP
(VCNP ≈ −1.5V) with electron and hole mobilities of 2300 cm2/Vs and 2360 cm2/Vs, respectively.
All measurements on 5x5mm2 devices were carried out as dual-configuration vdP measurements,
since the error in calculated mobility due to doping inhomogeneities across samples is significantly
larger when only using single configuration measurements.[110]

A Raman map of the peak intensity ratio of the 2D and G peak for a 5x5mm2 device (Fig. 2.6b)
and a stitched SEM image of another device (Fig. 2.6c) shows that it is possible to fabricate
homogeneous graphene devices by the laser ablation method.
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Figure 2.6: Measurements on 5x5mm2 graphene device. (a) Sheet resistance as function of gate voltage for
one device. Insets show the two different measurement configurations used to perform the vdP correction.
(b) Raman map of peak intensity ratio of the 2D and G peak across a device. (c) Stitched SEM image of a
graphene device on 280 nm SiO2.

2.5 Terahertz time-domain spectroscopy

THz-TDS is a non-contact and high-throughput method for determining electrical properties and
their uniformity for large-area graphene.[119,120] Spatial maps of sheet conductivity, carrier scatter-
ing time, carrier density and drift mobility can be acquired through THz-TDS measurements.[121]
THz-TDS measurements were conducted using a commercial fiber-coupled spectrometer described
in detail elsewhere.[119,122] Measurements were performed by transferring graphene to high resis-
tivity (HR) substrates and raster scanning samples in the focal plane of the THz beam at normal
incidence. Spatial maps are formed with a resolution (FWHM of the spot size) of ∼350 µm at 1THz
increasing to ∼1mm at 0.4THz.[119] A measurement of the transmitted THz waveform through a
bare HR-Si substrate and a single layer of graphene on the same substrate is shown in Fig. 2.7a.
The spectrum contains four transients that are separated in time which appears due to internal
reflections inside the substrate; the first transient E(0) is from the directly transmitted pulse, the
second transient E(1) is from the 1st internal reflection, the third transient E(2) from the 2nd
internal reflection and so forth.
The Fourier transforms of the THz waveforms transmitted through non-graphene covered substrate
Ẽsub(f) and graphene covered substrate Ẽfilm(f) are used to calculate the frequency-dependent
complex transmission function T̃meas(f) = Ẽfilm(f)/Ẽsub(f), which will be used to determine the
complex sheet conductivity of the graphene layer, σ̃s(f) = σ1 + iσ2. The transmission function is
calculated for individual transients. In the case of the directly transmitted pulse, the transmission
function is

T̃ (0)
meas(ω) =

Ẽ
(0)
film(ω)

Ẽ
(0)
sub(ω)

= E0t̃filmt̃sub,aire
−iδ

E0t̃air,subt̃sub,aire−iδ
= t̃film
t̃air,sub

, (2.2)

where δ = ωdñsub/c is the phase and attenuation in a substrate with refractive index ñsub and
thickness d, c is the speed of light in vacuum, and ω = 2πf is the angular frequency. The
transmission coefficients t̃ between air and substrate are calculated from the Fresnel equations
(t̃air,sub = 2/(1 + ñsub)). The transmission coefficient from air to substrate through a thin
conducting film t̃film is given by[123] t̃film(ω) = 2/(ñsub + 1 + Z0σ̃s(ω)), where Z0 = 377 Ω is the
vacuum impedance. The transmission function for the 1st internal reflection contains additional
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terms from internal reflections and is given by

T̃ (1)
meas(ω) =

Ẽ
(1)
film(ω)

Ẽ
(1)
sub(ω)

= E0t̃filmr̃sub,airr̃filmt̃sub,aire
−i3δ

E0t̃air,subr̃2
sub,air t̃sub,aire

−i3δ = t̃filmr̃film
t̃air,subr̃sub,air

, (2.3)

where the reflection coefficients r̃ between substrate and air are calculated from the Fresnel
equations (r̃sub,air = (ñsub − 1)/(ñsub + 1)) while the reflection coefficient from a substrate with a
thin conducting film to air r̃film is given by[123] r̃film(ω) = (ñsub−1−Z0σ̃s(ω))/(ñsub+1+Z0σ̃s(ω)).
For the following echoes the transmission function is determined as

T̃ (n)
meas(ω) =

Ẽ
(n)
film(ω)

Ẽ
(n)
sub(ω)

=
t̃filmr̃

n
film

t̃air,subr̃
n
sub,air

. (2.4)

Analytical expressions for the sheet conductivity can be derived by inserting the transmission and
reflection coefficients into Eqs. 2.2, 2.3 and 2.4. For the directly transmitted pulse and the 1st
echo, the resulting expressions are

σ̃(0)
s (ω) = 1

Z0

(
ña

T̃
(0)
meas(ω)

− ña

)
(2.5)

σ̃(1)
s (ω) =

±ña
√
ñ2
a + 4ñañbT̃ (1)

meas(ω) + 4ñ2
b T̃

(1)
meas(ω)− ñ2

a − 2ñañbT̃ (1)
meas(ω)

2ñbZ0T̃
(1)
meas(ω)

, (2.6)

where ña = ñsub + 1 and ñb = ñsub − 1. An example of σ̃(1)
s (ω) extracted from a measurement is

shown in Fig. 2.7b. The real part is decreasing while the imaginary part increases with increasing
frequency. A map of σ̃s is acquired by spatially scanning a sample. Fig. 2.7c shows the average of
σ1 from 0.8–0.9THz for a graphene sample on HR-Si. It is obvious that the conducting region is
graphene when comparing with an optical map of the same sample (Fig. 2.7d).

The optical conductivity of graphene in the THz frequency range is mainly determined by
intraband transitions (Fig. 1.3b) and the measured frequency-dependent optical sheet conductivity
of graphene is well described by the Drude model[17,120,121,124,125]

σ̃s = Nse
2τ

m∗(1− iωτ) = σs,DC
1− iωτ , (2.7)

where σs,DC = Nse
2τ/m∗ is the conductivity at ω = 0, τ is the carrier scattering time, and Ns is

the charge carrier density. This entails that each pixel in a recorded map of the sheet conductivity
can be fitted to the Drude model (Fig. 2.7b) from which σs,DC and τ can be extracted. In the
limit of kBT << EF , σs,DC can be expressed as[121] σs,DC = e2νF τ

√
Ns/(~

√
π). Through the

relation σs,DC = eNsµ, the carrier density and carrier drift mobility µdrift can be determined for
each individual pixel in a THz-TDS map by

Ns =
π~2σ2

s,DC
e4ν2

F τ
2 (2.8)

µdrift = σs,DC
eNs

. (2.9)

Spatial maps of σs,DC, τ , Ns and µdrift can consequently be made as in Buron et al.[121] which turns
THz-TDS into a powerful method for determining electrical properties of graphene. The fit shown
in Fig. 2.7b results in a carrier density of 9.02 · 1012 cm−2 and a drift mobility of 1621.5 cm2/Vs.
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Figure 2.7: THz spectroscopy of graphene. (a) Waveforms of THz pulses after transmission through a HR-Si
substrate without and with graphene. The inset shows how the different echoes are generated by internal
reflections in the substrate. (b) Sheet conductivity spectra for graphene on Si extracted from the 1st echo
together with fits to the Drude model. (c) Map of σ1 averaged from 0.8–0.9THz for a graphene sample on
HR-Si. (d) Optical map of the sample in (c).

Fitting the Drude model to σ̃s may however lead to erroneous results in the case where the graphene
is not electrically continuous, i.e. contains defects acting like (partially) reflecting barriers for
electronic transport on a nanoscopic length scale.[120] In order to describe σ̃s in cases where the
Drude model does not suffice, the phenomenological Drude-Smith model can be used to describe
the response of a system with some degree of carrier localization.[120,126,127] The Drude-Smith
model is expressed as[120,126]

σ̃s = WD

(1− iωτ)

[
1 +

∞∑
n=1

cn
(1− iωτ)n

]
, (2.10)

where WD is the Drude weight. The coefficient cn introduces a memory effect as the fraction
of the carrier’s original velocity that is retained after the nth collision and can take values from
0 to -1. The c parameters can be viewed as Taylor coefficients describing the deviation from a
Drude current response function.[128] Including only the first term can be viewed as a first order
correction of the Drude conductivity response due to carrier localization in graphene, where a
single parameter c describes the degree of preferential carrier backscattering. The Drude-Smith
model then takes the form

σ̃s = WD

(1− iωτ)

(
1 + c

(1− iωτ)

)
. (2.11)

where WD = (1 + c)/σs,DC. If c = 0, the carrier momentum is totally randomized (classical
Drude model), while the carriers are completely backscattered for c = −1.[127] The Drude-Smith
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Figure 2.8: Drude-Smith conductivity normalized to the Drude weight with varying backscattering
parameter c and scattering time τ . Full lines are the real part and dashed lines the imaginary part of
the conductivity. (a) The Drude model is resembled in the case where c = 0, while the conductivity
response changes with non-zero values of c as in (b) and (c). Images to the right show a frequency range
similar to the ranges that were usually acquired during measurements. Adapted from Buron.[122]

conductivity is shown in Fig. 2.8 for different values of c and τ . The conductivities are shown in
a broad frequency range and in a limited range similar to the range usually acquired during THz-
TDS measurements. The conductivity is reduced at low frequencies for non-zero values of c with
the real part displaying a minimum at zero frequency and the imaginary part turning negative for
low values of c. The response in the limited frequency range is relatively flat in all cases for low
scattering time, whereas the effect is more pronounced for higher scattering time.

THz spectroscopy is an efficient method for determining electrical properties of graphene, which
could ideally replace the concept of contacted measurements on large-area graphene devices.
For now they should be considered complementary to each other, since the information the two
methods provide is not necessarily similar. Contacted device measurements yields the conductance
(G = σ0W/L) across a device. THz-TDS probes carrier transport on a characteristic length scale
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Figure 2.9: Comparison of graphene device measurements with THz-TDS measurements. (a) Device
measurement of ideal sample. (b) THz measurement of ideal sample. The squares correspond to individual
pixels being measured during scanning. (c) Sample containing point defects. (d) Sample containing several
line defects. (e) Sample containing line defect isolating the two contacts.

of 20–200 nm depending on the frequency.[119]. This means that a THz-TDS map will give the local
conductivity (σ(x, y)) in several points (pixels) on the sample (Fig. 2.9a,b). For an ideal sample
σ(x, y) = σ0 and the two methods will give similar results. In most cases a sample will not be
ideal, but will be doped and may contain defects. The charge neutrality point and knowledge about
whether a sample is n- or p-doped is easily accessible from a gated device measurement, whereas the
THz-TDS measurement can be carried out without gating and as such gives no information about
n- vs. p-doping. Gated THz-TDS measurements can be carried out[129,130], but the measurements
then become much more time consuming and require special substrates with THz transparent back
gates.
For simplicity, we here consider point defects (0D) and line defects (1D). For a sample with a limited
number of point defects (Fig. 2.9c) the conductance will be lowered but current will generally flow
relatively unaffected in a device and it will be difficult to tell from a measurement that defects are
present. In a THz-TDS map some pixels will possibly have a lower conductivity, but the deviation
in the average will be small. Point defects represents a case where G ≈ 〈σ(x, y)〉W/L and the two
methods should still give similar results. Line defects represent a different case (Fig. 2.9d,e).
A THz-TDS measurement will not necessarily detect line defects if they are sufficiently thin
(compared to a spot size of ∼350 µm and a transport length scale of 20–200 nm) and the measured
conductivity will be similar to a sample with no defects. For a device measurement however, the
conductance can be significantly decreased (Fig. 2.9d) or even become 0 (Fig. 2.9e) due to the
presence of line defects causing discontinuities which will lead to results deviating strongly from a
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THz-TDS measurement. This shows that considerations about the complementarity of large-area
device and THz-TDS measurements are important for now. Still, for measuring the homogeneity
of a sample and extracting electrical properties non-destructively THz-TDS is a solid method.

2.6 Overview of characterization methods

A comparison of the throughout, resolution and the properties being probed of the five character-
ization methods that have been introduced is shown in Tab. 2.1. The values stated are based on
the standard settings used for acquiring data in this project. This means that the throughputs for
some of the methods can be greatly improved for industrial applications. THz-TDS mapping with
throughput of >1m2/h is for instance technologically possible.[119] The slower scan speed here is
due to increased averaging per pixel to decrease signal to noise ratio as well as overlapping pixels.
The acquisition time for optical images could be minimized by for instance increasing electronic
gain and thereby decreasing the exposure time per image. The resolution can also be improved in
for instance SEM, where 2 nm resolution is obtainable by careful alignment of the available sys-
tem. The resolution for electrical devices is the distance between individual devices which can vary
widely. The throughput for electrical devices is limited by manual contacting of device contacts
to the probes from the measuring setup. This could be improved by an automated probe station.
If the time for processing of electrical devices is included, the throughput will however still be low
compared to THz-TDS.

Characterization method Throughput Resolution Properties being probed

Raman spectroscopy ∼1mm2/h 0.5–1µm
defect density, doping,
strain, number of layers,

catalyst decoupling

SEM ∼1 cm2/h ∼10–100 nm coverage, contamination,
number of layers

Optical microscopy ∼100 cm2/h 250–1.5 µm coverage, contamination,
number of layers

Electrical devices Low ∼100 µm–5mm RvdP , doping, µ
THz-TDS ∼10 cm2/h 0.2–1.2mm σs, τ , Ns, µ, defects

Table 2.1: Overview of large area graphene characterization methods used in this project.
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Chapter 3
Graphene growth by chemical vapor deposition

The starting point for achieving high quality graphene in a final device is to grow graphene of high
quality. This requires control over the parameter space available for a CVD process to avoid growth-
to-growth variations, where growths with the same settings yield different graphene quality. The
main CVD parameters for graphene growth are temperature, pressure, time and gas flows which
must be controlled reliably. The growth substrate has an important role as the catalyst for the
growth process, which is influenced by for instance substrate impurities, roughness and thickness.
In order to achieve reliable and scalable growths, work has been carried out on optimization of
temperature control of a CVD system and growths were conducted using different types of copper
substrates.

3.1 Temperature calibration for a Black Magic CVD system

Acknowledgement: Temperature calibrations and constant power calibration recipes were made in
collaboration with Martin B.B.S. Larsen.

An Aixtron Black Magic Pro 4 inch CVD system (Fig. 3.1a) was the main setup used for graphene
growth. It is a cold wall CVD reactor where 4 inch samples can be placed on a bottom heater and
gasses are let through a showerhead directly above the sample in conjunction with a top heater.
Gas flows are controlled by mass flow controllers (MFCs) with hydrogen, argon and methane used
for graphene growth. The presence of two heaters should lead to a more uniform temperature
distribution across the sample. The heaters are controlled by a proportional-integral-derivative
(PID) controller that continuously measures the temperature at the bottom and top heater via
two thermocouples (TCs) and adjusts the heater powers accordingly. An additional temperature
readout is available from an infrared (IR) temperature sensor placed directly above the sample
together with the shower head and top heater. The IR sensor was however calibrated for Si which
is not directly applicable when performing CVD growths on Cu substrates.

The TCs in the system were unfortunately found to degrade over time due to the high temperatures
and chemical reactions with gases during growths. This lead to erroneous power adjustments by
the PID controller and inconsistent graphene growths. In order to circumvent issues with degrading
TCs, growth recipes based on power control of the TCs were developed which made the process
independent of the PID controller for temperature. In such recipes a specific heater power is used
as input instead of a desired temperature where the constant heater power will lead to a stabilized
temperature over time. Temperature calibrations for varying powers were run on Si wafers in
order to utilize the IR temperature sensor. A negligible variation in the temperature was found
when running calibrations in full vacuum mode (∼0.02mbar) compared to running them with gas
flows in the chamber. Calibrations were therefore carried out without active gas flows. Examples
of the temperatures measured on a Si wafer with the two TCs and the IR sensor as a function
of bottom heater power in two calibration runs are shown in Fig. 3.1b for a constant top heater
power of 75%. The temperature measured with the IR sensor hardly deviates when comparing
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Figure 3.1: Temperature calibration of Black Magic CVD system. (a) Photograph of Black Magic Pro 4 inch
CVD system. (b) Measured temperature on Si wafer during two calibration tests for different temperature
sensors as function of bottom heater power with the top heater power set at 75%. Measured temperatures
from one calibration test are shown with crosses, while temperatures from another test are shown with
circles.

the two calibrations, whereas larger variations are seen for the TCs and especially the top TC in
this example. The results from such calibrations underlines the necessity of basing growth recipes
on constant heater power as a replacement for PID control of degrading TCs in our CVD system.
The settings for heater powers for graphene growths on Cu were determined from a test series with
Cu in the growth chamber where the heater power was increased until the Cu melts and evaporates.
Growths were subsequently carried out with heater powers corresponding to temperatures just
below the evaporation point of Cu.

3.2 Recipes for graphene growth

Acknowledgement: Parameters for chamber pressure, heating and cooling rate, and gas flow rates
for a standard growth recipe for full coverage graphene were inherited from Filippo Pizzocchero
and Martin B.B.S. Larsen. I optimized the standard growth recipe to make it work for graphene
growths on a range of Cu substrates and initiated work on a recipe for large grain graphene growth.
Growths of large grain graphene were subsequently conducted by Birong Luo.

A homogeneous graphene layer is required in order to fabricate graphene based OLEDs. The
graphene should be full coverage and in order to study the influence of different transfer and
processing steps, the graphene quality (defect density and graphene grain size) should be similar
for consecutive growths.

Two different growth recipes were mainly used for graphene growths on Cu catalysts (Fig. 3.2). A
standard recipe for full coverage CVD growth of graphene on different types of Cu substrates was
developed based on work by former colleagues.[131,132] The standard recipe runs with a high flow of
Ar and H2 (1000 sccm) during heating, annealing, and growth. 2 sccm of CH4 is added during the
growth phase and only Ar is present while cooling down. The size of individual graphene grains
when using this recipe is ∼10–20 µm based on SEM characterization (Fig. 3.3a). The standard
recipe works for full coverage graphene growth on different Cu substrates making it very versatile
(Sec. 3.3).
Another recipe was made for growth of large grain graphene based on work by Miseikis et al.[50] A
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Figure 3.2: Temperature profile for two CVD growth recipes. The four steps in the processes are (I) Heating,
(II) Annealing, (III) Growth, (IV) Cool-down. (a) Standard recipe for full coverage graphene on different
Cu substrates. (b) Growth recipe for large grain graphene in pockets of electropolished Cu foil. Adapted
from Miseikis et al.[50]

1000 sccm Ar flow is used during heating and annealing with a 30 sccm H2 flow added for growth
and cool-down. 0.1–0.5 sccm of CH4 is used for the growth phase. This recipe was mainly used for
pocketed graphene growth, where electropolished Cu foil is folded in order to limit the supply of
gaseous carbon species and reduce the nucleation density. This enables growth of graphene with
grain sizes >500 µm (Fig. 3.3b,c). The growth time for full coverage graphene using the recipe for
large grain graphene is several hours.

Figure 3.3: Incomplete growths with different recipes. (a) Standard recipe. (b,c) Large grain graphene
recipe, courtesy of Birong Luo. Inset in (b) shows a photograph of pocketed Cu foil reprinted from Miseikis
et al.[50]

3.3 Copper substrates for graphene growth

Acknowledgement: Electropolishing of Cu foils was done in collaboration with Birong Luo.

Growth of single layer CVD graphene is mainly carried out on Cu substrates, especially commer-
cially available polycrystalline Cu foils (Sec. 1.3). The Cu foils used here are from Alpha Aesar
(10950, 25 µm thick, 99.999% purity). SEM images of graphene grown on Cu foils are shown in
Fig. 3.4a,b. The foil works for growing graphene, but two things are noted from Fig. 3.4a. Grooves,
from the production of the foils, are present in the vertical direction which increases the overall
roughness of the foil and there are some areas with bright spots. At higher magnification, these
bright spots are recognized as <1 µm holes in the graphene layer, most of which have originated
at small particles. The small particles are impurities from the foil which clearly influences the
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growth,[131] although there is no Raman D-peak present. Graphene can be grown with high cover-
age on the commercially available Cu foils, but there are some obvious issues with impurities and
roughness.
Pre-growth electropolishing of Cu foils in 20% phosphoric acid was used to reduce the surface
roughness. The grooves visible in as-received foil are no longer present after growth on electropol-
ished foils (Fig. 3.4c,d). We also note that the growth on electropolished foils avoids the occurrence
of holes in the graphene layer. Instead, multilayer domains with sizes of ∼5 µm are present. The
presence of multilayer domains is accepted as the overall film has a low defect density confirmed
by Raman spectroscopic characterization showing a negligible D-peak.
Thin film Cu on oxidized Si wafers was used as growth substrate in order to avoid the presence
of particles from impurities and work with a more mechanically stable substrate. A 1µm SiO2
layer is thermally grown on Si wafer before DC sputtering of 1.5µm Cu. This fabrication process
for a graphene growth catalyst is scalable and compatible with standard semiconductor processing
taking place in cleanrooms. Graphene growth on such catalysts promotes the growth of single
layer graphene with a limited degree of bilayer formation (Fig. 3.4e,f). The size of the individual
Cu grains is however smaller compared to Cu foils due to poor wettability of Cu on SiO2, but the
graphene layer still spreads across the grain boundaries maintaining a full coverage of graphene
on the surface.
A flatter surface can be achieved by exchanging the oxidized Si substrate with sapphire as the
Cu film does not dewet on sapphire.[133] Deposition of Cu on c-plane sapphire (α-Al2O3(0001))
promotes the appearance of large Cu(111) grains after annealing.[133,134] Here, no obvious Cu grain
boundaries are noticeable in SEM images after graphene growth (Fig. 3.4g,h). Bilayer graphene
domains are present with a nucleation density similar to the electropolished foils. The Raman
I(2D)/I(G) peak ratio also indicates that the sample does not strictly consist of single layer
graphene.
We now have a range of different Cu substrates that can all be used for CVD growth of graphene.
Most work has been performed with electropolished Cu foils and Cu thin film on oxidized Si wafers.
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Figure 3.4: SEM images of full coverage graphene grown on different Cu substrates with a standard growth
recipe. (a,b) Commercial Cu foil. (c,d) Electropolished Cu foil. (e,f) 1.5 µm thin film Cu on oxidized Si
wafer. (g,h) 1.5 µm thin film Cu on sapphire wafer. Insets show representative Raman spectra (N2 peak at
2331 cm−1 has been filtered out).
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Chapter 4
Oxidative decoupling transfer

CVD graphene must be transferred from its catalytic growth substrate after growth in order to be
used as for instance transparent conducting electrode. Standard techniques for graphene transfer
from Cu catalysts involve complete destruction of the catalyst layer by dissolution with chemical
etchants. Etching of Cu catalysts excludes the reuse of an optimized catalyst layer and results in
the generation of harmful waste. Here, an electrochemical transfer technique based on oxidation
of the Cu substrate is introduced. The method preserves the Cu substrate by gentle delamination
of graphene supported by a polymer layer. This transfer technique is generally applicable to Cu
surfaces, and is particularly suitable when the Cu catalyst is adhered to a substrate such as oxidized
silicon. Optimization of the process by increasing the availability of oxygen during the process was
performed to increase throughput.

4.1 Oxidative decoupling transfer from copper thin films

The work on oxidative decoupling transfer is published as "Non-destructive electrochemical graphene
transfer from reusable thin-film catalysts" (Appendix C) by Pizzocchero, Jessen, Whelan, et al.[135]

I set up a system for recording timelapses of the samples together with acquisition of the current
evolution during the transfer process. I transferred the samples used for Raman characterization
of subsequent growth cycles and acquired the Raman spectral data. I did the CVD graphene growth
and transfer for the samples that were used for electrical characterization. The fabrication of
electrical devices and device measurements were conducted by collaborators in the Hone group at
Colombia University, NY, USA.

Homogeneous single layers of graphene can be grown by CVD on thin film Cu on oxidized
Si wafers (Fig. 3.4). Since bubbling transfer can be used for transferring graphene from Cu
foils (Sec. 1.4) it was therefore initially tested for transferring graphene from Cu thin films.
However, for graphene on Cu thin films we experienced that the delamination during bubbling
transfer does not occur at the Cu/graphene interface, but rather at the interface between Cu
and its supporting wafer. By reducing the applied potential during transfer to −0.4V it is
possible to delaminate graphene/polymer from Cu catalysts by interfacial Cu oxidation without
the production of hydrogen bubbles. The adhesion of graphene to the Cu catalyst is weakened
during the oxidation process, allowing for a gentle transfer of graphene from Cu thin films, where
the catalyst layer is available after transfer for subsequent regrowths. The transfer method is
termed oxidative decoupling transfer (ODT).

The first step in ODT is spin coating of a supporting polymer layer on the graphene sample
(Fig. 4.1a). Cellulose acetate butyrate (CAB) is used as the supporting polymer (25wt% CAB
in anisole). The Cu/graphene/CAB stack is connected as the working electrode (WE) of an
electrochemical cell (Fig. 4.1b). The counter electrode (CE) is a 200 nm thick layer of Pt sputtered
onto a 4 inch oxidized silicon wafer to provide a large surface area. Voltages are applied to the WE
by a potentiostat (Keithley 2400) with respect to a commercial silver/silver chloride (Ag/AgCl)
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Figure 4.1: Graphene transfer by ODT. (a) CAB is spin coated onto Cu/graphene. (b) Cu/graphene/CAB
stack is placed as WE in a three electrode setup. (c) Graphene/CAB slowly separates from the Cu substrate
after applying a voltage of −0.4V and is moved to DI water after complete delamination. (d) Graphene/CAB
is lifted out of DI water using the target substrate. (e) CAB is removed in acetone. (f) Graphene transferred
to the target substrate.

reference electrode (RE). The electrolyte is 1M potassium chloride (KCl) in deionized (DI) water
and local concentration gradients in the electrolyte are reduced by magnetic stirring. The Cu is
oxidized beneath the graphene layer by applying a fixed potential of −0.4V to the catalyst vs.
the RE. The oxidation front of the Cu proceeds from the edge of the sample, towards the center
with the graphene/CAB stack simultaneously delaminating (Fig. 4.1c and Fig. 4.2a,c,d). After
complete oxidation of the Cu surface, the graphene/CAB stack is moved to water to clean the
graphene layer. The target substrate is used to lift out graphene/CAB from water (Fig. 4.1d) and
the sample is subsequently heated on a hotplate for 1 hour at 80 ◦C followed by 1 hour at 130 ◦C.
The CAB is finally removed in acetone resulting in the final transfer of graphene onto a target
substrate (Fig. 4.1e,f). Photographs of the setup and of the graphene/polymer delaminating from
the Cu catalyst are shown in Fig. 4.2b,c.

Software was made in MATLAB to automatically record optical images of the samples (timelaps-
ing) with a USB microscope during the ODT process while simultaneously reading the potentiostat
current. Images acquired by the USB microscope during ODT highlights how the oxidation front
proceeds very homogeneously during transfer (Fig. 4.2a). This is also seen in photographs taken
during ODT processes showing how the Cu oxidation front proceeds from the edge of the sample
and inwards on a Cu/graphene sample covered by a circular area of polymer (Fig. 4.2d). The
current increases as the available surface area increases during transfer and reaches a constant
value as the sample approaches full oxidation (Fig. 4.3e). It is thus possible to detect when the
decoupling is completed from both the optical images and from the current response.

The mechanism behind the transfer is the natural formation of copper oxides (Cu2O and CuO)
occurring when Cu is exposed to dissolved oxygen in the electrolyte according to the reactions[75]

2Cu + O2 + 2H2O→ 2Cu(OH)2 and 3Cu(OH)2 → Cu2O + CuO + 3H2O + ½O2. (4.1)

The thick polymer layer covering the sample only allows Cu oxidation to occur at the edges of
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Figure 4.2: (a) Optical microscopy images of oxidation front progressing beneath graphene/CAB where the
top area is not covered by polymer. The images were acquired with a USB microscope. (b) Photograph of
the setup used for ODT transfer. (c) Photograph of graphene/polymer delaminating from the Cu catalyst
during ODT. Dotted black line is added to guide the eye. (d) Photographs of Cu/graphene/CAB during
ODT transfer showing the oxidation front, where the polymer has been removed at the edges leaving a
circular area (diameter ∼1 cm) on the Cu/graphene sample covered by CAB. (e) Current from the CE
to the WE during ODT transfer as function of time for the sample shown in (d). (a,b) Adapted from
Pizzocchero et al.[135]

the polymer covered Cu/graphene area. The edges are passivated by the Cu oxide formed here,
which prevents exposure of the remaining catalyst to dissolved oxygen. This is observed by the
lack of a progressing Cu oxidation front in the absence of an externally applied potential, which
means that no delamination occurs. Applying a potential of −0.4V to the catalyst is sufficient
to reduce copper oxides back to metallic copper, which subsequently results in a progressing Cu
oxidation front beneath the polymer covered area as new catalyst area becomes available for
oxidation. The oxidation process requires access to dissolved oxygen to proceed, which suggests
that the electrolyte is intercalated between the Cu catalyst and the graphene/polymer stack. This
intercalation of electrolyte leads to the delamination of the graphene/polymer stack.

The coverage of graphene after ODT transfer to SiO2 is high as indicated by Fig. 4.3a,b showing an
optical image of graphene transferred by ODT and the corresponding coverage image. An optical
map of graphene transferred by ODT to SiO2 from a 4 inch diameter Cu thin film is shown in
Fig. 4.3f. The map shows a grayscale version of the red channel of the full RGB image acquired
with a resolution of 0.96µm/pixel. The graphene coverage for the sample is 94.5%. Most of the
non-covered area is localized in a few macroscopic areas on the sample. The macroscopic defects are
most likely due to pockets of trapped air under the graphene/CAB stack, which prevents adhesion
when placing it on the target substrate. The coverage is >99% if the areas with macroscopic tears
are not included.
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Figure 4.3: (a) Optical image of graphene transferred by ODT. (b) Coverage image of (a). (c) Optical map
of graphene transferred to SiO2 by ODT from thin film Cu on a 4 inch oxidized Si wafer. Adapted from
Pizzocchero et al.[135]

The influence of the ODT method on the electrical properties of graphene was investigated by
four point electrical device measurements and compared to measurements performed on graphene
transferred from Cu thin film by etching transfer. Electrical devices with Hall bar geometries
(Fig. 4.4a) were fabricated by electron beam lithography and back gated measurements were
performed on 172 devices transferred by ODT and 123 devices transferred by etching transfer
(Fig. 4.4b,c). The average mobility of devices produced by ODT was 1930 ± 950 cm2/Vs compared
to 1450 ± 1190 cm2/Vs for devices produced by etching transfer showing a higher electrical quality
for devices transferred by ODT compared to standard etching transfer methods.
After transfer the Cu thin film substrate can be reused for CVD growth of graphene and subsequent
transfer. Raman spectral characterization of five transfers from the same Cu thin film substrate
is shown in (Fig. 4.4d-f) and is compared to etching transfer from Cu foil. The I(D)/I(G) ratio
is smaller for graphene transferred by ODT compared to etching transfer which indicates a lower
defect density in the graphene transferred by ODT. The properties of graphene measured by Raman
spectroscopy after ODT are maintained over subsequent growth and transfer cycles (except for
one outlier in transfer 4) which shows that ODT transfer allows reusability of Cu catalysts.

ODT was shown as a method to transfer graphene with high coverage and with higher electrical
mobility compared to graphene transferred by etching transfer. The reuse of the same growth
substrate for five growth and transfer cycles using ODT was demonstrated, where the number of
cycles is mainly limited by the evaporation of Cu during growth of graphene. The ODT technique
enables gentle transfer by delamination resulting in minimum damage for both the graphene film
and the growth catalyst.
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Figure 4.4: (a) Optical image of graphene Hall bar defined in transferred graphene overlaid with schematic
of contact geometry. (b,c) Histograms of mobility measurements with normal distribution fits of graphene
devices fabricated by (b) etching of thin film Cu substrate and (c) ODT transfer from thin film Cu substrate.
(d) Representative Raman spectra from 5 consecutive graphene CVD growths using the same Cu/SiO2/Si
substrate compared to graphene transferred by etching transfer from Cu foil. (e,f) Histograms of ∼2500
Raman I(D)/I(G) and I(2D)/(G) peak intensity ratios from the same samples used for (d). Adapted from
Pizzocchero et al.[135]

4.2 Chemical acceleration of oxidative decoupling transfer

The ODT technique was shown to enable several growth and transfer cycles from the same Cu
thin film catalyst. The transfer time on the scale of several hours could however be a problem
for industrial use of ODT. The mechanism behind ODT is dependent on an oxidation of the
Cu substrate so attempts were made to increase the availability of oxygen during transfer. One
method for accelerating oxidation of Cu is by adding hydrogen peroxide (H2O2) to the electrolyte.
This will lead to generation of oxygen followed by Cu2O at the Cu surface through the overall
reaction[136]

H2O2 + 2Cu→ Cu2O + H2O. (4.2)

ODT with H2O2 added to the electrolyte is illustrated in Fig. 4.5a. Addition of H2O2 to the
electrolyte leads to the generation of (oxygen) gas bubbles at the sample and a decrease in the
transfer time. The potentiostatic current during ODT increases with increasing concentration of
H2O2 (Fig. 4.5b), which indicates an increase in the reaction rate from the addition of H2O2.

Timelapsed recordings of the oxidation front progress is used to compare transfer times between
ODT transfers with different H2O2 concentrations. The transfer velocity of a sample is defined
by the radius of the polymer covered region (inset in Fig. 4.6a) divided by the time it takes for a
sample to become fully oxidized as determined from timelapsed recordings. The radius is acquired
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Figure 4.5: (a) Illustration of ODT with H2O2. Graphene/CAB separates from the Cu substrate after
applying a voltage of −0.4V. The transfer is accelerated by the presence of H2O2. (b) Current from the CE
to the WE during ODT transfer as function of time (sample diameter ∼1 cm) with different concentrations
of H2O2 in the electrolyte.

Figure 4.6: (a) Transfer velocity for ODT transfer with increasing addition of H2O2. Inset shows how the
radius r is defined for a sample. (b,c,d) Histograms of Raman I(D)/I(G) and I(2D)/(G) peak intensity
ratios and of Γ2D from graphene after transfer using different H2O2 concentrations. (e) White light optical
microscopy (left) and coverage (right) map of graphene transferred to SiO2 using 10 vol% of H2O2 during
ODT. (f) Comparison of graphene coverage, transfer velocity and Raman parameters for ODT with different
H2O2 concentrations.

by approximating the edge of the polymer covered area with a circle. It was observed that the
transfer velocity increases with increasing H2O2 concentration (Fig. 4.6a). The addition of 10 vol%

32



4.2. CHEMICAL ACCELERATION OF OXIDATIVE DECOUPLING TRANSFER

H2O2 leads to an increase in transfer velocity by a factor ∼10.
Generation of oxygen bubbles at the sample was observed during transfer. Since the generation
of hydrogen bubbles can cause tearing of the graphene due to the large surface tension forces
encountered at the gas-liquid interface,[72,137,138] I investigated whether oxygen bubbles cause
similar defects. Raman spectroscopy and optical microscopy were used in order to study the
integrity of the graphene after transfer. Raman spectral characterization (Fig. 4.6b,c,d) of graphene
transferred by ODT with different concentrations of H2O2 added to the electrolyte shows no sign
of degradation of the graphene quality. Actually, I(D)/I(G) and Γ2D are smaller for the sample
transferred using 10 vol% H2O2 compared to standard ODT without H2O2. This is more likely a
result of sample-to-sample variation than the addition of H2O2 being beneficial for the quality of
graphene after transfer, but highlights that the addition of H2O2 does not lead to any damage to
the transferred graphene detectable by Raman spectroscopy.

The graphene coverage was determined for graphene transferred to 90 nm SiO2 on Si using different
concentrations of H2O2 during ODT. An image based on an optical map and the corresponding
coverage map for graphene transferred using 10 vol% H2O2 during ODT is shown in Fig. 4.6e.
The graphene layer is continuous with a few small point defects. The graphene coverage of the
sample is 97.35% which is comparable to the coverage acquired from a sample transferred by ODT
without H2O2 added (Fig. 4.6e).

We have shown that it is possible to increase the transfer velocity of ODT by a factor of ∼10 by
chemically accelerating the process through the addition of H2O2 to the electrolyte. The addition
of H2O2 was shown to be non-destructive towards the transferred graphene as determined by
optical and Raman spectral characterization.
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Chapter 5
Raman spectral indicators of catalyst decoupling

The oxidative decoupling transfer method works by decoupling the graphene layer from the substrate
through an interfacial Cu oxidation and electrolyte intercalation. The requirement to decouple
graphene from the Cu substrate without the introduction of mechanical damage or contamination
is the major point of consideration in the field of graphene transfer (Sec. 1.4). Here it is shown that
the degree of decoupling of graphene from its catalytic Cu growth substrate can be measured, and the
subsequent coverage of transferred graphene on a target substrate accurately predicted by monitoring
the evolution of the graphene 2D Raman peak characteristics during a decoupling process. The use
of the already widespread Raman characterization method in the graphene community makes the
method easily accessible.
Water-based Cu oxidation at elevated temperature and subsequent mechanical peeling is used as a
model transfer system to demonstrate the utility of this technique. Optical microscopic mapping
of the transferred graphene enables us to measure the precise resulting coverage and extent of
mechanical damage and other possible inhomogeneities. This allows us to directly correlate
the extent of the graphene transferred with the Raman 2D peak spectral characteristics. The
work in this chapter on graphene transfer after Raman characterization of catalyst decoupling
is submitted as "Raman spectral indicators of catalyst decoupling for transfer of CVD grown
2D materials" (Appendix D) by Whelan et al.[139] This chapter does to a large extent contain
the same content as the submitted manuscript in Appendix D with some additional images of
optical and SEM characterization and THz-TDS measurements. I did all the transfer work
and performed Raman spectral and optical characterization with subsequent data analysis. I
conducted SEM and focused ion beam liftouts of samples and did the subsequent characterization
by transmission electron microscopy together with Timothy J. Booth. I also performed the THz-
TDS measurements. Graphene on thin film Cu on 12 inch oxidized Si wafers was provided by Alex
Jouvray (Aixtron, UK). Graphene on thin film Cu on 6 inch oxidized Si wafers was provided by
Eleftheria Maria Pechlivani (Organic Electronic Technologies P.C., Greece) and Giorgos Nomikos
(Aristotle University of Thessaloniki, Greece).

5.1 Mechanical peeling transfer of graphene from copper foils

In order to study the effect of graphene decoupling from its growth substrate in relation to the
extent of graphene transferred to a target substrate we need a model transfer system. A transfer
method that is faster than ODT and avoids the use of solvents was chosen. The transfer method
is based on mechanical peeling (inspired by Yang et al.[68]) using a supporting poly(vinyl alcohol)
(PVA) polymer layer to detach the graphene from the Cu substrate after catalyst decoupling.

The general method for PVA based mechanical peeling transfer (PVA transfer) is outlined in
Fig. 5.1a-f. The Cu surface is oxidized beneath the graphene layer by immersing samples in DI
water (Fig. 5.1a) at elevated temperature. The Cu/graphene sample was subsequently washed in
isopropyl alcohol (IPA) and dried under a nitrogen flow. PVA solution (5 g PVA and 1 g glycerol
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Figure 5.1: PVA transfer. (a) Cu is oxidized at the Cu/graphene interface in DI water at elevated
temperature. (b) PVA is applied by spin coating and TRT applied as a support. (c) The graphene and
PVA are mechanically peeled from the substrate, and (d) adhered to a target substrate. (e) Elevated
temperature is used to release the TRT support layer, and PVA is subsequently removed in DI water at
40 ◦C. (f) Graphene transferred to the target substrate. Adapted from Whelan et al.[139]

per 100mL DI water) was spin (or drop) coated onto the sample and dried at 80 ◦C (Fig. 5.1b).
Glycerol was added as plasticizer[140] to the PVA solution to soften the polymer. Thermal release
tape (TRT) was used to support mechanical peeling of PVA/graphene from the Cu substrate
and the TRT/PVA/graphene stack was subsequently pressed onto the target substrate at 130 ◦C
to release the TRT support (Fig. 5.1c,d). The PVA/graphene was left on the target substrate
for 5minutes at 130 ◦C before placing it in DI water at 40 ◦C for 3 hours to dissolve the PVA
(Fig. 5.1e). Finally, the graphene/target substrate was rinsed with IPA and dried under a nitrogen
flow resulting in the final transfer of graphene onto a target substrate (Fig. 5.1f).

Figure 5.2: (a,c) Optical images of Cu/graphene after 1 day in DI water at 40 ◦C. (b,d) Optical images of
graphene after PVA transfer to SiO2 showing the same area as the images in (a,c).
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Fig. 5.2 shows optical images of an oxidized Cu foil with graphene after 1 day in DI water at
40 ◦C and of the graphene after PVA transfer to 280 nm SiO2. The graphene layer is transferred
continuously with visible hexagonal patches of second layer nucleation from the growth process.
Interestingly, we can see a difference in the appearance of the Cu catalyst at some of the regions
that are covered by such bilayers as highlighted by the circles in Fig. 5.2c,d. This was however not
investigated further.

5.2 Characterization of decoupling from copper catalysts

Raman spectral characterization during water oxidation was used to study the decoupling of
graphene from Cu substrates while optical microscopy was used to determine the graphene coverage
after transfer. Raman spectra of Cu/graphene samples during water oxidation were acquired by
removing the sample from water for measurements at specific time steps before re-immersion.
The Raman spectra presented from Cu/graphene samples are the average of at least 16 Raman
spectra acquired from the same region on the sample. Raman peak intensities and positions were
determined by fitting individual Raman peaks of the average spectrum to Lorentzian functions.
PVA transfer was used to transfer graphene from copper foils to SiO2 after immersion in water for
fixed durations from 0 to 150minutes and the graphene was subsequently characterized by optical
microscopy.

The Raman spectra acquired during water oxidation show a redshift in the G peak from 1585 cm−1

to 1579 cm−1 with increasing oxidation time, along with a characteristic splitting of the 2D peak
into 2D+ and 2D− components at 2706 cm−1 and 2685 cm−1 respectively (Fig. 5.3b,c). The
2D+ peak intensity decreases with extended oxidation in water, with the 2D− peak intensity
simultaneously increasing. A similar shift in the 2D peak position after Cu oxidation under
graphene in ambient air was reported by Yin et al.[92] There is no apparent D peak in the sample
which indicates that the water oxidation process is non-destructive towards the graphene film. Six
Raman peaks (215 cm−1, 298 cm−1, 416 cm−1, 499 cm−1, 648 cm−1, and 795 cm−1) appear over
time after immersion in water (Fig. 5.3a) with the intensity increasing after longer oxidation time.
All six peaks can be identified as Cu2O and CuO peaks (Sec. 2.1), indicating that oxidation of the
Cu surface is taking place under the graphene.
Quantitative determination of the coverage by optical microscopy (Sec. 2.3) was used to measure
the coverage of graphene after PVA transfer for different water oxidation times. Fig. 5.3d-f shows
optical and coverage images of graphene transferred to SiO2 after immersion for 15, 60, and
120minutes, respectively, in 40 ◦C water. The coverage of graphene obtained by PVA transfer
increases with increasing oxidation time in water from 0% to nearly 100% (Fig. 5.4a).

The characteristics of the Raman 2D peak are strongly correlated with the coverage of graphene
obtained by transfer. We define the ratio

Θ = I(2D−)
I(2D−) + I(2D+)

, (5.1)

where I(2D+) and I(2D−) denote the maximum intensities of the peaks at 2706 cm−1 and 2685 cm−1

respectively. Θ is a useful indicator of the expected coverage obtained in our experiments where
oxidation proceeds at 40 ◦C (Fig. 5.4b). We also tested the correlation between graphene coverage
and other Raman signatures such as the position of the G peak, I(2D)/I(G), and the intensity
of certain Cu oxide Raman peaks, but Θ was found to be the best option for monitoring the
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Figure 5.3: Raman (a) Cu oxide, (b) D, G, and (c) 2D peaks acquired from Cu/graphene samples for
different oxidation times in 40 ◦C water. Intensities are normalized to the G peak intensity. (d-f) White
light optical microscopy (left) and coverage images (right) of graphene transferred to SiO2 after immersion
for 15, 60, and 120minutes, respectively, in 40 ◦C water. Adapted from Whelan et al.[139]

decoupling process.
Optical images of graphene on Cu foil before and after immersion in water illustrate how the Cu
oxidation is initiated along lines on the Cu surface (Fig. 5.4c-d). A more homogeneous oxidation of
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Figure 5.4: (a) Graphene coverage on SiO2 after transfer as function of the oxidation time in DI water at
40 ◦C. (b) Graphene coverage on SiO2after transfer as a function of Θ. (c) Optical image of Cu/graphene
before immersion in water. (d,e) Optical images of Cu/graphene after immersion in water for 30 and 150
minutes, respectively. (f) Graphene coverage on SiO2 after transfer as function of the oxidation time in DI
water at different temperatures. b) Graphene coverage on SiO2 after transfer as a function of Θ for different
water oxidation temperatures. Adapted from Whelan et al.[139]

the surface first occurs after prolonged oxidation time (Fig. 5.4e). Cu oxides are formed naturally
when Cu is exposed to dissolved oxygen (Eq. 4.1). These reactions occur at imperfections in
CVD grown graphene such as wrinkles, grain boundaries, atomic defects, and directly exposed
Cu areas due to incomplete growth, and subsequently spreads underneath the graphene covered
areas.[49,93,141,142]
Raman spectroscopy samples a small region of the surface of the sample defined by the laser
spot size (typically less than 1µm FWHM if a 50x or above objective is used), which can contain
both oxidized and unoxidized regions (Fig. 5.4c-e). Spatially inhomogeneous decoupling of the
graphene from the substrate is the most probable source of the simultaneous presence of two 2D
peak components. As a result, monitoring for the complete disappearance of the 2D+ peak and
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its substitution with the 2D− peak, i.e. when Θ = 1, enables the point of complete decoupling of
the graphene from the surface to be precisely determined.
It is seen that the process is slower in 25 ◦C water compared to 50 ◦C and 75 ◦C water (Fig. 5.4f).
Again, the graphene coverage reaches its maximum when the 2D+ peak vanishes just as the case
for 40 ◦C water (Fig. 5.4g). Samples can acquire a Cu oxide layer under ambient conditions before
initiating transfers. This is seen as initial non-zero values of Θ (Fig. 5.4g). In such case the
coverage after transfer is not as expected from Θ until Θ approaches 1. It is therefore likely that
the oxidation of the copper catalyst layer is a necessary but not sufficient criterion for the complete
transfer of graphene.

Figure 5.5: (a) TEM image of Cu/graphene interface after water oxidation showing a layered structure. (b)
Line profile for the red line across the interface in (a). (c) TEM image of Cu/graphene interface after water
oxidation with arrows highlighting voids in the catalyst layer. (d) SEM image of Cu catalyst after water
oxidation and graphene transfer with arrows highlighting voids in the catalyst layer. (a,b,c) Adapted from
Whelan et al.[139]

Cross-sectional samples of the graphene on catalyst structure after water oxidation were prepared
by focused ion beam (FIB) and studied via transmission electron microscopy (TEM) in order to
gain a deeper understanding of the mechanism behind the decoupling of graphene from the Cu
catalyst. TEM was performed with a Tecnai T20 G2 TEM operated at 200 kV. Lamellas for TEM
analysis were prepared by FIB liftouts onto TEM grids in a Helios NanoLAB 600 SEM equipped
with an ion beam gun and an Oxford Omniprobe micro manipulator. A thin layer of Pt was
deposited on the area of the extracted Cu/graphene sample as a protection layer from ion beam
damage while trimming the lamella down to a thickness below 100 nm.
Water oxidized samples show a uniform 4.3 ± 0.8Å layered structure (Fig. 5.5a,b) which
corresponds well to the cubic Cu2O lattice parameter of 4.26Å,[143] but with a relatively large
variation across the interface reflected in the spread of this measurement. In addition, we observe
voids up to 100 nm in diameter in the catalyst layer (Fig. 5.5c) in samples oxidized for >10 hours.
Such voids are also observed in SEM images of Cu catalysts after water oxidation and transfer of
graphene (Fig. 5.5d) which are not observable in SEM images acquired directly after CVD growth
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of graphene (Fig. 3.4).
The TEM and SEM evidence of catalyst surface pitting for water oxidized samples provides some
insight here. In order to dissolve the catalyst layer and produce voids over the surface, there must
be good exchange of electrolyte between the water bath and the pitting region.[144] This implies
that there is a layer of intercalated water between the catalyst and graphene which mediates this
pitting and assists in decoupling the graphene from the substrate.

Figure 5.6: Optical images of graphene transferred with different polymers for mechanical peeling of
graphene from oxidized Cu. (a) PVA, (b) PMMA, (c) PPC, (d) PVB, (e) CAB, and (f) PVP. Adapted from
Whelan et al.[139]

Additionally, the choice of polymer plays a role in the transferred graphene coverage. For
comparison, other polymers were tested as alternatives to PVA to investigate the influence of
the polymer. Experiments were conducted with poly(methyl methacrylate) (PMMA, 8wt% in
anisole), polypropylene carbonate (PPC, 8wt% in anisole), polyvinyl butyral (PVB, 8wt% in
ethanol), cellulose acetate butyrate (CAB, 20wt% in anisole), and polyvinylpyrrolidone (PVP,
5wt% in DI water). The transfers followed the same steps as for PVA transfer (Fig. 5.1) using a
different polymer in the drop coating step and removing the polymer with acetone instead of water
(except for PVP which is also removed by water) as the final step. None of the alternative polymers
resulted in coverages as high as those obtained for PVA transfers (Fig. 5.6). This highlights the
importance of identifying polymers with good adhesion to graphene which are also easy to remove
again in order to obtain a clean transfer of graphene.

The relationship between the evolution of the Raman spectra of graphene on Cu during water
oxidation and the graphene coverage after transfer was systematically studied. The results show
that it is possible to determine at which point the graphene is sufficiently decoupled from the Cu
substrate to be transferred. Changes in the Raman 2D peak characteristics (Θ) give a reliable
indication of the state of the decoupling process, allowing to determine the minimum time required
for the oxidation process to fully decouple the graphene layer. The combined monitoring and
transfer process is highly scalable and amenable for roll-to-roll processing. Raman spectroscopy
could consequently be used both for in-line detection of the decoupling time before transfer and
for post-transfer characterization.
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5.3 Transfer of graphene from copper thin films

One of the main features of ODT is the ability to transfer graphene from Cu thin film supported on
Si wafer where the Cu catalyst can be used for multiple regrowths of CVD graphene (Sec. 4.1). PVA
transfer after catalyst decoupling also enables graphene transfer that is non-destructive towards
the Cu substrate and is therefore applicable for transfer from Cu thin film similarly to ODT.
Graphene grown on thin-film catalyst layers of up to 12 inch diameter (synthesized using an
Aixtron BM300T cold wall CVD system) displays a homogeneous monolayer characteristic which
is maintained after PVA transfer, with over 99.7% of the mapped areas showing monolayer
graphene contrast (Fig. 5.7a). The remaining 0.3% mainly consists of holes, resulting either
from untransferred graphene or holes in the as-grown graphene layer. The quality of the graphene
as determined from distributions of the Raman I(D)/I(G) peak intensity ratios and Γ2D at 100
individual random points on the sample surface (Fig. 5.7b-d) reveals very low defect density
with the mean I(D)/I(G) at 0.058 ± 0.025 and Γ2D of 36.5 ± 1.7 cm−1, which is consistent with
previously reported values for graphene transfers (Sec. 2.1). An important point is the fact that
the Cu catalyst is not damaged by the mechanical peeling transfer (inset in Fig. 5.7a).

Figure 5.7: Graphene transferred by PVA transfer from thin film Cu on a 12 inch oxidized Si wafer. (a)
White light optical microscopy (left) and coverage image (right) of graphene transferred to SiO2. Inset shows
a photograph of graphene being transferred from a 12 inch wafer using PVA polymer. (b) A representative
Raman spectrum from the sample shown in (a). (c,d) Histograms of Raman I(D)/I(G) peak intensity ratios
and Γ2D. Adapted from Whelan et al.[139]

An optical map of graphene transferred by PVA transfer from a 4 inch oxidized Si wafer to SiO2
is shown in Fig. 5.8a. The transferred graphene is continuous on a large scale with a graphene
coverage of 97.6%. THz-TDS was performed on a glass substrate with 2 layers of graphene
prepared by subsequent PVA transfers from thin film Cu on 6 inch oxidized Si wafers (Fig. 5.8b).
The sheet conductivity is homogeneous except from some specific areas with macroscopic defects.
In some of those areas there is no graphene present (areas highlighted by blue dotted lines), and
in some areas there is one graphene layer present (areas highlighted by black dotted lines). The
average sheet conductivity of the sample including the macroscopically defected areas is 1.85 ±
0.38mS.

PVA transfer was additionally used to transfer graphene grown on thin film Cu on sapphire
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substrates. The graphene transferred from such substrates is also continuous with high coverage
(Fig. 5.9a,b) and with a low Raman D peak intensity (Fig. 5.9c).

The PVA transfer method thus provides an additional method for graphene transfer from Cu
thin film substrates that is non-destructive towards the catalyst. It should be noted that the
transfer process is only non-destructive in the case where the graphene has fully decoupled from
the Cu catalyst. If not, then the Cu thin film is delaminated from the support together with the
graphene/PVA stack, which highlights the importance of being able to unambiguously determine
when the graphene layer is fully decoupled.

Figure 5.8: (a) Optical (left) and coverage map (right) of graphene transferred from thin film Cu on a 4 inch
oxidized Si wafer to SiO2. (b) THz-TDS map of 2 layers of graphene transferred by PVA transfer from thin
film Cu on 6 inch oxidized Si wafers to a glass substrate. The map shows σ1 from the directly transmitted
pulse averaged from 0.8–0.9THz.

Figure 5.9: PVA transfer from thin film Cu on sapphire wafer. (a,b) Optical images of graphene transferred
to SiO2. (c) Representative Raman spectrum from the sample in (a,b).

5.4 Transfer of hexagonal boron nitride from copper foils

Boron nitride (BN) is a wide band gap III-V compound with high chemical stability.[145] The
hexagonal BN (hBN) phase is isostructural to graphite except for different stacking sequences of
the atomic planes.[146] Within each layer of hBN, alternating boron and nitrogen atoms are bound
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by strong covalent bonds in a honeycomb structure, whereas the layers are held together by weak
van der Waals forces similarly to graphite.[146] Although hBN and graphite have similar crystal
structure, their electronic properties are very different as graphite is a semimetal, while hBN is an
insulator with a direct energy gap of ∼5.9 eV.[147]
Single-layer hBN can be fabricated similarly to graphene by mechanical exfoliation from crystals
for high quality layers for fundamental studies.[146] Large area production is accessible by the same
route followed for graphene production; CVD growth on Cu catalysts (using precursors containing
B and N such as borazine) followed by chemical etching of the Cu substrate in order to transfer
hBN to a target substrate.[145]

Figure 5.10: (a) Raman spectra of Cu with hBN after 3 days in DI water at 40 ◦C. (b) XPS peaks for B
and N before Cu oxidation. (c) White light optical microscopy (left) and coverage map (right) of hBN on
SiO2. (d) Raman spectrum of single layer hBN on SiO2. Points indicate the raw data, while a Lorentzian
fit is shown as a solid line. Adapted from Whelan et al.[139]

It has previously been shown that ambient oxygen can intercalate and oxidize the interface between
hBN and Cu.[148] Here, the PVA transfer method is applied for transfer of single layer hBN grown
by CVD on Cu foil. Growth of hBN was performed on electropolished Cu foil. A commercial
tube furnace (MTIx) was used to bring the sample to 900 ◦C before adding a flow of 3 sccm argon-
bubbled borazine, 15 sccm hydrogen and 300 sccm argon over the sample for 15minutes at 60 torr.
Only the argon flow was maintained during cool-down to room temperature.
The exact same steps used for graphene transfer (Fig. 5.1a) were followed for transfer of hBN from
Cu onto SiO2. Fig. 5.10 shows a Raman spectrum of Cu with hBN after 3 days in water at 40 ◦C. It
is seen that Cu oxide Raman peaks also occur under CVD hBN after immersion in water as in the
case of graphene. The Raman signal of single layer hBN is very weak on Cu, so only the Cu oxide
peaks are visible with the used collection parameters. X-ray photoelectron spectroscopy (XPS,
performed using a commercial Thermo Scientific K-Alpha with a monochromized Al Kα source)
was used to confirm the expected stoichiometry of hBN on Cu before oxidation (Fig. 5.1b).[149]
Large areas of single layer CVD-grown hBN were successfully transferred from commercially
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available Cu foil. Optical and coverage images of hBN transferred to SiO2 are shown in Fig. 5.1c,
where the coverage map of hBN can be made similarly to graphene by calculating the relative
wavelength-dependent contrast.[150] The hBN to SiO2 coverage of the sample is 97.5%. The hBN
Raman peak at 1369 cm−1 (determined by fitting to a single Lorentzian function) is in good
agreement with the expected value for single layer hBN (Fig. 5.1d).[150,151]

The reaction path for the oxidation of Cu under hBN is expected to be similar to the oxidation
taking place under graphene, where the oxidation initiates at imperfections in the CVD grown
2D material such as wrinkles, atomic defects, and grain boundaries and subsequently spreads
underneath the 2D material.
Galvanic reactions could be used to describe the catalyst surface pitting under graphene (Fig. 5.5c),
but that is clearly not the real explanation as demonstrated by the transfer of CVD grown and
non-conductive hBN. Here, only the oxidation of the catalyst layer and water intercalation can
play a role in decoupling the 2D material from the catalyst substrate. Instead, the corrosion can
be attributed to the formation of local anodes/cathodes on the metal catalyst surface, thereby
forming local-cells for the overall reaction.[144]

Θ is particularly useful for monitoring the progress of the decoupling for graphene. hBN does
however not display any Raman spectral peaks with a similar characteristic splitting behavior. It
is possible that the intensity of the appearing Cu oxide peaks can be linked to decoupling for hBN
from Cu catalysts. This was not specifically investigated here. Other 2D materials may display
unambiguous spectral characteristics of decoupling from growth catalysts similar to graphene.
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Chapter 6
Comparison of graphene transfer methods

There has been a strong focus on graphene growth mechanisms in the literature, but most
applications require transfer of the graphene films away from the catalytic growth substrate to
a specific target substrate, which has become a serious bottleneck for industrial integration. Despite
the high intrinsic tensile strength of graphene it is still a fragile material due to its atomic thinness.
This makes it a difficult task to release graphene from its growth substrate and transfer it to a target
substrate in a fast, robust and repeatable way without introducing any defects (tears/rips and atomic
defects) and without contaminating the graphene film. Two transfer methods, oxidative decoupling
and PVA based transfer, have been introduced earlier. Here, two additional methods are introduced,
the standard etching transfer and a new transfer method based on oxidation of interfacial Cu in
alkaline solution. The four different methods for transferring graphene are compared.

6.1 Etching transfer

The standard method for transferring graphene from Cu foils is the wet etching transfer method
where the graphene is supported by a polymeric film while the catalytic growth substrate is
selectively etched (Sec. 1.4). Typical etchants are iron chloride or ammonium persulfate.[61,63,152]
We use a solution of hydrochloric acid (HCl, 5 vol%) and hydrogen peroxide (H2O2, 1 vol%) in
DI water for etching transfer of graphene on Cu foils.[153] H2O2 promotes oxidation of the Cu
substrate and HCl is a selective etchant of Cu oxides.

Figure 6.1: Etching transfer. (a) PMMA is spin coated onto Cu/graphene. (b) Cu/graphene/PMMA stack
is floated on a Cu etchant solution. (c) Graphene/PMMA floats after complete etching of the Cu foil and is
moved to DI water. (d) Graphene/PMMA is lifted out of DI water using the target substrate. (e) PMMA
is removed in acetone. (f) Graphene transferred to the target substrate.
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The first step in the etching transfer process is spin coating a supporting polymer layer on the
graphene sample (Fig. 6.1a). Poly(methyl methacrylate) (PMMA) is used for this purpose (4wt%
PMMA in anisole). Since graphene ideally grows on both sides of a Cu foil, the side not coated with
PMMA is exposed to an oxygen plasma to remove the graphene there. The Cu/graphene/PMMA
stack is floated on the etchant solution to remove the Cu catalyst (Fig. 6.1b,c) and the resulting
graphene/PMMA stack is transferred to DI water to clean the graphene layer from etchant and
Cu residues. The target substrate is used to lift out graphene/PMMA from water (Fig. 6.1d)
and the sample is subsequently baked on a hotplate for 2 hours at 80 ◦C. Alternatively, a flat
polydimethylsiloxane (PDMS) stamp can be used to pick up graphene/PMMA from the water by
adhering to the PMMA side. The graphene/PMMA/PDMS is then dried before stamping it onto
the target substrate at elevated temperature (130 ◦C.) The PMMA is finally removed in acetone
resulting in the final transfer of graphene onto a target substrate (Fig. 6.1e,f).

Figure 6.2: Graphene transferred to SiO2 by etching transfer. (a) Optical map of graphene transferred to
a SiO2 substrate with gold contacts for electrical measurements. (b) Zoom-in on an area of (a). Polymer
residues are visible as the blue network of lines on the surface. (c) Representative Raman spectrum for
graphene after etching transfer.

Large continuous areas of graphene can be transferred by etching transfer (Fig. 6.2a) with negligible
introduction of defects in the graphene layer (Fig. 6.2c). The etching transfer method does however
lead to graphene layers that are highly contaminated by polymer residues (Fig. 6.2b). The polymer
residues are likely a result of acid induced cross-linking of polymers.[66,111,154] Since etching transfer
is the standard method for graphene transfer, it is used here as a benchmark for transferring
graphene that is compared to graphene transferred by other methods.
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6.2 Lift-off transfer

The work on Cu oxidation in alkaline solution for transfer of 2D materials is published as
"Catalyst interface engineering for improved 2D film lift-off and transfer" (Appendix E) by Wang,
Whelan, et al.[155] My contributions to the paper were optical graphene coverage mapping and THz-
TDS measurements together with discussions about the underlying mechanism behind the transfer
method. Here, some of the results from THz-TDS that were not included in the paper are shown.

A new transfer method is the sodium hydroxide (NaOH) based lift-off transfer (LOT) method,
where an alkaline solution is used to oxidize the interfacial Cu beneath the graphene followed by
selective Cu oxide dissolution leading to a gentle release of graphene/polymer from Cu foils.[155]

Figure 6.3: Graphene transfer by LOT. (a) PMMA is spin coated onto Cu/graphene. (b) Cu/graphene/P-
MMA stack is floated on a NaOH solution. (c) Graphene/PMMA floats after complete oxidation at the
Cu/graphene interface, while the Cu foil sinks. Graphene/PMMA is subsequently moved to DI water. (d)
Graphene/PMMA is lifted out of DI water using the target substrate. (e) PMMA is removed in acetone.
(f) Graphene transferred to the target substrate.

Similarly to the etching transfer process, the first step for LOT is spin coating a supporting
polymer layer of PMMA (4wt% PMMA in anisole) on the graphene sample (Fig. 6.3a). The
Cu/graphene/PMMA stack is floated on a 1M NaOH solution (Fig. 6.3b) at room temperature.
The copper surface is oxidized beneath the graphene layer starting from the edges of the sample
and proceeding towards the center. Once the Cu is completely oxidized at the interface, the Cu
foil sinks leaving a freely floating graphene/PMMA stack which is moved to DI water for cleaning
(Fig. 6.3c). The target substrate is used to lift out graphene/PMMA from water (Fig. 6.3d) and
the sample is subsequently baked on a hotplate for 2 hours at 80 ◦C. The PMMA is finally removed
in acetone resulting in the final transfer of graphene onto a target substrate (Fig. 6.3e,f).

Graphene transferred by LOT was compared to graphene transferred by etching transfer (as in
Sec. 6.1 using iron chloride as the Cu etchant) and bubbling transfer. Bubbling transfer was
performed in a 1M NaOH electrolyte with a Pt wire as the WE.
Optical and THz-TDS characterization of graphene transferred by LOT shows that samples are
transferred as continuous layers with homogeneous sheet conductivity (Fig. 6.4a-c). Samples
transferred by etching transfer are also continuous, but with lower sheet conductivity (Fig. 6.4d-
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Figure 6.4: Optical, coverage, and THz-TDS maps of graphene transferred by (a-c) LOT, (d-f) etching
transfer, and (g-i) bubbling transfer. The THz-TDS map is from the same sample as the optical and
coverage map for LOT and bubbling transfer. THz-TDS maps show σ1 from the directly transmitted pulse
averaged from 0.8–0.9THz. The white region in the top right of (i) originates from the sample holder.

f), whereas we observe macroscopic tearing in samples transferred by bubbling transfer and a
corresponding lower sheet conductivity (Fig. 6.4g-i).
Images from different samples were analysed in order to compare the coverage of graphene and
the amount of residues remaining after transfer with LOT to graphene transferred by etching and
bubbling transfer (Fig. 6.5a,b). The residue coverage is determined from the fraction of pixels
corresponding to ’other’. Such pixel assignment does not necessarily originate from residues, but
could also be from for instance multilayer graphene. However, by carefully studying the optical
images acquired from the samples we see that the areas that are assigned as ’other’ correspond
well with areas covered by residues for these samples. The graphene coverage after LOT is 99.2%,
while residues are found on less than 0.4% of the surface. The low degree of residues after transfer
is explained by NaOH being non-aggressive towards the polymer unlike standard chemicals used
for copper etching (Sec. 6.1). The residue coverage is higher for etching transfer (1.6%) while the
graphene coverage is 97.3%. The coverage is lower for bubbling transfer (88.1% graphene and
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Figure 6.5: (a) Single layer graphene and (b) residue coverage from samples transferred by LOT, etching
transfer (ET), and bubbling transfer (BT). (c) Sheet conductivity spectra for graphene transferred by LOT,
etching, and bubbling transfer extracted from the the 1st reflected echo. Solid lines correspond to the
real part of σs, while dotted lines show the imaginary parts. (d) Average sheet conductivity from samples
transferred by LOT, etching, and bubbling transfer measured by THz-TDS from 0.8–0.9THz. (e) Raman
spectrum of graphene obtained by etching transfer and LOT. (f) Electrical mobility of two terminal graphene
devices after transfer by LOT and etching transfer. (a,b,e,f) Adapted from Wang et al.[155]

1.9% residues) as expected from Fig. 6.4 where macroscopic defects are visible.
We also see that the sheet conductivity is higher for graphene transferred by LOT compared to
etching and bubbling transfer (Fig. 6.5d). Where the frequency dependent sheet conductivity
exhibits classical Drude behavior in the case of LOT and etching transfer, it was observed to have
a Drude-Smith type shape for bubbling transferred samples with a flat frequency response and
negative values of complex sheet conductivity (Fig. 6.5c). This indicates that there is a high degree
of defects in the bubbling transferred graphene with negative impact on the electrical properties
of the transferred film, and also explains why the sheet conductivity is significantly smaller for
bubbling transfer compared to LOT and etching transfer (Fig. 6.5d).
Raman spectral characterization and electrical device measurements of graphene transferred with
LOT show that the samples are transferred with high quality (Fig. 6.5e,f). Raman spectra from
LOT transferred graphene have a negligible D-peak indicating a low defect density and a low
value for Γ2D indicating a low variation in strain compared to etching transfer. 15 two-terminal
devices were fabricated for electrical measurements after LOT transfer. The average mobility from
such devices (2699 ± 346 cm2/Vs) is significantly larger compared to similar devices made from
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graphene transferred by etching transfer (443 ± 90 cm2/Vs). A possible explanation for the big
decrease in mobility from LOT to etching transfer could be an influence of polymer residues having
detrimental effects on the devices fabricated after etching transfer.

Figure 6.6: Schematic close-up of the graphene/Cu interface floating on NaOH during LOT transfer. The
graphene layer is continuous and acts as a permeation barrier to atmospheric oxygen, i.e. only dissolved
oxygen is available as a reactant. Local half cells, i.e. anode regions (An.) and cathode regions (Cath.)
are formed over the surface, which results in the oxidation progressing uniformly towards the centre of the
sample. Adapted from Wang et al.[155]

The mechanism for LOT is based on two main processes. The first is intercalation of the alkaline
solution into the interface between Cu and graphene, which leads to local Cu oxidization. The
following selective dissolution of the copper oxide gently releases the graphene/polymer layer,
which remains floating on the surface of the NaOH solution (Fig. 6.6). When the sample is floated
on the NaOH solution, the solution will start to intercalate into the interface similar to the case
of PVA transfer (Sec. 5.2). Once the liquid has penetrated the interface, Cu is oxidized through
the half-reactions[156]

2Cu + 2OH− → Cu2O + H2O + 2e− (anodic reaction)
O2 + 2H2O + 4e− → 4OH− (cathodic reaction)

Cu2O is not stable in highly alkaline solutions and will corrode by dissolution as CuO2−
2 through

the half-reactions[156]

Cu2O + 6OH− → 2CuO2−
2 + 3H2O + 2e− (anodic reaction)

O2 + 2H2O + 4e− → 4OH− (cathodic reaction)

The rate of dissolution is slower than the rate of oxidation as indicated by presence of Cu oxide
after transfer.[155] This means that most of the Cu foil remains after transfer and is potentially
usable for regrowths of graphene unlike the case of etching transfer.
It was additionally shown that LOT works similarly for transferring single layer hBN on Cu,[155]
which demonstrates that the presence of graphene is not imperative for the cathodic half-reaction
similarly to the oxidation in the PVA based transfer method (Sec. 5.4). It is again suggested that
just as for bare metal surface corrosion in aqueous media, certain regions on the surface act as local
anodes and certain others as local cathodes, thereby forming local-cells for the overall reaction.[144]

Overall, LOT was shown to be highly versatile yielding graphene and hBN films of high quality
regarding surface contamination, layer coherence, defects and electronic properties, without
requiring additional post-transfer annealing and while retaining the catalytic growth substrate.
The importance of clean processing is pointed out, as devices fabricated from graphene transferred
by LOT clearly outperform devices made using the etching transfer method.
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6.3 Transfer of multilayer graphene

A range of different transfer methods have been introduced for transferring single layer graphene
from Cu substrates. In some cases, it is beneficial to have two or more layers of graphene on the
target substrate in order to for instance lower the sheet resistance for applications such as OLEDs.
Since the homogeneous and reproducible CVD growth of few layer graphene is not realized in
practice yet, few layer graphene must be prepared by multiple transfers. The easy solution is to
perform several transfers of single layer graphene consecutively. However, since the transfers tend
to leave polymer residues on the transferred graphene, there will be polymer residues between the
different graphene layers, which will inhibit good electrical contact between individual layers.

Figure 6.7: Multilayer graphene transfer exemplified by etching transfer. (a) PMMA is spin coated onto
Cu/graphene. (b) Cu/graphene/PMMA stack is floated on a Cu etchant solution and is moved to DI
water after complete etching of the Cu foil. (c) Graphene/PMMA is lifted out of DI water using another
Cu/graphene sample. (d) Cu/graphene/graphene/PMMA stack is floated on Cu etchant solution and is
moved to DI water after complete etching of the Cu foil. (d) Graphene/graphene/PMMA is lifted out of
DI water using the target substrate. (f) PMMA is removed in acetone. (g) Multilayer graphene transferred
to the target substrate.

Alternatively, we can modify the step during transfer where the floating graphene/polymer is lifted
out of DI water using a target substrate (similarly to processes described by Ning et al.[157] and
Wirtz et al.[158]). If a new Cu/graphene sample is used as "target substrate" as shown in Fig. 6.7
and the step where the graphene/polymer is released from Cu is subsequently repeated, we end
up with a graphene/graphene/polymer stack where the graphene/graphene interface has not been
in contact with polymer. This can be repeated until a specific number of graphene layers have
been transferred on top of each other and the final multilayer graphene/polymer stack can be
lifted from DI water with the final target substrate. The multilayer transfer method is exemplified
with etching transfer in Fig. 6.7, but it works equally well for ODT and PVA transfer. It is also
expected to work seamlessly for LOT, but it has not been tested. For the multilayer transfers,
a PDMS stamp is particularly useful for picking up the graphene/polymer stack from DI water,
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since it can be difficult to do the lift out with a piece of Cu foil compared to the more robust
materials usually used as target substrates.
In the following, three examples of multilayer transfers are shown; one by etching transfer, one by
ODT, and one by PVA transfer.

6.3.1 Bilayer graphene from Cu foil by etching transfer

A 1x2.5 cm2 bilayer graphene sample on a glass substrate was made following the method shown in
Fig. 6.7. An optical map of the bilayer graphene sample is shown in Fig. 6.8a, where the graphene
is continuous except for a small missing patch in the top central region. Dotted lines are shown
on each side of the graphene to guide the eye since the contrast of graphene is much lower on a
solid glass substrate compared to 90 nm SiO2 on Si wafer.

Figure 6.8: Bilayer graphene by etching transfer. (a) Optical map of bilayer graphene transferred to a glass
substrate. Dotted lines highlight the graphene edges on the sample. (b) Raman I(D)/I(G) peak intensity
ratio of the area inside the dotted lines in (a). Higher than average I(D)/I(G) ratios are seen at the top
center, where there is a patch of graphene missing. (c) THz-TDS map of σ1 averaged from 0.8–0.9THz of
the area inside the dotted lines in (a). (d,e) Histograms of Raman I(D)/I(G) and I(2D)/I(G) peak intensity
ratios for the pixels shown in (b). (f) Histogram of the sheet conductivities for the pixels shown in (c).
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A map of the Raman I(D)/I(G) peak intensity ratio (Fig. 6.8b) indicates that the sample is
homogeneously transferred with a low defect density with an average I(D)/I(G) peak intensity
ratio of 0.12 ± 0.26 while the average I(2D)/I(G) peak intensity ratio is 0.6 ± 0.36. The high
standard deviations are due to pixels in the top central region without graphene. A THz-TDS map
of the same sample (Fig. 6.8c) indicates a high degree of electrical homogeneity in the transferred
bilayer graphene. The histogram of sheet conductivities (Fig. 6.8f), where pixels along the edge
and top central area are not included, shows the data to be normally distributed with a mean
value of 1.98 ± 0.46mS.
The results presented here show that it is possible to produce continuous bilayer graphene samples
with electrically homogeneous properties by following the method shown in Fig. 6.7.

6.3.2 Bilayer graphene from Cu thin film by oxidative decoupling transfer

Bilayer graphene was transferred by ODT from Cu thin films following the concept shown in
Fig. 6.7, where the etching steps were replaced by electrochemical steps. In this way, a bilayer
graphene sample was prepared where the Cu catalyst is retained for regrowths of CVD graphene.

Figure 6.9: Bilayer graphene by ODT from Cu thin film. (a) White light optical microscopy and (b) coverage
map of graphene transferred to 90 nm SiO2/Si wafer. Dotted square in (b) highlights area used for further
coverage analysis. (c) Representative Raman spectrum from the sample in (a). (d) RvdP as function of gate
voltage from four terminal electrical device measurement on bilayer graphene transferred by ODT from Cu
thin film. (e,f) White light (e) and dark field (f) optical images of single layer graphene transferred by ODT
from Cu thin film. (g,h) Side view of proposed mechanism for electronic transport at grain boundaries for
(g) single layer and (h) bilayer graphene.
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Optical and coverage maps of the sample transferred to 90 nm SiO2 are shown in Fig. 6.9a,b. The
bilayer graphene coverage is >96% in the dotted square highlighted in the coverage map. The
sample mainly shows a single layer characteristic along the edges as the sample used for the top
graphene layer was slightly smaller than the second sample. Raman spectra from such a sample
have I(D)/I(G) Raman peak intensity ratios <0.1 (Fig. 6.9c).
Four terminal electrical measurements were performed on a bilayer graphene device transferred by
ODT from Cu thin films (Fig. 6.9d) with electron and hole mobility of 120 cm2/Vs and 220 cm2/Vs,
respectively. Interestingly, it was not possible to perform measurements on any single layer
graphene devices of similar size. The reason behind this observation could be related to insulating
grain boundaries having detrimental effect on electronic transport. Cu thin films on oxidized wafers
have a clear grain structure after CVD growth of graphene (Fig. 3.4e,f). Defects in the transferred
graphene layer resembling the grain structure from the Cu surface are seen in some areas of the
transferred samples (Fig. 6.9e,f). Such grain boundaries limit the large-area conductance of a
single-layer graphene sample transferred from Cu thin films, where the grain boundaries function
as local insulating barriers for charge carriers as depicted in Fig. 6.9g. However, in the case of
bilayer graphene an overlapping region of continuous graphene adds a possible current pathway
around resistive barriers (Fig. 6.9h), which makes the whole sample electrically connected. This
explanation can also account for results presented earlier (Sec. 4.1) where it was possible to perform
electrical measurements on single layer graphene devices transferred from Cu thin films, since the
device size for those measurements was smaller than the average Cu grain size.
The results indicate that for integration of large areas of graphene grown on Cu thin films on
oxidized Si wafers into electrical applications there may be a requirement for two or more graphene
layers being transferred. ODT was shown as a possible transfer method for accommodating this
requirement.

6.3.3 Graphene/hBN heterostructure by PVA transfer

Acknowledgement: CVD growth of hBN and XPS characterization was performed by Adam C.
Stoot. Graphene growth was carried out by Birong Luo. I performed the transfers and Raman
spectroscopy.

The presence of polymer residues after transfer of CVD graphene has negative impact on the
electrical properties of the transferred graphene layer (Sec. 1.4 and Sec. 6.2). This problem
is avoided for mechanically exfoliated graphene by encapsulating the exfoliated graphene inside
layers of exfoliated hBN, which has a positive impact on the electrical properties of the exfoliated
graphene layer.[159–161] It has further been shown that exfoliated hBN can be used to pick up
individual graphene grains grown by CVD from the catalytic Cu growth substrate.[88]

In order for hBN encapsulation of graphene to become useful on a larger scale it is necessary to use
CVD grown hBN for the encapsulation. Here, the PVA transfer method was used to mechanically
peel single layer CVD grown hBN from Cu foil after water oxidation. The hBN/PVA stack was
subsequently adhered to a graphene/Cu sample, where the Cu had been oxidized in water. This
allowed the pick up of a graphene/hBN/PVA stack, which was adhered to SiO2 before removal of
PVA leaving a graphene/hBN heterostructure on the target substrate, where the graphene layer
has not had any contact with polymers or solvents (other than DI water).
An optical image of a CVD graphene/hBN heterostructure is shown in Fig. 6.10. Since the hBN
layer is continuous and has a low contrast relative to the graphene layer, it is difficult to distinguish
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Figure 6.10: CVD graphene/hBN heterostructure by PVA transfer. (a) Optical image of graphene/hBN
transferred to SiO2. (b) Representative Raman spectrum from the sample in (a). (c,d) XPS peaks for B
and N from the sample in (a).

the image from an optical image of graphene transferred to SiO2. Raman spectral characterization
of the heterostructure (Fig. 6.10b) is not useful, since the Raman D peak and hBN peak positions
are indistinguishable here. XPS was therefore used to confirm the presence of B and N in the
sample in a 1:1 ratio (Fig. 6.10c,d).
The exfoliated hBN used for encapsulating graphene is multilayer hBN, which is necessary to
protect the graphene layer efficiently. Robust and reproducible CVD growth of multilayer hBN is
yet to be achieved for which reason single layer hBN was used here. The transfer is not expected to
be negatively affected by the use of thicker layers of CVD grown hBN in the future. Alternatively,
multiple transfers of monolayer hBN can be performed. It was shown that it is possible to
fabricate CVD graphene/hBN heterostructures following a similar route as for the fabrication
of encapsulated stacks from exfoliated 2D materials.[162]

6.4 Comparison of transfer methods

Acknowledgement: Characterization using atomic force microscopy was done by Ruizhi Wang
(Cambridge University, UK). Electrical measurements of graphene devices made by PVA transfer
was carried out by David M. A. Mackenzie. I performed the PVA transfers for electrical devices.
The remaining data shown in this section summarizes data from the different transfer methods
that have been presented.

Four transfer methods for transfer of single layer graphene from Cu substrates have been introduced
in this thesis. Here, we want to compare the different methods by presenting some of the properties
of graphene after transfer to SiO2 by the different methods. Most of the work on ODT was
performed with graphene transferred from Cu thin films, while Cu foils have been the only Cu
substrate for graphene transfers by LOT. This means that the graphene quality is not necessarily
equal, thus making a direct comparison difficult.
Instead, properties from graphene transferred by ODT, PVA transfer, and LOT are presented
relative to properties from etching transfers. The etching transfers used for comparison with the
different methods were carried out from the same substrate and at the same time as the transfer
method it is being compared with.

Properties from different transfer methods relative to etching transfers are presented in Tab. 6.1.
High coverage after transfer to SiO2 can be achieved for all the methods including etching transfer
(Fig. 4.6, Fig. 5.7, Fig. 6.2, Fig. 6.5). Standard values from Raman spectroscopy such as the
I(D)/I(G) peak intensity ratio and Γ2D are lower compared to etching transfer for all the methods,
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Transfer method Transfer time Coverage on SiO2 I(D)/I(G) Γ2D µ VCNP

ODT Similar ∼1 0.45 0.97 1.33 1.8
PVA transfer Faster ∼1 0.42 0.85 0.12 -0.92

LOT Similar ∼1 0.75 0.68 6.09 0.76

Table 6.1: Comparison of graphene properties measured after transfer using different transfer methods. All
values are relative to etching transfers. Data for µ and VCNP for PVA transferred samples was acquired
specifically for this table, all other data is summarized from the respective sections about the transfer
methods.

showing that they can all be used for transferring graphene with lower defect density and more
uniform strain compared to etching transfer. Γ2D relative to etching transfer is particularly low
for LOT, while the I(D)/I(G) peak intensity ratios are small for ODT and PVA transfer.
The mobility is particularly high for LOT, while it is low for PVA transfers. Our suggested reason
for the low mobilities from PVA transfer is tearing of graphene appearing on some transferred
samples (top left corner in Fig. 6.11a) due to swelling of the PVA polymer during removal in DI
water. The electrical devices used for measurements of PVA transferred samples were 5x5mm2

devices (Sec. 2.4) that all suffered from some degree of tearing, which lowers the number of possible
current pathways across the samples (similarly to single layer graphene transferred from Cu thin
films, Sec. 6.3). Fabrication of devices with sizes in the micrometer range (as for ODT and LOT)
would probably lead to different results for PVA transfer. It does however still highlight one issue
with PVA transfer which must be addressed, namely that we sometimes observe tearing of the
graphene after the final step of PVA removal (the tears are not present before PVA removal, as
continuous graphene can be seen optically through the PVA layer prior to removal).

Figure 6.11: (a) Optical image of graphene on SiO2 after PVA transfer. (b) AFM image of graphene on
SiO2 after PVA transfer. The step height from SiO2 to graphene at the black line is 0.6 nm.

One of the main benefits of PVA transfer compared to LOT and ODT is the fact that graphene
is only in contact with DI water and PVA, thus avoiding etchants, electrolytes and solvents used
for the other methods. Atomic force microscopy (AFM) was used to measure the step height of
graphene on SiO2 after PVA transfer (Fig. 6.11b). The step height of the graphene on SiO2 after
transfer was measured to be 0.6 nm, which corresponds to values obtained for exfoliated graphene
on SiO2.[1] This indicates that the polymer has been completely removed.
Benefits and drawbacks of the different transfer methods have been presented. All of the transfer
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methods are capable of transferring graphene with high coverage and low defect density. PVA
transfer and LOT are easier to get working fast, since ODT requires more equipment due to the
electrochemical nature of the method. The final choice of transfer method therefore depends on
the requirements of the graphene for specific applications. If a high doping level is needed, ODT
is a good starting point (high VCNP). If a high degree of cleanliness is required, PVA transfer is
the method of choice, while LOT transfers graphene with the highest electrical mobility.

59





Chapter 7
Special cases of terahertz time-domain spectroscopy

THz-TDS provides a non-contact and fast method for measuring electrical properties of graphene on
a range of substrates such as glass and polymers that are of interest for integration of graphene as
transparent conducting electrode layer. A method for offline correction of timing jitter in our setup
was implemented to improve the overall robustness of the method. In order to show the versatility
of THz-TDS as a method for determining electrical properties of graphene, measurements were
carried out on graphene samples with a high degree of defects (barriers for electronic transport)
and graphene transferred to polymer substrates.

7.1 Timing jitter correction for THz-TDS measurements

The work on a reliable method for extracting electrical properties of graphene from THz-TDS
measurements is published as "Robust mapping of electrical properties of graphene from terahertz
time-domain spectroscopy with timing jitter correction" (Appendix F) by Whelan et al.[163] This
section does to a large extent contain the same content as the published manuscript in Appendix F. I
performed optical microscopy, Raman spectroscopy, THz-TDS measurements of graphene samples,
and data analysis.

An accurate and reliable determination of the electrical properties of graphene is required for
THz-TDS to become an industry standard for rapid in-line characterization. In order to robustly
determine the electrical properties such as µdrift and Ns from non-gated measurements we would
like to fit both the real and imaginary parts of the frequency dependent sheet conductivity to
the Drude model. However, the electrical properties extracted from such fits were found to vary
significantly depending on the choice of reference point on a sample. We attribute such point to
point variations to time shifts between individual pulses transmitted in the setup (timing jitter).
This problem was addressed by comparing the information that is available from transients that
are directly transmitted through the substrate and transients originating from internal reflections
in the substrate. Using this method it was possible to reliably extract the electrical properties of
graphene from THz-TDS measurements.

A single layer film of graphene was transferred onto HR-Si/SiO2[155,164] and spatially mapped
by THz-TDS (Fig. 7.1a). The optical map shows that the graphene film is continuous. Raman
mapping of the sample indicates a very low defect density in the graphene film as determined from
the I(D)/I(G) peak intensity ratios with a mean of 0.021 ± 0.019 (Fig. 7.1b).
Determination of σ̃s(f) should yield the same result when extracted from the directly transmitted
pulse or from any of the subsequent echoes. Since σ̃s(f) depends on a measurement from a reference
area compared to a sample area, it is sensitive to any variations between the two measurements such
as substrate thickness variations or timing jitter. 10,000 waveforms with 100 averages per waveform
were measured in our setup. Each waveform contains two distinct peaks (inset in Fig. 7.1c) that
were used to characterize timing jitter in the setup. The difference in time between the two peaks,
tp, and the arrival time of the first peak, t0, was obtained by fitting the individual peaks to
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Figure 7.1: (a) Optical map of the graphene sample combined with map of σ1 from the directly transmitted
pulse averaged from 0.8–0.9THz. White arrows indicate the scanning direction during the THz-TDS
measurement and the grey box illustrates the area chosen for performing timing jitter corrections. White
crosses mark different areas used as sample reference. (b) A representative Raman spectrum from the
sample shown in (a) with a histogram of Raman I(D)/I(G) peak ratios in the inset. (c) Histogram of time
delay between individual waveforms t0 and time difference between the two peaks in each waveform tp.
Inset shows one waveform. (d) Sheet conductivity spectra for graphene on Si extracted from the directly
transmitted pulse and the 1st echo. (e) Sheet conductivity spectra from same pixel as (d) after correction
for timing jitter. (f) Timing jitter delay in each pixel from the highlighted area in (a).

Gaussian functions to extract the peak positions on the time axis. The arrival time of the first
peak relative to the mean arrival time shows a spread in t0 while the spread in tp is more than
ten times smaller (Fig. 7.1c). This indicates that it is the full waveforms that are shifted in time.
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The variations in arrival time are on the order of up to a few tens of femtoseconds, but even such
small variations have significant influence on the electrical properties that are extracted from a
graphene film.
From the variation in arrival time at the sample for individual waveforms it follows that there might
be a shift in time from the reference spectrum to the sample spectrum which will influence the
determination of σ̃s(f). Spectra of σ̃s(f) for graphene on Si extracted from the directly transmitted
pulse and from the 1st echo, respectively, do not overlap (Fig. 7.1d). The real parts follow each
other while the imaginary parts have different slopes. This trend was observed for all the 169
pixels from the highlighted area in Fig. 7.1a being investigated.
We take advantage of the fact that σ̃s(f) should yield the same result when extracted from the
directly transmitted pulse or from any of the subsequent echoes in order to correct for t0 variations.
We simultaneously calculate σ̃(0)

s and σ̃(1)
s and iteratively multiply a phase shift e−i∆δ to Ẽfilm(f)

(Eq. 2.2) in order to minimize the error between σ̃
(0)
s and σ̃

(1)
s . The resulting spectra after a

correction corresponding to 4.2 fs are shown in Fig. 7.1e where both the real parts and the imaginary
parts from the directly transmitted pulse and from the 1st echo now overlap. The map of the time
delay required to minimize the error between the spectra in each of the 169 pixels (Fig. 7.1f) shows
that the values are within the time delays measured between individual waveforms and that the
time delay changes continuously over time (scanning direction is horizontal with respect to the
map).

Figure 7.2: Histograms of (a-c) τ and (d-f) µdrift for graphene extracted from the directly transmitted
pulse from the area highlighted in Fig. 7.1a. The five colors correspond to properties calculated using five
different reference areas on the sample, respectively. (a,d) Full fit after correction for timing jitter, (b,e)
Full fit uncorrected, (c,f) Real fit after correction for timing jitter. Average value and standard deviation
shown on plots is for all five data sets combined.

In order to extract σs,DC, τ , Ns, and µdrift from the measurements, we fit σ̃s(f) to the Drude
model. This is usually done by only fitting to the real part of σ̃s(f).[121,124,130] Here, both real
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and imaginary parts of σ̃(0)
s and σ̃

(1)
s are fitted to the Drude model (full fit) in each pixel that

has been corrected for timing jitter in order to determine the electrical properties of the graphene
film. The full fits after correction are compared to fits only to the real part of σ̃s(f) (real fit) and
to full fits to uncorrected data. Histograms of τ and µdrift acquired from fits to σ̃(0)

s using five
different reference areas on the sample (white crosses in Fig. 7.1a) are shown in Fig. 7.2. There are
clear differences in the distributions extracted for τ and µdrift when comparing full fits after and
before correction and real fits after correction. The data from different reference points generally
falls on top of each other for both τ and µdrift when using full fits after correction, whereas full
fits in the uncorrected case leads to a large spread in the determined properties of graphene. The
big variations in τ and µdrift determined from full fits to uncorrected data is due to the changes
in the slope of σ2, which is very sensitive to time differences between the pulse arriving at the
reference and sample point, respectively. The average values obtained for real fits are in reasonable
agreement (∼10%) with the data from full fits after correction, but the extracted data from the
five different reference points is more separated in this case, which leads to a larger uncertainty on
the properties that are determined. Only real fits after correction are shown since σ1 is negligibly
affected by the timing jitter correction and the results from before correction are therefore similar
to the results after correction in the case of real fits.

Figure 7.3: Comparisons of electrical properties of graphene from THz-TDS measurements using a full fit
(FF) to the Drude model and only fitting to the real part (RF) including non-corrected data and data after
correction for timing jitter (corr). (a) σs,DC. (b) τ . (c) Ns. (d) µdrift. The bars show the average value
based on measurements from five different reference areas with error bars showing the standard deviation.

The comparison between electrical properties of graphene extracted from THz-TDS measurements
by full and real fits using different reference points on the sample is expanded to cover σs,DC, τ ,
Ns, and µdrift extracted from both the directly transmitted pulse and the 1st echo Fig. 7.3.
The average values from all fits are similar for σs,DC with some small variations for real fits and
a large variation for the full fit to uncorrected data from the directly transmitted pulse. For τ ,
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Ns, and µdrift the picture is different. Similar properties are extracted from full fits to σ̃(0)
s and

σ̃
(1)
s after correction for timing jitter. Without correction there are differences between the full fits

to σ̃(0)
s and σ̃(1)

s and we also see an increase in the standard deviations due to variations between
results from the different reference areas. We note that the average values obtained from full fits
to uncorrected data for the 1st echo is similar to the values obtained from full fits after jitter
correction, however always with a larger standard deviation.
There are differences between the values obtained from real fits to σ̃

(0)
s and σ̃

(1)
s , since small

variations in the slope of σ1 will have a larger impact when the fit is not also dependent on
σ2. This shows that acquiring electrical properties by only fitting to the real part of σ̃s(f) is
generally less reliable compared to full fits to corrected data. The results shown here highlights
the importance of compensating for time delays during THz-TDS measurements as there can be
significant variations in the extracted electrical properties from a graphene film when using different
reference areas on the same sample. By applying such compensation, we are able to reliably extract
the same electrical properties for the graphene film irrespective of the chosen reference point on a
sample.

7.2 THz-TDS of sample with high degree of backscattering

Acknowledgement: Samples with graphene transferred from Ge was provided by Włodzimierz
Strupiński, Iwona Pasternak (both from ITME, Poland), and Ken Teo (Aixtron, UK). Mobilities
from electrical device measurements and Raman spectral data were provided by Cedric Huyghebaert
(Imec, Belgium). I performed THz-TDS measurements and data analysis.

CVD grown graphene on a 4 inch Ge wafer transferred to HR-Si was measured with THz-TDS
(Fig. 7.4a). The map of σ1 averaged from 0.8–0.9THz appears uniform in the central region of the
wafer, but with a low sheet conductivity. A plot of σ̃s(f) after correction for timing jitter from one
pixel (Fig. 7.4b) shows a conductivity response similar to Fig. 2.8c; a response with a low value of
the backscattering parameter c due to a high degree of carrier localization in the graphene. σ̃s(f)
was best fitted by the Drude-Smith model with c = -0.88 confirming that carriers experience a
significant degree of backscattering (in the region covered by that one pixel). A 4x4 cm2 region
(∼10.600 pixels) was chosen for further investigation in order to gain more knowledge about the
electrical properties of the sample (Fig. 7.4c). σ̃s(f) was fitted by the Drude-Smith model in all
pixels with the corresponding map of σs,DC shown in Fig. 7.4d.

A map of the backscattering parameter from the Drude-Smith fits shows that the sample is
generally well described by the model with cavg = −0.92 ± 0.04 (Fig. 7.5a). This indicates that
the charge carriers experience a significant degree of backscattering throughout the sample. Such
backscattering influences the electronic transport on nanoscopic length scales which may again help
explaining the low sheet conductivity. High defect density is also indicated by Raman I(D)/I(G)
peak intensity ratios ranging from 0.85–1.1, which corresponds to average distance between defects
of 9.6–11.3 nm (Sec. 2.1). Histograms of the scattering time, carrier density and drift mobility
are shown in Fig. 7.5b-d. All three properties seem to follow extreme value distributions. The
sample has low scattering times with τavg = 9.42 ± 5.98 fs and maximum value at 6 fs which once
again points towards a sample that is far from ideal. The mean free path of carriers lmfp can be
determined from τ as lmfp = νF τ .[120] This leads an average mean free path of 9.42 ± 5.98 nm,
which corresponds well with the average distance between defects determined from Raman spectral
characterization. For the carrier density Ns,avg = 5.28 · 1012 ± 3.55 · 1012 cm−2 with a maximum
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Figure 7.4: THz-TDS measurement of graphene transferred to HR-Si from Ge. (a) Map of σ1 averaged
from 0.8–0.9THz for a 4 inch wafer. (b) Sheet conductivity spectra from a pixel in (a) extracted from the
directly transmitted pulse with fits to the Drude-Smith model. (c) Map of σ1 averaged from 0.8–0.9THz
and (d) σs,DC for a 4x4 cm2 area of the sample.

at 2 · 1012 cm−2 and for the drift mobility µdrift,avg = 526.7 ± 622.1 cm2/Vs with a maximum at
150 cm2/Vs. Device measurements were conducted on 36 electrical devices yielding an average
mobility µavg = 296.6 cm2/Vs in good agreement with the mobilities extracted from THz-TDS
measurements. The results presented here highlight the validity of using the phenomenological
Drude-Smith model for determining electrical properties of defected graphene samples.

7.3 THz-TDS of graphene transferred to polymer substrates

Acknowledgement: Samples with graphene transferred to PET were provided by Huang Deping
(Chongqing Institute of Green and Intelligent Technology, China) and Chongqing Graphene Tech
Co., Ltd (China). I performed THz-TDS measurements and data analysis.

THz-TDs measurements were carried out on graphene transferred to a 20x30 cm2 sized PET sheet.
The transients from the directly transmitted pulse and subsequent echoes are well separated in
time (∼12 ps) when measuring on Si substrates (Fig. 2.7a) which makes it straightforward to
numerically isolate the individual transients and determine σ̃(n)

s (f). When measuring on PET we
do not see these individual transients (Fig. 7.6a) because of the lower refractive index of PET
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Figure 7.5: Electrical properties of graphene from the area in Fig. 7.4a. (a) Map of the backscattering
parameter. (b) Histogram of τ . (c) Histogram of Ns. (d) Histogram of µdrift. Dotted red line shows average
mobility for measurements from 36 electrical devices.

compared to Si (∼1.7 vs. ∼3.4) and the thinness of the PET film compared to a Si wafer (∼150 µm
vs. ∼500 µm). Therefore, transients from internal reflections follow within ∼2 ps after one another
and are positioned too close to each other to be easily separated. Eqs. 2.5 and 2.6 for σ̃(0)

s (f)
and σ̃(1)

s (f), respectively, are therefore not valid in this case. Instead, Ẽfilm(f) and Ẽsub(f) needs
to contain terms from the directly transmitted pulse together with all subsequent echoes. The
expressions for Ẽfilm(f) and Ẽsub(f) in this case are

Ẽfilm = E0t̃filmt̃sub,aire
−iδ

∞∑
n=0

(r̃sub,airr̃filme−i2δ)n, (7.1)

Ẽsub = E0t̃air,subt̃sub,aire
−iδ

∞∑
n=0

(r̃2
sub,aire

−i2δ)n. (7.2)

The sums can be simplified by the geometric series

1 + x+ x2 + x3 + ... = 1
1− x, for− 1 < x < 1. (7.3)
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The expressions for Ẽfilm(f) and Ẽsub(f) are thereby rewritten to

Ẽfilm = E0t̃filmt̃sub,aire
−iδ

1− r̃sub,airr̃filme−i2δ
, (7.4)

Ẽsub = E0t̃air,subt̃sub,aire
−iδ

1− r̃2
sub,aire

−i2δ , (7.5)

The transmission function can now be generated from Eqs. 7.4 and 7.5 together with the
expressions for reflection and transmission functions from Sec. 2.5 in order to determine σ̃s(f) for
graphene on a thin polymer substrate. A comparison of σ1 determined as the directly transmitted
pulse and as a superposition of all pulses is shown in Fig. 7.6b. There are big oscillations in
the response calculated from the directly transmitted pulse due to influences from the internal
reflections, whereas the conductivity response from the sum of the directly transmitted pulse
together with all subsequent echoes show a clear decrease with increasing frequency as in the
Drude model.

Figure 7.6: (a) Spectrum for a THz pulse after transmission through a PET substrate without and with
graphene. (b) Real part of the sheet conductivity spectra for graphene on PET determined as the directly
transmitted pulse and as a superposition of all pulses.

Figure 7.7: (a) THz-TDS map of σ1 averaged from 0.8–0.9THz for a 20x30 cm2 sample of graphene on
PET. (b) Histogram of σs from the grey square in (a).
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The full 20x30 cm2 sample was mapped by THz-TDS and the map of σ1 averaged from 0.8–0.9THz
shows that the conductivity of the graphene film is fairly homogeneous except for two areas in one
side of the sample (Fig. 7.7a). A histogram of σ1 excluding the side of the sheet with the non-
conducting corner reveals two distinct peaks (Fig. 7.7b). It is seen from the sheet conductivity
map that the conductivity is in fact higher in the central region of the sample compared to the
sides; a difference that could for instance be due to an inhomogeneous temperature distribution
during growth leading to higher quality graphene grown at higher temperature in the central region.
Comparative electrical device measurements of the graphene on polymer films should be performed
in order to verify the accuracy of the THz-TDS measurements of graphene on polymer films. This is
still to be completed. Proving that THz-TDS works for mapping the sheet conductivity of graphene
on polymer will emphasize the fact that it is a solid option for in-line graphene characterization
during roll-to-roll processing.
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Chapter 8
Graphene based organic light emitting diodes

Graphene is conducting, highly transparent, mechanically strong, and flexible. All of these
properties are necessary requirements for materials that can potentially challenge ITO as the
industry standard for transparent conducting electrodes. Here, we investigate the use of graphene
as transparent conducting electrode for OLEDs. The sheet resistance of graphene is high relative
to ITO, which is an issue that must be addressed. Possible routes for doping graphene to increase
the conductivity post-transfer were tested. Fabrication of OLEDs was conducted in collaboration
with Fraunhofer FEP

8.1 Chemical doping of graphene

Acknowledgement: Electrical device measurements of single layer graphene before and after gold
chloride doping were conducted by Adnan Silajdźić. Doping of graphene with nitric acid was carried
out by Niels Peder Møller. I performed graphene growth and transfer as well as THz-TDS and
subsequent data analysis.

In order for graphene to be directly competitive with ITO, the sheet resistance must be lowered
to <100W/2. One way of lowering the sheet resistance is by increasing the number of transferred
graphene layers (Sec. 6.3), which will however also decrease the transparency. The standard
method for increasing the concentration of available charge carriers in a semiconductor is by
the addition of impurities to intrinsic semiconductors, a process known as doping. Chemical
doping can similarly be carried out with graphene by either substitutional or adsorbate doping.
In substitutional doping, heteroatoms (such as nitrogen or boron) are incorporated into the
carbon lattice of graphene.[165] Doping with adsorbates can be done by adsorption of gas,[166,167]
metals,[168–170] or organic molecules[171–173] to the surface of graphene. Doping of graphene provides
a feasible way of increasing the conductivity, thereby enabling graphene to come closer to fulfilling
the standards set by ITO.

Two methods for adsorption based graphene doping are considered here. The first method is
doping with gold particles from gold chloride (AuCl3). A solution of AuCl3 (10mM AuCl3 in
nitromethane) was spin coated on graphene after etching transfer to target substrates (Sec. 6.1).
Electrical device measurements showed an average decrease in sheet resistance of 76% after doping
at VG = 0V, very similar to the 77% reported by Kim et al.[169]
THz-TDS was used to characterize the change in conductivity over time for doped graphene on
glass substrates. Fig. 8.1a-c shows a sample of bilayer graphene before doping, initially after
doping, and four weeks after the doping process. An initial increase in σs with a factor of ∼2.5
is observed after doping, which corresponds to a reduction in sheet resistivity of ∼60%. After
four weeks there is still an effect of the doping process, but the magnitude of σs has decreased
compared to initially after doping. The decrease in σs after the initial increase is most likely due
to evaporation of the dopant when samples are stored at ambient conditions. The initial increase
in σs with a factor of ∼2.5 is observed both for bilayer and trilayer (TLG) graphene samples
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Figure 8.1: (a-c) THz-TDS maps of σ1 averaged from 0.8–0.9THz of bilayer graphene transferred to a glass
substrate. (a) Before doping, (b) initially after AuCl3 doping, and (c) 4 weeks after AuCl3 doping. (d)
Change in σs over time for bilayer and trilayer graphene doped with AuCl3. (e) Change in σs initially after
doping relative to before doping for bilayer and trilayer graphene doped with either AuCl3 or HNO3.

(Fig. 8.1d). There is an initial decrease in σs over the course of one week after which it stabilizes
for the duration of 3weeks before a further decrease in σs over extended periods of time. This
leaves a time frame of up to 3–4weeks with high conductivity where further device processing can
be carried out.
Doping by nitric acid (HNO3) fumes was conducted as an alternative method for graphene doping.
Graphene transferred to glass was placed above a container with fuming HNO3 (65wt%) for
15minutes, which is a process that is more amenable for roll-to-roll processing compared to spin
coating of dopants.[58] The increase in σs after doping with HNO3 is similar to the increase after
doping with AuCl3 (Fig. 8.1e).

8.2 Graphene based organic light emitting diodes

Acknowledgement: Fabrication of OLEDs on graphene transferred to glass substrates and sub-
sequent OLED performance characterization together with transmission measurements were con-
ducted by Beatrice Beyer, David Wynands, and Falk Schütze (all Fraunhofer FEP, Germany). The
production of graphene based OLEDs was a goal of both the DA-GATE and GLADIATOR projects.
Graphene was grown in collaboration with Birong Luo. I conducted the transfers of graphene to
glass substrates.

A key property of graphene for OLED integration is the high transparency. The transmittance of
graphene was measured in the visible wavelength range from 400–700 nm for graphene transferred
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using different transfer methods (Fig. 8.2a). The transmittance of graphene on glass (T ) shown
here is relative to the transmittance of a bare glass substrate (T0). The average transmittance from
400–700 nm for graphene transferred to a glass substrate by PVA transfer (Sec. 5.1) is 0.975± 0.003,
which is in good agreement with an absorption of 2.3% and a negligible reflectance (Sec. 1.2). For
LOT (Sec. 6.2) the transmittance is similar to PVA transfer at 0.970 ± 0.003, while it was lower
for an etching transferred sample with an average transmittance of 0.951 ± 0.005. The lower
transmittance arising from etching transfer could be due to polymer residues and contaminants
from the transfer method, which is more pronounced for this type of transfer (Sec. 6.1). The
transmittance of ITO used as transparent conducting electrode for standard OLEDs at Fraunhofer
FEP is shown for comparison. The average transmittance from 400–700 nm for the ITO layer
(thickness of 155 ± 10 nm) is 0.929± 0.048.

Figure 8.2: (a) Transmittance of graphene transferred to glass substrates with different transfer methods
relative to bare glass substrate. (b) Schematic of OLED with five organic layers between metallic cathode
and transparent anode. Adapted from Buckley[174]

An OLED in its simplest form consists of a single layer of organic material sandwiched between
a reflecting metallic electrode (cathode) and a transparent conducting electrode (anode). When a
positive voltage is applied, electrons and holes are injected at the cathode and anode, respectively,
where they recombine to form excitons. The excitons will relax to the ground-state through
emission of photons. The power efficiency (ηp) is a standard figure of merit for the efficiency
of an OLED which takes into account the ratio of emitted photons relative to injected charge
carriers (the external quantum efficiency, EQE), the emitted photon energy (hf), and the energy
of injected electrons electrons (eV ) and is on the form[174]

ηp = K

∫
λ
V (λ)EQE(λ)

sPL(λ)
hf

eV
dλ, (8.1)

where K = 683 lm/W is a constant, V (λ) is the sensitivity of the human eye, and sPL(λ) is the
normalized photoluminescence spectrum (

∫
λ sPL(λ)dλ = 1). It follows from Eq. 8.1 that OLEDs

should be driven at the lowest possible operating voltage in order to optimize ηp.[174]
More than one organic layer is required in order to obtain high efficiencies in OLEDs since there is
not one single material that is optimal for charge injection and transport, charge recombination,
and outcoupling of photons. Therefore, OLEDs consist of at least five organic layers; a p-doped
hole transport layer (HTL) in contact with the anode, an n-type electron transport layer (ETL)
in contact with the cathode, an emission layer (EML) where excitons form and decay, and two
blocking layers (hole blocking layer (HBL) and electron blocking layers (EBL)). The HTL and
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ETL ensure efficient injection of charge carriers into the EML, while the blocking layers enclose
the EML and confine charges inside to ensure that all charges recombine with a charge of opposite
polarity. (Fig. 8.2b).[174]

Figure 8.3: (a,b) OLED reference using ITO as transparent conducting electrode, where (a) shows four
pixels, each measuring 2.5x2.5mm2, while (b) shows a zoom in on one pixel. (c,d) First OLED attempt
with bilayer graphene as transparent electrode. (e) OLED with bilayer graphene as transparent electrode. (f)
OLED with trilayer graphene as transparent electrode. (g) OLED with single layer graphene as transparent
electrode and increased thickness of the HTL.

OLEDs were fabricated with five organic layers in a structure similar to Fig. 8.2b. Standard
orange OLEDs were fabricated where every batch of graphene based OLEDs was made in parallel
with samples based on ITO as reference devices. Standard ITO based orange OLEDs are shown
in Fig. 8.3a,b. A luminance (intensity of light emitted from a surface per unit area in a given
direction) of 1000 cd/m2 for the ITO based reference OLEDs is reached with an operating voltage
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of ∼3.4V resulting in ηp ≈ 15 lm/W.
The first attempt with graphene based OLEDs was unsuccessful. Emission only occurred at the
edges of two out of four pixels (Fig. 8.3c). A structure resembling the Cu grain structure was
observed in the OLED architecture (Fig. 8.3d) which could possibly be inherited from a thick
layer of residual polymer on top of the graphene. Such a polymer layer would inhibit charge
carrier injection from the graphene anode into the OLED stack leading to a malfunctioning OLED.
The bilayer graphene stack was prepared by two individual etching transfers which means that
additional polymer residues were also trapped between the two graphene layers.
Multilayer etching transfer of bi- and trilayer graphene according to Sec. 6.3 followed by removal
of PMMA in heated acetone (60 ◦C) leads to increased OLED performance, where light is more
homogeneously emitted (Fig. 8.3e,f). The power efficiencies are however low (ηp < 1 lm/W). Dark
spots (non-radiating surfaces) are observed in the OLEDs, which are either due to defects in the
graphene layer or polymer residues.
The best graphene based OLED reached a luminance of 1000 cd/m2 with an operating voltage of
7.27V resulting in ηp = 4.62 lm/W (Fig. 8.3g), which is a factor of ∼3 from the performance of
the ITO based orange OLEDs. The OLED was based on a single layer of graphene transferred by
etching transfer. The main reason behind the higher efficiency reached by a single layer graphene
device compared to bilayer and trilayer OLEDs fabricated earlier is most likely an increase in the
thickness of the HTL, which seems to increase the homogeneity of the emission, especially at the
edges of the active areas. Defects causing dark spots were however not cured or suppressed by the
thicker HTL layer.
Most work on fabrication of graphene based OLEDs was carried out using undoped samples, since
the defects causing dark spots in the OLED will still be present in doped samples. The power
efficiency could possibly be improved, but the OLEDs would still not be emitting completely
homogeneously as the ITO based reference OLEDs does due to the defects. In order to achieve
homogeneous emission from graphene based OLEDs, we need the graphene layer to be continuous,
highly conductive, and with as few polymer residues as possible. Etching transfer is therefore
not ideal as transfer method for OLED fabrication due to contamination by polymer residues
(Sec. 6.1). Work is therefore currently ongoing on OLED fabrication using graphene transferred
by PVA transfer and LOT. The effect of using cleaner graphene from PVA transfer and higher
mobility graphene from LOT (Sec. 6.4) should hopefully improve the performance of graphene
based OLEDs. Doping of the transferred graphene can then be introduced to increase the
conductivity further, if the change in transfer method leads to more homogeneous emission from
graphene based OLEDs.
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Chapter 9
Conclusions and outlook

9.1 Conclusions

The work presented in this thesis has focused on furthering the development of transfer and char-
acterization methods for CVD grown graphene for transparent electrode applications. Processes
for scalable transfer of graphene were developed and optimized based on observations from large
area graphene characterization methods. Most importantly, the graphene layer must be transferred
without introducing any defects. Additionally, the catalytic growth substrate should remain intact
in order to be used for regrowths of graphene, which increases the cost efficiency and sustainability
of graphene production.

Oxidative decoupling transfer is an electrochemical transfer method, where a constant potential of
−0.4V relative to a reference electrode is applied to the sample. This leads to interfacial oxidation
of the Cu catalyst beneath the graphene, which enables the delamination of graphene from its
growth substrate. Samples of up to 100mm diameter were transferred and the electrical properties
of graphene transferred by ODT were superior relative to etching transfers. Additionally, 5 cycles
of repeated growth and transfer from the same substrate was shown. A chemical acceleration of
the process was investigated which lead to a tenfold increase in transfer velocity while still being
non-destructive towards both graphene and growth substrate.

Raman spectroscopy was used to measure decoupling of graphene from Cu substrates. It was shown
that it is possible to determine at which point the graphene is sufficiently decoupled from the Cu
substrate to be transferred. This was achieved by systematically studying Raman spectral changes
to the 2D peak during water oxidation and the graphene coverage on a target substrate after a
mechanical peeling transfer. Graphene transfers with coverage up to 99.7% were achieved as well
as hBN coverage up to 97.5% using the same method. Raman spectroscopy can consequently be
used both for detecting the decoupling time before transfer and for post-transfer characterization.

A comparison of transfer methods relative to etching transfer highlighted that different transfer
methods should be used depending on the application in mind. Graphene transferred by lift-off
transfer in alkaline solution was superior with respect to mobility, while graphene with minimal
polymer residue is achieved by mechanical peeling transfer with PVA. It was further shown that
it is possible to transfer CVD 2D material (2DM) heterostructures with the 2DM/2DM interface
being free from polymer residues.

THz-TDS has been used for measuring electronic properties of graphene after transfer. A
robust method for reliably determining the electrical properties irrespective of timing jitter was
introduced. THz-TDS was further used for extracting electrical properties from a defected
graphene sample with the carrier drift mobility and mean free path of carriers matching results
obtained by electrical device measurements and Raman spectroscopy, respectively.

Graphene based OLEDs were fabricated in collaboration with Fraunhofer FEP and compared to
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ITO based OLEDs. The performance of our graphene based OLEDs is still inferior compared to
ITO based OLEDs, but the implementation of newly developed transfer methods for preparation
of the graphene based transparent conducting electrode will hopefully lead to future improvements.

9.2 Outlook

Graphene has been grown on a range of copper substrates followed by a subsequent transfer
to a target substrate. The main application for graphene described in this project has been as
transparent conducting electrode. Here, I will share some of my views on the future for large scale
growth of graphene and other 2DMs and the subsequent integration into functional devices.

9.2.1 Graphene growth substrates for industrial integration

Ideally, we should be able to fabricate large areas of high quality graphene directly on any desired
target substrate. The introduction of CVD growth on Ge is one step in that direction,[31] while
work on direct graphene growth on insulators such as silicon nitride[175] and silicon dioxide[176] has
been initiated. The graphene grown directly on insulators by current standards is nanocrystalline,
which means that the electronic properties will be inferior compared to graphene grown on Cu
(Sec. 7.2). Future research will hopefully lead to a significant increase in graphene domain size for
growths directly on insulators, which is required for good electrical properties. Another fabrication
method of graphene is liquid exfoliation of graphite, which is easier to scale up.[177] Thicker layers of
exfoliated graphene are however required to achieve sheet conductivities similar to single layer CVD
grown graphene, which decreases the transparency and thereby the applicability as transparent
conducting electrode.
For now, CVD growth on Cu substrates remains the most viable route for large area growth of
high quality graphene for transparent electrodes. Graphene growth on Cu foils has already proven
its worth for roll-to-roll production (Sec. 1.3). The growth on Cu thin film supported by a wafer is
compatible with standard semiconductor processing in cleanrooms. However, for graphene grown
on Cu thin films on oxidized Si we observed that the electrical properties of transferred single
layer graphene were far from ideal (Sec. 6.3). I think that more work should be conducted with
graphene grown on Cu thin films supported by sapphire. This has been a minor part of the study
here, but we generally see that the Cu surface appears significantly flatter when supported by
sapphire compared to Si (Sec. 3.3), which should ideally lead to a more continuous graphene film
after transfer. The standard transfer methods applicable for graphene grown on Cu thin film on
Si are also applicable for sapphire supported Cu thin films (Sec. 5.3), which means that it should
be possible to make advances within a reasonable time frame.

9.2.2 Graphene as transparent conducting electrode

The OLEDs fabricated within this project did not reach ITO standards. With the introduction of
new transfer methods, I believe that it will become possible for us to match the properties of ITO
with transparent electrodes based on graphene over time, which has also been achieved by other
groups.[178–180]
However, the fact that ITO is a widely integrated standard as transparent electrode makes it
difficult to overturn its position in the market. Even though it is an expensive material (half of
the cost of a capacitive touch screen module is related to ITO[181]) it has the advantage compared
to current graphene production methods that ITO is deposited through a single fabrication step.
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Graphene first needs to be synthesized in a CVD system operated at 1000 ◦C and then subsequently
transferred by a multistep transfer method; a much more complicated process in an industrial
workflow compared to a one step deposition.
In my opinion, graphene still has a future as a transparent conducting electrode. ITO will most
likely remain the industry standard for many years for flat and inflexible devices operating a
wavelengths in the visible range. This means that we need to look at alternative markets. ITO
has a higher absorption compared to graphene when approaching ultraviolet (UV) wavelengths
(Fig. 8.2), which means that graphene could be the transparent electrode of choice for UV-OLEDs.
Such OLEDs could for instance be used as optical sensors, for medical imaging of cells and for
curing of polymers. An increase in demand for flexibility in electronics is anticipated in the near
future for wearable electronics and photovoltaics. Here, it will also be possible for graphene to
outperform ITO due to the brittleness of ITO. It should be noted that the development of other
alternative transparent conducting electrodes such as silver nanowire arrays is ongoing.[182,183]
Graphene needs to outperform such competitors to become the transparent electrode of choice for
flexible applications.

9.2.3 Heterostructures of 2D materials

The family of known 2DMs has expanded since the isolation of graphene. It includes (but is not
limited to) other atomically thin film allotropes such as hBN, silicene, germanene, phosphorene,
stanene, and borophene and a whole class of transition metal dichalcogenides (TMDCs) of the form
MX2 where M is a transition metal (Mo, W, etc.) and X is a chalcogen (S, Se, Te). The properties of
these materials range from insulators over semiconductors to superconductors. Heterostructures
can be fabricated by combining these materials to specifically design structures with tailored
properties.[184]
Graphene is the frontrunner in the family of 2DMs and most of the work with respect to synthesis,
transfer and characterization performed with graphene can be translated to other 2DMs with hBN
as a great example. It is therefore expected that the work presented in this thesis not only works
for graphene but will also prove useful for integration of other 2DMs in the future.
Roll-to-roll growth and transfer of CVD grown graphene to plastic substrates has been realized
(Fig. 1.5). CVD growth of hBN on Cu substrates is well-established, while CVD growth of various
TMDCs has also been realized including for instance MoS2, MoSe2, WS2, and WSe2 to name
some of them.[185–189] Individually, all of these 2DMs have interesting properties which it is now
becoming possible to use on larger scale through the advances of CVD growth of 2DMs. By stacking
different layers of CVD grown 2DMs it will become possible to fabricate large area devices with
nanometer-scale thicknesses that have properties tailored for specific applications. Thin flexible
solar cells and light emitting diodes are obvious examples.[190]

Roll-to-roll processing is a good candidate as a method of achieving industrial scale production
of 2DM-based heterostructures. A schematic of an envisioned setup for such production is shown
in Fig. 9.1. 2DMs are grown by CVD on catalytic growth substrates and subsequently decoupled
from the growth substrate (for instance by water oxidation for graphene and hBN, Chap. 5).
The first 2DM is adhered to a rolling polymer film (possibly PVA) and the 2DM/polymer film
is mechanically released from the catalytic growth substrate. The 2DM adhered to the polymer
substrate could be doped (if required) by spray-based doping or by exposure to vapors (Sec. 8.1).
Another decoupled 2DM is subsequently adhered to the 2DM/polymer film, which is again followed
by mechanical release from the catalytic growth substrate to achieve a 2DM/2DM/polymer film.
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Figure 9.1: Schematic of envisioned roll-to-roll production of heterostructures of 2DMs onto polymer
substrates with reusable catalytic growth substrates. The setup contains in-line characterization tools
for process optimization and continuous quality control. Images of optical microscopy, hot plate, and CVD
furnace are reprinted.[191–193]

The process can be repeated to achieve a desired number of 2DM layers on the polymer film.
Mechanical peeling transfer of graphene onto hBN/PVA has been achieved (Sec. 6.3) and is
expected to work in a similar way for a wide range of 2DMs considering how various 2DM
heterostructures based on exfoliated flakes have been fabricated by pick-up methods.[88,162,190,194]
Different characterization tools can be incorporated into the roll-to-roll process for in-line quality
control and process optimization. Raman spectroscopy is a widely used characterization tool in the
2DM community and can be used for characterization of the 2DM both on its growth substrate and
after transfer to a target substrate (Sec. 2.1). It can further be used to measure the decoupling
of graphene from Cu substrates (Sec. 5.2), a methodology that could possibly be expanded to
measure the decoupling of other 2DMs from growth substrates. Optical microscopy can be used
to characterize coverage of 2DMs on polymers[59], while THz-TDS can spatially map the sheet
conductivity of conducting 2DMs transferred to polymers (Sec. 7.3). Future developments in THz-
TDS could lead to the incorporation of reflection mode measurements of 2DMs directly on growth
substrates, which could make THz-TDS a multi-purpose in-line characterization tool similarly to
Raman spectroscopy.

Ideally, CVD growth of heterostructures on specific application ready substrates with perfect
control of the growth of individual 2D material layers on top of each other is desired. Until such
control of CVD growth is realized, the transfer of individual layers on top of each other will be
the way to achieve large area CVD grown heterostructures of 2D materials.
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We present a simple framework for assessing both the homogeneity of 

large-area graphene devices and the measurement accuracy of 

electrical properties. Finite element simulations and electrical 

measurements show that non-uniform doping in graphene can lead to 

systematic overestimation of the field effect mobility (and other 

electrical parameters), which can be corrected for using these methods.  
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ABSTRACT  
With the increasing availability of large area graphene the ability to quickly and accurately assess the 
quality of the electrical properties has become critically important.  For practical applications, spatial 
variability in carrier density and carrier mobility must be controlled and minimized. We present a simple 
framework for assessing the quality and homogeneity of large-area graphene devices. The field effect in 
both exfoliated graphene devices encapsulated in hexagonal boron nitride and CVD devices were 
measured in dual current-voltage configurations, from which we derive a single, gate-dependent effective 
shape factor, ζ for each device. This sensitive indicator of spatial homogeneity can be obtained from 
samples of arbitrary shape.  All 50 devices show a variation in ζ as a function of gate bias with a change 
up to a factor of 10. Finite element simulations suggest that spatial doping inhomogeneity rather than 
mobility inhomogeneity is the major cause of gate-dependent ζ, and that a measurable difference in ζ is 
caused by variations as small as 1010 cm-2. Our results suggest that local variation in the position of the 
Dirac-point changes the current flow and thus the effective sample shape as a function of gate voltage. We 
also find that such variations lead to systematic errors in carrier mobility calculations which are concealed 
if ζ is ignored.  
 
KEYWORDS  
CVD-graphene, doping inhomogeneity, electrical measurements, van der Pauw, hBN encapsulated graphene, 
Finite Element Simulations, Raman mapping  
 
1. Introduction 
Monolayer graphene is transitioning from the 
laboratory to marketplace, largely as a result of the 
emergence of fast and reliable wafer-scale and 
roll-to-roll growth techniques. However, many 

applications require narrow tolerances in electrical 
parameters, which must be reliably monitored and 
controlled if graphene is to be successfully 
commercialized. Therefore, there is an essential need 
for consistent and accurate electrical measurements 
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that match the increasing throughput of chemical 
vapour deposition (CVD) graphene growth. Typical 
transport measurement methods today rely on 
relatively slow lithographic techniques, macroscopic 
4-point probes requiring physical contact with the 
graphene film [1] or contactless measurements where 
electrical parameters are inferred directly, such as 
terahertz time-domain spectroscopy [2], or indirectly, 
such as Raman spectroscopy [3]. 

Here, using electrical measurements in dual 

orthogonal electrode configurations and finite 

element simulations, we systematically investigate 

doping anisotropies in wafer-scale CVD graphene. 

We propose a methodology to evaluate the impact 

that non-uniformity has for a particular sample or 

set of samples with work showing how 

non-uniform doping that exists within the wafer 

can lead to systematic overestimation in the field 

effect mobility. 
 
2. Results and Discussion 
If dual-configuration van der Pauw (vdP) 
measurements (as defined in Fig. S-1 (a-b) in the 
Electronic Supplementary Material (ESM)) are used 
to determine the resistance RA and RC of the A and C 
configurations, then the sheet resistance RvdP can be 
derived using the formula [4]: 

𝑒−
𝜋𝜋𝐴
𝜋𝑣𝑣𝑣 + 𝑒−

𝜋𝜋𝐶
𝜋𝑣𝑣𝑣 = 1 

We use RA and RC to further estimate the resistance 

uniformity of devices by assessing how close the 

resistance ratio RA/RC:  

𝜁 =  
𝑅𝐴
𝑅𝐶

 

is to unity as a function of gate bias. Specifically, if a 

device has uniform current density, then the 

resistance ratio RA/RC will exactly match the 

physical aspect ratio of the sample. Deviations from 

the designed shape able to be accessed via ζ = RA/RC. 

In this way, any measured variations in ζ = RA/RC 

are clear indications inhomogeneities in the sample. 

In other words, given a well-defined geometry, the 

ratio ζ = RA/RC effectively acts as a homogeneity 

assessment parameter. 

Figure 1 shows sheet resistance (RS) as a function of 

gate bias (VG) for three device types at room 

temperature, with RA and RC configurations 

(assuming the corresponding geometrical correction 

factor of π/ln(2)), as well as the calculated sheet 

resistance RvdP, and ζ. We have chosen samples for 

Fig. 1 with ζ curves for characteristic, representative 

types of behaviour among the 50 devices measured. 

Figure 1(a-d) shows device type A, CVD graphene 

transferred to Si3N4, with devices A1 and A2 

showing significant overall p-doping (>2x1013cm-2) 

extracted from the position of the charge neutrality 

point (CNP). Figure 1(e-h) shows device type B, 

CVD graphene transferred to SiO2, with devices B1 

and B2 showing relatively low doping with CNPs 

close to 0 V. We attribute the difference in doping 

between device types to the particular transfer 

techniques used for the different devices, rather 

than the specific substrates and are chosen to 

compare and cover extremal samples appearing in 

the literature from high-doped to low-doped. 

Figure 1(i-l) shows device type C, encapsulated 10 

µm x 10 µm devices, which show moderate overall 

n-doping (~2x1012cm-2).  

 

The ζ curve is very sensitive to sample-to-sample 

variations. For the most consistent device, C2, 

where RA ≃ RC, still we observe appreciable 

differences near, and on either side of the CNP. As 

all measurements are reproducible we can rule out 

that the differences are due to 1/f noise fluctuations.  
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In order to aid in describing the behaviour 

observed in Fig. 1, we will define features present in 

ζ(VG), aided by Fig. 2(a). If we observe an offset 

from the physical aspect ratio, we refer to this as the 

geometrical factor ζG. Any variations observed as a 

function of VG we label Δζ = ζmax - ζmin. For cases 

where ζ crosses unity, we must add the difference 

of ζmax and ζ = 1 to the difference of 1/ζmin. 

Calculating ζ is not equivalent to determining the 

effective aspect ratio of the device (expect where ζ = 

1), because as the aspect ratio increases from unity 

the differences in geometrical correction factor are 

not linear.  In order to relate ζ to the aspect ratio, 

we numerically evaluated ζ for known aspect 

ratios, for devices where the electrodes are 

positioned at the four corners, as shown in Fig. 2(b) 

(inset). RA and RC and thus ζ are calculated, with the 

results showing the relationship in Fig. 2(b). For 

example, measuring ζ = 2 is equivalent to having a 

device with aspect ratio of 1.12, meaning that ζ is 

very sensitive to small changes in the current paths 

in a device. Because ζ is trivial to calculate directly 

from measurements, we will continue to use ζ as 

our figure of merit.  

Despite our device types being significantly 

different in physical size, doping, mobility etc., 

non-uniformity in ζ was observed for all devices, 

even for the highest quality samples. Devices of 

type C are free from polymer residues, grain 

boundaries, tears or folds in the graphene, and in 

addition have seen no contact with water or other 

liquids due to the fabrication technique and the 

encapsulation of graphene in hexagonal boron 

nitride (hBN). Despite removing all these potential 

causes of Δζ, a >15% change in ζ in the measured VG 

range is observed for these devices. We ascribe this 

behaviour to non-removed residual adsorbates 

acquired by the monolayer while carrying out the 

stacking process [5], in agreement with the observed 

overall doping.  

A summary of the mobilities calculated via 

field-effect for devices from Fig. 1 are shown in 

Table 1. Although some devices only have a small 

variation in measured mobility between the 

different configurations, even for well-behaved, 

devices where the data appears uniform to the eye 

(e.g. Fig, 1(k)) the difference from van der Pauw 

mobility (µvdP) can be >15% different depending on 

which configuration is chosen. 

 This finding highlights a significant issue of 

single configuration measurements: even if the 

physical aspect ratio is well-known it is the current 

flow and not only the dimensions of the conductor 

which determines ζ and any resulting errors in 

mobility.  Deviations in the current path due to 

different scattering mechanisms are not possible to 

detect using only a single configuration 

measurement.  

Although the vdP method provides an excellent 

average of device properties, it hides the differences 

between the A and C configurations. We believe the 

differences between configurations are (alongside ζ) 

important figures of merit for graphene device 

homogeneity and recommend stating the derived 

vdP value along with the differences between A 

and C as uncertainty values for mobility, and the 

position and resistance of the CNP (VCNP, RCNP 

respectively). For example, for device A1, we 

observed an RCNP of 3.5 ± 0.3 kΩ, a hole mobility (µh) 

of 670 ± 54 cm2/Vs with a doping level of n = 2.4 

x1013 ± 2.5x1011 cm-2, with sample uniformity of ζG = 

1.03, Δζ = 1.4. Using the data from vdP as well as 
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both configurations allows for a fair and accurate 

representation of device uniformity while showing 

the accuracy of derived electrical parameters.  

2.1 Toy doping model 

In order to further investigate the role of doping 

(Δζ) we performed finite-element calculations using 

Comsol. As shown in Fig. 3(a), we divide our device 

area into 16 squares, to approximate a possible 

doping landscape. Each of the squares is defined as 

graphene with a separate doping level of VCNP, (or 

equivalent value of n, where convenient) and with 

corresponding conductivity defined by [6]: 

𝜎 = 𝑛𝑡𝑡𝑡µ𝑞 

𝑛𝑡𝑡𝑡 =  �𝑛02 + 𝑛2 

𝑛 =
𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑑𝑑𝑑(𝑉𝐺 − 𝑉𝐶𝐶𝐶)

𝑞
 

Where σ = conductivity, ntot = total carrier 

concentration, µ = carrier mobility, q = electronic 

charge, n0 = carrier concentration at the CNP, n = 

carriers induced by VG and Cdielectric is the 

capacitance of the oxide. We set ntot, and µ as 

constants, and set VCNP to random values for each 

square confined to the upper and lower bounds of 

±nmax, and perform a parameter sweep of VG from -5 

V to +5 V. We set the Cdielectric using 300 nm of SiO2 

and then our sweep of VG corresponds to n = ±3.6 x 

1011 cm-2. We measure in both configurations 

sequentially (from Fig. 3(a): A: I+ = pin 4, ground = 

pin 3, V+ = pin 1, V- = pin 2; C: I+ = pin 1, ground = 

pin 4, V+ = pin 2, V- = pin 3). By decreasing nmax we 

change the magnitude of doping uniformity of the 

device such that when nmax = 0 we have a uniform 

device.  

Examples of the Comsol output are shown as 

RS(VG)  in Fig. 3(b) with the corresponding ζ(VG) 

shown in Fig. 3(c),  with Δn = 0 for solid lines and 

nmax = 1x1011 cm-2 for dashed lines. As expected, 

with no geometrical defects, ζG = 1 for all doping 

variations and when nmax = 0 it follows that RA = RC = 

RvdP and then Δζ = 0. For our specific example where 

nmax = 1x1011 cm-2, the random doping induces 

differences in RA and RC leading to a Δζ of 0.7.  

To explore the effect of doping variation on Δζ 

we varied the value of nmax from 0 to 1.8x1011 cm-2 

(2.5 V on 300 nm SiO2) in steps of 9x109 cm-2 (0.125 

V). For each value of nmax we performed 40 

iterations of random VCNP values for each of the 16 

squares. The average value of Δζ as a function of 

nmax is shown in Fig. 4(a). Results show that Δζ 

increases as the maximum value of the doping 

inhomogeneity increases; that the effect is 

approximately linear; and that Δζ is sensitive to 

even the smallest doping inhomogeneity, down to 

1010 cm-2.  

This data also supports the notions that doping 

variations leads directly to gate-dependent 

variations in the electronic shape of the device, and 

Δζ increases approximately linearly with doping 

inhomogeneity.  

We can extract the mobility for the A and C 

configurations as well as the calculated vdP directly 

from the simulation data. We can then compare our 

calculated mobilities to the value specified in 

Comsol to identify how doping inhomogeneity 

affects the mobility as measured by the A and C 

configurations as well as vdP. The results are 

shown in Fig. 4(b), as a function of Δζ. Here we 

observe that the error in the calculated mobility is 

significantly larger in the single configuration 

measurements compared to using the vdP 

correction. Additionally, despite mobility being 

held constant over the entire device, doping 
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inhomogeneity has directly caused the measured 

value of mobility to be misrepresented. This data 

also suggests that mobility measurements become 

highly unreliable for larger values of Δζ at least for 

the case where doping varies on the scale in our 

simulations. 

2.2 ζG and Δζ in detail: Analysis of Device A2 

For the case of device A2, as a consequence of such 

a significant Δζ (Fig. 1(d)), the RvdP has a reduced 

apparent conductance minimum compared to both 

single measurements of RA and RC and significantly 

inaccurate field-effect mobility (Table 1). This 

further supports that single configuration 

measurements lead to large overestimates of carrier 

mobility.  

In order to explain ζG we can inspect devices 

physically to look for geometric errors, such as 

insulating defects or ill-defined electrode positions. 

We show such an analysis for device A2, in Fig. 

5(a).  

 

Figure 5(a) shows stitched scanning electron 

microscopy (SEM) micrographs which provide an 

overview of the sample morphology. We observe 

several isolated defects on the stitched SEM image. 

The insets show selected areas imaged at increased 

magnification with similar morphology observed 

for all type A devices: small sections (<1 µm2) of 

bi-layer growth, as well as extended lines which we 

attribute to folds of graphene, caused by the 

difference of thermal expansion during the cooling 

stage of CVD growth [7]. The fold-to-fold distance is 

approximately 10-20 µm. The curved lines are 

assumed to be a result of step-bunched edges of the 

copper crystal [7]. All devices of type A were 

fabricated from a layer of graphene from a single 

growth and transfer, so large sample-to-sample 

variations are not expected. We also performed 

transmission electron microscopy (TEM) selective 

area diffraction analysis and showed that the 

graphene is polycrystalline with a grain size of at 

most 150 µm (see Figure S-2 in the ESM for details). 

The small size of these features relative to the 

device size will cause any effects to be averaged out 

[8]. Figure 5(b) is a Raman map of the device, 

showing the ratio of the intensity of the D-peak and 

G-peak I(D)/I(G) which indicate areas with higher 

proportions of sp3 bonds which are associated with 

defects in graphene [3]. Despite being non-uniform, 

I(D)/I(G) of most areas is <0.1, with only some 

smaller areas showing higher defect levels. Areas 

where no Lorentzian fit to the G-peak was possible, 

indicating that graphene is not present, are set to 

white marking these areas as insulating defects. We 

also note that the top and bottom edges appear 

significantly more defective that the vertical edges. 

In summary, device A2 displays considerable 

damage on the micrometer-to-millimeter scale 

which is expected to affect the current flow, and 

cause ζG to deviate from unity as shown in Fig. 1(d).  

For all devices, the physical difference between 

samples can cause a current path which is different 

than intended in the sample design. However these 

effects can only explain the non-gate-dependent 

differences in ζ.  

The second type of variation is Δζ where ζ varies 

as a function of gate bias. We investigate the spatial 

variation in doping of samples via Raman 

spectroscopy maps across entire devices, where we 

plot the ΓG (FWHM of the Raman G-peak). ΓG is an 

indicator of doping [9], areas with ΓG>15 cm-1 are 

more doped in comparison to areas with ΓG<15 cm-1, 
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shown in Fig. 5(c) as red and blue-white 

respectively.  In Fig. 5(c), we observe some of the 

line-like features that are visible from the SEM 

image of Fig. 5(a), but are not visible in the I(D)/I(G) 

map of Fig. 5(b), and we therefore attribute these 

features to non-defective areas of different doping. 

We see that the lines which correspond to doping 

variations have a lack of symmetry, suggesting that 

they could lead to differences between RA and RC.  

CNP variation has been explored in graphene 

devices before, and the so-called charge puddles 

would give rise to variation in ζ for small enough 

device sizes. However, the previously reported 

areas of charge puddles have been tens of square 

nanometers [8]. In addition, the effects of charge 

puddles are said to average out and are not 

observable for samples which have a device area 

above approximately 1 µm x 1 µm [8], and even our 

smallest devices exceed this area by two orders of 

magnitude. Any effect due to charge puddles, as 

previously reported, can be neglected for our 

devices.  

We can use Comsol to simulate the gate 

dependence of device A2 based on the device maps 

of Fig. 5 and using the methods described above. 

The location of isolated defects from Fig. 5(a-b) is 

used to define device shape and the approximate 

doping landscape is imported based on Fig. 5(c). 

Figure 5(c) gives a dimension of 50 x 50 pixels in the 

device region of 5 mm x 5 mm, and three areas of 

doping were defined via the white (<11 cm-1), blue 

(11-15 cm-1) and red (>15 cm-1) areas. The mobility 

was kept constant at the measured µvdP = 438 

cm2/Vs, and only doping values were allowed to 

vary.  

The simulated data converged to approximate the 

experimental data, with both plotted in Fig. 6. We 

observe a good agreement with the experimental 

data which suggests that the Raman ΓG map 

provides a reasonably accurate doping landscape of 

device A2, when values for the white of VCNP = 65 V 

and blue regions VCNP = 67 V and the red VCNP = 94 V 

were used. Differences between the experimental 

and simulated curves are attributed to the low 

pixel-density of the doping map and the crude 

assumption that the three areas were constantly 

doped. In order to determine ζG we set doping 

levels of each region equal and observed ζG = 1.94, 

slightly lower than the ζG = 2.21 retrieved from the 

experimental data, which is in reasonable 

agreement. The result of simulating gate 

dependence of graphene devices using Raman 

maps as input is consistent with our observations 

above that inhomogeneous CNP position is a 

dominant cause of variations in Δζ.  

The source of inhomogeneities in graphene 

devices is likely to be any of the multitude of factors 

which determine CNP position, such as, but not 

limited to, surface water vapour [10], absorbed 

gases [11], rips/tears [12], folds [13], sections of 

multilayer-graphene [13], polymer residues [6], 

substrate doping landscape [6], grain-boundary 

distributions [13], variation in stress [14], strain [6], 

etc., and investigating the specifics are beyond the 

scope of this study.  

The measurement of ζG and Δζ are trivial and are 

available to anyone with a four-point measurement 

system. The van der Pauw correction can be used 

on square devices, Hall bars or other arbitrarily 

shaped devices, meaning that this analysis method 
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can be used elsewhere by simply switching voltage 

and current inputs between measurements.  
 
 
3. Conclusions 

The electrical aspect ratio of graphene devices, ζ, 

was measured for 50 devices over three 

device-types. All devices showed variations in ζ as 

a function of gate bias (Δζ). Using a simple 

finite-element simulation we attribute a major cause 

of Δζ to doping inhomogeneities across the device. 

When ζ has an offset away from the physical aspect 

ratio (ζG), we attribute this to insulating defects, 

which can be predicted by physical sample 

inspection and/or Raman maps to determine 

sample coverage, and can be confirmed using finite 

element simulations.  

Finite element simulations support that dual 

configuration method/vdP provides greater 

accuracy for measurement for graphene devices 

where any doping inhomogeneities exist of n = 1010 

cm-2 or greater.  We suggest that ζ is an important 

figure of merit for graphene devices and for other 

materials where similar inhomogeneities are 

present. Single-configuration measurements can 

very easily give inaccurate or false sheet resistance 

values, leading directly to order-of-magnitude 

inaccuracies in the calculation of other key figures 

of merit that depend on sheet resistance (µe, µh, 

µHall, nHall, etc.). If dual configuration measurements 

are used to obtain electrical parameters, then ζ can 

be trivially determined and any errors identified. 

We recommend that measurement uncertainties for 

devices are based on the differences between A and 

C configurations when calculating µ, Rmax and CNP 

due to the extra information these uncertainties give 

about sample homogeneity for each parameter.  

 

4. Methods 
Figure 7(a-d) shows a schematic of fabrication of 
millimetre-scale devices based on large-scale CVD 
graphene. Fig. 7(a) shows a section of the device 
wafer, where single-layer graphene was transferred 
on top of a silicon wafer with (Device Type A) an 
insulating layer of 165 nm Si3N4 via the wet PMMA 
transfer method [15] or (Device Type B) onto 300 nm 
SiO2 via the NaOH transfer method. [16] Figure 7(b) 
shows metal electrodes (5 nm Cr, 45 nm Au) 
deposited through a shadow mask using a 
Wordentec QCL 800 electron-beam evaporation 
system. Figure 7(c) shows the device definition via 
selective laser ablation of graphene. This was 
performed using a 3D-Micromac AG microSTRUCT 
vario which ablates the graphene without harming 
the substrate [17] or affecting graphene electrical 
properties [18]. The resulting square device shown in 
Fig. 7(d) has a center area of 5 mm x 5 mm. 

Our small-scale, high quality devices (Device 

Type C) were made using graphene encapsulated 

between hexagonal boron nitride (hBN) as control 

samples for comparison with CVD graphene. These 

devices were fabricated using the hot-pickup 

method, described in detail here [5]. Figure 8(a) 

shows the fabricated hBN-graphene-hBN stack 

before patterning. This stack is patterned into 10 

µm x 10 µm square devices via electron-beam 

lithography (EBL) shown in Fig. 8(b) and using SF6 

and O2 plasma etching (Fig. 8(c)) [5]. Then, a 

standard EBL lithography step is performed to 

define electrodes (Fig. 8(d)) and these are metalized 

(5 nm Cr, 30 nm Au). This type of device typically 

has higher carrier mobilities compared to CVD 

samples (>20,000 cm2/Vs) due to the absence of 

processing residues, atmospheric contaminants or 

grain boundaries in these encapsulated samples [5]. 
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vdP device measurements were performed in a 

custom built setup based on a Linkam stage 

LN600P with environmental and temperature 

control. A LabView program was used to control 

source-drain and gate voltages (Keithley 2400), 

multiplexing/voltage measurements (Keithley 2700) 

and switch electrode configurations with a Keithley 

7709 multiplexing unit. All measurements were 

repeated multiple times to eliminate potential 

measurement artifacts. Measurements were 

performed at 30 °C in a dry nitrogen environment. 

Raman spectroscopy maps were performed with 

a Thermo Scientific DXRxi with a 532 nm laser 

using 180 Hz collection rate (5.6 ms collection time) 

with 200 scans per pixel and a laser power of 5 mW 

with a step size of 100 µm x 100 µm for device type 

A and B or 300 nm x 300 nm for device type C. 

Peaks of individual spectra were fitted as described 

in [19]. SEM micrographs were obtained with a 

Zeiss Supra 60VP at 1 kV acceleration voltage and a 

working distance of 5.0 mm. 

 
 

Acknowledgements 
 

We would like to thank the Nanocarbon group at 

DTU Nanotech for valuable discussions as well as 

the staff at DTU Danchip for technical and 

fabrication advice. For funding we would like to 

acknowledge DNRF103 CNG, HC Ørsteds 

foundation, Villum Fonden project no.VKR023117, 

the DA-GATE project (12-131827), and EC 

Graphene FET Flagship contract number 604391.  
 
Electronic Supplementary Material: Supplementary 
material shows measurement configurations and 
defect types, as well as transmission electron 

microscopy information regarding grain size and is 
available in the online version of this article at 
http://dx.doi.org/10.1007/s12274-***-****-* 
(automatically inserted by the publisher). 
 

References 

1. Settnes, M.; Power, S. R.; Petersen, D. H.; Jauho, A.-P. 

Theoretical Analysis of a Dual-Probe Scanning Tunneling 

Microscope Setup on Graphene. Phys. Rev. Lett. 2014, 112, 

096801. 

2. Buron, J. D.; Mackenzie, D. M. A.; Petersen, D. H.; 

Pesquera, A.; Centeno, A.; Bøggild, P.; Zurutuza, A.; 

Jepsen, P. U. Terahertz wafer-scale mobility mapping of 

graphene on insulating substrates without a gate. Optics 

Express 2015, 23 (24), 250745. 

3. Ferrari, A. C.; Basco, D. M. Raman spectroscopy as a 

versatile tool for studying the properties of graphene. 

Nature Nanotechnolgy 2013, 8, 235–246. 

4. Pauw, L. J. V. d. A method of measuring the resistivity and 

Hall coefficient on lamellae of arbitrary shape. Philips 

Technical Review 1958, 20, 220-224. 

5. Pizzocchero, F.; Jessen, B. S.; Gammelgaard, L.; Caridad, 

J. M.; Wang, L.; Hone, J.; Bøggild, P.; Booth, T. J. The hot 

pick-up technique for batch assembly of van der Waals 

heterostructures. Nature Communications 2016, 11894. 

6. Gammelgaard, L.; Caridad, J. M.; Cagliani, A.; Mackenzie, 

D. M. A.; Petersen, D. H.; Booth, T. J.; Bøggild, P. 

Graphene transport properties upon exposure to PMMA 

processing and heat treatments. 2D Materials 2014, 1, 

035005. 

7. Deng, S.; Berry, V. Wrinkled, rippled and crumpled 

graphene: an overview of formation mechanism, electronic 

properties, and applications. Materials Today 2016, 19 (4), 

197-212. 

8. Sarma, S. D.; Adam, S.; Hwang, E. H.; Rossi, E. Electronic 

transport in two-dimensional graphene. Reviews of Modern 

Physics 2011, 83, 407. 

9. Casiraghi, C.; Pisana, S.; Novoselov, K. S.; Geim, A. K.; 

Ferrari, A. C. Raman Fingerprint of Charged Impurities in 



10 
 

Graphene. Appl- Phys. Letter. 2007, 233108, 91. 

10. Dan, Y.; Lu, Y.; Kybert, N. J.; Luo, Z.; Johnson, A. T. C. 

Intrinsic Response of Graphene Vapor Sensors. Nano 

Letters 2009, 9 (4), 1472-1475. 

11. Cagliani, A.; Mackenzie, D. M. A.; Tschammer, L. K.; 

Pizzocchero, F.; Almdal, K.; Bøggild, P. Large-area 

nanopatterned graphene for ultrasensitive gas sensing. 

Nano Research 2014, 7 (5), 743-754. 

12. Hinnefeld, J. H.; Gill, S. T.; Zhu, S.; Swanson, W. J.; Li, T.; 

Mason, N. Reversible Mechanical and Electrical Properties 

of Ripped Graphene. Physical Review Applied 2015, 3, 

014010. 

13. Huang, P. Y.; Ruiz-Vargas, C. S.; Zande, A.; S., M. v. d. W.; 

Mark, P. W.; Joshua, W. L.; Kevek, S.; Garg, J. S.; Alden, 

C.; Hustedt, J.; Zhu, Y.; Park, J.; McEuen, P. L.; Muller, D. 

A. Grains and grain boundaries in single-layer graphene 

atomic patchwork quilts. Nature 2011, 469, 389-392. 

14. Guo, B.; Liu, Q.; Chen, E.; Zhu, H.; Fang, L.; Gong, J. R. 

Controllable N-Doping of Graphene. Nano Letters 2010, 10 

(12), 4975-4980. 

15. Suk, J. W.; Kitt, A.; Magnuson, C. W.; Hao, Y.; Ahmed, S.; 

An, J.; Swan, A. K.; Goldberg, B. B.; Ruoff, R. S. Transfer 

of CVD-Grown Monolayer Graphene onto Arbitrary 

Substrates. ACS Nano 2001, 5 (9), 6916-6924. 

16. Wang, R.; Whelan, P.; Braeuninger-Weimer, P.; 

Tappertzhofen, S.; Alexander-Webber, J.; Van-Veldhoven, 

Z.; Kidambi, P.; Jessen, B.; Booth, T.; Boggild, P.; 

Hofmann, S. Catalyst Interface Engineering for Improved 

2D Film Lift-Off and Transfer. Applied Materials & 

Interfaces 2016, 10.1021/acsami.6b11685. 

17. Mackenzie, D. M. A.; Buron, J. D.; R. Whelan, P.; Jessen, 

B. S.; Silajdźić, A.; Pesquera, A.; Centeno, A.; Zurutuza, 

A.; Bøggild, P.; Petersen, D. H. Fabrication of CVD 

graphene-based devices via laser ablation for. 2D Materials 

2015, 045003. 

18. Mackenzie, D. M. A.; Buron, J. D.; Bøggild, P.; Jepsen, P. 

U.; Petersen, D. H. Contactless graphene conductance 

measurements: the effect of device fabrication on terahertz 

time-domain spectroscopy. International Journal of 

Nanotechnology 2016, 13 (8-9), 591-596. 

19. Larsen, M. B. B. S.; Mackenzie, D. M. A.; Caridad, J. M.; 

Bøggild, P.; Booth, T. Transfer induced compressive strain 

in graphene: Evidence from Raman spectroscopic mapping. 

Microelectronic Engineering 2014, 121, 113-117. 

  

 
 
 

  



11 
 

 
 

 

 
Figure 1: Gate-dependent variations for samples shown in Fig. 7 and Fig 8. (a,c,e,g,i,k): Sheet resistance (RS) as a function of gate bias (VG) 

for A configuration (blue lines), C configurations (red lines) and the calculated sheet resistance RvdP (black lines) for devices. (b,d,f,h,j,l): 

Ratio of A configuration and C configuration resistances, ζ, as a function of gate bias. 

 

 

Figure 2: a) Schematic showing the two components of ζ. Any variation away from ζ = 1 is the geometrical difference ζG, with Δζ being 

defined as the change of ζ due to gate bias. b) Calculated relationship between physical aspect ratio and ζ for rectangular devices with 

electrodes positioned in the corners. Inset: Example devices with aspect ratio 1 (left) and 1.5 (right). 

Table 1. Overview of hole mobilities (with units of cm2/Vs) and ζ for devices shown in Fig. 1  

Device µvdP µA µC µA /µB Δζ ζG 

A1 670 636 690 1.09 1.4 1.03 

A2 438 994 160 6.21 5.3 2.21 
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B1 483 513 448 1.14 0.62 2.27 

B2 86 61 146 2.39 0.55 2.1 

C1 23138 20468 23292 1.14 0.20 1.18 

C2 37110 35760 30880 1.15 0.20 1.07 

 
 

 
Figure 3: Overview of Comsol Simulations for generic square device in van der Pauw geometry. a) Device geometry showing electrode and 

voltage probe positions (A configuration: I+ = 4, ground = 3, V+ = 1, V- =2; C configuration: I+ = 1, ground = 4, V+ = 2, V- =3). b) Examples 

of gate sweeps generated for uniform device (solid line) and inhomogeneous device (dashed line). c) ζ curves generated from Fig. 3 b.  

 

 

Figure 4: a) Δζ variation as a function of magnitude of doping homogeneity. b) Error in calculated mobility for A configuration, C 

configuration and vdP.  
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Figure 5: Images of Device A2. a) Stitched scanning electron micrograph with zoom of damaged area. b) Raman map of 5625 spectra 

showing the ratio of the intensity of the G-peak and D-peak (I(D)/I(G)) with white areas having no Raman-peak fits. c)  Raman map of 5625 

spectra showing the ratio of the FWHM of the g-peak (ΓG) with black areas having no Raman peak fits. 

 

 
Figure 6: Device A2: Comparison of electrical measurements (solid lines) and simulated gate data (dashed lines) from Comsol using Raman 

maps as input for isolating defects and doping locations.  
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Figure 7: Illustration of laser-ablation based device fabrication [18]. a) Single-layer graphene is deposited onto a silicon substrate with 

silicon nitride or silicon dioxide dielectric. b) Metal electrodes are defined via a shadow mask. c) A pulsed laser with λ = 1064 nm 

ablates graphene while not damaging the substrate. d) Devices are ready for measurement. 

 

 

Figure 8: Illustration of fabrication of encapsulated graphene devices [5]. a) Stack consisting of top layer hBN, middle layer graphene, 

bottom layer hBN, with the graphene fully encapsulated.  b) EBL defines an etch mask in PMMA. c) After selective etching into a van 

der Pauw geometry. d) Metal contacts are defined via a standard EBL process.  
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Abstract 

Through a combination of monitoring the Raman spectral characteristics of 2D materials grown on 

copper catalyst layers, and wafer scale automated detection of the fraction of transferred material, 

we reproducibly achieve transfers with over 97.5% monolayer hexagonal boron nitride and 99.7% 

monolayer graphene coverage, for up to 300 mm diameter wafers. We find a strong correlation 

between the transfer coverage obtained for graphene and the emergence of a lower wavenumber 2D- 

peak component, with the concurrent disappearance of the higher wavenumber 2D+ peak 

component during oxidation of the catalyst surface. The 2D peak characteristics can therefore act as 

an unambiguous predictor of the success of the transfer. The combined monitoring and transfer 

process presented here is highly scalable and amenable for roll-to-roll processing.  

  

                                                             
* E-mail: tim.booth@nanotech.dtu.dk (Timothy J. Booth) 
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1. Introduction 

Transfer of graphene and other 2D materials from catalytic growth substrates is typically performed 

by complete dissolution of the copper catalyst layer[1–4] – however, this can negatively impact the 

properties of the transferred materials due to contamination by residues of the catalyst and etching 

solution.[5,6] Furthermore, the recovery of dissolved catalyst or disposal has consequences for the 

cost and environmental impact of such processes. Transfer of 2D materials has also been achieved 

by a variety of techniques that do not require destruction of the catalyst, including mechanical 

peeling,[7–9] electrochemical delamination by hydrogen evolution,[10–13] interfacial 

oxidation,[14] and a range of intercalation based techniques.[15–18] The common element between 

all of these transfer methods is the requirement to decouple graphene from the catalyst layer without 

the introduction of mechanical damage or contamination. 

Here we show that the degree of decoupling of graphene from a copper catalyst layer can be 

measured, and the subsequent coverage of transferred graphene on a target substrate accurately 

predicted by monitoring the evolution of the graphene 2D peak characteristics during the 

decoupling process. We use a water-based catalyst oxidation at elevated temperature and 

subsequent mechanical peeling as a model transfer system to demonstrate the utility of this 

technique. Automated large-scale optical microscopic mapping of the transferred materials enables 

us to measure the precise resulting coverage and extent of mechanical damage and other possible 

inhomogeneities - including second and third layer growths and polymer residues. This allows us to 

directly correlate the extent of the graphene transferred with the Raman 2D peak spectral 

characteristics. 
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2. Experimental Section 

2.1. 2D materials growth 

Graphene was synthesized by chemical vapor depositiong (CVD) in a cold wall system (Aixtron 

Black Magic Pro 4”) on either a 1.5 µm film of sputtered Cu supported by an oxidized Si wafer or 

on electropolished Cu foil (25 µm thick, polished in 20 % phosphoric acid). 300 mm graphene 

wafers were synthesized using an Aixtron BM300T cold wall CVD system on commercially 

available Cu/SiO2/Si wafers. The CVD growth of graphene on Cu, which follows published 

recipes,[19–21] consists of an initial annealing phase in a H2/Ar atmosphere and a growth phase in 

which a CH4 precursor is introduced in the chamber. Finally, the sample was cooled down to room 

temperature with an Ar flow. The graphene domain size is on the order of 10-20 µm analyzed from 

scanning electron microscopy (SEM) images of incomplete growth.  

Growth of hexagonal boron nitride (hBN) was performed on electropolished Cu foil. A commercial 

tube furnace (MTIx) was used to bring the sample to 900°C before adding a flow of 3 sccm argon-

bubbled borazine, 15 sccm hydrogen and 300 sccm argon over the sample for 15 minutes at 60 torr. 

Only the argon flow was maintained during cool-down to room temperature. 

2.2 Transfer of 2D materials 

The general transfer method is outlined in Fig. 1a-f. Cu was oxidized beneath the graphene layer by 

immersing samples in deionized water. The graphene/Cu sample was washed in isopropyl alcohol 

(IPA) and dried under a nitrogen flow. Polyvinyl alcohol (PVA) solution (5 g PVA and 1 g glycerol 

per 100 mL DI water) was drop coated onto the sample and dried on a hotplate at 80°C. Glycerol 

was added as plasticizer[22] to the PVA solution to soften the polymer. Thermal release tape (TRT) 

was used to support mechanical peeling of PVA/graphene from the Cu substrate and the 

TRT/PVA/graphene stack was subsequently pressed onto the target substrate at 130°C to release the 

TRT support. The PVA/graphene was left on the target substrate for 5 minutes at 130°C before 
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placement in water at 40°C for 3 h to dissolve the PVA. We also performed additional transfers 

using a roll-to-roll silica-coated polymer film[23], 250 mm wide, used as a flexible single-layer gas 

barrier in applications as a substitute for TRT. Finally, the graphene/target substrate was rinsed with 

IPA and dried under a nitrogen flow. The exact same steps were followed for transfer of hBN from 

Cu onto SiO2. The target substrate is silicon with 90 nm SiO2 unless stated otherwise. 

2.3 Characterization 

Raman measurements were conducted using a Thermo DXRxi Raman Spectrometer with a 455 nm 

laser. Raman spectra of Cu/graphene samples during water oxidation were acquired by removing 

the sample from water for measurements at specific time steps before re-immersion. The Raman 

spectra presented from Cu/graphene samples are the average of at least 16 Raman spectra acquired 

from the same region on the sample. Raman peak intensities and positions were found by fitting 

individual Raman peaks of the average spectrum to Lorentzian functions with error bars 

representing the standard error on the fit. The hBN peak position on SiO2 was determined by fitting 

to a single Lorentzian function. 

Optical images were acquired with either a Nikon Eclipse LN200 or a Nikon Eclipse LV150N. To 

determine the coverage of graphene, we start by calculating the wavelength-dependent contrast of 

graphene.[24] Using the red, green, and blue (RGB) spectral response functions of the CCD sensor, 

we can obtain the numerical RGB profile for every pixel corresponding to silicon oxide, single layer 

graphene, and bilayer graphene.[14] Pixels which do not fall into any of these three categories are 

labelled as ’other’ (three or more layers of graphene and other sources of contrast such as polymer 

residues), and the coverage values presented in this paper thus represent a lower bound, as pixels 

containing both graphene and residues will only count towards the coverage of residues. The 

graphene coverage values presented here are the average of coverage data from at least 5 images of 

1440 by 1070 pixels at a resolution of 0.241 µm/pixel with error bars representing the standard error 
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on the mean. The coverage of a material is determined by dividing the total number of pixels 

corresponding to that material (in practice single layer or single and bilayer graphene) by the 

number of pixels with SiO2, single and bilayer graphene contrast. Similarly, a coverage map of hBN 

can be made by calculating the relative wavelength-dependent contrast.[25] 

Transmission electron microscopy (TEM) was performed with a Tecnai T20 G2 TEM operated at 

200 kV. Lamellas for TEM analysis were prepared by focused ion beam (FIB) liftouts onto TEM 

grids in a Helios NanoLAB 600 SEM equipped with an ion beam gun and an Oxford Omniprobe 

micro manipulator. A thin layer of Pt was deposited on the area of the extracted Cu/graphene 

sample as a protection layer from ion beam damage while trimming the lamella down to a thickness 

below 100 nm. 

X-ray photoelectron spectroscopy (XPS) was performed using a commercial Thermo Scientific K-

Alpha with a monochromized Al Kα source. 

3. Results 

CVD-grown graphene on copper samples are immersed in water for fixed durations from 0 to 150 

minutes (Fig. 1a) before a PVA based mechanical peeling process is applied to transfer the 

graphene to SiO2 substrates (Fig. 1b-f). Raman spectra acquired during water oxidation show a 

redshift in the G peak from 1585 to 1579 cm-1, along with a characteristic splitting of the 2D peak 

into 2D+ and 2D- components at 2706 cm-1 and 2685 cm-1, respectively (Fig. 1g,h). The 2D+ peak 

intensity decreases with extended oxidation in water, with the 2D- peak intensity simultaneously 

increasing. Six Raman peaks appear in the range from 200 cm-1 to 800 cm-1 after the sample has 

been immersed in water (Supplementary Fig. S1) with the intensity increasing after longer oxidation 

time. All the six peaks can be identified as Cu2O and CuO peaks,[26–28] indicating that oxidation 

of the Cu surface is taking place under the graphene. Gigapixel optical microscopic mapping of the 

transferred graphene layers (Fig. 1i-k) shows distinct regions which  can be assigned, based on pixel 
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contrast to either SiO2, single layer graphene (SLG), bilayer graphene (BLG) or ‘other’ 

corresponding to both three or more layers of graphene and other sources of contrast. ‘SiO2’ areas 

represent regions where graphene was not transferred, where graphene was damaged/folded during 

transfer, or missing graphene regions in the original growth. Bilayer and ‘other’ contrasts are 

obtained from multilayer regions resulting from the growth (Fig. 1k), and from folded and rolled up 

monolayer regions caused by mechanical damage that occurs to the graphene during transfer (Fig. 

1i, j). 
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Fig. 1. (a) Graphene on a copper catalyst layer is oxidized in deionized water at elevated 
temperature. (b) PVA is applied by spin coating and a thermal release tape applied as a support. (c) 
The graphene and PVA are mechanically peeled from the substrate, and (d) adhered to a target 
substrate. (e) Elevated temperature is used to remove the thermal release tape support layer, and (f) 
DI water is used to remove the PVA. (g) Raman G and (h) 2D peaks acquired from Cu/graphene 
samples for different oxidation times in 40°C water. Intensities are normalized to the G peak 
intensity. A small redshift in G peak with oxidation time is accompanied by the suppression of the 
2D+ peak at 2706 cm-1 and increase in intensity of the 2D- peak at 2685 cm-1. (i-k) White light 
optical microscopy (left) and coverage images (right) of graphene transferred to SiO2 after 
immersion for 15, 60, and 120 minutes, respectively, in 40°C water. 
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The coverage of graphene obtained by this technique increases with increasing oxidation time in 

water from 0% to nearly 100% (Fig. 2a). More importantly, the characteristics of the Raman 2D 

peak are strongly correlated with the coverage of graphene obtained by transfer. We define the ratio 

Θ = 
I(2D-)

I(2D-)+I(2D+) 

where I(2D+) and I(2D-) denote the maximum intensities of the peaks at 2706 cm-1 and 2685 cm-1 

respectively. Θ is a useful indicator of the expected coverage obtained in our experiments where 

oxidation proceeds at 40°C (Fig. 2b) Moreover, Θ is a better indicator of the coverage than the 

oxidation time, as the obtained coverage saturates for times over 120 minutes in this case when the 

sample is fully oxidized and Θ approaches 1. We note that in cases where the oxidation of copper is 

performed at room temperature the graphene coverage does not approach 100% until Θ reaches 1, 

i.e. until the complete disappearance of the 2D+ peak (Supplementary Fig. S2, Discussion). 

Optical images of graphene on Cu foil before and after immersion in water illustrate how the Cu 

oxidation is initiated along lines on the Cu surface (Fig. 2c-d). A more homogeneous oxidation of 

the surface first occurs after prolonged oxidation time (Fig. 2e).  
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Graphene grown on thin-film catalyst layers of up to 300 mm diameter display a homogeneous 

monolayer characteristic which is maintained after transfer by this technique, with over 99.7% of 

the mapped areas showing monolayer graphene contrast (Fig. 3a). The remaining 0.3% consists in 

the majority of holes, resulting either from untransferred graphene or holes in the as-grown 

graphene layer. The quality of the graphene as determined from distributions of the Raman 

I(D)/I(G) peak intensity ratios and the 2D peak full width at half maximum (FWHM), Γ2D, at 100 

individual random points on the sample surface reveal very low defect density with the mean 

I(D)/I(G) < 0.058 ± 0.025 and Γ2D of 36.5 ± 1.7 cm-1, which is consistent with previously reported 

values for graphene transfers (Fig. 3b-d).[19,29,30]  

Fig. 2.  (a) Graphene coverage on SiO2 after transfer as function of the oxidation time in DI water at 
40°C. (b) Graphene coverage on SiO2 after transfer as a function of Θ. (c) Optical image of 
Cu/graphene before immersion in water. (d,e) Optical images of Cu/graphene after immersion in 
water for 30 and 150 minutes, respectively. 
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Fig. 3. Graphene transferred from thin film Cu 
on a 12 inch Si wafer. (a) White light optical 
microscopy (left) and coverage image (right) 
of graphene transferred to SiO2. Inset shows a 
photograph of graphene being transferred from 
a 12-inch wafer using PVA. (b) A 
representative Raman spectrum from the 
sample shown in (a). (c,d) Histograms of 
I(D)/I(G) peak ratios and Γ2D. 
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Cross-sectional samples of the graphene on catalyst structure after water oxidation were prepared 

by FIB and studied via TEM. Water oxidized samples show a uniform 4.3 ± 0.8Å layered structure 

(Fig. 4a,b) which corresponds well to the cubic Cu2O lattice parameter of 4.26 Å,[31] but with a 

relatively large variation across the interface reflected in the spread of this measurement. In 

addition, we observe voids up to 100 nm in diameter in the catalyst layer (Fig. 4c) in samples 

oxidized for > 10 hours.  

 

 

 

 

 

 

 

 

 

 

We note that the choice of polymer plays a role in the transferred material coverage, with PVA 

transfers providing the highest coverage here. We also tested poly(methyl methacrylate), 

polypropylene carbonate, polyvinyl butyral, cellulose acetate butyrate, and polyvinylpyrrolidone as 

support layers for the transfer with otherwise identical transfer procedures, but none resulted in 

coverages as high as those obtained for PVA-based transfers (Supplementary Fig. S3).  

Fig. 4.  (a) TEM image of Cu/graphene 
interface after water oxidation showing a 
layered structure. (b) Line profile for the line 
across the interface in (a). (c) TEM image of 
Cu/graphene interface after water oxidation 
with arrows highlighting voids in the catalyst 
layer. 
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Additionally, we successfully transferred large areas of single layer CVD-grown hBN from 

commercially available Cu foil. XPS was used to confirm the expected stoichiometry of hBN on Cu 

before oxidation (Supplementary Fig. S4). It has previously been shown that ambient oxygen can 

intercalate and oxidize the interface between hBN and Cu.[32] A sample  was oxidized in water at 

40°C for 24 hours and the hBN was subsequently transferred using PVA. Optical and coverage 

images of hBN transferred to SiO2 are shown in Fig. 5a. The hBN to SiO2 coverage of the sample is 

97.5%. The hBN Raman peak at 1369 cm-1 is in good agreement with the expected value for single 

layer hBN (Fig. 5b).[25,33]  

 

 

 

  

Fig. 5.  (a) White light optical microscopy 
(left) and coverage map (right) of hBN on 
SiO2. (b) Raman spectrum of single layer hBN 
on SiO2. Points indicate the raw data, while a 
Lorentzian fit is shown as a solid line. 
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4. Discussion 

Cu2O and CuO are formed naturally when Cu is exposed to dissolved oxygen according to the 

reactions[17]  

2Cu+O2+ 2H2O → 2Cu(OH)2  and  3Cu(OH)2 → CuO+Cu2O+3H2O+½O2. 

These reactions occur at imperfections in CVD grown graphene (and hBN) such as wrinkles, grain 

boundaries, atomic defects, and directly exposed Cu areas due to incomplete growth, and 

subsequently spreads underneath the graphene covered areas.[34–37]  

Raman spectrometry samples a small region of the surface of the sample defined by the laser spot 

size (typically less than 1 µm FWHM if a 50x or above objective is used), which can contain both 

oxidized and unoxidized regions. Spatially inhomogeneous decoupling of the graphene from the 

substrate is the most probable source of the simultaneous presence of two 2D peak components. As 

a result, monitoring for the complete disappearance of the 2D+ peak and its substitution with the 2D- 

peak, i.e. when Θ = 1, enables the point of complete decoupling of the graphene from the surface to 

be precisely determined. We note that in some cases, samples can acquire an oxide layer under 

ambient conditions: that is, through contact with atmosphere. In these cases a short duration water 

oxidation does not lead to the degree of coverage that would be expected from the value of Θ 

(Supplementary Fig. S2). It is therefore likely that the oxidation of the copper catalyst layer is a 

necessary but not sufficient criterion for the complete transfer of graphene.  

TEM evidence of catalyst surface pitting for water oxidized samples provides some insight here. In 

order to dissolve the catalyst layer and produce voids over the surface, there must be good exchange 

of electrolyte between the water bath and the pitting region. This implies that there is a layer of 

intercalated water between the catalyst and graphene which mediates this pitting and assists in 

decoupling the graphene from the substrate. In this instance, the graphene acts as an electrode and 
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provides one half of a galvanic cell which enables this pitting to take place, albeit more slowly in 

deionized water. 

Clearly, such galvanic reactions are not required for the successful complete transfer of CVD grown 

2D materials, as demonstrated by our transfer of CVD grown and non-conductive hBN. Here, only 

the oxidation of the catalyst layer and water intercalation can play a role in decoupling the 2D 

material from the catalyst substrate. 

Θ is particularly useful for monitoring the progress of the decoupling for graphene, however hBN 

does not display any Raman spectral peaks with a similar characteristic splitting behavior, so the 

readiness for transfer must be inferred using graphene-based calibration of time and temperature of 

intercalation. Other 2D materials may display unambiguous spectral characteristics of decoupling 

from growth catalysts similar to graphene. Monitoring of the copper oxide Raman spectral peaks 

themselves unfortunately does not provide an unambiguous determinant of the degree of decoupling 

achieved, since a complementary spectral component that decreases with increasing decoupling is 

also ideally required. 

5. Conclusion 

In conclusion, we have systematically studied the relationship between the evolution of the Raman 

spectra of graphene on Cu during water oxidation and the graphene coverage after transfer. Our 

results show that it is possible to determine at which point the graphene is sufficiently decoupled 

from the Cu substrate to be transferred, which in our case led to coverage of up to 99.7%. Changes 

in the Raman 2D peak characteristics (Θ) give a reliable indication of the decoupling time, i.e. the 

time required for the oxidation process to fully decouple the graphene layer. We expect that Raman 

spectroscopy could consequently be used both for detecting the decoupling time before transfer and 

for post-transfer characterization. 
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Fig. S1 shows Raman spectra acquired during the oxidation process from a sample being oxidized 

in water at 40°C. Six Raman peaks (215 cm-1, 298 cm-1, 416 cm-1, 499 cm-1, 648 cm-1, and 795 cm-

1) appear over time after immersion in water. There is a no apparent D peak in the sample which 

indicates that the process is non-destructive towards the graphene film. 

 

Fig. S1. a) Raman Cu oxide peaks and b) D and G peaks acquired from Cu/graphene samples as 
function of oxidation time in 40°C water. The intensities are normalized to the G peak.  
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The shift in the position of the 2D peak of graphene to lower wave numbers with increasing 

oxidation time observed in Fig. 1h also takes place when the Cu oxidation is carried out in DI water 

at different temperatures. The increase in graphene coverage after transfer with oxidation time for 

different temperatures is shown in Fig. S2a. It is seen that the process is slower in 25°C water 

compared to 50°C and 75°C water. Fig. S2b shows the evolution of Θ for Cu/graphene oxidized in 

DI water at 25°C, 50°C, and 75°C. It is again seen that the graphene coverage reaches its maximum 

when the 2D+ peak vanishes just as the case for 40°C water. 

 

Fig. S2. (a) Graphene coverage on SiO2 after transfer as function of the oxidation time in DI water 
at different temperatures.( b) Graphene coverage on SiO2 after transfer as a function of Θ. 

 

Fig. S3. Water-based transfers with different polymers for mechanical peeling of graphene from 
oxidized Cu. (a) PVA, (b) PMMA, (c) PPC, (d) PVB, (e) CAB, and (f) PVP. The results from 
PMMA peeling are similar to the soak-and-peel delamination shown by Gupta et al.[16] 
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Not only is the pre-oxidation of the Cu substrate important, the choice of polymer for the 

mechanical peeling step also plays an important role. For comparison, other polymers were tested as 

alternatives to PVA to investigate the influence of the polymer. Experiments were conducted with 

poly(methyl methacrylate) (PMMA, 8wt% in anisole), polypropylene carbonate (PPC, 8wt% in  

anisole), polyvinyl butyral (PVB, 8wt% in ethanol), cellulose acetate butyrate (CAB, 20wt% in 

anisole), and polyvinylpyrrolidone (PVP, 5wt% in DI water) following the same steps as shown in 

Fig. 1 using a different polymer in the drop coating step and removing the polymer with acetone 

instead of water (except for PVP which is also removed by water) as the final step. 

Although PMMA functions well for wet transfer methods, it is not ideal for transferring graphene 

continuously by mechanical peeling as shown in Fig. S3 which compares peeling transfers with the 

six different polymers. It is seen that PVA is superior to PMMA, PPC, PVB, CAB, and PVP with 

respect to the continuity of the graphene after transfer to SiO2. 

 

Fig. S4a shows a Raman spectrum of Cu with hBN after 1 day in water at 40°C. It is seen that Cu 

oxide Raman peaks also occur under CVD hBN after leaving the samples in water as in the case of 

graphene. The hBN Raman signal is very weak on Cu, so only the Cu oxide peaks are visible with 

the used collection parameters. XPS of hBN on Cu before water oxidation is shown in Figure S4b 

confirming the presence of hBN on the sample. 

 

Fig. S4. (a) Raman spectra of Cu with hBN after 1 day in DI water at 40°C. (b) XPS peaks for B 
and N before Cu oxidation. 
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