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Abstract

Doctor of Philosophy in Chemistry

Synthesis and applications of large-area graphene stacks

by Christian Wirtz

Research of two-dimensional nanomaterials has been significant since the discov-

ery of graphene in 2004. Really one or few atoms thick but often micrometres

in lateral size, these materials exhibit unique properties such as high mechanical

strength, transparency, uncommon electric and thermal conductivity and previ-

ously unexplored quantum effects. Several hundreds of these materials have now

been isolated.

This field of research is still very young and a lot of work has yet to be done to

fully explore the properties of these materials to allow for their incorporation into

new and existing technology. This thesis describes work performed in pursuit of

that goal. The main focus was on graphene but some work was also done on MoS2

and WS2.

Firstly, a method for synthesising large areas of high-quality graphene was inves-

tigated. This was done by chemical vapour deposition from ethene. The method

was optimised by statistical design and yielded a process at 850 ◦C, 200 ◦C lower

than standard processes, that produced patterned monolayer graphene on copper

with large sample size. The graphene films consisted of flakes approximately 1 µm

in diameter, showed Raman signatures close to the ideal values and exhibited hole

and electron mobilities of 1100 cm2V−1s−1 and 700 cm2V−1s−1, respectively. The

reduced temperature allowed for better reproducibility and reduced cost.

Secondly, this graphene was used to fabricate effective oxygen gas diffusion barri-

ers. In contrast to discouraging reports on large-area graphene coatings published
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in the past, a modified stacking method allowed three layers of graphene (∼1 nm

thick) to perform on par with 150 µm PET, a well-established barrier polymer.

Its inherent barrier performance was 1.10×10−7 barrer which is equal to the stan-

dard coating materials SiO2 and Al2O3 of that thickness. Its other extraordinary

properties like conductivity, transparency and flexibility, should easily find appli-

cations, for example in organic light emitting diodes which require extremely good

diffusion barriers that are transparent and ideally conduct electricity. In collab-

oration with Philips corporation, the graphene stacks were shown to outperform

the industrial standard electrode ITO.

Further investigation towards functional stacks with 2D materials led to the dis-

covery of signal enhancement in Raman scattering of graphene intercalated with

perylene-based molecules. This effect had not been reported previously and though

it can be consistently reproduced, its origins remain unclear.

Finally the processability of MoS2 and WS2 single crystal layers was investigated.

A layer-dependent atomic layer deposition process was developed which allows for

coverage of all layers except for the monolayer with Al2O3. This paves the way for

vertical device structures that require the unique properties of the monolayer only.

In addition, a reliable seeding mechanism via non-covalent functionalisation with

perylene bisimides was developed for anchoring deposition even on the monolayer,

providing a major step forward in the integration of two-dimensional materials in

modern electronics.
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ters, Maria O’Brien, Niall McEvoy, Kim Dümbgen, Chanyoung Yim. Middle
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Chapter 1

Introduction to materials

This chapter serves as general introduction to the materials used and investigated

in this thesis. The main focus lies with graphene which is used for the work

outlined in chapters 3, 4 and 5. Other materials like MoS2 (chapter 6) and perylene

bisimides (chapters 5 and 6) are also described.

1.1 Graphene and few-layered graphite

Graphene is the “miracle material” of the last decade. [1] It consists of a sheet of car-

bon atoms arranged in a hexagonal honeycomb lattice, shown in figure 1.1. Used

as a model by theoreticians for the last 60 years, it was experimentally isolated for

the first time in 2004 by André Geim and Konstantin Novoselov. [2–4] Their work on

“groundbreaking experiments regarding the two-dimensional material graphene”

was awarded the Nobel Prize in physics in 2010. [5]

There are many properties that give graphene the special place it holds in current

scientific research: Its electronic properties make it the best electronic and thermal

conductor useful to man, all while retaining optical transparency. [6–8] It is also

mechanically extremely strong and yet highly flexible. [9] It exhibits an unusual

quantum hall effect and its structure, which places all atoms at the surface, allows

for extremely strong electrostatic doping. [10,11] That also means it is an extremely

1
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Figure 1.1: Representation of the honeycomb structure of graphene

good material for sensing applications to the point that individual molecules have

been sensed with graphene. [12,13]

With only two instead of three spatial degrees of freedom, its electronic structure

is remarkably different from that of any three-dimensional material. Its energy

surface takes the form of six double-cones that have a linear dispersion close to

the intersection point (Dirac point) at which the Fermi energy lies, as shown in

figure 1.2. Even several eV from the Dirac point the dispersion is still linear. As

the effective mass of charge-carriers is inversely proportional to the curvature of

the bands and this curvature is extremely high at the Dirac point, the effective

mass goes close to zero in this regime, making all charge carriers near-massless

Dirac fermions near the Fermi energy. [10]

Figure 1.2: Graphical representation of the energy surface of undoped
graphene. The black ring represents the Fermi energy at the so-called Dirac

point where the density of states is zero. Taken from [5]
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With such low mass the electron mobility in graphene is theoretically limited to

about 200,000 cm2V−1s−1 and results in a theoretical sheet resistance of 31 Ω/sq.

which is better than even copper at room temperature. However, it is not possible

to achieve both this moblility and sheet resistance at once as the theoretical sheet

resistance assumes contribution from all charge carriers which will in turn reduce

the mobility due to charge-carrier interactions. In addition to this excellent elec-

trical conductivity the highly regular lattice allows for high phonon mobility and

therefore thermal conductivity close to 5000 Wm−1K−1 has been measured. [7]

Even though graphene has such high mobility and excellent conductivity, it is still

97.7 % transparent to light. [8] That is due to the very short optical path available

for electron-photon interaction and makes it a very good candidate for applications

in transparent conductors.

The electronic structure of graphene also leads to an effect that may not imme-

diately be associated with electronics: The graphene hexagons have a diameter

of 2.84 Å which should easily allow for helium atoms of typical diameter 0.98 Å

to pass through the centre of the ring. However, the arrangement of the elec-

tron density in graphene leads to the circumstance that even helium cannot pass

through the ring centre and thus pristine graphene is completely impermeable to

any material whatsoever. [14]

Finally graphene, like several other carbon materials, is mechanically very strong.

The strength of a monolayer of graphene is about 42 Nm−1. That would allow a

1 m2 sheet of graphene, weighing 0.77 mg, to freely support a mass of about 4 kg. [9]

Whether these numbers will ever be attained remains subject of speculation.

1.1.1 Graphene applications

With such a wide range of extraordinary properties it is easy to see that there are

many potential applications for graphene. Its mechanical strength combined with

low mass makes it an excellent candidate for reinforcing materials polymers. The

high surface to volume ratio makes it an excellent sensor for all kinds of analytes,
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from gas molecules to biological species after adequate functionalisation. High

charge-carrier mobilities allow for the production of ultrafast electrical devices

which gets really interesting when graphene’s flexibility is also exploited. Com-

bining this with its impermeability to gases and transparency makes it an ideal

candidate for devices like OLEDs which require a transparent electrode and pro-

tection from oxygen and moisture. Transparent, flexible, bio-compatible electrodes

are of huge interest for neural research which is a field with a lot of potential. A

modified graphene surface can lead to some very interesting electrochemistry and

a huge area of research is in supercapacitors. [15–19]

1.1.2 Methods of obtaining graphene

All these future applications mean the demand for graphene will be significant.

However, obtaining high-quality graphene cheaply remains a challenge that has to

be surmounted before it can find any use in industrial and commercial applications.

Several methods of production are known but none of them manage to yield perfect

graphene in large-area, easy to handle, affordable quantities. Depending on the

desired application, it is not necessary to preserve all properties. Several important

production methods are listed below.

1.1.2.1 Mechanical exfoliation

The simplest method of obtaining graphene, used by Geim and Novoselov, is the so-

called “scotch-tape” method. [3] It is a mechanical cleavage technique that involves

the use of adhesive tape to thin down layers of graphite, graphene’s 3D structure,

until only one layer is left. It is advantageous to start with high quality starting

material so a good HOPG crystal is normally utilised. This thinning process gives

a wide variety of graphite flake thicknesses and somewhere among them are some

pristine monolayer graphene flakes. They are a few microns in size and exhibit

most, if not all, of graphene’s extraordinary properties. For obvious reasons the
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throughput for this method is so small that it can only provide individual small

samples for research.

1.1.2.2 Sublimation of silicon carbide

A completely different method is the sublimation of solid SiC. [20,21] This material

has a diamond-like tetragonal structure with Si and C atoms. In certain crystal

directions it therefore has a structure made of alternating layers of Si and C. It was

shown early in graphene reasearch that when heated to very high temperatures

of >1100 ◦C under very low pressure (∼10−6 mbar), graphene will form out of

the bulk as a Si layer is evaporated. Emtsev et al. showed that this graphene’s

properties are highly dependent on the crystal face of SiC from which it precip-

itates. [22] This technique is often difficult to stop once monolayer graphene has

been obtained and multilayers are frequently formed. When monolayers are pro-

duced they often exhibit many of the ideal properties of graphene and a lot of

these properties were first experimentally measured on samples obtained by this

method. Later, Emtsev et al. also developed an atmospheric pressure synthe-

sis. [23] It is technically upscalable and can theoretically be integrated into existing

microelectronic processing. However, high quality SiC is very expensive as a 4”

wafer costs several thousand euro, making it a costly technique.

1.1.2.3 Molecular self-assembly

Another potentially upscalable, but currently very expensive method, is molecular

surface self-assembly. [24] Small precursor molecules are deposited on a surface and

naturally arrange into a favourable pattern. They are subsequently polymerised

to give graphene-like structures. This technique does not readily yield graphene

sheets yet but can make nanoribbons which are only a few nm wide but hundreds

of nm long.
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1.1.2.4 Liquid exfoliation & reduced graphene oxide

A method that yields smaller and potentially more defective graphene than any

other one mentioned so far, but does so in huge quantities, is liquid exfoliation by

physical processes. [25–27] It involves dispersing large quantities of graphite, usually

in powder form, in a solvent or surfactant stabilised aqueous medium and applying

vast amounts of sonic or shear energy. This method is quick, upscalable and

yields solutions with tens of mg/ml graphene in liquid which makes it useful for

applications like polymer reinforcement. [28] However, the exfoliation process is

never complete, so the average flake thickness in these dispersions is commonly

around 4-6 layers. Also the flakes themselves often get damaged and shredded to

small, sub-micron dimensions with their electronic properties heavily diminished.

Removing solvent and surfactant residues for further processing is also not trivial.

A different liquid exfoliation process is by chemical means. Graphene is not well-

soluble in any solvent as such but can be chemically modified to change that.

This is achieved by converting it to graphene oxide with strong oxidising agents

like KMnO4.
[29–32] Graphene oxide is graphene with many hydroxyl, carboxyl,

keto or carboxylic acid groups attached to it. They rend it electrically insulating

but this graphene oxide can be dispersed and dissolved in water to yield individual

graphene oxide flakes which can be implemented in desired applications. The flakes

can then be reduced with strong reducing agents to yield a form of graphene called

“reduced graphene oxide” (rGO). This method has high throughput and is very

cheap but the aggressive chemical treatments leave the graphene defective and

with several percent functional groups after reduction.

1.1.2.5 Chemical vapour deposition

Finally, there is synthesis via chemical vapour deposition. [33–40] This technique has

seen a lot of attention as it is easily upscalable and gives high-quality graphene

compared to the liquid exfoliation techniques but is still inferior to mechanical

cleavage. In essence, this technique works by passing carbon-containing gaseous
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species over a substrate at high temperatures (∼1000 ◦C) and low pressures

(<10 mbar). Depending on the process conditions like temperature, pressure, car-

bon precursor and substrate, the deposition can give layers of perfect graphene,

multi-layer graphene or highly disoriented nanocrystalline graphene stacks. The

largest graphene flakes reported from this process are up to mm in size. All the

graphene used in the pursuit of this project was synthesised using a CVD process.

Chapter 3 explains this process in detail.

1.2 Transition metal dichalcogenides

In recent years graphene has not been the only layered, 2D material, to get signif-

icant attention. Other layered materials have attracted a lot of attention, among

which the transition metal dichalcogenides (TMDs) are most notable. [41] Their

basic structure is MX2, where M is a transition metal (often Mo, W, Re, Ta, Nb)

which is sandwiched between two layers of X, a chalcogen (S, Se, Te). This is shown

in figure 1.3. Just like graphene, these materials exhibit very different properties

in a single layer or few-layer arrangement compared to when they are in their

bulk form. [42–46] Most are semiconductors rather than metallic. Even individual

materials may have several crystal structures which have different properties. For

example, in MoS2 the 2H phase is semiconducting but the 1T phase is metallic. [47]

Also chalcogen deficiencies can lead to different band structures and ensuring con-

sistent stoichiometry is a significant challenge in this field. These semiconducting

properties makes TMDs even more valuable than graphene in some aspects as

their semiconducting properties mean they can be used for logic computing which

is almost impossible with the zero-bandgap semiconductor graphene as its on-off

current ratio is too small. Some TMDs are inherently n-type semiconductors and

some p-type, so together with graphene as metal, they provide the full toolset

required for CMOS electronics. [48] Many methods for fabricating graphene, like

mechanical or liquid exfoliation and CVD can be applied to TMDs.
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Figure 1.3: Ball-and-stick model representation of some transition metal
dichalcogenides. The transition metal is sandwiched between two chalcogens.
Even though they are all structurally similar and often even share some ele-
ments, each TMD is different and its properties may differ significantly even

from its closest relative.

1.2.1 MoS2 and WS2

MoS2 and WS2 are two TMDs that were among the earliest ones studied. They are

readily obtainable, either by exfoliation from ore or from chemical synthesis. [49–52]

Hence, much of the knowledge in the young field of 2D TMDs comes from studying

these two materials. One of their features is that, while bulk MoS2 and WS2 are

indirect bandgap semiconductors, the monolayer has a direct bandgap, leading to

many interesting electronic and optical effects. The reason for this change from

indirect to direct bandgap was explained by Splendiani et al. and their calculated

band structures for perfect MoS2 are shown in figure 1.4. [53]

The optical bandgap changes from 1.2eV and 1.3eV to 1.9eV and 2.0eV for MoS2

and WS2, respectively, upon reducing them to monolayers. A direct bandgap has

immediate effects on their optical properties as it allows for strong photolumines-

cence which is heavily suppressed by an indirect gap. That makes these materials

interesting for applications like LEDs, optical sensors and solar cells. [54–56] Even in

the few-layer limit there are some interesting optical properties as there is signifi-

cant exciton confinement up to 5-6 layers. The basal plane, like that of graphene,

does not have any dangling bonds and is therefore chemically inert except for at

the edges which can be a huge advantage for device stability.

A major application currently investigated for MoS2 and WS2 are electronic cir-

cuits. The flat structure and semiconducting electronic properties are ideal for

integration into integrated circuit technology. Their uniformity and lack of basal
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Figure 1.4: Theoretically calculated electronic band structure of MoS2. a)
The band structure of bulk MoS2; b) the band structure of quadlayer MoS2;
c) the band structure of bilayer MoS2 and d) the band structure of monolayer
MoS2. Blue is the valence band edge and red the conduction band edge. The
black arrow indicates the lowest energy transition for exciting an electron from
the valence to the conduction band. In the bulk the indirect transition is much
smaller in energy than any direct transitions but as the layer number is reduced
the indirect transition becomes larger whereas the direct one stays the same.
For the monolayer case the indirect transition requires more energy than the

direct one. Taken from [53]

plane reactivity helps avoid short-channel effects which are becoming a severe

problem in extremely small silicon-based transistors as silicon-doping statistics do

not apply any more at those length scales. That of requires the right contact metal

in order to make ohmic contacts rather than schottky contacts. A promising can-

didate for this is scandium. [57] Like any other semiconductor, TMDs become very

interesting when doped. Using adsorbate-enabled doping, full logic circuits have

been demonstrated on single flakes of WSe2.
[58]

Similarly to graphene, monolayer TMDs are very good sensing materials due to

their extremely high surface to volume ratio. Their semiconducting properties

potentially make them more sensitive as their response to doping from analytes is

exponential rather than linear, as it is for graphene. Extremely high sensitivities

have been demonstrated. [59,60]
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1.3 Perylene bisimides

Perylene is a polycyclic aromatic hydrocarbon with the chemical formula C20H12.

A bisimide version of perylene exists and has been heavily researched by Andreas

Hirsch’s group in the university of Erlangen-Nürnberg. [61] Their derivatives of these

molecules contain a perylene bisimide core and variable functional end-groups, as

shown in figure 1.5. Originally developed for carbon nanotube exfoliation, those

molecules can also be used for the exfoliation and functionalisation of graphene

and TMDs. [62–65]

Figure 1.5: Moleculare structure of perylene bisimide. The end-groups, de-
noted by “R”, can be varied to give the molecule different properties.

These perylene derivatives work very well at exfoliating and functionalising low-

dimensional materials because the seven-ringed perylene bisimide core can non-

covalently adsorb onto the surface of the 2D material and the end-groups can

be modified to give specific properties. The non-covalent functionalisation does

not disturb the underlying lattice but can lead to electronic doping. Modifying

the end-groups allows for attachment of selective chemical species which may be

used for specific and selective sensing. Alternatively, they can contain groups that

enhance solubility in certain solvents, hence making them an effective surfactant.

They can be very easily detected by Raman spectroscopy as they have some very

intense characteristic peaks which are also enhanced by contact with graphene and

TMDs (see section 2.5.5). [61]



Chapter 2

Theoretical and experimental

background to experimental and

analytical techniques

This chapter gives general information about the theory behind many of the exper-

imental methods used in research for this thesis and gives the general experimental

conditions for standard processes.

2.1 Material procurement

All chemicals were purchased from Sigma-Aldrich and used as-received unless spec-

ified otherwise. Aqueous solutions were made using millipore water (18.2 MΩ) from

a Barnstead Nanopure system fed by deionised water. Polished Si(001) wafers of

thickness 545 µm were purchased from Si-Mat and Dasom RMS. Those with ox-

ide had 300 nm polished dry thermal SiO2 coatings. All gases were purchased

from BOC Gases except for N5-grade nitrogen and hydrogen, which was supplied

in-house by a DALCO N2 generator and a Schmidlin PG-250 H2 generator respec-

tively. Cu foils (18-25 µm, 99.99 %) were kindly provided by Gould Electronics

GmbH (liquidated Dec. 2014).

11
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2.2 Chemical vapour deposition

Chemical vapour deposition is a very prominent technique for depositing thin-films

of materials in both research and industrial settings. [66] It has many advantages

over other deposition techniques, namely uniformity, conformity, adhesion, com-

positional stoichiometry, low defect levels and low cost with scalability. Several

types of CVD exist and the most common ones are atmospheric-pressure CVD

(APCVD), low-pressure CVD (LPCVD), plasma-enhanced CVD (PECVD) and

atomic layer deposition (ALD). There are arguments that put ALD separate from

CVD but in this dissertation it is included in this section for convenience.

In principle, all CVD processes operate in a similar fashion: Gaseous precursor

materials enter the CVD chamber, often at elevated temperatures, and decompose

or react to deposit on the desired substrate, possibly via an intermediate species.

The material is deposited directly onto the substrate, with speed and conformity

determined by the exact conditions. The different types of CVD describe the

conditions, as detailed below:

APCVD takes place at atmospheric pressures. The molecular mean free path is

very short and the exposure very high. This can lead to excellent coverage with

high deposition rates but also requires high gas flows. A major advantage is the

avoidance of vacuum equipment and short chamber preparation time.

LPCVD is similar but takes place at reduced pressures, commonly <1 mbar.

Therefore the molecular free path is much longer and the overall flow regime some-

where between viscous and molecular flow, depending on the specific system. The

reaction is often slower and can be more controlled than in APCVD, leading to

less defects and better conformity but often lower uniformity. Both LPCVD and

APCVD commonly take place at elevated temperatures, anything between 300 ◦C

and 1100 ◦C. This can be very expensive and create environments unsuitable for

many substrates. The different thermal expansion coefficients of the materials in-

volved can also cause buckling and cracking upon cooling, something best avoided

if at all possible.
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To avoid such high temperatures, PECVD can be used. In this process the

molecules do not gain their reactivity due to thermal energy as much as plasma

energy. Energising molecules that way leads to very high rates of reaction and

often produces non-stoichiometric films with high defect densities that deposit in

a non-conformal manner. These may not be suitable for high-performance appli-

cations.

A material that can be produced using all these methods is Si3N4 for example,

although the precursors, product quality and reaction rates can be vastly different.

APCVD: SiH4 + 4 NH3
700◦C - 900◦C−−−−−−−−→ Si3N4 + 12 H2

LPCVD: 3 SiCl2H2 + 4 NH3
700◦C - 800◦C−−−−−−−−→ Si3N4 + 6 HCl + 6 H2

PECVD: 3 SiH4 + 2 N2

plasma energy−−−−−−−−→ Si3N4 + 6 H2

ALD is different from these techniques in that only one of two or more compli-

mentary precursors is flowed through the reactor at any given time. The growth

substrate is exposed to cycles of different precursors, each reacting with the surface

groups left by the previous precursor’s exposure. This yields a highly conformal,

low defect film but has an extremely slow growth rate as the chamber has to be

fully evacuated after each exposure. That also allows the reaction to be stopped

at any given time, giving ultimate control, potentially down to a monolayer of the

material deposited. One of the best known and most studied ALD reactions is the

deposition of Al2O3 which is illustrated in figure 2.1. This reaction is commonly

done with Tri-Methyl Aluminium (TMA, Al(CH3)3) and H2O or O3 according to

the scheme:

2 Al(CH3)3 + 3 H2O −−→ Al2O3 + 6 CH4

This is only one example of a very wide range of industrially-used ALD reactions.

ALD of Al2O3 is used at several stages during this dissertation. It was performed in

a custom-built cold-walled thermal processing tool from ATV technology GmbH.

Growth took place at 80-200 ◦C and utilised Al(CH3)3 (TMA) procured from

Sigma-Aldrich High Tech and H2O. Growth took place at 2 mbar chamber pressure
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with constant nitrogen flow at 60 sccm. Each growth cycle consisted of 0.5 s TMA

at 5 sccm, 20 s N2 flush, 0.7 s H2O at 5 sccm and another 20 s N2 flush.

Figure 2.1: Schematic representation of Al2O3 ALD from TMA and water.
TMA is introduced into the chamber and reacts with -OH groups, forming Al-
O bonds and releasing methane. This reaction is self-limiting as it stops once
all reaction sites are gone. The chamber is emptied and water is introduced,
reacting with the unreacted parts of the TMA, releasing methane again. This
forms new -OH species attached to the Al atoms and the cycle can be started

again.

2.2.1 CVD of graphene

The chemical vapour deposition of graphene is a very popular method of graphene

production for device applications. [33–40] The CVD of graphene came about soon

after the first isolation of graphene and works by thermally and/or catalytically

decomposing carbon-rich gases on metal catalysts (though there are some reports

of growth on insulators), usually in a LPCVD setting. Many metals can decom-

pose carbon-rich gases at high temperatures (∼1000 ◦C). Indeed, some gases like

acetylene do not require a catalyst to decompose but deposit mixtures of graphitic

carbon species when heated. A general schematic of the different surface processes

occurring during graphene growth is shown in figure 2.2.

Initially the catalysts used were Ir(111) or Pt(111) as they yield excellent graphene

due to surface structures that match graphene’s hexagonal structure and their

catalytic activity. [37,67] Ni is very popular as well because it is catalytically ac-

tive enough to decompose the carbon-containing gases into graphitic sheets on
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its surface while being much cheaper than any of the other good catalysts. [34,68,69]

However, it has a high carbon solubility at elevated temperatures, leading to signif-

icant carbon precipitation upon cooling, forming multi-layers. These multi-layered

structures are still useful for some applications but only with a lot of effort is it pos-

sible to produce monolayer graphene on Ni. [70,71] The material that most research

is now concentrated on is Cu. In contrast to Ni it has very low carbon solubility,

even close to its melting temperature of ∼1085 ◦C. [72] Its crystal structure and

catalytic activity are not as suitable as that of Ni so it is more difficult to initiate

graphene growth but it is much easier to produce monolayer graphene on Cu than

on Ni. Combined with the low cost of acquiring high-quality Cu it is probably the

best catalytic candidate for large-scale graphene CVD. Early processes of graphene

CVD on Cu took place at 1050 ◦C with a mixture of methane and hydrogen as

carbon feedstock. [35] Much work has since been done on this subject and a much

wider spectrum of precursors has been investigated, the Cu foil surface optimised,

and the temperature reduced. [73–82] Chapter 3 of this dissertation describes the

results of one such investigation.

Figure 2.2: General carbon deposition: a) incoming carbon-containing radical
adsorbs onto the catalytic surface; it diffuses until it b) gets stuck at a surface
feature, c) dissolves into the bulk substrate, d) desorbs or e) encounters and
joins a stable island; f) islands merge if they encounter each other and are

crystallographically compatible
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2.3 Graphene transfer to arbitrary substrates

All graphene used in the pursuit of this dissertation was grown by CVD on copper

foils. In order to fabricate anything useful from this kind of graphene it had to

be transferred from its Cu growth substrate to the desired application substrate.

For example, a transistor requires the graphene to be on an insulating substrate

and Raman spectroscopy gives much clearer signals if the graphene is on a 300 nm

Si/SiO2 substrate. Therefore techniques have been developed to achieve relatively

defect-free transfers of large graphene areas from the growth substrate to the final

one. The one used exclusively in this study is polymer-assisted transfer. Originally

presented by Reina et al. on Ni and subsequently by Suk et al. for Cu, it was

optimised for this thesis work by Dr. Toby Hallam. [69,83–85] It involves several

steps: Firstly, the graphene is pre-cleaned while still on Cu. This is necessary as

the cooling process inside the furnace leaves various physisorbed carbon species

on the surface. These contaminate the surface and can act as anchors for dirt

and polymer residues. The cleaning is a short, mild sonication in HPLC acetone

followed by a rinse with IPA.

Figure 2.3: Schematic representation of polymer-assisted graphene transfer.
From left to right: Graphene as grown by CVD on Cu is covered with a handling
polymer. This is transferred to an etchant solution where the Cu dissolves and
the graphene-polymer film remains. That film is dredged onto the substrate of

choice where it dries and adheres. Finally the polymer is dissolved.

Secondly, the graphene is covered with the transfer polymer of choice. This is done

by spin-coating a low concentration polymer solution onto the graphene. Common
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options are 2 % PMMA in anisole or 3 % cellulose acetate butyrate in ethyl-L-

lactate, spun on at a speed of several 1000 rpm. The polymer thickness tends to be

in the region of 100s of nanometres. To ensure there is as little strain as possible in

the polymer film it is re-flowed above its glass transition temperature for a short

amount of time. The strain may have arisen from imperfect spin-coating and the

heating step lets the polymer flow and removes any remaining solvent. The copper

growth substrate is then wet-etched and the polymer film with graphene beneath

it remains floating on the etching solution. It can then be fished out with the

final substrate, usually after transfer to a water bath to remove excess etchant.

Finally, the polymer is removed by dissolution and the graphene remains on the

final substrate. This overall transfer is usually done over the period of several

hours but can be done in less than one hour if necessary.

For all experiments performed in pursuit of this work graphene was transferred

using either poly(methyl methacrylate) 960 k (molecular weight 960,000 g/mol)

or cellulose acetate 65 k. They were respectively dissolved in anisole and ethyl-L-

lactate to make 3 % w/V solutions. The solutions were spin-coated onto graphene

on copper at 3000 rpm for 60 s followed by 1000 rpm for 60 s. Subsequently the

polymers were re-flowed at ∼160 ◦C for 5 minutes. The copper substrate was

dissolved in 1 M (NH4)2S2O8 and the remaining film transferred to water. It was

then dredged onto the final substrate and let dry in air. The polymer was removed

with HPLC grade acetone and propan-2-ol.

2.4 Photolithography

Photolithography (“writing with light”) is a technique widely employed by the

microprocessing industry. It is a very reliable, fast and cheap method of repeatedly

transferring a given pattern from a mask to a substrate. [66] The advanced optics

used lead to parallel light beams uniformly treating the substrate which minimises

spatial differences.
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Figure 2.4: General principles of photolithography, shown for Si/SiO2 pat-
terning (from back to front): A silicon substrate with oxide is covered with
photoresist. A mask with the desired pattern is put on top. This assembly is
exposed to UV light, selectively altering the photoresist. This is then dissolved
(in this case the resist is positive) to leave the transferred pattern behind. The
remaining photoresist acts as etch mask against the HF used to etch SiO2 and

is removed once all etching is done.

In general, the substrate to be patterned is covered with a thin layer of photo-

sensitive chemical, the so-called photoresist. An optical mask with a pre-defined

pattern defined in Cr is then put between the substrate and a light source. The

areas where the photoresist is exposed to light are chemically altered and gain

properties that differ from the unexposed parts. Commonly solubility with re-

spect to certain solvents is altered upon exposure, allowing for one part to be

removed by dissolution while the other one remains. This pattern can then be

used to selectively etch the underlying substrate or deposit material. Convention-

ally a resist is called “positive” if the exposed area is removed and “negative”

if the exposed area remains behind. Depending on the feature size desired, the

wavelength of light used as well as the chemicals utilised have to be adjusted but

the principle stays the same regardless of what is being made.
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Standard photolithography uses near UV light (400 nm - 300 nm) but many in-

dustrial processes use up to extreme UV light (121 nm - 10 nm) in liquid with high

refractive index to make the wavelength, and hence the resolution, as short and

small as possible. The photoresist often consists of monomers that are polymerised

under UV light or polymers that decompose under UV light.

2.5 Raman spectroscopy

2.5.1 General Raman scattering

Raman spectroscopy has recently become an extremely powerful technique for

material characterisation. It non-destructively probes certain vibrational levels

of molecules and crystals, yielding significant amounts of information about their

structure. [86] First observed in the late 1920s, its discovery was awarded the Nobel

Prize in physics in 1930. Initially rather awkward to use, it required the devel-

opment of lasers (1960s), notch filters, and fast CCD light detectors (Nobel Prize

2009) to make it the standard laboratory technique it is nowadays.

The principle working is that of inelastic light scattering processes. When a photon

excites an electron and promotes it to a higher energy level, the electron usually

relaxes within a given amount of time, re-emitting the photon. This is called

elastic scattering as the photon energy does not change but its direction of travel

may. It is also known as Rayleigh Scattering after its discoverer, Lord Rayleigh.

Occasionally (about 1 in 107), the electron may emit or absorb a phonon to or

from its host lattice just before re-emitting the photon, thereby decreasing or

increasing the photon’s energy, respectively. The case where a phonon is emitted

is called Stokes Scattering and the case in which a phonon is absorbed Anti-Stokes

Scattering, both shown in figure 2.5. The phonon can be emitted/absorbed either

before or after the photon.

There are several conditions that have to be met in order to observe Raman

scattering effects. The most important one is the nature of the phonon involved.
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Figure 2.5: Representation of different processes possible when light interacts
with a molecule. From left to right: The most common possible process is
Rayleigh Scattering during which an electron gets excited by absorbing a photon
(green) and re-emits the same photon upon relaxation. Stokes Scattering, the
second case here, involves emission of both a photon and a phonon(red) upon
relaxation. Anti-Stokes Scattering occurs when a phonon is already present in

the system and adds its energy to the photon.

It is only “Raman active” if the phonon causes a change in polarisability. This is

opposed to phonons that involve a change in dipole moment which are IR active.

The different phonons are explained here by the modes of CO2, shown in figure 2.6.

CO2 has four vibrational modes: A symmetrical stretch, an asymmetrical stretch

and two degenerate bending modes. The carbon atom is polarised and hence

carries a δ+ charge and the oxygen atoms have a δ− charge but there is no net

dipole due to the molecule’s symmetry. However, the asymmetrical stretching and

the two bending modes cause a disturbance in the symmetry and give rise to a

temporary net dipole moment. Hence those modes are IR active but not Raman

active. The symmetrical stretching mode does not give rise to a change in dipole

moment but to a change in polarisability. It is therefore Raman active but not IR

active. The combinations of these modes and their overtones are more complicated

but ultimately always fall into the pattern.

Another important condition for successful Raman scattering is the wavelength

of the laser used to excite the electron. Depending on the exact quantum nature

of the molecule probed, there may not be a suitable state that the electron can

occupy when excited with a given laser energy. Only if there are one or more
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Figure 2.6: Ball and stick model representation of the vibrational modes in
CO2. The molecule itself is shown on top, the different modes on the bottom.
From left to right: Symmetrical stretching, asymmetrical stretching and two
degenerate bending modes. The asymmetrical stretching and the bending modes

are IR active whereas the symmetrical stretching mode is Raman active.

states accessible can the Stokes Raman process occur at an appreciable rate and a

change in the light be observed. Perfectly matched systems where the laser energy

exactly matches that of the gap between the molecule’s HOMO and an unoccupied

level (often, but not necessarily, the LUMO) are called resonant Raman systems.

2.5.2 Scanning Raman spectroscopy

When using a modern confocal Raman microscope one can obtain local information

with spatial resolution of the size of the laser point which is ∼300 nm diameter

for a 532 nm laser with a numerical aperture of 0.95. This is useful for inspecting

inhomogeneous materials like nanorods and nanotubes as well as graphene and

other 2D materials which vary over length scales of microns. The spectrum taken

is not representative of the whole sample but only contains local information. In

these cases of samples with spatial inhomogeneities, scanning Raman spectroscopy

can be employed. This is a method where the laser point is moved across the
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sample and a spectrum is taken at regular spatial intervals. This spatially resolved

information can be used to map out peak intensities and peak shifts or generate

average spectra, displaying spatial inhomogeneities in the sample. An example of

scanning Raman spectroscopy is shown in figure 2.7. It shows a MoS2 flake which

is much bigger than the laser spot of 300 nm. A random spot scan would yield

a spectrum like in figure 2.7b) which is not fully representative of the sample as

there are many variations, as the maps in c) and d) outline. The mapped area

is 30 × 45 µm in size and contains the information of 20,000 spatially resolved

spectra.

Figure 2.7: Example of scanning Raman spectroscopy on a MoS2 flake. a)
The optical image shows a flake of MoS2 on a Si/SiO2 substrate. The flake itself
consists of several regions with different layer numbers and thicknesses. b) The
average Raman spectrum of this sample contains two features, labelled (i) and
(ii). c) A map of the sum of (i) and (ii) reflects the different features seen in a).
d) A map of the width of peak (ii) highlights the boundary areas of the flakes.

All Raman spectroscopy for this work was performed using a WiTec Alpha R300

confocal Raman system with a 532 nm diode laser. Unless stated otherwise, an

objective with 100× magnification and numerical aperture 0.95 was used. The

laser power was up to 40 mW for graphene scans and 250-500 µW for MoS2 and

WS2. The grating was set to either 600 lines/mm or 1800 lines/mm. For scanning

Raman spectroscopy the sample and stage were moved by a piezoelectric motor in

the x and y directions. Typically, a spatial scan resolution of at least 3 measured

points per micrometer was employed.
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2.5.3 Raman spectroscopy of graphene

Raman spectroscopy can be very effectively used for the analysis of graphitic mate-

rials like graphite, amorphous carbon, fullerenes, carbon nanotubes and of course

graphene. [86–93] The Raman response of graphene has been analysed in detail in

literature and there are several characteristic phonons present that are easy to

detect. A Raman spectrum of graphene recorded with an excitation wavelength

of 532 nm laser is shown in figure 2.8. The most important features are labelled

as D, G and 2D band which are explained in detail below.

The phonon that all graphitic materials have in common is the so-called G band

which is a vibration of the hexagonal lattice, shown in figure 2.9a). This phonon

is always present as long as there is a hexagonal lattice. For pristine graphene

the signal arising from this phonon is centred at 1583cm−1 but shifts with doping

and lattice strain. Its intensity however is unaffected by many factors and it is

therefore often taken as reference signal when comparing Raman spectra.

Figure 2.8: Raman spectrum showing Raman active graphene signals on
300 nm Si/SiO2 accessible by 532 nm laser. The D signal is ideally not present
at all as it can only arise from defects. The G peak at 1583 cm−1 is commonly
used as a reference while the 2D peak at ∼2700 cm−1 indicates long-range order.

A phonon that most graphitic structures also possess is the so-called D band. This

vibration is a breathing mode of the individual hexagonal rings of carbon atoms,

shown in figure 2.9b). It is an indicator of defectiveness as this vibration cannot
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exist in a perfect lattice. In a perfect graphene sheet the D signal only exists at the

flake edges whereas nanocrystalline graphitic carbon shows a significant D band

signal. The ratio of the D:G band intensity is commonly used as an indicator of

the defectiveness of the lattice. If it is close to 1:1 the lattice is very disordered

or the flakes are extremely small. If one assumes all D band intensity arises from

the flake edges it can be used to estimate the crystallite size. [26]

Figure 2.9: Simple representation of two Raman active vibrational modes in
hexagonal carbon lattices. a) This movement mode is always present in hexag-
onal structures and is called the G mode for carbons; b) This ring-breathing
mode is called the D mode. It can only occur when there are defects nearby as

otherwise it will not be able to expand into anything.

Another very important phonon for graphene is the so-called 2D signal, sometimes

also called G’ signal, positioned around ∼2700cm−1. There is no straightforward

molecular representation for it like in the cases of the D and G mode in figure 2.9.

It arises from an intervalley transition between the two sub-lattices of graphene as

shown in figure 2.10b). The phonon’s wavevector is too large to pick up with light

but if a second phonon with opposite momentum is created, the net momentum

change is zero. The energy difference is that of twice the phonon energy which can

be picked up by the light. If long-range order is not present, the electron that has

been scattered from the K point to the K’ point will be deactivated by a defect and

the energy difference will only be that of one phonon. This is picked up as the D

peak. Hence the 2D signal is an extremely good indicator of the graphene quality.

On a standard 300 nm Si/SiO2 substrate the ideal ratio of the 2D:G signals is ∼3

and its full width at half maximum (FWHM) is between 30 cm−1 and 32 cm−1 or

narrower.
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Figure 2.10: Solid-state description of Raman scattering for graphene. a) Due
to graphene’s peculiar band structure, every transition from the valence to the
conduction band can be resonant. Therefore the spectrum tends to give very
strong signals, regardless of excitation wavelength. b) The 2D peak originates
from a scattering process from the K point to the neighbouring K’ point and
back. The phonon’s wavevector is too large to be picked up by light so only
the phonon pair with zero net momentum can be detected. If the electron is
scattered back by a defect (dotted line) the signal gives rise to the D peak

instead.

Both the D and 2D peak are always resonant with visible light because there is

always a perfectly matching direct gap transition available for all photon energies

as shown in figure 2.10a). As the process giving rise to them is an intervalley

process, they are dispersive with laser energy, i.e. the phonon energy and hence

the peak position in the spectrum shift with laser excitation energy. This shift is

∼50 cm−1/eV for the D peak and therefore double that for the 2D peak as it is

the D peak’s overtone. In this work a 532 nm (2.33 eV) excitation laser was used

and hence the D peak was always positioned at 1346 cm−1.

Graphene flakes are nowadays often larger than the 300 nm laser spot size so the

application of scanning Raman spectroscopy is a very powerful tool for visualising

inhomogeneities. A map of the intensity of the G peak can give information about

the number of layers and its position tells about doping and strain. The ratio of the

D:G peaks can not only give an idea of the general defectiveness of the film but also

outline regions like grain boundaries, hence allowing for easy assessment of grain

size. The intensity and shape of the 2D band can be used to infer information

about the number of layers and even the stacking order. For ideal monolayer
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Figure 2.11: Scanning Raman spectroscopy of an incomplete graphene film on
300 nm Si/SiO2. a) Optical micrograph with the area inspected inside the red
box. The darker areas are graphene flakes. b) The average Raman spectrum of
the area, taken from 5000 point spectra. c) This map of the D peak intensity
reveals that the optically homogeneous graphene film has periodic defects in a
concentric fashion. d) A map of the G peak intensity confirms the location of
the graphene flakes and e) a map of the 2D peak intensity shows that, in the

areas where the D peak is strong, long range order is suppressed.

graphene the 2D peak follows a Lorentzian function. The addition of a second

layer in an AB stacking order changes the band structure to give four distinct

Lorentzian contributions to this peak. Turbostratic packing however will simply

reduce the peak intensity and possibly widen it but not add distinct contributions.

An example of a rather peculiar incomplete graphene film is shown in figure 2.11.

There are some more peaks in the graphene Raman spectrum that are less im-

portant for this thesis and are therefore not covered in detail. Examples of these

are the D’ peak which is similar to the D peak but arises from an intravalley

transition rather than an intervalley transition and the C peak which is a very

low-wavenumber mode arising from interlayer vibrational modes. [89,94]

2.5.4 Raman spectroscopy of MoS2 and WS2

MoS2 and WS2 have similar Raman spectra as their active modes arise from the
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same kind of vibrations with the only difference being the reduced mass of the

systems due to the different transition metal atoms present. A representative

spectrum of monolayer MoS2 is shown in figure 2.12a). The peak at 385 cm−1

Figure 2.12: Most important Raman active modes in TMDs. a) Raman
spectrum of monolayer MoS2. The two peaks are the E’ and A

′
1 modes which

are present in many TMDs. They shift for different materials. b) Ball-and-stick
model representations of the vibrations giving rise to the peaks seen in a), (i)

E’ mode and (ii) the A
′
1 mode.

(MoS2) and 356 cm−1 (WS2), called the E’ peak for monolayer, E1
g for bilayer

and E2g for bulk, arises from an in-plane vibration of the sulfur atoms against the

transition metal atoms. Conversely, the peak at 403 cm−1 (MoS2) and 417 cm−1

(WS2), called A
′
1 for monolayer and A1g for multilayer, is caused by an out-of-

plane vibration. [95–97] Both types of vibration are illustrated in figure 2.12b). Like

graphene’s G peak which arises from an in-plane vibration, the E’ peak shifts

with strain. [98] The A
′
1 peak shows a slight shift with electrical doping. [43] An

increase in layer number from monolayer to multilayer and bulk leads to a redshift

of the E peak and a blueshift of the A peak, yielding an overall increase in peak

separation. [43,99] Also the monolayer of both materials, exhibiting a direct bandgap,

shows significant photoluminescence in its spectrum. [44,53]

2.5.5 Surface-enhanced Raman scattering

Surface-enhanced Raman scattering (SERS) is an important mechanism for en-

hancing Raman scattering as it allows for studying the vibrations of molecules

usually too weak to register. [100] Discovered several decades ago, it is mainly per-

formed with rough metal surfaces and nanoparticles connected to the probe. [101,102]

The majority of the enhancement is due to the so-called electromagnetic mech-

anism (EM). This mechanism can give enhancements by up to a factor of 1010,
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allowing for single-molecule detection. [103–107] The EM is well-understood and ex-

tremely large enhancements can be reproducibly demonstrated. [108] It works by

exciting surface plasmons (electrons oscillating vertically at the metal surface).

These plasmons can couple very strongly to the analyte molecule. If the surface

plasmon frequency, ωp, is equal to the incident light frequency, ωi, the incident

electric field E that causes the excitation in the molecule is significantly enhanced.

After a scattering event the outgoing field can again be enhanced, leading to an

electric field enhancement of up to E4 in resonant processes. For this dissertation

the EM is not relevant as it does not apply to 2D materials. [109] This is because

the plasmon resonance frequency of graphene is in the terahertz region, far from

the IR and visible photons required for Raman spectroscopy. [110]

A second enhancement mechanism is called the chemical mechanism (CM). [111]

Ignored for a long time as it is several orders of magnitude weaker than the EM, it

gained a lot of attention recently with the rise of 2D materials which do not allow

for the EM to occur but still exhibit significant Raman scattering enhancement

by a factor of 10-100. There is no single, all-encompassing theory for the CM as

it encompasses everything that is not the EM.

For 2D materials some advances have recently been made for explaining compo-

nents of the CM. One factor that seems to be of major importance for enhancement

to happen is the alignment of the molecule’s highest occupied molecular orbital

(HOMO) or lowest unoccupied molecular orbital (LUMO) with the 2D mate-

rial’s Fermi level. [109] If the difference between the Fermi level and the HOMO or

LUMO is exactly the energy of the phonon concerned, there can be significant

enhancement as illustrated in figure 2.13. That mechanism can be confirmed by

modulating the height of the Fermi level, for example by electrostatic gating or

electrochemical doping of the sample which will alter the significantly alter the

enhancement. [112]

This mechanism works as such because 2D metals have a constant density of

states (DOS) and therefore an equal number of states above and below the energy

level to which the phonon scatters. From the Heisenberg uncertainty principle,
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Figure 2.13: Energy level representation of the SERS CM. a) The standard
Stokes scattering process involves an incident photon (yellow), a phonon (black)
and an emitted photon (green). If the energy levels are not aligned well the
scattering probability may be very low. b) If the molecule is in touch with a
2D metal and the filled states (purple) bring the Fermi energy to a point where
the phonon energy is equal to the difference between the HOMO and the Fermi
energy the scattering can be greatly enhanced. c) If the Fermi energy is far from
both the HOMO and the LUMO there is no enhancement from this mechanism.

(∆E×∆t≥ ~/2), there is a small but finite uncertainty in the phonon energy and

it can hence access energy levels slightly above and below its destined energy level.

Accessing extra energy levels should lead to an enhancement, but by the Ward

identity, the enhancement from these levels, symmetrical about the one central

level, cancel out. [113] If, however, the Fermi energy is near this energy level, the

states below the Fermi level cannot be accessed due to Pauli blocking. Hence the

symmetry is broken and an enhancement observed.

2.5.5.1 Graphene-enhanced Raman scattering

Graphene, a 2D metal, exhibits the 2D SERS CM but not the EM. [114] In contrast

to an ideal 2D metal which has a constant DOS, graphene exhibits a linear band

dispersion and therefore there is always broken symmetry about any energy level

but the Dirac point. The broken symmetry means that the effect of the levels

accessible by ∆E above and below the level to which the phonon scatters does not

cancel completely. Therefore there is always some SERS, even if the Fermi energy

is not near the HOMO or LUMO. As it is such a useful material for SERS, its

use has been given the name graphene-enhanced Raman scattering (GERS). As
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outlined in the previous section, there are many effects that can cause and modify

an enhancement and several of these have been discovered for graphene, including,

but not limited to, the layer number, the Fermi level, laser energy, proximity of

the molecule to the surface, molecular orientation and matching ring structures in

the analyte’s structure to graphene’s hexagonal lattice. [115–120]

2.6 Scanning electron microscopy

Scanning electron microscopy (SEM) is an important experimental technique for

visualising micro- and nanostructures. [121] A schematic representation of the setup

and the different processes occurring in an SEM is shown in figure 2.14. An electron

beam is accelerated toward and focused on the sample investigated. The electron

emission is either thermionic or field emission and the focusing is done with two

or more sets of electromagnetic lenses. There are several types of detector in place

depending on the make and model of SEM.

The electron beam, once columnated and focused, hits the sample and interacts

with it. Depending on the acceleration voltage (up to 20 kV) and the nature of

the sample, the electrons can be transmitted, reflected or diffracted. They may

also transfer their energy to the sample which in turn gives rise to Auger electrons,

secondary electrons and X-rays from the sample. Auger electrons come only from

the top 1 nm of the sample, secondary electrons from about 50 nm, backscattered

electrons from ∼1-2 µm and x-rays from 5-10 µm. All these different processes

can be monitored with different detectors. In the standard detection mode (in-

lens), reflected electrons are collected. Also common, yet very different in its

operation, is collection of the secondary electrons (SE2); both of these modes

allow for reconstruction of the surface where the electrons interacted. X-rays may

be collected for elemental analysis of the sample (EDX) and Auger electrons can

serve the same purpose but are more surface specific. In order to avoid interference

of gases with the electron beam SEM is commonly done in vacuum. Also, as the

electron beam tends to accumulate charge on the sample, conducting samples are
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Figure 2.14: Schematic representation of scanning electron microscopy. a)
Cross-section showing the most important components of a SEM. b) Sample
cross-section showing the depth and origin of the different signals observable.
Auger electrons come from the top 1 nm of the surface, secondary electrons
from up to 50 nm depth, backscattered electrons up to ∼2 µm and x-rays up
to 5-10 µm. The exact numbers depend on the electron beam energy and the

nature of the sample.

much easier to measure. Insulating samples are usually covered with a thin layer

of conducting metals in preparation or have to be imaged with a very low electron

current and accelerating voltage.

For this work scanning electron microscopy was performed with a Zeiss Ultra field

emission SEM. The acceleration voltage was typically 2 kV and the detector used

the in-lens detector.

2.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a very powerful technique for elemental

analysis of surfaces. [122,123] It can reveal what kind of atoms are present and how

they are bound to neighbouring atoms. It is based on the photoelectric effect
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which was first reported in 1887 by Hertz and later fully explained by Einstein,

earning him the Nobel Prize. [124,125] A schematic of the scientific principle is shown

in figure 2.15. In principle, x-rays of known energy are absorbed by the electrons in

Figure 2.15: Energy schematic of XPS. An incoming x-ray excites an electron
from its energy level into vacuum. As energy is conserved, the kinetic energy of
the electron, which is measurable, is equal to the incidental x-ray energy minus

the electron binding energy. This is different for every element.

the sample surface, to only a few nm depth. Those electrons are excited and as the

x-rays are high in energy, the electrons are promoted out of their system entirely

and into vacuum. Measuring the electron kinetic energy after this interaction

allows for calculation of the binding energy of its orbital of origin according to

Einstein’s photoelectric effect formula:

Eb = ~ωi − Ek (2.1)

Eb is the binding energy of the electron, ~ωi the energy of the incoming x-ray

photon and Ek the kinetic energy of the ejected electron. Binding energies are

specific to elements and therefore allow for precise determination of the elements

present. Shifts in the energies of binding orbitals, for example the carbon 2p

orbital, can give information about what other element an atom is bound to and

even whether it is a single or a double bond.

The standard x-rays used for XPS are the Cu Kα line with 8047 eV and the Al

Kα line with 1486 eV. A wider range of energies and intensities is provided by

purpose-built synchrotrons.
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2.8 Electrical measurements

Electrical measurements give insight into the electrical properties of a material. [66]

Usually resistivity, conductivity and charge carrier mobility are investigated. There

are many more properties that can be investigated but those are beyond the scope

of this thesis.

Bulk resistivity is defined as

ρ = R
A

L
(2.2)

where ρ is the resistivity in Ωm, R is the resistance in Ω, A the cross-sectional

area of the conducting sample and L the length of the channel measured. For

2D materials determination of the cross-sectional area A is challenging or even

impossible so instead the sheet resistance is used:

RS = R
W

L
(2.3)

RS is the sheet resistance and W the channel width. The unit of RS is Ω but

to distinguish it from bulk resistance it is usually written as Ω/sq. Note that

sq. (square) is not actually a dimension but purely notation. Both bulk and

sheet resistivity only give information about the majority carrier of the material

measured.

Sheet resistance is measured using a four-point probe. In this kind of setup four

probes are connected to the film to be measured. The probes have a known

spacing and a current of known strength is forced through the outer two probes

(source and drain). The potential difference between the inner two probes is then

measured and the sheet resistance calculated from these values. The advantage

of this approach is that it eliminates contact resistance of the probes with the

sample. The sheet resistance is calculated according to the formula

RS =
π

ln(2)

W

L

V

I
(2.4)
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Conductivity, σ, is the inverse of resistivity and the same applies to sheet resis-

tance. It depends on the number of carriers ne,h in the material and their mobilities

µe,h according to the relation:

σ =
1

RS

= e(neµe + nhµh) (2.5)

One of the most common ways of determining the carrier mobility µ is by fabri-

cating a field-effect transistor (FET). In this kind of device, shown in figure 2.16,

there is an additional electrode separated from the sample by a thin dielectric,

the so-called gate. Applying a voltage to this electrode causes capacitive action

and can draw carriers in and out of the channel material. Monitoring the rate of

change of source-drain current with applied gate voltage allows for calculation of

the majority carrier mobility.

µ =
1

Cox

L

W

δIDS
δVGS

1

VDS
(2.6)

Cox is the gate oxide capacitance, IDS the current between source and drain, VGS

the gate voltage and VDS the source-drain voltage.

Figure 2.16: Schematic representation of a field-effect transistor. Current
flows through the channel material between the source and drain electrodes. By
applying a voltage to the gate electrode carriers are forced in and out of the

channel, changing its properties.

In this specific case four-point probe measurements were performed using either a

prober by Jandel with 1 mm probe spacing for large samples or Ti/Au electrodes

were evaporated onto the sample and contacted with a needle prober by Süss.
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Both probers were connected to Keithley 2400 source meters and controlled by

LabView software.

2.9 Experimental design

Experimental design is a statistical method for optimising multi-variable pro-

cesses. [126] It does not necessarily lead to a physical understanding of the process

but works well for quantifying and optimising complex systems which is why it is

very common in industrial settings. However, like any approach, one should not

blindly rely on it as unexpected phase transitions or changes of reaction mechanism

will thwart simple models.

In a standard intuitive optimisation process, a starting set of parameters and

an output parameter are chosen. Process optimisation takes place by changing

one variable at a time, thus making the effect of this one parameter visible until

the output parameter appears maximised. A second parameter is then improved

until again the output parameter is maximised and this pattern is continued until

all parameters have been covered. This however ignores any possible relations

between parameters and assumes they are orthogonal, i.e. independent of each

other and varying one does not affect any of the others. This is rarely true for

complex processes. Local minima and saddle points can also cause confusion.

An alternative to the standard process is the so-called “Design of Experiment”

(DoE). It is a statistical method in which many parameters are varied at once and

the entire parameter space is swept out. Common data points are the corners of

the parameter space and some other high-symmetry points like the space centre.

Results are fed into a statistical analysis program which yields a response sur-

face through the parameter space. The mathematical description of the response

surface can give an insight into the contributions of individual factors but full

scientific understanding is not necessary for process optimisation. This has the

advantage that it works even when the parameters are non-orthogonal and often

requires a lot less experiments to be executed for statistically significant results.
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Figure 2.17: Schematic representation of the difference between a classical
investigation and DoE. a) In a classical investigation a starting point (red) is
chosen and one parameter is changed at a time (blue). Eventually the optimum
parameter combination may be found (yellow) but if the parameters are not
orthogonal this can be very difficult. b) In the DoE approach previous knowledge
is almost irrelevant as extreme points of the parameter space are tried. This
can be enough to yield statistically significant results but other optional points

(green) may also be investigated.

A schematic illustration of the two different methods sweeping out a parameter

space is given in figure 2.17. In this illustration the parameter space consists

of three variables, shown as three-dimensional space. The standard approach

(figure 2.17a)) involves picking a starting point (red), possibly based on previous

knowledge, and varying one parameter at a time (blue points) to improve the

process and eventually reach the optimal process (yellow). Large volumes of the

parameter are left untouched even though they could yield other interesting results.

In the DoE approach (figure 2.17b)), no previous knowledge is required. Points

measured usually involve the corners of the parameter space and its centre. This

is often enough to give a statistically significant model but further points of high

symmetry can be investigated (green points). Not only does the DoE approach

require less experiments, it investigates all parameters in more depth and tends to

be more accurate. Because it is not based on any pre-conceived physical model it

can spot unexpected things like phase transitions or inflection points much more

easily although the inclusion of such encounters in the model requires significantly

more advanced algorithms. A four-dimensional parameter optimisation is used in

chapter 3 to optimise a graphene growth process.
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2.10 Atomic force microscopy

Figure 2.18: Basic AFM setup. A sharp cantilever moves slowly moves across
the sample surface. Any time it encounters surface features it will be deflected,
which is picked up by a photodetector as the laser reflecting off the tip will also

move.

Atomic force microscopy (AFM) is an analysis technique that, in its simplest

form, provides topological information of a surface. [127] A very sharp tip (∼30 nm

at point) is dragged across the surface and its deflection as it encounters surface

features is measured by a laser as shown in figure 2.18. This information can be

used to reconstruct a topological map of the surface. There are three modes of

AFM: Contact mode, non-contact mode and tapping mode. In contact mode, the

tip is in very close contact with the surface and measures the repulsive forces, like

a vinyl record player. This mode is also used for conductive AFM in which con-

ductivity of the sample is measured. Contact mode can damage the surface and

is therefore preferably avoided, especially for soft samples like biological tissue. In

non-contact mode, the tip is very far from the surface and measures the attractive

forces from the surface. Tapping mode is a compromise between the two where

the tip is constantly oscillated up and down and experiences both attractive and

repulsive forces which alter its mean height and phase. The phase information

was historically ignored for a long time but actually provides interesting informa-

tion like elasticity or adhesion forces. Nowadays tapping mode tends to be most

commonly used for standard analysis.
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Atomic force microscopy was either done with an Asylum MFP-3D AFM or a

Dimension 3100 AFM. All scans were taken in tapping mode with Si tips with a

tip radius of ∼50 nm and resonant frequency of 300 Hz.

2.11 Gas diffusion barriers

Diffusion is the net transport of a substance along a concentration gradient. [128] It

is governed by Fick’s laws of diffusion:

J = −D∇φ (2.7)

δφ

δt
= D∇2φ (2.8)

The first law, equation 2.7, is for the steady state case where the supply is infinite.

J is the flux in amount per unit area per unit time, D is the diffusion coefficient

in area per unit time and φ is the concentration in amount per volume.

The second law, equation 2.8, is for the finite supply case where the concentration

at the point of origin decreases as time passes.

For gas diffusion barriers, D should be as small as possible. Gas diffusion D is

usually measured in cm3/m2/day. This measures how good the barrier is, but

not how inherently good the barrier material is, as thickness is not taken into

account. A bad material can make a good barrier if it is thick enough and vice

versa. For a given material the permeability is hence given in units of cm3cm/cm2s

(cm Hg) which also takes barrier thickness and partial pressure into account.

1× 10−10 cm3cm/cm2s (cm Hg) is also called 1 barrer. A low-quality commercial

barrier used for food packaging requires a permeability of <10 cm3/m2/day and a

high-quality one for OLEDs <10−5 cm3/m2/day.

In the pursuit of this work, oxygen gas diffusion measurements were done in a

Systech 8001 gas permeation tool. Films were cut to a circular shape of size

somewhat bigger than 5 cm2 and fixed in place with vacuum grease and a metal
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clamp with an O-ring, exposing only an active area of diameter 2.5 cm. All

measurements were taken at 23 ◦C at 0 % humidity with an oxygen partial pressure

difference of 1 atm.

2.12 Organic light-emitting diodes

An organic light-emitting diode (OLED) is a type of light-emitting diode (LED)

which uses an organic compound as active emission source. [129] This emission layer

consists of an organic emitter molecule that is sandwiched between two electrodes,

one of which injects electrons and one holes into the emission layer. The electrons

and holes, separated by a defined energy gap, recombine in the emission layer and

give off light corresponding to the energy gap as a result. In order for the light to

escape the device, at least one of the electrodes has to be transparent. A schematic

representation of such a device is shown in figure 2.19. It shows two electrodes,

a hole transport layer, an electron transport layer and the emission layer. Real

devices often contain more layers than that, including barrier, planarisation, and

doping layers. A real OLED structure is discussed in chapter 4.

Figure 2.19: Structure of a generic LED/OLED. There is always a transparent
electrode, an emission layer and a second electrode, usually not transparent. The
electron and hole transport layers are not always separate from the electrodes.

There are several major advantages OLEDs have over conventional LEDs. Con-

ventional LEDs employ GaAs or GaN as conduction and emission layers, which

are rigid crystals whereas OLEDs often employ polymers that tend to exhibit a

certain degree of flexiblility. The latter can be printed whereas the former have to

be grown in specialised equipment. That opens a wide range of applications for
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OLEDs and makes them potentially much cheaper than crystalline LEDs. Flex-

ible OLED displays have already been demonstrated. However, due to the nature

of the materials involved, the OLED requires airtight encapsulation as the highly

energised organic emission layer easily reacts with oxygen and water, significantly

shortening the device lifetime. Also, both OLEDs and conventional LEDs require

at least one transparent electrode. There are very few materials that conduct

electricity well and exhibit transparency. One of them is indium tin oxide (ITO),

a rigid amorphous material from which the transparent electrode is usually made.

Due to fluctuating costs of indium and constantly increasing demand in recent

years, the search for an alternative is becoming more attractive every year and

its lack of flexibility limits some of the OLEDs’ potential. Hence graphene is be-

ing considered as one of the replacement materials as it is flexible, transparent,

conducting, a good gas barrier, and will be cheap and abundant in future.

There are many reports of graphene-based OLEDs. [130–137] They vary widely in

quality, efficiency and size but there are some encouraging reports. Many show

that with the right doping and band alignment graphene can perform as well as

ITO, at least on the small areas investigated (often the device area is not stated).

However, even though it appears possible to make a graphene-based device, there

are still problems: Often the graphene is rough which requires a planarisation

layer. This can be very expensive as it is often a wet-chemical step whereas the

other layers can be evaporated. Also there is no long-term study yet that shows

the OLEDs actually survive for long, a crucial factor that has to be investigated

before any integration can be attempted.

When analysing and comparing OLED performance there are several character-

istics to take into account but most of them are related to the amount of light

gained for the electric power put in. Firstly, there is the current or current density

through the device vs. the voltage applied. As the energy is put out as light with

quantised energy, there will be a threshold voltage above which current can actu-

ally flow. The minimum voltage that has to be applied is that which corresponds

to the bandgap of the emitter. For a green emitter at 555 nm this corresponds

to 2.2 V as the photon has 2.2 eV quantised energy. Any current which flows
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below this threshold is leakage current, like in a diode. Other parasitic effects and

internal loss mechanisms may also increase the threshold.

Secondly, the luminance per volt is important. Luminance is measured in cd/m2

which is the amount of visible light put out per unit solid angle per device area.

The solid angle component means it is a vector property and the visible light com-

ponent means that a human-eye sensitivity correction curve is applied which has

a maximum in the green light and reduces towards red and violet and disappears

in the IR and UV regions. Hence a red OLED may produce more photons but still

have a lower luminance than a green one as the human eye is more responsive to

green light.

Power efficiency measures the overall amount of light produced per unit energy

put in. This is in lumen per watt. This can be measured against luminance. Most

light sources are more efficient in low luminance regimes and become less power

efficient as they emit more and more light. This can be due to resistance increases

from heating, capacitive effects or other processes.

Current efficiency is a measure similar to power efficiency and measures the amount

of light produced per unit current, in candela per amp. When measured against

luminance this gives an indication of whether other processes than the desired

light emission from recombination occur as the device emits more and more light.

Ideally this number should remain the same regardless of luminance but there can

be a reduction with increasing luminance.





Chapter 3

CVD of graphene from ethene

This chapter covers and expands on the content of the publication “Growth op-

timisation of high quality graphene from ethene at low temperatures”, Chemical

Physics Letters, 2014, 595, 192-196. [40]

3.1 Introduction

As outlined in chapter 1, graphene is shaping up to be a material that can have

a huge impact on many areas of technology. [1,13,15,34,39,138–140] Section 1.1.2 gives a

general overview of the various methods used to obtain graphene and the advan-

tages and disadvantages of each. This chapter outlines a CVD method developed

for growing large areas of graphene at a reduced temperature of 850 ◦C from

readily-available ethene gas. The target was to produce large areas (10s of cm2)

of good-quality monolayer graphene at a temperature below 1000 ◦C, suitable for

further processing into many applications, including, but not limited to, barri-

ers, electrodes and sensors. This requires low-defect, closed films with reasonable

flake size (>1 µm diameter), high transparency, sheet resistance below 1 kΩ/sq.

and mobilities of several hundred cm2V−1s−1. CVD is one of the most important

methods for obtaining graphene as it is easily upscalable in a cost-effective man-

ner and gives large-area and reproducible results while the graphene quality is

43
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still high. [39,69] Out of all the different techniques, it is probably the one that best

balances cost, yield and quality of the graphene obtained. However, even though

it strikes the best balance, it is currently still too expensive and the quality of

graphene leaves room for significant improvements. [10,33,83,141] Both of those met-

rics, cost and quality, are heavily influenced by the growth temperature which is

very high in most cases.

The most common monolayer graphene CVD catalyst is copper with purity of

99.9% or higher. CVD on copper foil has been shown to give full coverage of mostly

monolayer with flake sizes up to mm which is owing to the low carbon solubility

in Cu, even at elevated temperatures. [33,35,142] Currently, most high-quality CVD

graphene on Cu is grown at temperatures exceeding 1000 ◦C at low pressure using

methane gas as carbon precursor. [83,143] Such a high temperature, which is close to

the melting point of Cu (∼1085 ◦C), causes significant Cu evaporation, especially

at the reduced pressure that many processes employ. The effects of the vapourised

copper are not fully understood yet but some aspects are known: It leads to

irregularities in the Cu surface structure as areas that are covered by graphene

already cannot evaporate and hence become elevated islands on a lowering surface.

Upon cooling the vapour condenses on both the sample and the furnace walls,

degrading the sample quality and reducing furnace lifetime. These processes can

severely affect the reproducibility of growth and are therefore best avoided.

Vapour pressures follow exponential trends with respect to temperature so even

a small reduction in temperature can have a significant impact on the amount

of Cu in the growth atmosphere. [144] More specifically, the vapour pressure of

solid copper follows the equation: log(p) = 14.129 − 17748/T − 0.7317log(T ).

Hence the vapour pressure at 1050 ◦C is p = 0.0270 Pa and that at 850 ◦C is

p = 0.000124 Pa, a reduction by a factor of 218. [145] Reduced temperature also

means lowered heating costs which become very important when moving to an

industrial scale. However, reduction in temperature without a change in other

process parameters would only lead to a reduction in quality as nucleation density

increases and therefore the size of individual graphene flakes decreases. Multilayer

growth is also more likely. There are many ways to avoid or at least reduce
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the extent of quality reduction. One method involves electropolishing the copper

surface before growth. [77,146] A smoother surface has less features that give rise to

nucleation and hence the number of flakes is kept to a minimum. Changing the

growth precursor can have a huge impact, especially if it is less stable than the

methane used by Li et al. and therefore decomposes at a lower temperature. [35]

Examples of this include ring structures like hexane, benzene or toluene and even

alcohols like ethanol or propanol. [78–80,146,147] Continuous graphene films on copper

have been reported at growth temperatures as low as 650 ◦C from toluene but

need impractical liquid precursor handling and show significantly reduced electrical

mobility in comparison to other reports of CVD graphene. [146] The lowest observed

graphene island growth is at 300 ◦C from benzene but no continuous film was

reported and the quality was not conclusive. [147]

This chapter presents a study to produce large areas of monolayer graphene on

copper at temperatures below 1000 ◦C. This was necessary as the furnace used

could only reach a maximum temperature of 1000 ◦C. The graphene should be

cheap, show good electronic and optical properties, i.e. high charge carrier mo-

bilities, and be produced in large quantities over a short time period. This was

achieved by using ethene (C2H4), a cheap and easy to handle gas as carbon source.

The eventual growth temperature used was 850 ◦C. The development of this pro-

cess was helped by the use of experimental design (see section 2.9) for which the

partial pressures of the process gases H2, N2 and C2H4, as well as the growth

time were varied. Furthermore, a method of patterning the copper pre-growth to

selectively mask graphene growth was investigated.

3.2 Growth patterning

In order to make devices from graphene, it has to be patterned into useful struc-

tures like FET channels or Hall bars. [3] This can be done by plasma etching or

other aggressive chemical approaches but those can leave the graphene defective

and may damage other components already deposited. Lithography of graphene
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involves polymer deposition which leaves residues. An alternative is pre-structured

growth that only allows the graphene to grow in certain areas on the copper cat-

alyst. A masking mechanism investigated here involves defining a pattern on the

copper foil by photolithography followed by Al2O3 ALD and subsequent lift-off.

This masks areas of the copper which are subsequently unavailable for graphene

growth in an approach similar to that used by Safron et al. [148]

3.3 Experimental

3.3.1 Furnace details

Growth was performed in an ATV PEO 604 LPCVD thermal processing system.

This system is capable of processing 20 4” wafers at a time and can ramp from

room temperature to its maximum temperature of 1000 ◦C in less than 20 minutes

and actively cool back to room temperature in one hour. It is a hot-wall reactor

with a quartz tube and platform. A schematic diagram is shown in figure 3.1.

The minimum pressure in the current configuration is about 0.4 mbar and its

maximum operating pressure is 10 mbar. It has connections and MFCs for several

gases: Hydrogen (0-161 sccm), Nitrogen (0-10 slm), oxygen (0-1000 sccm) and

ethene (0-85 sccm). The suppliers guarantee a variation of less than 5% in the

MFC flow. Nitrogen, oxygen and ethene come from bottles of at least 99.95%

purity (99.99995% in case of nitrogen). Hydrogen is provided by a Schmidlin PG-

250 generator. All gases are fed through stainless steel gas lines of 10 m or less

length and mixed and heated in the injector before entering the main chamber.

The chamber is 30 cm long, 15 cm in diameter and heated by resistive heating from

15 heating coils around the centre as well as one big coil at each end. Temperature

is measured by three thermocouples, one at the centre of the chamber beneath the

sample and one at each end. Samples were usually placed in the furnace centre.

As the furnace opens up to atmosphere every time it is opened, there is a significant

first-run effect. Hence the first run of every day produces different results from its
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norm. Therefore it was seasoned by with a one hour 600 ◦C step with 10 sccm H2,

5 sccm C2H4 and 300 sccm N2 at the beginning of day it was used.

Figure 3.1: Schematic representation of CVD chamber in ATV PEO 604 tool.
The chamber is 30 cm long and about 15 cm in diameter. It is heated all around,
from the walls and the front and back end. Gases are pre-mixed and heated in
the injector to ensure homegeneity. The main thermocouple is situated directly

under the sample but there are two more, one at each end of the chamber.

3.3.2 Graphene growth

Graphene was grown using ethene gas as carbon precursor on 18 µm thick copper

foil (99.99% pure, provided by Gould Electronics). This foil has a surface rms

roughness of 0.176 µm and the sample size was usually around 3×3 cm or more.

The foils were cleaned in HCl for 30 s to remove a protective zinc-chromate pas-

sivation applied by the supplier and subsequently sonicated mildly in acetone for

5 minutes.

Pre-growth patterning of the copper foil was done by defining a pattern on the

copper foil using standard UV photolithography with positive photoresist. 30

layers of Al2O3 were deposited by ALD, yielding an approximately 3.3 nm thick
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Figure 3.2: Growth conditions for graphene growth in the ATV PEO 604
furnace. The conditions for each step are:

Step end T/◦C time/ min H2/ sccm C2H4/ sccm N2/ sccm Pressure/ mbar
A - 2 0 0 0 0.4
B 850 20 15 0 0 1
C 850 30 15 0 0 1
D 850 5-20 0-161 1-85 0-500 2
E 800 5 2 0 0 1
F 200 20 (45) 0 0 0 1
G 110 10 0 0 0 1
H 100 3 0 0 5000 1000

film. The photoresist was lifted off and behind remained the Al2O3 pattern which

marked the areas where no graphene would grow. A schematic of the growth

conditions is shown in figure 3.2. The foils were loaded into the furnace, heated

to 850 ◦C under 15 sccm H2 flow at 1 mbar pressure and annealed at 850 ◦C for

30 min, also under 15 sccm H2. The subsequent growth step consisted of a single

step exposure of C2H4, H2 and N2. The composition varied from 0.85 sccm-42 sccm

for C2H4, 1.6 sccm-160 sccm for H2 and 0 sccm-500 sccm for N2 while the overall

pressure was kept constant at 2 mbar. The time of this step was varied between

5 and 20 minutes. Cooling took place under a small amount of residual H2 at
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2 mbar and took approximately one hour. After completed growth the deposited

graphene or other carbonaceous film was transferred onto Si/SiO2 substrates and

analysed. [84]

3.4 Results & Discussion

The main objective in this process optimisation was reduced temperature graphene

growth while still maintaining high material quality as ascertained by Raman

spectroscopy and charge-carrier mobility measurements. 850 ◦C appeared to

sufficiently suppress copper evaporation as optically significantly less copper was

deposited on the furnace walls. In order to navigate the entire parameter space

offered by the furnace used in terms of gas flows and growth time, DoE was em-

ployed. [126,150] The four parameters varied were the partial pressures of H2, N2 and

C2H4 (expressed through a variation in flow rate), and growth time. With the

parameters used there was always some kind of growth but the outcome varied

significantly. The control parameter that defined quality was the average FWHM

of the 2D peak of the sample’s Raman spectrum, taken in 10,000 spectra over an

area of 20 × 20 µm after transfer to 300 nm Si/SiO2. This was chosen because

the width of a Lorentzian curve fitted to the 2D peak can be directly related to

the existence and quality of monolayer graphene (see section 2.5.3). [88,89,151–153]

The narrower the peak, the better, with monolayer graphene around FWHM of

∼31 cm−1, a value reported for mechanically exfoliated graphene and some cases

of CVD graphene. [92,93] The exact experiments performed and a graphical repre-

sentation and response surface plotted through the results of 23 experiments is

shown in table X and figure 3.3, respectively.

Some general trends were observed: High amounts of H2 compared to N2 and C2H4

led to incomplete growth and many small islands. Similar results were observed for

too much N2 when sometimes next to no growth was observed but the nucleation

density was also very low. Too much C2H4 yielded thick graphitic films that

were more like pyrolytic carbon than graphene. Examples of these various types
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H2/ sccm C2H4/ sccm N2/ sccm time/ min 2D FWHM/ cm−1

103 53 100 5 73
5 5 500 20 69
31 16 100 16 106
31 20 0 12 87
65 17 500 10 70
32 9 500 10 60
84 1 0 20 80
5 5 500 5 47
48 13 500 10 75
31 20 0 5 76
31 20 0 20 74
103 53 100 12 61
102 3 100 5 77
102 3 100 12 72
103 53 100 20 96
31 16 100 9 117
5 5 500 10 42
21 8 500 10 60
84 1 0 5 77
84 1 0 12 81
5 5 500 12 52
8 8 500 10 65

135 38 100 2 108

Table 3.1: Table of experimental conditions tested in pursuit of the graphene
growth optimisation. The last column gives the measured Raman 2D FWHM

for these conditions.

of growth are shown in figure 3.4. They show the optical micrographs of the

films grown after transfer to 300 nm Si/SiO2 and the average Raman spectra

corresponding to the areas marked in red. Figure 3.4a) shows a film grown with

little N2, much H2 and some C2H4. This film is thick and graphitic but also

defective as seen from the Raman spectrum’s large D:G ratio and small 2D:G

ratio. The film in figure 3.4b) was grown with a high amount of N2, little H2 and

also little C2H4. It is incomplete and the quality of what is present leaves room

for improvement as seen from the 2D:G ratio. The D:G ratio implies that it is not

too defective. Finally, figure 3.4c) shows a film grown with no N2 but lots of H2

and C2H4 for a long time. It is thick and very defective, implying it is more like

pyrolytic carbon than graphene or graphite.
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Figure 3.3: Graphical representation of the extrapolated effect of the different
parameters H2, N2 and C2H4 at 12 minutes growth time on the output variable,
the FWHM of the 2D Raman peak. Some of these numbers are impossible as the
2D peak width is never more than ∼150 cm−1 but it serves as a good method
for excluding certain parameter areas. The blue line represents a FWHM of

33 cm−1.

Figure 3.4: Examples of different types of growth observed as result of the
DoE. a) Optical micrograph of the film after transfer to Si/SiO2 and average
Raman spectrum resulting from 16 sccm C2H4, 30 sccm H2 and 100 sccm N2 for
16 minutes. It is very thick and more like graphite than graphene. b) Optical
image of film and average Raman spectrum resulting from 5 sccm C2H4, 5 sccm
H2 and 500 sccm N2 for 20 minutes. The growth is evidently incomplete and
the flake quality leaves room for improvements. c) Optical image of film and
average Raman spectrum as result of 20 sccm C2H4 and 30 sccm H2 with no N2

for 20 minutes. The film looks homogeneous but the Raman spectrum shows
that it is heavily defective and more like pyrolytic carbon than graphene or

graphite.
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The plot in figure 3.3 is only useful as an indication for what parts of the param-

eter space to exclude as can be seen upon closer inspection of the vertical axis

which ranges from -500 to 1750 cm−1. That is because the material deposited

varies widely in quality. Some areas have no growth at all, some have far too

much deposition and lead to multilayer growth and some deposit highly defec-

tive or even amorphous “graphene”. Examples of those can be seen in figure 3.4.

Unfortunately the 2D peak cannot widen indefinitely and also cannot distinguish

between multilayers, tiny flakes (smaller than the laser spot) and amorphous ma-

terial, all of which broaden the peak. The actual width of the peak is of course

always positive and never broader than ∼150 cm−1. By excluding the areas with

predicted impossible values a narrow region remains which can be explored man-

ually. By doing so the final parameter set was 10 minutes growth with 3.2 sccm

H2, 1.7 sccm C2H4 and 300 sccm N2. An analysis of a film grown by this final

parameter set is shown in figure 3.5. It shows an optical image of the graphene

after transfer to SiO2 which displays some darker regions which are interpreted to

be onset of multilayer growth, a SEM image that confirms a flake size of ∼1 µm,

Raman maps of D/G and 2D/G signal intensity ratios and 2D FWHM (d)-f)), all

of which confirm a low defect density and high monolayer coverage. The average

Raman spectrum (c)) is almost ideal and individual spectra from flake centres

reflect the ideal graphene spectrum on SiO2. Using optical and SEM contrast it

was ascertained that these samples are about 80% monolayer with 20% multilayer

growth onset.

For the use of graphene in electronic devices the electron and hole mobilities are

key parameters. In long-channel devices (longer than the graphene grain size),

the mobility is mostly reduced by grain boundaries. In order to determine the

field-effect mobilities of this graphene, FET structures were fabricated. This was

easiest done by pre-growth patterning: A line pattern was defined on the copper

foil using standard UV photolithography with a positive resist. The exposed lines

were 10 µm wide and spaced 100 µm apart. The copper foil was exposed to 30

cycles of Al2O3 ALD and lifted-off afterwards to leave behind Al2O3 lines of width

100 µm, spacing 10 µm, on the copper. This passivation is stable under the harsh
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Figure 3.5: Analysis of graphene film grown according to final recipe. a)
Optical image of graphene film after transfer onto Si/SiO2. The darker patches
are onsets of multilayer growth. b) SEM image of the same graphene film,
showing uniform flake areas of ∼1 µm. c) Raman spectra of the sample: Average
(red) and flake centre (black). d) Mapped intensity of the area marked in a)
showing the graphene D/G Raman peaks. The low intensity implies low defect
density; e) Mapped intensity of the graphene 2D/G peaks showing mostly a ratio
of ∼2.5-3, corresponding to monolayer regions. The darker regions correspond
to the multilayer patches. f) Mapped FWHM of the 2D peak after a lorentzian
fit. Most regions have a width ∼35-40 cm−1 which is desired for good monolayer

graphene on 300 nm Si/SiO2

graphene growth conditions. Growth was executed as previously described and no

graphene grew on the Al2O3. This is schematically illustrated in figure 3.6.

The graphene lines were transferred onto a 300 nm Si/SiO2 chip by standard trans-

fer. The surface of the SiO2 was treated with very mild base piranha solution (1%

NH4OH + H2O2 in water) to be hydrophobic and the Al2O3 lines did not stick.

40 nm thick gold electrodes were evaporated through a shadow mask to contact

the lines, schematically shown in figure 3.6b) and optically in figure 3.6c). Gated

4-point probe measurements at a source-drain bias of 20 mV and are shown in

figure 3.6e). The Dirac point shift shows that the sample was strongly p-doped

which is attributed to PMMA residue and water adsorption. [154] After a mild

vacuum anneal (black line) the Dirac point was still shifted but not as strongly.

Electron and hole mobilities can be extracted from these lines according to equa-

tion 2.6. [155,156] The gate capacitance was estimated for this device for a 300 nm
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Figure 3.6: Illustrations of graphene growth patterning by Al2O3 deposition.
a) A photoresist pattern is deposited on copper foil using UV photolithography.
This is covered by 3.3 nm Al2O3 and lifted off. Graphene is grown but only
covers the exposed copper areas. Finally this is transferred to an arbitrary
substrate. b) Schematic illustration of what the GFET looks like. c) Optical
micrograph of graphene lines after gold electrode deposition. The lines are
10 µm wide. d) Raman map of the G peak intensity showing graphene is only
present along the lines. e) Electrical performance of the GFET, before vacuum

anneal (red) and after vacuum anneal (black).

thick SiO2 gate with relative dielectric constant 3.9. This yields 1100 cm2V−1s−1

for holes and 700 cm2V−1s−1 for electrons for the best sample and values between

500 cm2V−1s−1 and 800 cm2V−1s−1 for 5 other ones analysed.

The mobilities are often linked to the domain size of individual graphene flakes

forming a film as the grain boundaries between flakes are commonly the points

of highest electrical resistance. [157,158] Most important is to have well-connected

domains, regardless of their sizes. [159] The results presented here reveal that even

with comparatively small grain sizes and multilayer coverage of approximately
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20 % high mobilities are still achievable.

These values do not reach those reported for exfoliated graphene or the best val-

ues reported for high temperature CVD graphene but are still suitable for most

projected applications. As the measurements were taken on SiO2 which limits mo-

bility due to trapped charges the intrinsic mobility values should be higher than

that. Thus low temperature graphene growth with ethene is an important step in

making graphene more accessible and reproducible on a large scale for electronic

and other applications, some of which are outlined in the next chapters.

3.5 Conclusion

In summary, a CVD synthesis for graphene grown from ethene at 850 ◦C was

successfully developed. The final recipe allowed for samples many cm2 in size to

be grown with 80 % monolayer coverage and graphene domain sizes of ∼1 µm2 as

determined by optical and SEM image contrast. The monolayers have excellent

quality with a Raman 2D peak FWHM of ∼35 cm−1 and 2D/G intensity ration

greater than 2.75 with no D-band contribution inside the flakes. The average

spectrum showed a D-band which is attributed to flake edges as it is not present in

the flake centre and the broadening of the 2D-band to 40 cm−1 is attributed to bi-

layer growth onset, seen when mapping out these features over a large measurement

area. Electrical characterisation of pre-growth patterned devices yielded an initial

Dirac point of 55 V that shifted to 28 V after vacuum annealing. The field-effect

mobilities were calculated to be 1100 cm2V−1s−1 and 700 cm2V−1s−1 for holes and

electrons, respectively. These values indicate that the graphene produced by this

method is potentially suitable for electronic and other applications.





Chapter 4

CVD graphene stacks for

diffusion barriers and OLEDs

This chapter deals with an application of the large area graphene from the previous

chapter in the field of barriers and electrodes. Parts of this chapter’s content has

been published as “Large scale diffusion barriers from CVD grown graphene”,

Advanced Materials Interfaces, 2015. [160]

4.1 Introduction

It is a natural human urge to contain things or to restrict access to areas. [161] As a

result, barriers are some of the most common components of just about anything

in the world. There are very large ones in the shapes of walls and ship hulls,

small ones like food packaging and display protection and microscopic ones like

cell membranes and microchip back-contact separators. There are thousands of

different barrier types all around us and each of them has different requirements.

Properties like mechanical strength, transparency, electrical and thermal conduc-

tivity, flexibility or partial permeability vary from application to application.

In 2008 Bunch et al. experimentally showed that pristine graphene is the ultimate

barrier after it had been theoretically postulated shortly beforehand. [14,162] A single

57
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mechanically exfoliated flake of graphene, 4.75×4.75 µm in size, was demonstrated

to be impermeable, even to helium, to the point that gas permeation rate could

not be measured due to physical limitations of the setup. This has great potential

as electronic devices such as flexible displays require transparent and conducting

barrier layers, all of which are properties fulfilled by graphene. [130,137] Similarly,

microchip back-contacts require a barrier to prevent the contact metal from dif-

fusing into the chip. With the shrinking size of transistors on chips the barrier

has to be scaled down and graphene, with its one-atom thickness, is the thinnest

barrier possible. Its chemical inertness and mechanical robustness should allow

graphene to endure as a barrier even under harsh conditions which a real display

or biological would experience. However, that remains yet to be experimentally

shown.

With such great potential it is in the interest of many industries to incorporate

graphene as barrier. There is however a problem: While the outstanding properties

of individual graphene flakes are astonishing, large-area films have shown no such

performance. The lack of reports on the topic commensurate with those published

by Bunch et al. conveys that making a large barrier is not as easy and straight-

forward as it may seem. This is mainly due to the fact that macroscopic samples

of perfect graphene without defects are required for barriers but currently techno-

logically impossible to achieve. There are plenty of reports of liquid or chemically

exfoliated graphene or graphene oxide flakes blended with polymers to improve

the barrier properties of said polymers but those are ultimately limited by the

polymer’s inherent properties which are vastly inferior to graphene itself. [28,163–165]

Reports presenting effective graphene-only coatings are rare. [166,167] This can be

attributed to the circumstance that CVD produced graphene has to be utilised for

coatings on a larger scale. However, this graphene possesses grain boundaries and

is not defect-free and its transfer from the growth catalyst can introduce cracks,

holes and bubbles. [84]

At the time this study was performed and submitted for publication, the best

report on a large-scale graphene coating barrier had been published by Kim et al.

who showed that multiple graphene layers stacked on top of each other reduce the
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Application Max. allowed water + oxygen permeability
g/m2/day cm3/m2/day

General packaging 10 7000
Food packaging 0.1 - 0.5 70 - 350

Medical packaging 0.1 70
Wafer-based photovoltaics 10−2 0.7

Thin-film inorganic photovoltaics 10−3 - 10−4 0.07 - 0.7
Organic photovoltaics 10−4 - 10−5 0.007 - 0.07

OLEDs 10−5 - 10−6 0.0007 - 0.007

Table 4.1: General guidelines for the combined oxygen and water vapour bar-
rier performance needed for various applications. They may vary significantly

for specific systems and should ideally be lower than these values.

oxygen and nitrogen permeation through a polymer. [166] They covered 13.8 cm2

of 100 µm thick poly(1-methylsilyl-1-propyne) (PTMSP) with five graphene lay-

ers using conventional polymer-assisted transfer. This resulted in a reduction of

oxygen permeability from 730 barrer to 29 barrer (see section 2.11 for units) with

respect to pristine PTMSP. This improvement may appear impressive but it has to

be pointed out that PTMSP is highly permeable, hence pronouncing the barrier ef-

fect of graphene. [168] Even a very low quality barrier would lead to an improvement

over PTMSP, hence a reduction by 96% is not too impressive. This was pointed

out by the authors themselves as they came to the conclusion that stacked CVD

graphene is not suitable for barrier applications. A list of some general oxygen and

water barrier performance requirements is shown in table 4.1. The best barriers

are made from aluminium-film laminates whith alternating layers of Al2O3 and

polymers. [169]

In the study presented here, the oxygen barrier properties of CVD grown graphene

stacks transferred onto poly(ethylene terephthalate) (PET) were investigated. PET

is an inherently good barrier polymer and commonly used in food and sometimes

medical packaging. [170] 150 µm of PET pass about 13 cm3/m2/day of O2 mak-

ing it a good starting barrier. The graphene was grown according to the process

outlined in chapter 3 with a second growth step containing slighly more ethene to

ensure closed grain boundaries. Large-area samples of 5 cm2 on 150 µm thick PET

substrates were fabricated using both the conventional and a modified polymer-

assisted transfer method, the latter avoiding polymer residues between layers and
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yielding a tighter arrangement. This method of stacking was filed as a process

patent.

At the same time that this study for oxygen permeation was performed, a very

similar study was published by Choi et al. who used the same approach but tested

for water permeation rather than oxygen permeation. [167] They also confirmed that

this approach worked and stacked graphene barriers are feasible. They aimed to

protect OFETs and managed to limit device decay to half its unprotected value

over a time of 42 days. This is still far from a real device lifetime but a significant

start.

The application that has some of the most extreme requirements for barriers are

OLEDs. They are required to work for years but only need a tiny amount of

oxygen or water in order to be completely destroyed. Additionally, the barrier

has to be transparent so the light can get out of the device and if the barrier is

also conductive it can serve as an electrode, saving one component. Graphene

theoretically fulfils all of these requirements. However, it is unlikely that it will

indeed make a good enough barrier for OLEDs. However, even as a transparent,

flexible electrode it would be of significant value already. To check the viability of

graphene stacks for electronic applications they were incorporated into OLEDs by

Philips corporation and their performance compared to ITO electrodes, the current

industrial standard. This is not the first study of graphene for OLED electrodes.

As a matter of fact, almost immediately after the discovery of graphene and its

extraordinary properties, the concept of a graphene-based OLED electrode was

patented many times. [171–174] Making an OLED is not particularly difficult any

more. The difficulty lies with making it efficient, large-area and, most impor-

tantly, lasting. The standard comparison is comparing the graphene electrode

to an ITO electrode which is the current industrial standard. Even solution ex-

foliated graphene flakes have been shown to be comparable ITO in some cases

but showed significant hysteresis in a relatively simple device structure. [135] The

devices were of very small area in those cases and a large OLED (greater than

a few cm2) has yet to be demonstrated. CVD graphene tends to perform much

better than solution-processed graphene. Using multilayer graphene and advanced
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device structures, Sun et al. produced well-working green OLEDs with maximum

output of 0.75 cd/A and 0.35 lm/W and Hwang et al. made ones with similar

efficiency in the sky-blue colour regime. [136,175] Some of the best ones produced so

far were developed by Philips as part of the “Grafol‘” project. They utilised mono-

layer CVD graphene and made green OLEDs with performance of 35-40 lm/W at

1000 cd/m2. [130,134]

4.2 Experimental

Figure 4.1: Schematic representation of the different transfer methods: a)
Graphene is grown on copper and b) the graphene is covered with transfer
polymer. c) The copper is dissolved and the graphene layer is either transferred
onto the final substrate or onto another piece of graphene on copper (shown
here). d) The standard polymer assisted transfer involves transferring one layer
at a time onto the final substrate but leaves polymer residue between each layer.
d) The modified stacking method transfers the graphene onto other graphene
layers first and onto the final substrate last, thus avoiding polymer residue

altogether.

Two types of barrier were made. Each consisted of a 150 µm PET substrate cov-

ered with one or several graphene layers but the method in which the graphene

was added varied. The graphene used was produced as outlined in chapter 3 with

a small alteration to the recipe that introduced an extra five-minute step with

10 sccm C2H4 instead of 1.5 sccm to deposit extra material at the grain bound-

aries. For the conventional transfer method, shown in figure 4.1d), graphene was
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transferred onto the PET using the standard method described in section 2.3. The

polymer used for this transfer was PMMA. After dissolving the handling polymer a

second layer was transferred onto the first one and this process was continued until

the desired number of layers had been reached as shown in figure 4.1a)-c)&e). The

modified transfer involved first transferring the graphene onto another graphene

layer still on copper without dissolving the polymer. These two combined lay-

ers could then be transferred onto a third layer and finally onto the destination

substrate. This means only one polymer handling layer was used in the process

and none is between the graphene layers. [133] To ensure good adhesion and confor-

mity in the case of different topologies, the polymer was always re-flowed above

its transition temperature of ∼150 ◦C and only dissolved after transfer onto the

PET substrate. Oxygen gas diffusion measurements were done in a Systech 8001

gas permeation tool. Films were cut to a circular shape of size somewhat big-

ger than 5 cm2 and fixed in place with vacuum grease and a metal clamp with

an O-ring, exposing only an active area of diameter 2.5 cm. All measurements

were taken at 23 ◦C at 0 % humidity with an oxygen partial pressure difference

of 1 atm. A photograph of the clamp is shown in figure 4.2. The clamp is based

between two chambers, one filled with oxygen and the other with nitrogen. The

oxygen flux through the barrier into the nitrogen-filled chamber is measured by a

coulorimetric sensor which functions by performing electrolysis with the incoming

oxygen and measuring current produced. The detection limit on this specific tool

is ∼0.01 cm3/m2/day.

4.2.1 OLED fabrication

The fabrication of OLEDs and their subsequent testing was done by Philips cor-

poration. Graphene stacks were transferred onto glass using cellulose acetate as

transfer polymer and they were turned into OLEDs by evaporating functional lay-

ers onto them. The final stack is schematically shown in figure 4.3. It consisted

of a glass substrate, the graphene stack, 5 nm MoO3, 135 nm MoO3 doped 4,4’-

Bis(N-carbazolyl)-1,1’-biphenyl (CBP) at 20 wt% loading, 5 nm intrinsic CBP,
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Figure 4.2: Photograph of the clamp used to fix the film in place for oxygen
permeability measurements. The active area is 2.5 cm in diameter, correspond-
ing to 4.91 cm2. This clamp is positioned between two chambers, one with

oxygen and one with nitrogen.

15 nm CBP doped with the green phosporescent emitter fac-tris-2-phenylpyridine

iridium (Ir(ppy)3) at 10 wt% loading, a 65 nm 1,3,5-tris-phenyl-2-benzimidazolyl-

benzene (TPBi) layer, a 1 nm LiF layer and a 100 nm Al cap. No planarisation

layer was applied.

Figure 4.3: Schematic representation of the OLED structure. The graphene
was transferred onto the glass and all subsequent layers were evaporated onto
it. Everything but the graphene transfer was done by Philips corporation in

Aachen, Germany.
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4.3 Results & Discussion

4.3.1 Barriers

The results of the measurements are summarised in table 4.2. The PET substrate

on its own showed oxygen permeability of 13.9 cm3/m2/day, corresponding to

3.18× 10−2 barrer which is close to the literature value of ∼2×10−2 barrer. [170,176]

No enhancement of the barrier properties was observed when only a single layer of

graphene was applied on top of the PET. This is most likely due to imperfections

in the graphene and not surprising as it is well known that transferred graphene

has holes and cracks as well as the inherent grain boundaries, all of which allow

for gas transport through the layer. Optically no macroscopic holes could be seen,

even under 100× magnification. However, not the entire film could be searched by

eye so there may be some present which unlikely. Even though the graphene used

had few defects, no air tight gas barrier could be achieved with a single layer.

No. of graphene layers on
150 µm PET

Conventional trans-
fer permeability/
cm3/m2/day

Modified transfer perme-
ability/ cm3/m2/day

0 13.9 13.9
1 13.8 13.8
2 13.4 7.8
3 - 4.6

Table 4.2: Oxygen permeation measurements through PET and graphene

Upon application of a second layer, which should statistically cover some of the

holes and cracks of the first layer, no significant improvement was observed for

the conventional transfer method. The modified transfer however, which does not

allow for polymer residue between layers, displayed significant improvement to

7.8 cm3/m2/day. A third layer of graphene lowered this even further to 4.6 cm3/m2/day.

This major improvement over the unsuccessful conventional transfer is attributed

to the lack of polymer residue between layers. [155] The conventional transfer will

always result in residues which can never be removed completely. An optical

image of such polymer residues on a single layer of transferred graphene is shown
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in figure 4.4a). The modified transfer only gives polymer residues on top of the top

layer where they do not interfere with diffusion through the stack. Alternatively

it could be that the modified transfer leads to less overall damage of the graphene,

thereby reducing the number of cracks and holes. As the samples were all handled

in almost the same fashion this appears less likely. This could ultimately be

determined by using the calcium method test where calcium is covered with the

barrier and oxidised parts become opaque, hence highlighting areas with holes. [177]

Figure 4.4: a) Optical micrograph of a graphene sample with much polymer
residue after transfer to Si/SiO2. b) Proposed model for gas diffusion through
the stack: The polymer residue (green) prevents close contact between stacked
layers and allows for oxygen (blue) diffusion through the layers. c) If no polymer
residue is present the stacking is tighter and diffusion through the stack is

significantly inhibited.

Standardising the graphene stack barrier performance to its thickness in order

to assess the material’s inherent barrier properties gives a permeability of 1.10×

10−7 barrer; the calculations are shown below. This performance is comparable

to many modern packing materials as it performs slightly better than SiOx and is

on track for improving thin, conducting barriers to the point where they become

useful for oxygen-sensitive devices, either in sensitive biomedical packaging or even

some low-quality electronics. [178,179] It should be remarked that even though the

graphene performs on par with SiOx, it is much easier and cheaper to scale up the

thickness of SiOx. Graphene may still succeed though because of its transparency

and flexibility.
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The calculation for extracting the graphene’s barrier properties is as follows:

1

PPET
+

1

PGraph
=

1

Ptotal
→ 1

13.8
− 1

4.6
=

1

PGraph
→ PGraph = 6.9 cm3/m2/day

Hence the 3 graphene layer thick film passed 6.9 cm3/m2/day. Adjusting this to

a film thickness of ∼1 nm and a differential pressure of 1 atm yields:

pGraph = 6.9 cm3/m2/day × 10−7 cm× 1

76 cmHg
× 1 day

84600 s
× 1 m2

10000 cm2

= 1.10× 10−17 cm3cm/cm2s(cmHg) = 1.10× 10−7 barrer

To thoroughly characterise these films and their properties they were analysed with

SEM, Raman spectroscopy and XPS. An optical photograph of a 3 layer stack is

shown in figure 4.5a). It confirms that the graphene is still very transparent and

that this film can be used in some mid-range applications that require transparent

barriers. Its transmission rate is too high for OLEDs but it may suffice for some

wafer-based photovoltaics. A SEM image of a 5 layer stack on Si/SiO2, shown in

figure 4.5b), shows very few features, which is desirable for a graphene film.

Raman spectroscopy was used to analyse both the graphene used to make the

stack and the stack itself. Figure 4.5c) shows the mapped intensity of the D/G

peak ratio of a 20 × 20 µm area. The brighter regions outline grain boundaries

and some other defects. Average Raman spectra are shown in figure 4.5d). The

black spectrum is that of the original graphene. Its slighly increased D/G ratio

and reduced 2D/G ratio compared to figure 3.5 is attributed to the extra material

at the grain boundaries. The red spectrum is the average of the 5 layer stack.

Even though the stacking is of random orientation, the 2D/G peak intensity ratio

is decreased, indicating interactions between the layers, something that is only

possible in close spacing, supporting the contaminant-free transfer method.

XPS on a 5 layer film on Si/SiO2 showed the C 1s peak convolution expected for

graphene with some PMMA residue, shown in figure 4.6. However, by comparing

the strength of the silicon signal (figure 4.6a)) from the 5 layer stack to that of 1
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Figure 4.5: Analysis of a graphene stack made by the modified transfer
method. a) Optical photograph of a 3 layer stack on 150 µm PET. b) SEM
image of a 5 layer stack on Si/SiO2. c) Mapped Raman intensity of the D/G
peak intensities of the 5 layer stack on Si/SiO2. d) The average Raman spec-
trum of the area analysed in c) is shown in red, that of a monolayer of the

graphene used for making this stack in black.

layer, it is possible to calculate the thickness of the film which was found to be

2.5-3 nm. Nominally 5 layers of graphene should be 1.85 nm thick but considering

these are not crystallographically aligned and there is some polymer residue on

the top layer, this graphene seems to be tightly packed. The multiple scattering

backgrounds in the region of 1200-600 eV in the survey scan also indicate multiple

layers and disorder. The XPS work and interpretation was completed by Dr. Nina

Berner.

4-point-probe measurements of a 3 layer stack with a large press-on probe yielded

a sheet resistance of 536 Ω/sq., a value that makes these films viable for electronic

applications. The graphene was not intentionally doped but the PMMA residue

tends to p-dope it. Transparency measurements were skewed by the 150 ◦C heating

step as it caused the PET to become cloudy. As this clouding effect varied from

sample to sample it was not possible to obtain accurate % transmission results.
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Figure 4.6: XPS spectra of a 5 layer graphene stack on Si/SiO2. a) The survey
scan shows the expected components of Si and O in an 1:2 ratio as expected from
the SiO2 substrate. From the decay of the Si 2p peak compared to uncovered
SiO2 the graphene film thickness can be estimated to be 2.5-3 nm. The multiple
scattering backgrounds in the region of 1200-600 eV indicates multiple layers
and disorder. b) The deconvoluted C 1s peak does not tell much other than
that there is a large amount of C=C bonding and several components that are

attributed to PMMA residue.

However, each graphene layer is almost exclusively monolayer so a transparency

decrease of slightly over 2.3 % per layer is expected. Though these arguments are

all coherent, experimental verification is much more valuable. Therefore OLEDs

were produced with these graphene stacks as transparent electrodes, proving that

both their conductivity and transparency made them suitable for applications.

4.3.2 OLEDs

The OLEDs were produced and measured by Philips Corporation. They developed

a method of making OLEDs with graphene electrodes as part of the “Grafol”

project. Photographs of the working devices produced with graphene stacks and

their electronic characteristics are displayed in figure 4.7a)&b).

One of the most important parts to notice is that these OLEDs work at all without

a planarisation layer. As the graphene has to be transferred from the growth

catalyst to the OLED substrate, it usually exhibits significant surface roughness.

The active layers deposited on it are often only 5 nm thick (see figure 4.3) meaning

that a 10 nm tall fold can short-circuit the entire device. This can be avoided by
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Figure 4.7: Performace of the OLEDs: a)&b) Photographs of the OLEDs
performing. Intense green light is observed. c)-f) The electical performance
of the OLEDs, comparing an ITO reference (black squares) to a two-layer and
three-layer graphene stack electrode (red and blue). This is also compared to the
performance of a monolayer graphene electrode from Meyer et al.’s publication.
It is very evident that the two-layer graphene stack is superior to both the ITO

and the other graphene stacks.
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adding a 10s of nm thick planarisation layer that covers all of the graphene and

presents one smooth surface to build on. This layer tends to consist of PEDOT:PSS

(a conductive polymer mixture) that is be deposited in a wet-chemical step which

is very expensive if everything else is evaporated. Many graphene OLEDs have

been reported but they all require this planarisation layer that compensates for

the film roughness and avoids short circuits. [135,180]

The graphs in figure 4.7c)-f) show a comparison between the different electrodes:

Indium-tin oxide (ITO) which is the current industry standard, monolayer graphene

from the publication of Meyer et al., a two layer stack and a three layer stack fab-

ricated by our modified stacking method. [130] The device structure used by Meyer

et al. was not precisely the same, as it differed in some of the layer thicknesses,

but it is the closest data that could be obtained. Even though there appears very

little difference between the performance of the different graphene stacks, they are

on par with ITO and the two layer stack performs best overall. This is likely be-

cause it has the best conductivity to transparency compromise of all the graphene

electrodes. More importantly, the OLEDs produced with monolayer samples by

Meyer et al. yielded less than half as many working devices than the 2 and 3

layer graphene stack based ones. This came from a private correspondence with

Dr. Jens Meyer from Philips who made the OLEDs in both cases. However, not

enough OLEDs were fabricated to allow for proper statistical analysis of yields.

The graph in figure 4.7c) shows the current density vs. voltage performance of the

devices. A clear onset is observed around 2.7 V. Below this there was only leakage

current with the ITO electrode showing the lowest of these. After the threshold is

passed, the device actually emits light, as clearly seen in the luminance vs. voltage

plot of figure 4.7d). The current efficiency vs. luminance plot in figure 4.7e) is

extremely important as it shows that, with increasing luminance, the same amount

of current goes into producing light and no other current-draining effects come in.

Finally, the power efficiency vs. luminance plot in figure 4.7f) indicates that, at low

luminance, the maximum amount of power is converted to light whereas at higher

luminance other effects start consuming power. Those may be resistive heating or
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other. However, the 2-layer graphene performs better than the industrial standard

ITO.

This is a very important result as it shows that CVD graphene is not only good

in theory, it can actually outperform indium-tin-oxide when it comes to electrical

performance for optical devices. The reason for this may be due to the small area

but that remains to be explored. Graphene has the additional advantage that it is

flexible and can therefore be used in devices impossible to make with ITO. Overall

the graphene OLEDs performed on par with some of the best ones published.

They significantly outperformed the liquid-exfoliated graphene ones from ... and

were on par with the CVD graphene ones by Meyer et al., mainly because they

were produced with the same method and tools. [130]

4.4 Conclusion

In summary, this chapter has shown that stacking CVD graphene the right way

can produce much better functional devices than individual graphene monolayers.

CVD graphene monolayers that are transferred from its growth catalyst appear

to be of little use for the fabrication of effective oxygen diffusion barriers. Even

several layers stacked on top of each other make no significant difference. The key

issue with stacking appears to be polymer residue between the stacked layers but,

by using the right method, this can be avoided. A stack of just three graphene

layers, ∼1 nm thick, outperforms plastics 10,000 times thicker if it is assembled in

the right fashion. This “right assembly” can be confirmed by Raman spectroscopy

and XPS. Normalising the graphene’s performance to thickness shows the graphene

is on par with, if not better than, commercially used metal oxides like SiO2 and

Al2O3. The graphene used in this study had small domains of only about ∼1 µm

diameter, and although care was taken to make the grain boundaries tight, larger

domains are expected to perform even better. Hence in future graphene should

easily be able to outperform these oxides. However, the cost of upscaling graphene
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compared to SiO2 and Al2O3 is huge so it may remain for niche applications in

biological or flexible settings.

Electrical performance is also enhanced by stacking in the right fashion, as shown

by the OLED results. The OLEDs produced were some of the most efficient ones

to date, although that is more owed to the device structure than the graphene as

those with ITO electrodes performed very similarly. Not only are two graphene

layers better than one, a stack of those is even better than ITO, the material used

to make transparent OLED electrodes in LED and OLED screens. Once graphene

barriers, whose feasibility has been conceptually shown, are capable of protecting

OLEDs, they can also act as transparent electrode at the same time, thus saving

processing steps in the fabrication of OLEDs. Replacing brittle glass and ITO as

barrier and electrode respectively will allow for the fabrication of flexible OLEDs

which has been envisioned for decades.



Chapter 5

Selectively enhanced Raman

scattering from aromatic

molecules in graphene stacks

This chapter is mainly covered in the publication of the same name: “Selectively

enhanced Raman scattering from aromatic molecules in graphene stacks”, submit-

ted to JMCC, 2015.

5.1 Introduction

Surface-enhanced Raman scattering (SERS) and its sub-category graphene-enhanced

Raman scattering (GERS) have been theoretically covered in section 2.5.5. SERS

is a very useful mechanism for making visible the signals of molecules that are

usually too weak to detect or systems that do not allow high laser power (like bi-

ological ones). [100] One of its mechanisms, the electromagnetic mechanism (EM),

is well-understood. It works by producing a surface plasmon that strongly cou-

ples to the analyte and can be mathematically described. [101,103–106,108,181] That

is, it can be calculated for a given system and at this point it is possible to buy

metal nanoparticles that provide a pre-determined enhancement factor for a given

73
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wavelength of light. The alternate mechanism, the so-called chemical mechanism

(CM), covers all other enhancement mechanisms, which are quite a few. [111] Those

may for example be electronic band-alignment or structural factors. There is no

unified theory for the CM as many aspects classed under it may not be related at

all. One aspect used for describing it for some 2D material systems is outlined in

section 2.5.5. As it is several orders weaker than the EM, it was mostly ignored for

a long time. However, it gained a lot of attention recently as it is exhibited by 2D

materials which concurrently do not allow for the EM to occur. [109,114] That is be-

cause their plasmon frequency is in the terahertz region and Raman spectroscopy

is done in the visible light region, far off this resonance. [110] Hence graphene and

TMDs are excellent candidates for studying aspects of the CM. Studies have shown

that GERS is affected by many different factors. Some of those are the number

of graphene layers making up the substrate, the Fermi level, laser energy, prox-

imity of the analyte to the surface, molecular orientation and matching rings in

the molecular structure with the graphene’s hexagonal lattice. [114–120] The work

presented in this chapter adds another factor to this list, that of surrounding the

analyte with the graphene. It appears that in some cases bringing an analyte in

contact with two layers of graphene, in a “sandwich”-like arrangement, can bring

about additional signal enhancement compared to an arrangement with just one

graphene layer.

5.2 Experimental

Two perylene bisimide derivatives I and II, only differing in their end-groups, were

used in this study. Their structures are shown in figure 5.1.

Graphene-perylene bisimide stack structures were produced as illustrated in fig-

ure 5.2. Monolayer graphene grown on copper by CVD as outlined in chapter 3

was pre-cleaned by mild sonication in acetone. It was subsequently covered with

either molecule species I or II by dip-coating it in a pH 7 aqueous buffer solu-

tion containing 0.1 wt% of the respective molecule. This was soaked in water to
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Figure 5.1: Structures of the perylene bisimide molecules used in this study.
a) Molecule I and b) molecule II

Figure 5.2: Schematic representation of graphene-perylene bisimide-graphene
sandwich fabrication: a) CVD graphene is grown on coppper. b) The graphene
is covered with transfer polymer and the copper substrate etched. c) A second
piece of CVD graphene on copper is covered with either molecule I or II by
dip-coating or solution-soaking. d) The graphene sheet from b) is transferred
onto that from c), encapsulating the perylene bisimide molecules. e) This stack
can subsequently be transferred to an arbitrary substrate like Si/SiO2 or a TEM

grid.
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remove excess molecules from the graphene surface and leave only a single layer

of molecules, a technique developed by Sinéad Winters and Nina Berner. [182,183].

Control samples without perylene bisimide molecules were also produced.

A second sheet of pre-cleaned graphene was transferred onto the first one by stan-

dard polymer-assisted transfer using cellulose acetate butyrate (3 wt% in ethyl-L-

lactate). This was left to dry and completed the sandwich. The whole sandwich

was then transferred to a substrate of choice, to Si/SiO2 for Raman analysis and

TEM grids for imaging purposes (in collaboration with group of Ute Kaiser, Ulm).

Areas inspected by Raman spectroscopy were those surrounding holes in one of

the graphene layers as they allowed for direct comparison between the spectra of

sandwiched molecules and those in contact with just one layer of graphene. The

areas, shown in figure 5.4 were either 15 × 15 µm or 20 × 20 µm in size with

5000-15000 spectra taken.

5.3 Results & Discussion

The Raman spectrum of the perylene bisimide molecules on graphene was de-

scribed in detail by Kozhemyakina et al. [61] As a thin layer (ideally monolayer) on

graphene transferred to 300 nm Si/SiO2 both molecule I and II exhibit a similar

Raman spectrum as it is mostly caused by vibrations in the aromatic core of the

molecule and the different end-groups only contribute much weaker signals. A rep-

resentative spectrum of molecule II on monolayer graphene is shown in figure 5.3.

There are two very strong signals from the molecule’s core at ∼1300 cm−1 (Per-a)

and ∼1380 cm−1 (Per-b), which are usually of similar strength, one slightly weaker

signal at ∼1580 cm−1 (Per-c) and many weak signals from the end-groups in the

region of 2550− 3000 cm−1 (Per-d). Additionally, a fluorescence background can

be observed in the case of multilayer coverage, since the molecules’ inherent fluo-

rescence is only quenched in the immediate vicinity of graphene. It is important

to note that the peak at 1580 cm−1 and the series of peaks between 2550 cm−1

and 3000 cm−1 are strong enough to at least partially overpower graphene’s G
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and 2D peak which are also found in those locations, respectively. Without the

graphene substrate neither molecule exhibits a well-detectable Raman spectrum

so both display some GERS.

Figure 5.3: Representative spectrum of molecule II on graphene (molecule I
exhibits almost the same spectrum). The strong signals at ∼1300 cm−1 (Per-a)
and ∼1380 cm−1 (Per-b) are the most dominant. The sligthly weaker signal
at ∼1580 cm−1 (Per-c) is in the same position as the graphene’s G peak but
stronger. Also the peaks between ∼2550 cm−1 and ∼3000 cm−1 (Per-d) are
stronger than the graphene’s 2D signal at ∼2700 cm−1, therefore masking it.

On a single layer of graphene, molecules I and II showed very similar Raman

spectra in terms of peak positioning. However, upon application of the second

graphene layer to produce a “sandwich”, the Raman signals changed. The changes

are summarised in figure 5.4. The figure shows an optical image of each sample,

a histogram of the peak intensity at 1580 cm−1 (G signal and Per-c mixed) and

a histogram of the peak intensity at 1300-1380 cm−1 (Per-a & Per-b). The his-

tograms allow for easy detection of abnormalities in signal intensities.

Firstly, a control sample of two graphene layers without sandwiched molecules

shows that the graphene’s G peak intensity increased when sandwiched with re-

spect to the monolayer area (figure 5.4a) & f)). This is evident from the histogram

in figure 5.4f) which shows two distinct peaks, indicating that there are two main

signal strengths with a ratio of about 1.85. This effect was anticipated as double

the graphene should give double the signal, minus a small amount due to absorp-

tion. [184]

Sandwiching molecule I did not appear to yield any change even though there

are optically two regions visible (figure 5.4b)). Neither the histogram of signal
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strength in the G & Per-c band region (figure 5.4g)) nor that of the Per-a & Per-b

region (figure 5.4k)) shows more than one feature. The fact that the G band re-

gion does not show two features even though the control sample did implies that

the perylene’s signal at that point, Per-c, is much stronger than the graphene’s G

band.

Molecule II however, exhibited an unexpected behaviour upon sandwiching: In

contrast to molecule I, both peaks monitored increased in intensity in the sand-

wiched regions. This is shown in the intensity histogram of the G & Per-c peak

region (figure 5.4h)) and the Per-a & Per-b peak region (figure 5.4l)). The inten-

sity of the G & Per-c signal region increases by a factor of ∼4.5 while the Per-a

& Per-b signals’ intensities have a ratio of ∼4.7 which cannot be explained by

structural features alone.

To investigate whether it was only the Raman signal of molecule II that got en-

hanced by sandwiching or whether the graphene’s signal was also altered, graphene

made from 13C instead of 12C was used. This was purpose-synthesised using

methane containing 100 % 13C in a method similar to that originally published by

Li et al. in a hot-walled tube furnace of 4 cm diameter on the same type of copper

as used in chapter 3. [35] The heavier isotope changes the position of the G peak

from 1583 cm−1 to 1525 cm−1, a position where the perylene does not have any

signal intensity and therefore decouples the G and Per-c signals. [112] A sandwich

with molecule II made from this heavier graphene is shown in figure 5.4d). The

G peak intensity histogram (figure 5.4i)) shows only a 1.76-fold increase of signal

strength for the sandwiched regions, similar to the pure-graphene control. Hence

the graphene is unaffected by this additional enhancement and it is only molecule

II’s signal strength that is affected.

For SERS even a small change in structure or energy can have a huge impact on

the enhancement and the difference from a protonated acid group may suffice to

bring such a change about. The perylene bisimide molecules were deposited from

a pH 7 solution which likely left their carboxylic acid groups partially deproto-

nated. By transferring in low pH the acid groups were expected to be protonated,

providing a slightly different molecule into the sandwich. Transferring molecule II
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Figure 5.4: Areas analysed by scanning Raman spectroscopy and histograms
of peak intensities. a)-e) Optical images of the areas scanned which show both
monolayer and stacked areas and allow for side-by-side comparison. Monolayer
graphene areas are indicated by M, turbostratically stacked areas are marked
with S. f)-j) Histograms of G peak intensities around 1580 cm−1 except for
the 13C sample in i) where the signal is situated at 1525 cm−1. k)-n) The Per
signal histograms show the distribution of signal intensity for the peak situated
at ∼1300 cm−1 (Per-a) which tends to have the same intensity as the one at
1380 cm−1. On both the G peak and Per-a peak histograms the origin of
features is marked with M or S to indicate what region in the corresponding

optical image it stems from.
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this way left the stack much more damaged (figure 5.4e)). It also appears to have

given an even greater intensity enhancement of both signals investigated. The

G & Per-c signal region (figure 5.4j)) showed an enhancement of factor 5.13 for

the sandwiched regions and the Per-a & Per-b an enhancement factor of 11.3 (fig-

ure 5.4n)). However, that ratio may be exaggerated as the signal of lower intensity

was very weak and hence provides more room for error.

It was not possible to identify any theory published to date that can provide a

straightforward explanation for the effect observed here. Many recent publications

about SERS and GERS stress the importance of aligning the molecule’s HOMO

or LUMO energy levels with the graphene’s Dirac point and/or Fermi level (if dif-

ferent) in order to gain strong Raman signal enhancement. [109] The two molecules

tested in this study were structurally very similar but not identical and therefore

electronic energy level differences are likely to be the cause of this. This is also

supported by the change in enhancement upon full protonation of the carboxylic

acid groups of molecule II. The protonation results in a small alteration in elec-

tronic structure that lead to a vast change in the enhancement amplitude which

is in line with an energy-level alignment theory. It could also be possible that the

different environments of the two graphene sheets (SiO2 for the bottom one, poly-

mer residue for the top one) created a favourable Raman enhancing environment

for molecule II and not molecule I but that is purely speculative and, like the

previous argument, requires theoretical studies.

5.4 Conclusion

In summary, this chapter presents a new type of GERS effect. It is generated

by “sandwiching” molecules between two graphene layers. This effect works in

addition to other GERS effects and increases of factors up to 11 were observed.

However, though strongly exhibited for one molecule, it is completely absent for

a different yet structurally similar molecule. Currently no straightforward theory

explaining this effect could be identified but once this effect is understood it can
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be used to improve analysis of sensitive molecules that can be protected inside

graphene sandwiches.





Chapter 6

Layer-selective and seeded ALD

of Al2O3 on MoS2 and WS2

This chapter describes a study of Al2O3 ALD on TMDs. Parts of the chapter’s

contents have been published in the paper “Atomic layer deposition on 2D tran-

sition metal chalcogenides: Layer dependent reactivity and seeding with organic

ad-layers”, Chemical Communications, 2015, published online 24 Sep 2015 [185]

6.1 Introduction

The outstanding properties of TMDs make them candidates for exciting future

technologies and their integration into existing semiconductor technology is of

major interest (see section 1.2). [41,46] This integration requires them to be fully

CMOS processable which is not trivial. One prerequisite for this is reliable and

scalable synthesis, an area that has seen many improvements over recent years

and enabled the fabrication of many interesting devices, but only on a laboratory

scale. [44,186–188] Another CMOS requirement is the deposition of subsequent layers

on top of the TMD. This is necessary for applying gate dielectrics or passivation

layers in order to ensure performance stability. Achieving reliable deposition on

2D layers is non-trivial as any impact, for example from sputtering or a chemical
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functionalisation technique like PECVD, will result in alteration if not destruction

of the TMD’s electronic structure. So far it has been shown that encapsulation of

the 2D TMD by mechanical exfoliation and deposition of hexagonal boron nitride

yields the best preservation of its electronic properties but this approach is not

scalable. [48] Maybe it will be possible to use large-area CVD grown h-BN to the

same effect but that remains yet to be shown.

Encapsulation of MoS2 and WS2 devices for protection from oxygen and moisture

is vital. It is not a popular fact and very few publications mention it but these

materials are thermodynamically unstable with respect to oxygen and will decom-

pose over relatively short time frames of a few days to weeks. [189] As shown in

chapter 4, graphene may someday make a good barrier but is not there yet. A

material that is a good barrier is Al2O3. Deposition of thin layers of Al2O3 may

be a very good method of protecting these materials.

Atomic layer deposition (see section 2.2) can very precisely and conformally deposit

thin films at Ångström control levels. [190,191] It is a very commonly used technique

in microchip fabrication and is one of the main technologies that enabled the rapid

shrinking of transistors over time. Therefore it is a technique with which TMDs

have to be compatible to allow their integration into technology. A major obstacle

to achieving this compatibility is the inert basal plane of most 2D materials which

prevents the ALD precursors from anchoring and sticking to the surface as it is

not possible to form a covalent chemical bond to the substrate. Using a wetting

layer would be the normal approach in this case but the wetting agent for Al2O3

is usually ozone which may damage the TMDs as they are thermodynamically

unstable with respect to oxygen and water so a different agent has to be used

which is discussed later. Several attempts of Al2O3 ALD on TMDs have been

made already by researchers but while great successes were reported, those have

not shown great reproducibility, even under apparently similar conditions. Hence

no reliable process has been shown to date. [192–194]

On graphene, similar problems were initially encountered. Its unreactive nature

leads to deposition at grain boundaries only or irregular deposition at best. [195]
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Transferred graphene has polymer residue which can function as anchor but is

not reliable. [155] One method that workes is ALD on CVD grown graphene that

was still on the metal catalyst. The polar water, one of the precursors in Al2O3

ALD, can physisorb on that system and lead to the start of the reaction. [196]

Alternatively ozone can be used as wetting agent and start the reaction. [197] Many

studies showed that deposition of small organic molecules with -OH and -COOH

groups works well as wetting layer but those may lead to doping and have to be

handled with care. [198,199]

The work presented here deals with two aspects of Al2O3 ALD on MoS2 and

WS2. Firstly, it is established that the adsorption dependent ALD of Al2O3 from

TMA and H2O is layer-selective on single crystalline TMDs under certain condi-

tions. Secondly, to ensure uniform deposition for cases when layer-selectivity is not

desired, the TMDs can be non-covalently functionalised with perylene bisimides

which provide anchor units to start the ALD and enable non-discriminate deposi-

tion.

6.2 Experimental

Single crystalline layers of MoS2 and WS2 were grown on 300 nm Si/SiO2 sub-

strates and provided by Maria O’Brien according to the exprimental conditions

outlined in her publication. [51] These samples showed the characteristic triangular

shape and consisted of mostly monolayer except for the flake centre which occa-

sionally exhibited an onset of multilayer growth as shown in figure 6.1. The flake

diameters varied from few µm up to 100 µm while the monolayers were 0.7 nm

thick and each subsequent layer added another 0.7 nm. ALD was performed us-

ing TMA and H2O precursors, with 0.5 s exposure followed by 20 s N2 flow at

60 sccm. 27 cycles were used, aiming for a 3 nm thick coating. This occurred at

a temperature of 80 ◦C.

For the reactions when a wetting layer was applied, perylene bisimides were de-

posited by dip-coating the TMD into a 0.1 wt% pH7 phosphate-buffered aqueous
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Figure 6.1: Representative WS2 flake used in this study. a) Optical image
of triangular flakes on Si/SiO2. They are mostly monolayer but more centres
are found at the flake centres. b) Topography AFM scan of part of a flake. c)
and d) show the line profiles of the lines marked in b) and show step heights of

0.7 nm, corresponding to the literature step heights for WS2.

solution containing the perylene bisimides and subsequent washing with water to

remove physisorbed multilayers. [182,183]

6.3 Results & Discussion

6.3.1 Layer-selective ALD

In figure 6.2a) an AFM image of a triangular WS2 flake after 3 nm Al2O3 non-

seeded ALD is presented. It is apparent that the triangular flake (dark region)

is lower than the surrounding substrate. This is more clearly illustrated by the
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line scan in figure 6.2b). The step height between the substrate and the flake is

∼2.3 nm after deposition, perfectly corresponding to the difference between 3 nm

Al2O3 and 0.7 nm WS2 flake height. Hence it is evident that no Al2O3 deposition

occurred on the TMD monolayer. The double layered centre of the flake increased

in height to ∼3.7 nm with respect to the monolayer region, corresponding perfectly

to 0.7nm flake height plus 3 nm Al2O3. The edge of the monolayer was decorated

with Al2O3 nanoparticles which can be attributed to dangling bonds and defects

which are more reactive. It may be possible that the deposition of Al2O3 on the

bilayer part was in a Volmer-Weber mechanism, where individual nanoparticles

are seeded on the surface and slowly grow together, rather than a Franck-van-der-

Merve growth which is uniform film growth. However, the nanoparticles would

have to be closer spaced than the AFM tip’s lateral resolution in order to appear

uniform which is a distance of about 30 nm all across the surface. Certainty would

be found either by doing STM or conductive AFM measurements.

This selectivity was found to exist for both MoS2 and WS2 single crystals grown

via CVD. The absence of growth on the monolayer is partially expected as it is

also observed for graphene. However, the complete coverage of the TMD bilayer is

unexpected as even a thick HOPG crystal, does not allow for Al2O3 growth under

those conditions. [200] The selectivity is attributed to two factors: Firstly, the films

used must be extremely clean and crystalline. Any defects would act as nucleation

centres and a single dangling bond would be enough to seed Al2O3 deposition as

is observed at the flake edges. The fact that the films were processed on their

growth substrate and did not require transfer eliminates the possibility of poly-

mer residue, something that may account for the discrepancies between published

studies on mechanically exfoliated TMDs.

Secondly, TMDs undergo a significant change in electronic structure when going

from bulk to multilayers and then single layer. [42,45] There is a change from an indi-

rect optical bandgap of 1.2 eV and 1.3 eV to a direct bandgap of 1.9 eV and 2 eV for

MoS2 and WS2, respectively. [201,202] Therefore the initially adsorption-based ALD

may be so heavily influenced by this difference in underlying electronic structure

that it is significanly different for monolayers in comparison to bulk. However,



ALD on TMDs 88

Figure 6.2: Topography of a WS2 flake after standard ALD. a) The topogra-
phy map shows that the flake is now lying lower than the surrounding substrate.
b) The topography line scan across the flake shows that the surrounding sub-
strate of Si/SiO2 is 2.3 nm higher than the monolayer regions and the flake
centre is 3.7 nm higher than the monolayer. c) This shows a schematic expla-

nation of the topography scan in b).

this is just one theory and the exact mechanism and adsorption energies will have

to be theoretically modelled. For a start, a Lennard-Jones potential could suffice

to indicate whether or not the polar water or the non-polar TMA show different

adsorption characteristics on MoS2 and WS2 monolayer vs. bilayer. If that is not

sufficient a more complicated model will have to be used.

This selectivity can be a significant advantage: Covering all layers but the mono-

layer with a dielectric leaves only the material with the direct bandgap exposed.

This provides a novel pathway to select monolayer regions and can be used for

vertical device fabrication and selective chemistry.

Raman spectroscopy can investigate some impacts on the TMDs electronic struc-

ture from this deposition effect as doping, partial substitution or destruction of

the material can lead to peak shifts in its spectrum. Both MoS2 and WS2 have

two closely spaced peaks in the region of 400 cm−1, shown for MoS2 in figure 6.3d).
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Figure 6.3: Scanning Raman spectroscopy of MoS2. a) The peak position of
the A’1 Raman signal of pristine MoS2. b) Scan of the same flake as in a) after
application of 27 cycles ALD. There is no easily visible change. c) Position of
the A’1 peak after application of perylene bisimide and 27 cycles ALD. There
appears to be a small blueshift but this is at the spectrometer’s resolution limit.
d) Raman spectrum of MoS2 indicating the different regions, monolayer, bilayer,

trilayer and bulk.

Any changes in molecular or electronic structure due to Al2O3 deposition will re-

sult in an alteration of these two signals. More specifically, a shift in the position

of the A’1/A1g peak indicates electronic doping. [43,99] Figure 6.3a) shows a map of

the position of the A’1/A1g peak maximum for a sample straight out of synthesis.

The peak shift with layer number is very well visible and according to literature.

In figure 6.3b) the same flake is scanned after exposure to 27 cycles ALD. No sig-

nificant change is visible so the electronic structure of both the multilayer centre

(covered with Al2O3) and the monolayer flake (not covered with Al2O3) appears

unperturbed. However, the spectrometer’s resolution is only ∼1 cm−1 so smaller

changes may have gone undetected.
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6.3.2 Seeded ALD

Figure 6.4: Raman spectroscopy of the perylene bisimide functionalised MoS2.
a) Optical micrograph of the MoS2 flake investigated after functionalisation. b)
Structure of the perylene bisimide used for functionalisation. c) Average Raman
spectrum of the area outlined in red in a). The individual peaks are identified as
the signals from MoS2, Si and the perylene, confirming the perylene’s presence.
d) A map of the Per-a signal intensity shows that it is strongly present on the

MoS2 flakes. No perylene signal is observed from the SiO2 surface.

The selective deposition of Al2O3 on TMDs is a very important discovery and

enables new types of devices previously impossible. For example, it allows for CVD

growth of large areas of TMD, subsequent coverage of the non-direct bandgap parts

and then uniform contacting of the monolayer to make a vertical, optically active

device like a LED or photodiode. However, deposition of uniform dielectrics on

monolayer TMDs is desired for passivation and some electronic device fabrication.

For those kind of devices the selectivity is a hinderance, especially if monolayer

devices are required. Non-covalent functionalisation of TMD basal planes with

molecules that contain −OH and −COOH units that can react with TMA and

thereby seed the reaction for Al2O3 are a solution to this problem. [190,203]
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Seeding with perylene bisimides has been reported on graphene and they have

been shown to form stable layers on it (as also shown in chapter 5). [198,204] This

makes them good canditates for doing this work on TMDs. The perylene derivative

used in this study is shown in figure 6.4b). It has long end-groups with −COOH

groups that can seed the deposition and is easily deposited by dip-coating. [199]

The successful functionalisation is confirmed by Raman spectroscopy, shown in

figure 6.4c). In figure 6.4c) it is observed that the perylene signal is homogeneous

on the MoS2 monolayers but no perylene signal from the SiO2 substrate is observed.

Figure 6.5: Analysis of MoS2 flakes after seeded ALD. a) AFM topography
scan of MoS2 monolayer flakes after perylene-seeded ALD. b) Cross-section of
the topology along the blue line in a). The step height is 1.9 nm. c) Schematic

representation of what the surface cross-section looks like.

As shown in figure 6.5a), ALD on a perylene-functionalised sample leads to a

continuous deposition of Al2O3 on all layers of MoS2, regardless of the number of

layers underneath. The topography scan shows the triangles above the substrate,

as would be expected. The topological cross-section in figure 6.5b) reveals that

the step height between MoS2 flake and SiO2 substrate is not 0.7 nm any more

but ∼1.9 nm. This is consistent across the whole surface of the TMD and shows
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that the perylene coating is homogeneous, leading to the suggested surface cross-

section shown in figure 6.5c). The additional height difference of 1.2 nm implies

that there is more perylene bisimide on the TMDs than on SiO2 and that it may

be in an upright conformation rather than lying flat as its structure may suggest.

This will require further investigation, ideally by STM.

Raman mapping the MoS2’s A’1/A1g peak (figure 6.3c)) after ALD shows that the

TMD is not damaged by the deposition and retains its characteristics although

there is a minor blueshift of ∼1 cm−1, potentially indicating p-doping. [205] As

this is at the spectrometer’s resolution limit it is uncertain. However, in order to

ascertain the real impact on the electronic properties, electric measurements on

a FET or Hall bar device are required. This is not trivial but will provide the

ultimate proof as to whether this way of protecting TMDs is valuable or not.

6.4 Conclusions

Overall, the study represented in this chapter is the first observation of selective

chemistry on monolayer TMD surfaces over their multilayer counterparts. It shows

that this can be used to selectively deposit Al2O3, providing a method of masking

all areas but monolayer MoS2 or WS2. Furthermore, an easily accessible method

of non-covalent functionalisation with a perylene bisimide derivative allows for

reliable ALD of Al2O3 on monolayer TMDs without significant damage to their

electronic integrity as assessed by Raman spectroscopy. These two findings provide

significant advancement in the knowledge necessary for fully integrating TMDs in

real devices.



Chapter 7

Conclusions and future outlook

This thesis mainly presented studies regarding graphene. Only chapter 6 does

not concern studies involving graphene. An initial study involved the synthesis of

graphene via CVD. The aim of the study was to reduce the temperature of the

graphene growth on copper from 1035 ◦C in order to reduce copper sublimation

and make the growth more accessible to tools that cannot reach >1000 ◦C. Ethene

was employed as a more reactive carbon precursor than methane and the param-

eter space of the tool was navigated using statistical methods which focused on

optimising the width of the graphene’s Raman 2D signal. Quality analysis was

performed with Raman spectroscopy, SEM and electrical characterisation. In the

end, large-area, uniform, reproducible graphene was synthesised at 850 ◦C with

flake sizes of 1 µm diameter, a 2.75/1 2D/G Raman signal intensity ratio on SiO2

and hole and electron mobilities of 1100 cm2V−1s−1 and 700 cm2V−1s−1, respec-

tively, which is very promising for many applications. A pre-growth patterning

method using Al2O3 deposited by ALD was also developed and used successfully.

This enabled the facile fabrication of GFETs which yielded the charge-carrier

mobilities. Stripes of graphene, 10 µm wide but several cm long were made that

way and provided as transparent, flexible, biocompatible electrodes for neural

studies which unfortunately did not proceed.
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This large-area graphene was subsequently employed to make gas barriers. Follow-

ing some improvements of the transfer process made by colleagues, the graphene

was successfully stacked in a way that avoided polymer residues between layers and

yielded an air-tight configuration. Oxygen permeation studies found that a 5 cm2

graphene film of ∼1 nm thickness performed on par with 150 µm PET. Normalised

to thickness, this yielded an inherent barrier performance of 1.10 × 10−7 barrer

which is as good as if not better than commonly used barrier materials like SiO2

and Al2O3. This is in stark contrast to any findings that had been published and

represented an improvement of a factor of 5000 over the state of the art, strongly

contradicting studies that had concluded that graphene would not make a good

large-area barrier film. Even though graphene barriers are more expensive to

produce than SiO2 or Al2O3 barriers, its combination of transparency, flexibility,

electrical and thermal conductivity and biocompatibility gives it a distinct advan-

tage over these materials and may hence lead to the incorporation of graphene

into specialised devices. On the mass-production market it is unlikely to find an

application simply because of the cost and upscalability issues beyond a few m2.

This usefulness was demonstrated in the making of OLEDs. Together with Philips

corporation as part of the Grafol project graphene stacks were shown to outperform

ITO as OLED electrode. Stacked electrodes were slightly better than monolayer

electrodes in terms of performance but much better in terms of device fabrication

yield. The use of cellulose acetate as transfer polymer enabled a very flat transfer

which did not require a planarisation layer, saving an expensive step that is often

necessary when dealing with transferred graphene.

The modifications in stacking methods developed for the barrier studies provide

a simple method for intercalating species between graphene layers. Intercalating

perylene bisimide derivatives led to some very interesting and previously unob-

served effects in the Raman spectra of these perylenes: Intercalation led to a

significant enhancement of one perylene’s Raman spectrum by a factor of ∼4, and

up to ∼11 with some modification, whereas a similar but slighly different perylene

did not show this effect. This is unexpected as both perylene derivatives studied

already showed a graphene enhanced effect but only one could be enhanced even
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further. Slight modifications of the enhanced species by fully protonating its car-

boxylic acid end groups led to an even greater enhancement, implying that this

effect is highly sensitive to structural changes. Theoretical studies will be required

to fully explain this effect in future. More molecular species also need to be tested

to investigate whether this effect is the exception or the rule. Such a study is

currently being executed.

The final section of this thesis focuses on ALD of Al2O3 on MoS2 and WS2, mate-

rials that will play an important part in future technologies. Their integration into

modern technologies requires compatibility with processes like ALD. This study

found that, when using pristine single-crystal monolayer films grown by CVD,

Al2O3 cannot been grown on the TMDs by ALD from TMA and H2O. Only

on two or more layers does the material deposit in the expected fashion. This

provides a unique chemical pathway for extracting the monolayer regions from a

mixture of layered regions. These can be used for vertical device structures and

other applications that require the direct-gap monolayer only. Total coverage can

also be achieved by seeding the reaction with a perylene bisimide derivative with

carboxylic acid groups. This molecule can non-covalently attach to the TMD and

lead to reliable deposition of Al2O3, even on monolayer films. This work paves the

way for vertical devices involving monolayer TMDs and passivation for electronic

applications.

The message to take from this thesis is that it is indeed possible to upscale the

use of graphene and TMDs into existing technology. Their potentially useful

properties like high conductivity, chemical inertness, extremely high sensitivity,

odd quantum effects and barrier feasibility were discovered and confirmed several

years ago but their integration is slow. The work presented here shows that this

integration is possible and there are still many fundamental things to learn. That

said, these materials face a lot of competition and materials like silicon and III-V

semiconductors have a significant headstart of 40 years which may never be caught

up. However, we will never know if we do not try.
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Some immediate, mid-term future work emerges from this thesis: In particular,

the Raman effects observed in chapter 5 leave many open questions. Theoretical

modelling should provide some answers in terms of band alignment and resonance

that may lead to the effect. A study concerning many more species of intercalated

molecules will also give a greater insight into whether this effect is common or

exceptional. The work leading on from the selectively masked TMDs in chapter 6

also shows great potential for future work. Vertical heterojunctions involving

TMDs are an important field of study and this selective masking of multilayer is

a key enabler for making large areas of such heterojunctions. Additionally, the

reliable encapsulation of TMDs after seeded ALD levels the path for work on

electronic devices. The feasibility of graphene-based barriers is still not very clear

and is worthy of further investigation. Films with larger flakes may make even

better barriers and find applications in specialised devices like biomedical systems.

Altogether it can be said that this thesis is a step forward in the realisation of 2D

devices in our lives.
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