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ABSTRACT

Graphene, a monoatomic sheet of graphite, has recently received significant attention
because of its potential impact in a wide variety of research areas.

This thesis presents progress on improving the quality of graphene for electronics
applications. An analysis tool was developed that provides a fast and scalable way to
reveal the defectiveness of CVD grown graphene. This approach relies on a graphene
passivated etching process that was found to be sensitive to structural defects in the
graphene film. A strong correlation between the density of structural defects and the
electron mobility emphasizes their importance for high quality graphene devices. The
dimensions of graphene defects were found to be nanometer-sized and it was
demonstrated that the defects exhibit novel fluid dynamical properties.

The graphene synthesis process was investigated using the described analysis tool and the
kinetics of graphene formation was revealed. The influence of promoters on the growth
process was described and analyzed.

The new insight into the growth process was applied to a novel approach to directly
synthesize graphene patterns by catalyst passivation. Several advantages of this method
over existing fabrication schemes were described and a number of applications based on
these improvements were shown.
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1. Introduction

1.1 History and future of graphene
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Figure 1 Depiction of grz;];hene

Graphene has recently captured the attention of the public and the imagination of
researchers. The compelling story of its discovery is repeated in scientific journals and
newspapers alike: Graphene, a truly two dimensional material was thought to be

thermodynamically unstable until its fortuitous discovery by Geim and Novoselov in

2004

However, already its name points to the more complex history of graphene: The ending
“—ene” has been used by chemists to indicate aromatic hydrocarbons that form fused
shapes of benzene-like rings. Similar to “Naphtalene”, “Graphene™ is composed of the

descriptor for its host material —graphite- and the “-ene” to indicate its chemical structure.



Several conclusions can be drawn from graphene’s etymology:

e Like graphite it consists of a planar structure of sp>-hybridized bonds in a

honeycomb lattice.
e It represents an infinite size polycyclic hydrocarbon and consists of only one layer.

e [ts origin can be traced back to chemists.

Indeed, suspensions of isolated, chemically functionalized graphene have been produced
for ~170 years”™*. Modified versions of the synthesis method developed by those carly
chemists are still the basis of current production schemes. Bochm ct al. succeeded in

isolation of a graphene sheet and estimated its thickness to be monoatomic”.

The timeline in Figure 2 raises the question why so much time passed between the initial
discovery and the onset of general interest and why the many independent discoveries of

graphene did not bring about a raised interest.
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Figure 2 Timeline of discoveries made in relation to graphene "’

It can be hypothesized that intermediate steps were required to signify its importance in
order to dedicate more effort to graphene research. Two such steps occurred in the long

period between 1975 and 1999 when graphene research was somewhat dormant.

The discovery of fullerenes, large carbon molecules'’, was made possible by
breakthroughs in analysis techniques, such as STM and AFM' l, ushered in the era of
nanoscience: It was found that tuning the size of materials could change their properties
significantly and molecular manufacturing processes were envisioned that could design a
functional material from the bottom up'z. It turned out, however, that the goals were very

ambitious and fundamental problems could not be overcome. For example, contacting a
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single molecule through wires has proven challenging. Despite the failure to deliver on
many of the promises of molecular electronics, researchers gained insight into the

relation of structure and properties and the promise of sp carbon.

Sumio lijima’s (re)discovery of carbon nanotubes "> —cylindrical, graphitic structures-
was the second necessary step as it provided a viable commercial vision for
nanomaterials. Due to quantum confinement effects, carbon nanotubes could behave like
metals or semi-conductors which invited the vision of all carbon electronics: The same
material could be used to produce transistors and interconnecting wires on a very small
scale and revolutionize microelectronics. As shown in Figure 3 the amount of funding by
the National science foundation was significantly higher for research on carbon

nanotubes than for fullerenes which indicates its assumed importance.

The selectiveness to synthesize nanotubes with a specified geometry is still an open issue.
Furthermore, producing nanotubes in sufficient density, length and alignment remains an

elusive goal and hinders its commercialization.
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Figure 3 NSF funding for carbon materials vs. time

There was hope by researchers that graphene could overcome some of these problems
since it was inherently easier to use than nanotubes. Because of its planar structure it
would conform to a target substrate and could then be used like a regular wafer. Thus, the

(re)discovery of graphene in 2004 came at the best time:

A lot of knowledge had been gained by the community by studying nanotubes in both

analysis and handling.

Interesting properties, i.e. an unusual fractional quantum hall effect were theoretically

predicted for graphene.

More detailed research of carbon nanotube properties was obstructed by the inability to

fabricate high quality samples.



The optimism to make graphene into a commercially significant nanomaterial can be
inferred from Figure 3, where the annual amount of NSF funding for the different carbon
forms is plotted over time. It can be seen that funding of fullerene research is far eclipsed
by the amounts invested into carbon nanotube and graphene research. Funding of

graphene research has quickly increased to amounts similar to nanotube research.

Based on the lessons learned from the research of nanotubes, several related problems

have to be solved for graphene to become a commercial success.

e Large scale synthesis of high quality graphene has to be achicved in a

reproducible fashion to satisfy demands from industry.

e A reliable tool for the analysis of the graphene quality has to be found and made
accessible to harmonize growth results from different groups. This would allow

investigating reliability and optimization of growth results.

e An enabling application of graphene has to be found that cannot be realized by

more mature materials and warrants the investment into graphene research.

This thesis will present work that tries to advance each of the three described fields of

research.



1.2 Outline

Chapter 2 will introduce a novel analysis technique for the metrology of graphene. We
demonstrate that the use of graphene passivated etch testing is a facile, scalable method
to reveal and quantify imperfections in the graphene sheet. The sensitivity of the analysis
technique to intentionally induced latticed defects compares favorably to the sensitivity
of Raman spectroscopy. A strong correlation between the measured graphene
defectiveness and the maximum carrier mobility emphasizes the importance of the
technique for growth optimization. Due to its simplicity and widespread availability, we
anticipate that this method will find wide application in the characterization of graphene

and other 2D materials.

In chapter 3 the observed structural defects in chemical vapor deposition grown graphene
are investigated. The location of openings in the graphene film are revealed by the
graphene passivated etch test. Through size selective passivation of the openings by
atomic layer deposition their diameter could be determined. An extremely fast mass
transport through these nanometer-sized holes is observed with permeation speeds in the
order of meters per second. Defects are found to be caused by nanoparticles that either
decorate graphene domain boundaries or initiate graphene growth. Pretreatment of the Cu

substrate is shown to reduce the particle density which results in higher quality graphene.

Graphenc passivated etch testing is applied in chapter 4 to understanding the growth
kinetics of graphene by chemical vapor deposition. The graphene growth rate is found to
be determined by the dehydrogenation of methane. As the graphene coverage on the
copper substrate increases this decomposition process is hindered which results in a

7



decrease in growth rate over growth time. This catalyst deactivation process represents a
fundamental limit for graphene growth by surface reactions. The use of Nickel and
Molybdenum promoters is shown to increase the carbon radical concentration and
improve growth rate and graphene surface coverage. This study opens new routes for the

control of graphene growth for future applications.

The application of the previous findings leads to a novel way of patterning graphene
described in chapter 5. By sclective passivation of the catalyst, graphene growth could be
restricted to certain areas. High resolution and high quality of the grown graphene are
achieved by using an aluminum oxide passivation layer. Several approaches for
depositing the patterned passivation layer are demonstrated that could enable a variety of
graphene based applications. Finally, the deposition of prepatterned graphene onto non-
planar substrates is shown and the ability to generate high resolution graphene patterns on

complex surfaces opens up novel application areas for electronic devices.

Conclusions and an outlook are presented in chapter 6.

1.3 Fundamentals

The following part is intended to introduce several fundamental tools of graphene

research that will be necessary for the understanding of the following chapters.

. A short summary of the synthesis methods are presented with special emphasis on
Chemical vapor deposition (CVD). Then, the process for transferring graphene will be
cxplaincd. Finally, several analysis techniques that are used throughout this thesis are

described.



1.3.1 Synthesis of graphene

Chemical exfoliation of graphite has been a viable technique to produce graphene for
nearly 170 years. This approach is currently receiving significant commercial attention
since it is expected to produce large graphene quantities at low prices. An oxidation step
during production results in covalent bonds on the graphene surface. These defects can
increase the solubility of the material and it has its own set of interesting applications.
This thesis, however, will focus on the synthesis of graphene suitable for electronics

applications and thus will not detail this synthesis method.

The transformation of SiC was a first approach to obtain graphene thin films, developed
by van Bommel et al.®. The graphene sheets formed by sublimation of Si-atoms and the
accumulation of a carbon rich face. The compatibility of the process with standard
processes in the semiconductor industry explain the commercial interest in this synthesis

method. The high cost of the substrate, however, prevented broad use of the method.

The contribution by Andrei Geim and Konstantin Novoselov can be described as the
pinnacle of efforts to produce graphene from graphite by mechanical means: The research
group by Prof. Ruoff’ had previously attempted to exfoliate one layer of graphene by
sheering it off from a stack of graphite. The lacking control over the thickness of the
produced layers raised the question of the general feasibility of this approach. The
important contribution of Andrei Geim and Konstantin Novoselov was to provide a
method to easily identify the thickness of the produced graphene. The identification
technique is based on an interference effect of graphene on a multilayered substrate. A
300nm Silicon dioxide layer could thus make mono-atomic differences in the thickness of

graphene visible. With the increased speed of the analysis process less efficient ways to



cxfoliate graphene could be tried. Consequently, an extremely simple procedure,
involving a transparent adhesive and graphite flakes (see Figure 4 (a)) succeeded in
producing graphene. The immense success of the method with the scientific community
is not only based on the availability of materials and ease of use, but also on the high
quality of the obtained samples. No post-treatment is necessary to observe quantum
mechanical properties and to date no other graphene synthesis can compete with the

transport properties of exfoliated graphene.

Figure 4 Required material to produce graphene

Chemical vapor deposition (CVD) is a well established procedure to produce carbon
materials, such as diamond and carbon nanotubes. The synthesis of graphene through
exposure of transition metals to carbon containing precursors has been established since

1968° but received little attention outside the surface physics community because of the

10



complexity of the necessary equipment and the limited interest in the material. The

experiments on CVD were revisited when interest in graphene increased.

CVD systems for laboratory research usually consist of a clam-shell furnace that heats a
fused silica tube which is connected to a gas inlet and an exhaust or pump (see Figure 5).
Graphene is synthesized on a substrate that is positioned in the heated zone by
decomposition of a carbon containing precursor, such as methane, ethanol or benzene.
Other gasses, i.e. hydrogen, are added to control the decomposition reaction or affect the

substrate morphology.

Several materials have been tested for their ability to catalyze graphene growth. Most of
them are transition metals and parallels to the growth process of carbon nanotubes can be
drawn. Similar to nanotubes, graphene can also be grown on dielectric substrates, i.e.

sapphire, albeit higher temperatures are necessary'*.

This thesis will focus on the synthesis of graphene on Cu substrate following work by Li
et al.”” since the self limiting growth process observed on Cu results in a robust synthesis

of single layer graphene.

11
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Figure 5 Schematic of the CVD setup used for graphene growth

Graphene was synthesized as previously reported'® using copper as the catalyst material.
Briefly, under low pressure (400mTorr) a piece of copper foil (Alfa 13382) was annealed
in a gas flow of 10 standard cubic centimeters (sccm) hydrogen at 1000°C for 30 minutes
before 20sccm methane gas was introduced to initiate the graphene growth. To control
the graphene growth rate, 50sccm of hydrogen flow was used during the growth period.
After the synthesis process was completed the material was cooled down under 5sccm

hydrogen to prevent oxidation and to minimize hydrogenation reactions of the graphene.

1.3.2 Graphene Transfer

One issue of the described synthesis of graphene by CVD is the presence of the Cu
growth substrate. Since it is metallically conducting, Cu will short out electronic devices
fabricated on the grown graphene. Effort is being directed to circumventing this problem

by directly growing on insulating substrates. The absence of catalytically active material,

12



however, means that higher energy barriers have to be overcome and the necessary

growth temperature is incompatible with many substrates and applications.

Until the issue of energy efficient graphene synthesis on dielectric substrates can be

overcome, a transfer step is required to move the graphene from the growth substrate to a

target substrate' .

The transfer process used here has the following steps:

1.3.3

Immobilization of the Cu-foil on a PET substrate by taping of the edges

Spin-coating of 9% Polymethylmethacrylate (PMMA)in Anisole solvent at

2500rpm on the graphene covered Cu substrate

Hard baking of the sample at 120°C for 10 minutes

Removal of the plastic backing

Removal of Cu-foil by exposure to Transene CE100 copper etchant
transfer of the floating PMMA/graphene membrane into water
Positioning of the membrane onto a target substrate

Removal of the PMMA supporting layer by annealing in Ar/H, forming gas.

Atomic layer deposition

Atomic layer deposition (ALD) is a process that can deposit high quality thin films. Due

to the self-limiting nature of the deposition process, monolayer thickness resolution can

be achieved.
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The deposition process consists of the sequential exposure of a sample to two materials
First, a precursor is introduced that physisorbs onto the surface. The subsequent exposure
to a reactant changes the chemical makeup of the precursor thus forming a stable
compound. The exposure cycle can than be repeated to add subsequent layers of material

onto the grown ones.

In the presented work trimethylaluminum (TMA, Aly(CH3)s) was used as the precursor
and water as the reactant. In this system TMA reacts with surface hydroxyl groups under
methane formation. This reaction proceeds until the surface hydroxyl groups are
passivated and because TMA does not react with itself it is self limiting. In a second
cycle water is introduced that reacts with the TMA to form Aluminum oxide with
hydroxyl groups under methane production. These hydroxyl groups form the foundation

for subsequent cycles'™.

To achieve deposition of monolayer films purging under inert gasses and elevated

temperatures are used to remove €Xcess precursor.
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Figure 6 Schematic of homebuilt ALD system in the nmelab

A homebuilt ALD system is available in the nanomaterials and —electronics group of Prof.
Kong (as shown in Figure 6). Both, precursor and reactant were dosed by Swagelok high
speed ALD valves (6LVV-ALD3G333P-CV) in 15ms pulses. The system was held at
125°C at a base pressure of 900mTorr and purged for 45s with dry Nitrogen between
cycles. The deposited film thickness was confirmed by AFM measurements on blank
Si/810; samples. The deposited thickness per reaction cycle was calculated to be

0.14nm/cycle which is close to literature values "°.
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1.3.4 Analysis techniques

As mentioned previously, the increased interest in graphene coincided with a
breakthrough in its metrology. The following part reviews several tools that were used in

this work to elucidate different aspects of graphene properties.

Optical microscopy

The ability to identify mono-atomic variations in thickness of graphene by optical
microscopy can be considered one of the most important factors for the success of the

mechanical exfoliation method described above.

Through simple optical observation the thickness of obtained graphene flakes could be

inferred from their contrast on the sample as seen in Figure 7.

An experienced experimentalist could quickly analyze dozens of flakes within a matter of
seconds which permitted locating one micron-sized graphene flake on a centimeter large
substrate. The lacking identification ability had made previous attempts to producing

graphene prohibitively slow and tedious.

Geim et al.' found that even single layer graphene —as well as other materials- could be

distinguished by their contrast on a 300nm Silicon oxide layer grown on a Silicon wafer.

The underlying principle of contrast enhancement through multi-beam interference on a
dielectric stack was a well known tool to measure the flatness of samples but the strong
absorption of a monolayer of graphene results in a large contrast enhancement %% and has

to be considered a fortuitous coincidence.
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Figure 7 Optical micrograph of graphene and various thickness multilayer graphene

Atomic force microscopy (AFM)

The operating principle of scanning probe microscopes is based on the voltage induced
extension of a piezoelectric material''. This allows the scanner head to be positioned by
fractions of a nanometer. This unprecedented accuracy in positioning has to be combined
with a sensitive feedback scheme. In an AFM a microscopic cantilever is interacting with
the sample and its deflection is amplified by a reflected laser beam. The motion of the
AFM head is then controlled to minimize the deflection. The necessary travel of the AFM
head will thus follow the contour of the sample and return topography information of the
sample. Figure 8 shows a resulting image and height differences can be related to

variations in the number of occurring graphene layers.



z: 30nm

x: 20 pm

Figure 8 AFM images of graphene (a) false color representation with estimate of number of layers (b)
3D representation of same image

An estimation of the number of layers can be obtained when considering an interlayer
spacing of ~0.33nm and a gap between substrate and graphene of ~0.7nm, due to the
interaction with the substrate and adsorbed water’'. Thus, mono-atomic differences in

height can be reliably distinguished through the use of AFM.

Furthermore, changes in the morphology of a sample can be studied by AFM and in the

following chapters the occurrence of etch pits is analyzed.

Raman Spectroscopy

Carbon research is one of the most fruitful areas for Raman spectroscopy. As seen in
Figure 9, the relative importance of this field to all research on Raman spectroscopy is

steadily increasing since the discovery of fullerenes™.
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Figure 9 Publications for carbon related Raman spectroscopy normalized by total number of all
Raman related publications
The reason for this behavior is the immense wealth of knowledge that can be gained by
the Raman spectroscopic analysis of carbon systems. In Raman spectroscopy the inelastic

scattering of light most commonly by creation or annihilation of a phonon is analyzed.

In a typical graphene spectrum (i.e. Figure 10) several characteristic Raman features can
be observed”. Momentum conservation limits the number of possible phonons that can

be excited through light because photons have a negligible momentum.

The G-band around 1600cm™ is related to in-plane optical phonons with zero momentum

and can be directly excited through optical phonons.

Other Raman modes require a higher order process to satisfy momentum conservation.
The G’-band for example is related to a second order process involving the scattering
with two optical K-point phonons. Usually such a second order process is much weaker
than first order processes but the resonance of the scattered states with the graphene band

structure enhances the intensity of this feature to be comparable or even higher to the G-
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band peak. Since this enhancement effect is closely related to the band structure of
graphene, a large G’-band intensity can be considered a fingerprint of graphene.
Furthermore, the width of the G’-band is sensitively dependent on changes to the
graphene band structure and the perturbation of adding a second interacting layer can

thus be detected.

An important feature for the metrology of graphene samples is the D-band around
1350cm™. Tt involves the same optical K-point phonon as the G’-band but instead of
requiring a second phonon to scatter back to the origin, an inelastic scattering process
with a defect satisfies momentum conservation. Thus, the analysis of the D-band intensity

has been widely used as a quantification of the defectiveness of a graphene sample.

G* & 2D’

o

0 500 1000 1500 2000 2500 3000 3500
Raman shift [cm™]

Intensity [a.u.]

Figure 10 Representative Raman spectrum of Graphene and indication of common features

The evaluation of graphene samples solely based on the D/G ratio, however, could be
misleading, since details of the phonon-defect scattering process are not well understood.
The idea that the D/G ratio is only dependent on defect density would not hold true when

comparing samples with different kinds of defects. For example defects terminating in
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armchair edges have a small Raman scattering cross section compared to zigzag
terminated defects. Furthermore, resonance effects between defects are expected to affect

the collective D-band intensity [D band Raman intensity calculation in armchair edged

graphene nanoribbons].

Figure 11 Raman map of the G'-band FWHM of a graphene flake, (inset) optical image of the same
flake

A Raman map can be generated by taking Raman spectra as a function of spatial position.
Thus, the variation of a parameter across a sample can be visualized. An example of these
capabilities can be seen in Figure 11 where the full width at half maximum of the G’-
band peak is analyzed across a graphene flake. It can be seen that this feature is relatively
homogenous across the flake except in the center, where the width increases from
~32cm” to ~49cm’!. This area correlates with a darker region in the optical image of the

flake (see inset of Figure 11). The larger optical contrast suggests that the center region in
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the observed flake consists of bi-layer graphene. The Raman map supports this

hypothesis since it is known that interacting bi-layers exhibit a larger G’-band width?*.
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2. A facile tool for the characterization of CVD grown graphene

2.1 Necessity for a new analysis tool

As mentioned in the previous chapter, one common challenge for obtaining high quality
samples for many applications is minimizing the density of defect sites in the obtained
graphene films. We here focus on the analysis of structural defects in the continuous
graphene film because it includes a wide varicty of defects, such as lattice defects,
incompletely grown graphene, etc. Furthermore these structural defects can degrade the
performance of graphene in many respects. For example, Bunch et al.” found that the
presence of a Inm?® opening in a graphene membrane would cause gas effusion that
would drain a graphene sealed microchamber of 1 um® within one second. Chen et al.*
determined that lattice defects, such as carbon atom vacanciecs, would deteriorate the

electrical transport in a graphene device significantly. Ruiz-Vargaz et al.?’ reported a

decrease in the mechanical strength of graphene caused by defects at the grain boundaries.

Considerable effort is currently being invested to control the density of structural defects
by optimization of the CVD synthesis process since it is widely believed that this process
step is introducing structural defects. One challenge is to confirm this assumption since
other process steps arc necessary to prepare the graphene for analysis: To analyze
graphene by high resolution transmission electron microscopy, for example, the material
has to be transferred to grids or membranes®®. The quality of Raman spectroscopy suffers

under a low achievable signal-to-noise ratio when done on metallic substrates.

Thus, a transfer step is normally necessary before the analysis can proceed. This transfer
step itself can introduce defects through tearing, exposure to acids, residues, etc?’. Thus, a

high resolution analysis technique is needed that does not rely on a transfer step.
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Another issue is the comparison of results obtained by different synthesis protocols and
by different groups. The restricted availability of current metrology instruments that can
analyze openings in the grown graphene sheet and the complexity of the necessary
measurements limit their practical applicability. Thus, there is a need for a broadly

available and scalable metrology tool.

A final requirement for a broadly appealing graphene analysis technique would be speed
and casc of use of the process. Currently, scanning probe techniques as well as scanning
spectroscopy techniques are relatively slow and can only give feedback about the quality

of small graphene regions.

2.2 Concept of graphene passivated etching

We will here introduce an analysis technique that can overcome these issues and has the
potential to become a useful graphene metrology tool. The method uses materials and
tools that are widely available and is compatible with a multitude of imaging techniques.
It can furthermore be applied directly to as-grown samples without the need for a transfer
step. The sensitivity of the described technique can be tuned finely to visualize openings
in the graphene film originating from incomplete growth as well as lattice defects by
graphene passivated copper etching. A correlation was found between structural defects
and the maximum mobility of graphene devices which emphasizes the usefulness of the

described analysis technique.

The analysis technique relies on the analysis of the etching behavior of graphene

passivated copper substrate when exposed to copper etchant.
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Graphene was synthesized on copper foil as detailed earlier and a small piece of the
sample was then affixed to a glass slide with double sided tape to simplify handling. A
drop of commercial copper etchant (Transene APS-100) was deposited onto the graphene
sample with a pipette (This ammonium persulfate-based etchant was chosen over FeCl;
based etchants because this etchant did not leave residues on the sample). After waiting
for 10 seconds, the drop of etchant was removed by thorough rinsing with deionized

water and subsequent blow-drying with compressed nitrogen.

The basic concept of the proposed analysis tool is described in Figure 12(a): Regions on
the copper substrate covered by graphene are protected from being corroded whereas

regions without a graphene layer are readily attacked by the copper etchant.

2.3 Experimental results

This concept is validated by the comparison of the left and the right area of Figure 12(b).
In the top area of the image a graphene layer deposited by chemical vapor deposition
protected the Cu substrate while in the lower area the graphene was partially peeled off
using a Scotch tape. Both sides were exposed to copper etchant following the described
procedure but a significant difference in morphology can be seen. Simple visual
inspection reveals a larger roughness of the copper substrate on the lower side. This

indicates that graphene effectively passivated the upper area as suggested by Chen et al.*°

This ability to easily confirm the presence of graphene after growth already represents a
significant advantage over existing analysis techniques. With commonly used analysis
tools such as optical microscopy or Atomic Force Microscopy (AFM) answering this
fundamental question requires the transfer of the graphene from the growth substrate to a
different target substrate — a process that is both time consuming and might compromise
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the results since the graphene film can get damaged or contaminated in the transfer

process. The process is both easy and time effective and takes between 1-5minutes.

(a) graphene passivated Cu

Figure 12 Schematic of the graphene passivated etching process: In the case of complete graphene
coverage (upper panel) no etching occurs but openings in the graphene film result in etch pits in the
copper substrate (lower panel). (b) Optical micrograph of copper surface after 10s etching with
complete (top) and partial (bottom) graphene passivation layer

The power of the described analysis technique lies in the ability to visualize structural
defects in the graphene film through analysis of the etch patterns in the Cu substrate.
Since the graphene is expected to protect the Cu substrate, no etching should occur on the

graphene passivated Cu substrate.

There could be different reasons for the observed etching. For example the graphene
could be destroyed by the Cu etchant and these openings could be permeated to generate
etch pits. This hypothesis can be discounted because the ammonium persulfate based
copper etchant is only a mild oxidant and is not expected to attack the carbon-carbon
bonds in the graphene sheet. In single walled carbon nanotubes this etchant was shown to
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introduce defects in the nanotube wall only upon several hours of exposure and
agitation’' and the observed SWNT cutting proceeded by enlarging existing defects’”.
The resistance of graphene to ammonium persulfate was also confirmed by etch tests on
graphite where no etching was observed even after prolonged exposure (30 hours). Thus,
graphene is expected to protect the underlying copper from oxidizers (as demonstrated by
Chen et al.’®). This is the reason for routinely destroying the graphene on the back of the

catalyst foil before transfer to ensure fast etching of the copper substrate.'®

Another reason could be the permeation of copper etchant through existing structural
defects in the graphene film (as indicated in Figure 12(b)). These structural defects could

originate from several different scenarios:

e Incomplete graphene growth results in only partial coverage of the substrate
starting from nucleation points that form flakes as observed by Li et al.(Li,

Magnuson et al. 2010)

e Particles on the catalyst surface represent obstacles that cannot be covered by

graphene and when removed leave exposed copper substrate.

e Lattice defects present openings in the continuous graphene film that could be

permeated by the etchant.

We subsequently demonstrate the ability to identify those different structural defects by

the described analysis technique and study its sensitivity.

2.4 Quantification of graphene defectiveness

Figure 13 shows a comparison of the morphology of different samples after exposure to

copper etchant. Figure 13(a,d) represents a copper substrate that had only been annealed
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and no graphene growth was initiated. Thus, the copper substrate was not passivated with
graphene and uniform etching occurred across the sample, apart from some impurities.
The morphology in Figure 13(b,¢) was obtained after 10 minute exposure to a low partial
pressure of methane (3sccm). As reported by Li et al.>® these conditions do not result in a
continuous film of graphene. Instead, only individual flakes of graphene grow. The effect
of those flakes protecting certain areas of copper substrate from the etchant can be
distinguished both in the optical micrographs (Figure 13(b)) and in the atomic force
microscope images (Figure 13(e)). Finally, the completely grown graphene film will
protect the copper as seen in Figure 13(c,f). The holes represent defects in this continuous
graphene film that are permeated by copper etchant. These defects are caused by

impurities in the copper foil and lattice defects, as described below.

To quantify these observations we define a parameter 0 that is proportional to the surface
coverage of graphene. The parameter is determined as the ratio of unetched copper
substrate to total area. The parameter is obtained by analyzing the projected area of the
etch pits identified in AFM images and normalizing the projected area to the overall
AFM image size. As expected, 0 of unprotected copper substrate is low (1%), increases
to 30% for incomplete graphene growth and reaches 95% for completely grown graphene.
It has to be noted that © corresponds to the graphene coverage only for vanishing etching
time since under-etching of the graphene can occur. Thus, care has to be taken in the
comparison of B obtained by other methods (i.e. through the analysis of scanning electron
micrographs) with the described technique since the graphene coverage is underestimated
by this technique. The under-etching, however, presents the opportunity of varying the

sensitivity of the analysis technique. For low exposures to etchant —either through short
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ctching times or low etchant concentrations- large openings, caused for example by
incomplete growth, can be discerned. High etchant exposures, on the other hand, will
result in the amplification of small openings such as lattice defects. Thus, at longer
ctching times defects can be made visible that are normally not discernible in SEM or

even AFM images. Through this behavior, the analysis of atomic imperfections through

broadly available imaging tools, such as optical microscopes, can be envisioned.

Figure 13 Morphology after 10s etching for 3 different growth conditions by optical microscope (a-c)
and AFM(d-f) images: (a,d) no graphene growth (8=1%) (b,e) incomplete graphene film (8=30%),
(c,f) complete graphene film with a low density of openings (6=95%)

2.5 Information about the substrate

The etching patterns can furthermore reveal the crystallographic orientation of the copper
substrate. Figure 14 shows a graphene passivated copper sample with a large density of
etch pits of triangular shape. This observation is illustrated by investigation of a single
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etch pit in Figure 14(c). The anisotropic etching behavior was already observed in 1962 M
and subsequently attributed to the preferential etching of the Cu (100) crystallographic

planes * s,

The parallel alignment of the etch pit boundaries over large areas is supported by the
occurrence of distinct symmetric lines in the spatial Fourier transform (Figure 14(d)) of a
50x50um area. This 2D FFT pattern indicates the high number of similar spatial
frequencies occurring corresponding to parallel edges with the same slope. The observed
large scale crystallographic orientation indicates the large single crystalline domains in
the copper foil. The SEM image in Figure 14(e) shows that transitions between single

crystal domains can be identified by the difference in orientation of the etch pits.

The occurrence of faceted etch pits was reported to be sensitively dependent on the
etchant or the copper quality***®. We have only observed faceting during the initial
studies and hypothesize that the batch-to-batch variation of the purchased Cu foil or the
aging of the etchant could be responsible for the subsequent random shapes of the etch

pits.
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Figure 14 (a) AFM image of aligned etch pits, (b) orientation of crystallographic planes (c) 3D

representation of AFM close-up of one etch pit, (d) 2D Fourier transform of (a), (¢) SEM image of
two areas with different shaped etch pits

2.6 Comparison to Raman spectroscopy

To test the sensitivity of the new analysis tool, samples with a variety of defect densities
arc necessary. This variation in defects was achieved by intentionally introducing more
defects in an as-grown sample and analyzing the variation in the etch pit morphology.
Ozone generated by UV-illumination has been shown to create lattice defects®” by
oxidizing carbon atoms. The changes in graphene quality after exposure of graphene to
UV-o0zone in a UVO-cleaner (Jelight Company) were measured by analyzing 0 for
various UV-ozone exposure times tyy after 10s of copper etching and by Raman
spectroscopy of a similar graphene sample transferred onto silicon substrates with 300nm

S10..
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Figure 15 (a) Unetched area 0 as a function of UV-ozone exposure, (b) comparison of Raman I/l

ratio and 0, (inset) representative Raman spectra at various exposures

Figure 15(a) shows that 6 decreases for longer exposures to ozone. This agrees with the
prediction that more lattice defects are generated that allow permeation of copper etchant
and thus a higher density of etch pits are formed. A more detailed analysis of the plot of
with exposure time tyy reveals information about the defect density introduced by ozone.
At low ozone exposures the lattice defects are individually and randomly distributed
across the samples and thus each defect results in one hole in the graphene film. In the
high defect density regime, on the other hand, the addition of another defect would only
enlarge existing holes. Because of the described under-etching, several individual holes
will have a larger effect on the etched area than one large hole. Thus the transition
between the low and high defect density region would result in a decrease of the slope of
B(tyy) . From the linear decrease in O(tyy) it is inferred that all measurements are

performed in the low defect density regime.

The inset of Figure 15(b) shows representative Raman spectra of the same graphene
sample, transferred to an Si/Si0; wafer, for different tyy . A strong variation of the D-

band region around 1300cm™ can be observed. This feature originates from a K-point
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phonon and since elastic scattering with a defect is necessary to maintain momentum
conservation, the D-band intensity is a widely accepted way of quantifying the defect
density of nanotubes and graphene®. Additionally, the second-order Raman features of
the G’ and G+D exhibit large variations upon increased defect concentration as shown by

Alzina et al.*®.

The defect density, as quantified by the peak intensity ratio of the D-band to the G-band

feature (Ip/Ig), was correlated with O at different exposure times tyy in Figure 15(b).

It can be seen in Figure 15(b) that the Ip/Ig ratio does not change within the first 90
seconds of UV ozone exposure, while 8 measured by etching changes monotonically.
This indicates a limited sensitivity of the Raman Ip/lg ratio to defects generated by ozone.
This observation can be explained by the fact that the Raman signal of the D-band is

proportional to the sum of the Raman signal coming from all of the defects within the

) 1 2 )
laser spot and was found to be determined by -2 = Mﬁ,)“ (where E;=2.33eV is
I, 7.3x10"-E,

the excitation energy in our experiments)*. Thus the minimum observable defect density
as determined by the intensity contrast between the G-band and D-band is determined by
noise, electronic amplification and background signal and cannot be smaller than 1

defect/(1um)’. This detection limit could be insufficient for certain applications since it is
shown subsequently that the electric properties of graphene devices might be sensitive to

variations below this limit.

The analysis of etch patterns, on the other hand, has no such limitation to the minimum
defect density. There is furthermore no theoretical limit for the minimum defect size.

Single atomic defects could be considered the limiting case and we expect that even those
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defects would be visualized by the etching procedure. Previous studies on the cutting of
single-walled nanotubes have shown that the use ammonium persulfate etchant will
exploit lattice defects and initiate an oxidation process starting at these lattice defect
points. Thus, for high enough etchant exposure lattice defects would be widened and
permeation of etchant through the film would amplify the defects. Experiments with
higher quality graphene have to reveal if this ultimate sensitivity can be reached, since
the current graphene is exhibiting too many larger openings that normally overwhelm the

response from lattice defects.

Aside from its demonstrated high sensitivity, the graphene passivated etch analysis tool is
selective only to openings in the graphene film and not to other kinds of imperfections
such as PMMA residue or amorphous carbon, which, for example, would also contribute

to the Raman D-band intensity *°.

2.7 Effect of defects on electrical transport

Finally, the impact of structural imperfections on the application of graphene is
investigated. The electrical transport characteristics of ~60 graphene samples grown at
different growth parameters were correlated with their defectiveness as quantified by 0.
For this experiment, the sheet resistance and carrier mobility were extracted over an
8x8mm?” graphene area from 4 probe measurements in van-der-Pauw geometry. As
expected, there is a wide variation of mobilities and sheet resistances that are thought to
be caused by growth induced differences in the quality of the graphene films, i.e. through

a different density of charged impurities®®.
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Figure 16 (a) Maximum mobility and corresponding sheet resistance for devices within an interval of
graphene coverage. The insets show representative AFM images after S5s etch of graphene devices

corresponding to the low and high mobility cases (scale 20x20p.m2)

Figure 16 plots the highest mobilities obtained from samples that exhibit an average 0
within a certain range. The range of 8 was chosen to be 4% which is the average error of

the measured 6 within a sample caused by inhomogeneity across the macroscopic

graphene film.

A clear trend can be seen for mobility and the corresponding sheet resistance of samples

as a function of average 0.

The increase in mobility with increasing 8 leads us to the following explanation:
Graphene mobility is determined by different factors, for example charged impurity

scattering and electron-electron interaction caused by high doping and structural defects®®.
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According to Mathiesen’s rule the process with the shortest scattering time or lowest
mobility limits the overall mobility of the device. In the case of high mobility devices,
charged impurity scattering and electron-electron interaction are low enough that

scattering on lattice defects and openings determines the limit of the carrier mobility.

The increase in sheet resistance for decreasing 6 can be explained by the less efficient
transport of carricrs in the presence of structural defects through scattering and confirms

the previous explanation for decreased carrier mobility.

The finding that the maximum achievable mobility is determined by the presence of
structural defects emphasizes the need for optimization of graphene growth and proves

the value of the described analysis technique.

2.8 Challenges of the analysis technique

The described analysis technique can be destructive under certain circumstances: It was
found that graphene would tear around the etch pits during a subsequent transfer process

as shown in Figure 17(a). There are three situations when the tearing could occur:

e The graphene could be weakened through introduction of defects during the
copper etching process. This option can be ruled out because of the proven
resistance of graphene to the etchant. Furthermore Figure 17(b) demonstrates that
the Raman spectra obtained from graphene transferred from unetched and etched

Cu substrates are indistinguishable.

e The graphene could tear during the drying process when capillary forces due to

the evaporating liquid could pull the graphene membrane into the etch pit.

e Tearing could occur during the application of PMMA during the transfer process.
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Figure 17 (a) Optical micrograph of graphene transferred from the etched and unetched parts of a
copper substrate, (b) Raman spectra of etched and unetched graphene areas showing identical

results

Defect-free graphene, on the other hand, would not exhibit underetching and the
subsequent transfer process would not result in tears. Thus, the analysis technique is only
destructive in the case of defective graphene, a material that would not warrant transfer

anyways.

2.9 Summary

The process of graphene passivated copper etching described here could provide a simple
metrology tool for the optimization of graphene synthesis. It can be routinely used to
assess graphene surface coverage and continuity which makes this well suited for in-line

quality control in industrial scale graphene fabrication processes.
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In addition to its anticipated wide application in future graphene synthesis optimization,
the described tool lends itself to the analysis of other CVD synthesized thin film materials,
such as Boron Nitride*' or BCN*?, which, due to their insulating character, limited light

absorption, etc., cannot be easily investigated with traditional metrology tools.

Finally, the availability of the necessary materials and the flexibility of using many
different imaging techniques make the graphene passivated etching approach well suited
for comparing the results from different research groups and will be hopefully added to

the metrology tool kit.
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3. Study of structural defects in CVD grown graphene

3.1 Observation of graphene defects

In the previous chapter it was found that structural defects in the graphene grown by
chemical vapor deposition occur at a surprisingly high density even for graphene sheets
assumed to be continuous. Because of the limited sensitivity of other analysis techniques
these defects have not been analyzed before and this chapter will be devoted to an

investigation of their source and properties. Through understanding of their origin, a

successful minimization of structural defects was accomplished.

Figure 18 (a,b) Schematic of the analysis technique: (a) copper etchant is applied to a graphene 'sheet
(b) holes in the graphene are permeated by copper etchant and generate etch pits in the Cu substrate,

(c) AFM height image of graphene passivated Cu after a 10s etch

Figure 18 (a) and (b) summarizes the concept of graphene passivated Cu etching: A

continuous graphene sheet would act as a barrier between the copper substrate and the
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etchant. Holes in the graphene sheet, on the other hand, can be permeated by copper
etchant (Figure 18(a)) which attacks the underlying copper substrate (Figure 18(b)). Thus,
the analysis of the occurring etch pits in the copper (i.e. Figure 18(c)) can reveal aspects

of the defectiveness of the graphene film.

Information on the resulting morphology can be obtained by many different imaging
techniques (optical micrographs, SEM, etc.) and we focus on atomic force microscopy

(AFM) here because of its sensitivity and its convenience of the analysis of etch pits.

3.2 Measurement of graphene defect size

The observation of the size of the occurring pits in Figure 18(c) is surprising since
graphene films are assumed to be continuous® when grown under conditions that are
normally used. The inability to recognize these defects with other analysis techniques
raises the question about their dimensions. Attempts to directly measure this property
reveal shortcomings of available analysis tools. The investigation of suspended graphene
films by Transmission Electron Microscopy (TEM) does not reveal the predicted
openings in the graphene*. This could be due to a limited field of view, since high
resolution TEM studies can only be done on small areas, one at a time. Our studies
suggest that the average defect density is less than 1 hole per um?, which would mean
several images had to be taken to reveal one defect. Furthermore, openings in the
graphene film result in dangling bonds that could lead to the formation of adsorbate

clusters that are normally ignored during TEM analysis®.

To overcome these challenges, we developed an indirect approach to measure the
graphene hole size distribution based on atomic layer deposition (ALD). It was

previously found by Wang et al.*® that the deposition of atomic layers of aluminum oxide
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would preferentially occur at defects in the graphene lattice. Thus, aluminum oxide is
expected to form clusters preferentially at the openings in graphene and will start
covering larger portions of the opening through subsequent ALD cycles. Since the
aluminum oxide will etch at a significantly slower rate than copper, the cluster starts
presenting an etching barrier when it reaches the size of the graphene orifice. Thus, the

dimension of the openings in the graphene can be inferred from the etching behavior of a

sample as the thickness of the deposited ALD film is increased.

When comparing the sample morphologies in Figure 19(a-c) a decrease in etch pit

density with increasing ALD film thickness can be seen. This confirms that ALD

deposited alumina will cover structural defects and passivate them, thus preventing the

etching of the Cu substrate.
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Figure 19 (a-c) Representative AFM height image of etched graphene (a) without, (b) with a 5Snm

ALD film, and (c) with a 16nm ALD film, (d)Relative copper hole area vs. deposited ALD film
thickness for pristine and UV-ozone treated graphene films
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When modeling the size of openings in the graphene film as following a Gaussian
distribution of width §, centered around dy, the number of holes N(d) that are covered at a
given ALD film thickness d are determined by the integral relation

‘NOO:Lﬁ%mmL_QEZEi]Z%af(d_%j

(CoY Cs

Here C is a geometrical factor that characterizes the overlap between the graphene hole
and the growing AL, O; cluster. Assuming that the cluster grows out symmetrically from

one isolated dangling edge defect, then C=2.

The decrease in the number of permeable holes according to this model is calculated and
the agreement of the fit with the experimental data in Figure 19(d) suggests that a

Gaussian diameter distribution of openings is a valid assumption.

3.3 Generation of lattice defects

To further confirm the capability to measure the size of structural defects, a second
experiment was performed: Exposure of graphene to ozone produced by the
decomposition of oxygen under ultraviolet light is known to generate lattice defects®”.
When carefully comparing the morphology of a UV ozone exposed sample before and
after etching (as seen in Figure 20), there are holes that correlate with the previous
position of a particle, which will be explained subsequently. Additionally, there are etch
pits that did not originate from a particle. These holes only occur for ozone damaged

graphene and indicate the effectiveness of ozone to generate defects in graphene.
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O particle
O no particle

Figure 20 AFM images after 45s exposure to UV ozone before (a) and after (b) 10s etching. Squares

indicate holes correlated with the position of a particle, circles are holes without a discernible particle

After 90s exposure of a similar graphene sample to UV ozone, more defects than for the
control sample are observed as indicated by the higher concentration of holes in Figure
19(d). The fitting of the ozone exposed sample suggests that small defects are generated

and covered by ALD which agrees with the hypothesis that lattice defects are generated.

From the fitting, the product C8 can be extracted and under the assumption that C=2, the
hole size of structural defects in graphene can be analyzed. Openings of 1.6nm for
pristine graphene and 0.45nm for ozone generated holes were observed. These nanometer
sized openings in the graphene offer the opportunity to investigate the nanofluidic

behavior of graphene and explore their potential applications.

3.4 Fluid dynamic behavior of structural defects

Figure 21 shows the evolution of the sample morphology during etching. The same

position on a sample was imaged before etching and in 5 second intervals during etching.
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A linear increase of the dimensions of the etch pits (depth and diameter) with etch time

(tetcn) can be observed.

T3

depth etch pit [pm]
diameter etch pit [um]

0 10 20 30 40
etching time [s]

Figure 21 Dimensions (depth and diameter) of one etch pit vs. etching time with linear fitting. (Insets)
Morphology of the same graphene sample after 5s (top left) and 35s (bottom left) of etching with

indication of the measured etch pit (arrow)

This result is surprising considering that the graphene orifice should represent a barrier
for the two processes necessary to etch the copper. First, the copper etchant has to
permeate through the orifice to initiate etching. During the etching process, exchange of
reactants through the hole is required to sustain the copper removal. The etching rate
could be limited by either of these two steps and their behaviors with etching time te,
have to be elucidated. If the etching is diffusion limited, there should be a direct

proportionality between the etch time and the etched volume for small holes as predicted

by Kuiken®’, and thus the etch pit diameter and depth should scale with z,,,'*. Assuming

etch
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that permeation of the etchant into an empty volume was the rate limiting step, a

proportionality of etch pit dimensions with ¢ "> would be expected as well.

elch

A constant etch rate, as observed in Figure 21, is expected only for reactant exchange
through openings that are much larger than the resulting etch pit. A simple explanation
for the occurrence of a constant etch rate would be that large area tearing of graphene
happens during the etching process and subsequently big openings occur by the removal
of the graphene film during rinsing after each etch step. This stepwise increase in hole
size, however, should result in a variation of the etch rate. For example, the etch rate of
the first step should be noticeably smaller than later ones since the initial opening would
have been much smaller as the tearing and removal of graphene would have only
occurred after the first etch and rinse step. The absence of such a behavior is a first,

strong indication that graphene tearing is not the origin of the large etch rate.
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Figure 22 (a) AFM height image of graphene passivated SiO, after 30s buffered oxide etchant, (b)
Spatial Raman map of the G-band intensity, indicating the presence of graphene throughout the
sample, (c) overlay of etch pit boundaries obtained by AFM (bright lines) and Raman D-band map

(colored areas)

To further confirm the presence of graphene within the etch hole, Raman spectroscopy
was employed. Since the Raman response of graphene on a conductive copper substrate

is weak, conditions similar to the graphene undergoing a passivated copper etch were
simulated on a Si/SiO, substrate. The sample was subjected to a buffered HF oxide etch
that damaged the SiO, without affecting the graphene, and the results are shown in Figure
22. Etch pits similar to the copper case occur in Figure 22(a) and show that the approach
of graphene passivated etching can be extended to different substrates. The Raman map
in Figure 22(b) shows the presence of graphene (indicated by a non-vanishing intensity of
the Raman G-band) throughout the sample and within the etch pit. Finally, a correlation
between the defect induced D-band and the etching morphology is demonstrated in

Figure 22(c): The graphene areas with high D-band peak intensity coincide with the
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position of the etch pits in the silicon, thus supporting the concept of structural defects as

the origin of etch pits.

The measured increase in etch pit depth on graphene passivated Cu was compared to the
etch rate of bare copper. For this experiment, annealed Cu foil was partially covered with
tape and then exposed to Cu-etchant. After removal of the tape, the step size between the
protected and the unprotected side was measured using AFM. The etching rates extracted
from Figure 23 are similar for bare and graphene passivated Cu which suggests that the
transport of etchant through the opening in the graphene membrane is not limiting the

etching process.
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Figure 23 Comparison of etch rates of bare copper substrate and etch pit depth of graphene

passivated copper substrate

47



Evidence for the fast transport of etchant occurring along the graphene is given by an
observed anisotropic etching of the substrate. From the different ordinate scales in Figure
21 it can be seen that, although the etching behavior with time is similar, the etch rate in
the lateral direction is ~3x larger than perpendicular to the graphene membrane. This
larger etch rate along the graphene plane was previously observed in the fabrication of
graphene devices and attributed to capillary action*®. This explanation is furthermore
supported by the observation shown in Figure 24: The shape of the etch pit occurring
after 10s etching seem to follow wrinkles in the graphene that could be identified before
etching. These wrinkles are expected to be composed of folded graphene and the close
proximity of two graphene layers seems to increase the mobility of the etchant along the

wrinkle.

Figure 24 AFM image of region before (a) and after 10s etching(b), lines indicate location of wrinkles

before etching
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To estimate the etchant permeation speed through the graphene film, the fluid flow
required to fill an etch pit through an orifice within a certain time can be calculated. The
filling time could be inferred from a decrease in the etching rate for large enough etch
pits when the fluid transport is limiting the etching rate rather than the etching reaction.
In our experiments, however, no such decrease in etching rate was observed, suggesting

that the time it takes to fill even large holes is very small.

In a separate experiment in collaboration with Prof. Hsieh (National Chung-Cheng
University, Taiwan) the formation of etch pits in graphene passivated Cu foil was
monitored in an optical microscope during an FeClj; etch. This allowed the analysis of the
evolution of one etch pit in time with unprecedented accuracy as shown in Figure 25. It
can be seen that the growth of the etch pit slows down and eventually halts (as fitted by
an l-exp(-t/t) functional). This behavior indicates that the etching process is not
kinetically limited by permeation through the graphene, but only slows down when the
etchant is exhausted upon saturation with Cu. Thus, even for long exposure times and
large etch pits, the permeation of molecules through the graphene is not limiting the

etching process.
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Figure 25 (a) Evolution of the area of one etch pit and fit, (b,c) two representative pictures and an

indication of the time each image was acquired.

Instead of determining the exchange rate of molecules through the graphene opening
during the etching process, we attempt to estimate the speed at which etchant permeates
into an empty hole that is covered by the graphene membrane. An order of magnitude
estimate can be attempted by analyzing the flow of etchant into an empty pit of
2.2x0.3um (as obtained after 35s etching). The filling time was estimated to be less than
0.3s since etching still occurred for this exposure time. Assuming an orifice diameter of
1.6nm, the etchant permeation speed through graphene has to be larger than 2.4m/s to fill

the etch pit within the given time.

More work is necessary to extract an experimental value for the filling time and to

compare it with the theoretically calculated permeation speed of 20m/s by Suk et al.*’.
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The small size of the holes in the graphene film combined with the measured large etch
rate emphasize the intriguing fluid dynamical propertics of graphene and will hopefully

stimulate more work in the science and applications of graphene based nanofluidics.

3.5 Origin of defects

In thé second part of this chapter the origin of the investigated structural defects in
graphene is studied. When analyzing the posit.ion of many etch pits with respect to each
other (i.e. in Figure 18(b) or the insets of Figure 21) it can be seen that the etch pits
occurring in the copper substrate are not randomly arranged. Two types of formations are
found after etching: The etch pits are either arranged in lines that form loops or individual
etch pits are located within these loops (see Figure 21). These formations are investigated

in more detail in Figure 26.

Figure 26(a) shows the graphene passivated copper sample before etching and here
several particles can be seen on the surface. When comparing the location of these
particles with the sample morphology after etching, a clear correlation can be found
between the particle locations and the etch pits formed (Figure 26¢)). The origin of these

particles can be deduced from their arrangement on the graphene as described below.
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Figure 26 AFM height images of the same location on a graphene passivated copper sample (a)

before etching, (b) after 10s etching, (c) overlay of both images with an indication of proposed type of
defect, (inset) types of defects resulting in etch pits: (1) nucleation region and (2) surface
imperfection, (d) AFM amplitude image of the same area as (a-c) before etching, (e) depiction of

different textured regions in (d) with indication of the presence of bilayer regions.

As found previously’®, there is a group of particles that seem to form closed loops on the
boundary of a graphene grain. Because of the particle height (~25nm), graphene is not
able to cover their surface. Additionally the particles seem to adhere well to the substrate
and they are not lifted up by the growing graphene. Thus graphene can only grow around
those particles, and after etching they consequently leave behind a hole in the graphene

film.

Since graphene is known to exert a force along the growth front’’, these impurities (as
depicted in illustration 2 of Figure 26(c)) could be pushed in front of the growing
graphene until the graphene growth stops. This model can therefore explain the

arrangement of the particles found at the graphene boundaries.
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Figure 27 (a) Optical microscope image of a graphene sample identical to the one in Figure 26 after
transfer to Si/Si0,. Bi-layer graphene occurs as darker islands on the continuous graphene sheet.

(AFM scan size of Figure 26 is indicated as rectangular box)

A second group of nanoparticles usually occurs individually and within a grain boundary.
When comparing the height and amplitude information of the same AFM image (Figure
26 (a) and (d)), it can be seen that there is a group of particles that is accompanied by
island shaped variations in the copper texture (highlighted in Figure 26 (e)). These
regions were identified as bilayer regions by correlating their size and density with
optical micrographs of graphene after transfer onto Si/SiO; substrates (Figure 27).

115

Graphene bilayer regions were previously observed by Li et al. > under similar growth

conditions.
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The differences in the texture of the copper for bilayer and monolayer graphene, as
observed in Figure 26 (d) can be explained by analysis of the growth process. Variations
in the thickness of graphene are expected to have an influence on the restructuring of the
substrate during graphene growth since the copper atoms experience different friction

coefficients when interacting with single and bilayer graphene’'.

A nanoparticle can be found in the center of each assigned bilayer graphene region which
suggests that the particle could be a nucleation site for graphene growth, as reported by
Huang ct al.?®. This hypothesis is supported by calculations™” that show that the
nucleation of graphene on the edges of clusters provides a lower energy pathway than
nucleation on a flat crystal facet and this nucleation process was observed experimentally

for both nanotubes™ and graphene®.

As indicated in Figure 26(c) the particles within the bilayer regions (designated by red
circles) are attacked during etching (which furthermore indicates that these particles are
not composed of carbon) and the etching process leaves behind openings in the
underlying graphene layer that result in etch pits in the copper substrate. This shows that
the continuous single layer graphene sheet did not encapsulate the particle. From this
morphology we infer that graphene layers originate from the side of the observed cluster
instead of completely enveloping it (see illustration 1 in Figure 26(c)). The lower
energetic barrier to nucleating a graphene sheet from a nanoparticle hints to the

significance of these imperfections for graphene growth.

These findings emphasize the importance of minimizing the density of particles on the

Cu substrate when trying to grow continuous graphene films.

54



3.6 Minimization of graphene defectiveness

There are three possible sources of the observed clusters on the Cu substrate after growth

¢ Surface imperfections on the copper foil that could be originating from production,

contamination or handling.

¢ Dust particles could accumulate on the Cu substrate as a result of exposure to the

atmosphere as hypothesized by Vlassiouk et al.>

e Heterogencous particles stemming from impurities that precipitate out of the

copper foil through surface segregation® during the high temperature treatment.

To determine the source of particles, the defectiveness of graphene grown on different Cu
substrates was analyzed. The effect of electropolishing on low purity copper foil (99.8%
Cu) was tested by comparing the occurrence of etch pits after growth. (To minimize the

effect of variations from growth to growth, all samples were grown at once.)




Figure 28 (a) AFM images of sample morphology before (a-b) and after etching (c-d) for pristine
copper foil(a,c) and electropolished copper foil (b,d) .

Electropolishing the Cu foil at 2V for 30 minutes resulted in a much lower particle

density as can be inferred from the comparison of Figure 28(a) and (b).

The density of structural defects was revealed by 10s etching. It can be seen that for the
clectropolished sample in Figure 28(d) the defect density is virtually zero which allows

several important conclusions to be drawn.

e The normally observed defect density is not determined by dust particles on the
Cu foil since the density of these particles would have not been affected by Cu

pretreatment.

e Precipitates from the bulk do not seem to limit the quality of the graphene since
electropolishing only removes the top layer and would not affect the chemical

composition of the bulk material.

e Surface imperfections are the main source of defects in low purity Cu foil and
their removal can result in high quality graphene growth as recently confirmed for

atmospheric pressure CVD by Han et al.>®.

e Vacuum annealing for 30minutes at 1000°C alone is not sufficient to remove

these surface imperfections.
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4. The effect of promoters on the growth kinetics of CVD graphene

The previous chapters have focused on analyzing the source and density of a type of
structural defects that can be observed in graphene grown by chemical vapor deposition:
These defects, however, are only a part of the problem that CVD synthesized graphene is
facing. Another source of defects could be incompletely grown graphene, which has the

potential to have a more significant impact on the properties of graphene.

Overcoming this issue requires a better understanding of the graphene growth process. A
second benefit of a detailed knowledge of the growth process is the potential to reduce
the growth temperature, increase the growth rate, etc. which is of interest for the

commercialization of CVD grown graphene.

This chapter aims at providing quantitative information about the graphene growth
process. The use of promoters is demonstrated as a potential route to improving the
quality of graphene and the effect of promoters on the graphene growth kinetics is

analyzed.

4.1 Application of graphene passivated etching to growth studies

As described in the previous chapters, the graphene passivated etching procedure was
found to be useful to visualize the gaps between neighboring graphene domains as seen in
Figure 29(b). Additionally, we have previously demonstrated the high sensitivity of the
characterization technique and found that vacancies between merged grains -which are

invisible to other metrology tools- can be identified (Figure 29(c))).
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To quantify the changes in morphology of the etched graphene we denote the relative
unctched arca of copper substrate as 8. This parameter represents a lower boundary for
the graphene surface coverage. 0 is not a constant but increases with etching time through
under-etching of copper in the vicinity of graphene openings. By adjusting the extent of
under-etching, the sensitivity to very small defects can be tuned. Figure 29(c) shows the
graphene coverage under optimized conditions and the holes observed were found to be
caused by particles located on the copper substrate. The presence of those particles would
contribute to the openings in the graphene film, leading to a smaller value of §. Thus, 0 is
identical to the graphene surface coverage only for vanishing etching time and in the
absence of surface impurities. Changes to 6 under identical experimental conditions,
however, are expected to reflect changes to the graphene coverage which makes 6 a

suitable parameter for the study described here.
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4.2 Catalyst deactivation during graphene growth
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Figure 29 (a) Evolution of 0 vs. growth time, (b-d) morphology of samples after 10s etch obtained by
AFM (b) after 10mins growth (c) after 90mins growth, (d) for growth under optimized conditions
(2Torr, 40minute growth 8=95%)

Figure 29(a) shows the evolution of B with time. It can be seen that under low pressure

conditions 0 has an asymptotic behavior, as observed previously by Colombo et al.”’,
which indicates that the growth rate of graphene domains decreases during the growth

process. This reduction in growth rate can be explained by a lower catalytic activity of
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the copper through passivation of reaction sites. This passivation process is caused by the
increased surface coverage of graphene and is a phenomenon known in catalysis as
“catalyst poisoning” or “coking”™*: When the copper substrate is almost entirely covered
with graphene, no new carbon radicals can be supplied through the catalytic conversion
of methane and holes remain in the film. This behavior presents a fundamental limitation
of many graphene synthesis methods that are based on catalytically active metal
substrates which are covered by a graphene layer during growth (Cu®, Ir’®). Other
substrates such as Ni do not experience the same limitation since they generate the
graphene layer by carbon precipitation from the bulk during cooling'”. This difference in
growth mechanism is linked to the self limiting growth process. In order to enable the

robust synthesis of single layer graphene the issue of catalyst deactivation has to be

overcome.

A solution for this challenge is the introduction of a promoter. Traditionally, the use of a
heated filament in diamond CVD® as well as the introduction of a second catalytic
material in nanotube growth®' has resulted in a higher yield of the synthesized material or
a higher quality of the growth. Recently, bilayer graphene has been obtained by transport
of carbon fragments from one copper substrate to a graphene covered sample that was
positioned downstream® and thus the first substrate promoted the growth process on the

downstream sample.

In this article, we will describe the effect of a promoter on the growth kinetics of
graphene. First, the rate limiting step in the graphene growth process is determined. Then,

the role of a promoter and its influence on graphene growth is elucidated. Finally, several
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promoters are compared in their ability to improve the graphene coverage and growth

rate.
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Figure 30 © normalized to value at 1000°C as a function of temperature with and without Ni

promoter (inset) Arrhenius plot

4.3 Graphene growth Kinetics

To quantify the kinetics of graphene growth, we analyze 0 as a function of growth
temperature. For a sufficiently short growth time, the growth rate can be assumed
constant and 8(T)/0(T,) is proportional to the growth rate. Nickel was selected as a
promoter because of its ability to catalyze graphene growth '’: A piece of Ni foil (Alfa
44821) was placed in the reaction zone close to the Cu foil and the growth conditions

were optimized at 1000°C growth temperature.
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Figure 30 shows the resulting 0 after 10 minutes of growth at different temperatures
obtained with and without a promoter normalized to the coverage at 1000°C. It can be
seen that the use of a promoter increases the surface coverage at a given temperature and

shows promise for low temperature graphene growth.

The inset of Figure 30 shows an Arrhenius plot of the same data and a linear slope in this
plot indicates a thermally activated process. The deviation of the data points at 1000°C
from the linear fit can be explained by the breakdown of the previously made constant
growth rate assumption. (For high temperatures the growth duration becomes too long for
a constant derivative and the coverage stagnates in time). The activation energy of the
rate limiting process step can be extracted from the slope. For bare Copper the activation
cnergy was determined to be 3.7eV while in the case of the Ni promoter a lower
activation energy of 1.5¢V was found. These energy barriers are close to the theoretically
predicted activation energies for the dehydrogenation reaction of methane on copper
(3.6eV)®* and on nickel (1.32¢V)*. This agreement suggests that at the investigated
growth condition the decomposition of methane into carbon radicals has a higher energy
barrier than the other growth steps and thus is the rate limiting step in the synthesis of
graphene. The difference in energy barrier heights furthermore indicates that the catalytic
dehydrogenation of methane on the Ni promoter proceeds more efficiently than on the

copper substrate only.

4.4 “Distributed catalysis” model of promoter assisted CVD

In order to reconcile these experimental observations, a model of “distributed catalysis”
is proposed: First, carbon radicals are generated by the promoter and then they are

incorporated into the graphene lattice by the copper. Thus, the graphene growth process,
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which is normally accomplished by the copper substrate alone, in the “distributed

catalysis” regime is divided between the two materials.

The details of the mechanism in which the distributed catalysis occurs have to be studied
further, i.e. through in-situ mass spectroscopy, but some conclusions can be drawn from

theoretical calculations.

Zhang et al. ®* calculated that the formation of carbon on copper is thermodynamically
unfavorable. This is indicated by the higher formation energy of atomic carbon on Cu
than adsorbed CH,4 which means that the backward reaction will proceed more efficiently
and carbon radicals will hydrogenate rather than dehydrogenate further''. Thus, all
intermediate reaction steps have to be overcome collectively and the reaction speed is
determined by the overall energy difference of 3.6eV. Conversely, the dehydrogenation
of Nickel has a maximum energy barrier of 1.32¢V. We hypothesize that the formation of
atomic carbon in the promoter system proceeds by the dehydrogenation of CH,4 into C*
radicals on the Ni surface and subsequent diffusion of the material onto the Cu surface.
An alternative reaction pathway could be the dehydrogenation of CH, into CH* on Ni
and the subsequent decomposition into C* on the Cu sample. We cannot rule out this
process because the maximum energy barrier for this pathway would be 1.97¢eV, as

opposed to 1.32eV for the first pathway, which is within our measurement errors.
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Figure 31 Energetic pathways for the dissociation of methane on Ni and Cu %

4.5 Experimental confirmation of model

To confirm the model of distributed catalysis, the influence of the promoter on graphene
growth has to be studied. This can be achieved by varying the concentration of carbon
species generated by the promoter and correlating it with the resulting change in the

graphene coverage on the Cu substrate.
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Figure 32 (a) 0 vs. distance from Mo promoter (b) and (c) representative AFM images taken at

different distances from the Mo promoter as indicated by the arrows

Th_e effect of varying the concentration of carbon radicals can be studied by measuring 0
at different distances from the promoter. Since the concentration of the carbon radical
species varies spatially with respect to the promoter, as determined by their lifetime and
diffusivity®®, the spatial variation of the graphene coverage reveals the effectiveness of

the promoter.
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To analyze the spatial variation with respect to the promoter, a piece of foil of the
promoter material was positioned close to Cu substrates upstream and downstream as
indicated in Figure 33. The off-center position of the sample with respect to the heating
zone was chosen so that variations in temperature across the reaction zone would vary

monotonically across the sample.

In addition to Nickel, Molybdenum was used as another promoter in this set of
experiments because of its proven ability to convert methane into higher hydrocarbons®’.
The presence of certain higher hydrocarbons was found to be significant in the growth of

carbon nanotubes® and a similar mechanism could be envisioned for graphene growth.

Figure 32(a) shows the variation of 6 with position relative to a piece of molybdenum foil
acting as a promoter. A clear maximum can be found in this plot that coincides with the
position of the promoter. A similar behavior was also observed for the Ni promoter. This
indicates that the promoter indeed has a beneficial effect on the growth of graphene and

increases the coverage of graphene under the same growth conditions.
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Figure 33 Schematic of the position of the promoter in the CVD setup with measured temperature

distribution in the furnace

The described change in surface coverage is illustrated when comparing two
representative AFM images (Figure 32(b) and (c)) which show that close to the promoter
there are fewer etch pits in the copper foil, indicating that the protecting graphene layer

had fewer openings compared to positions further away from the promoter.

This behavior has to be correlated with predictions for the concentration of carbon-radical
species within the reactor. Close to the promoter surface the radical concentration is
determined by the promoter’s catalytic activity. The spatial distribution within the reactor
is affected by a number of factors, such as the diffusion of a given radical, its reaction

rate to forming other carbon species, temperature induced variations of the diffusivity,
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and convective mass transport due to the gas flow. Some of these parameters, however,
are expected to have only a small effect on the concentration profile: As shown in Figure
33 the temperature variation over the sample is relatively small and is not expected to be
of significant influence. Also, for LPCVD growth, the Sherwood number, which
compares convective and diffusive mass transfer coefficients, is small®. Therefore, the
convective transport (i.e. flow) is expected to be negligible compared to diffusive

transport.

Thus, the main factors controlling the carbon radical density are predicted to vary

symmetrically around the promoter giving rise to a concentration profile of the form
C(x)=C, exp(-x*/25%)+C,,

where Cj is the concentration of carbon species close to the promoter, x is the distance
from the promoter, § = D/ k is the ratio of the diffusivity of the carbon species D and its
reactivity k and C, is a constant concentration caused by the catalytic generation of the

carbon species by the copper substrate.

The solid line in Figure 32 represents the fitting to this concentration profile and agrees
very well with 0 thus indicating the importance of the concentration of the carbon specics

generated by the promoter on the graphene film coverage.
A comparison of the extracted value for d with predictions could corroborate our model.

The extracted value of 8=2.21cm is in the same order of magnitude as the mean free path

A of a carbon radical from the formula A = __RT___ 1.03¢m . This simple estimation

J27d®N ,p

68



considers the distance between collisions of gas molecules and cannot provide and lacks

several parameters for an accurate description of the system:

e The heterogeneity of the gasses in the reactors is not captured.

e Not every collision of a carbon radical with other molecules will result in a

reaction.

e Diffusion and flow effects are not considered.

Thus, a more realistic prediction is attempted by using the CHEMKIN software package
from reaction design. This software simulates complex chemical reactions in the gas
stream based on empirical values for reaction rates. The experimental setup was
approximated with a radial symmetric reactor at 1000°C. Boundary effects were
neglected and the plug-flow-approximation was used. The effect of the promoter was
simulated by supplying carbon radicals through an inlet at x=0. A reactant ratio of 1/100
of carbon radical and H, was introduced with a flow rate of 18sccm and a base pressure

of 640mTorr which represents the experimental condition used.

Figure 34 shows the calculated concentration profile in the reactor. This calculation
demonstrates that carbon radical species generated at the promoter can indeed diffuse for
several centimeters and the experimentally observed length scales are reasonable. It can
furthermore be seen that the concentration profile is sensitive on details of the chemical
reactions. Figure 34 compares the C* concentration in the reactor for the case that the
promoter generates C* radicals with the condition that CH* radicals are produced by the
promoter. The larger decay length of the concentration profile for the CH* radical source

is caused by the change in reaction pathways. The formation of C* radicals from a CH*
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radical source can occur through gas phase reaction at the investigated temperatures.
Thus, the concentration profile for the CH* source reflects a production and consumption

of C* radicals while only a consumption of C* radicals occurs for the C* source.
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Figure 34 CHEMKIN simulation of C radical concentration profile in reactor for different radical

sources

The simulation results emphasize that more information about the details of the surface
reaction on the promoter are necessary to have quantitative agreement with our

experiments.

The good qualitative agreement between the predicted carbon radical concentration and
the continuity of graphene validates the model of “distributed catalysis” where the
promoter dehydrogenates methane and the Cu substrate incorporates the radicals into the
graphene lattice. Following this model, the list of potential growth substrates can be
increased to materials that do not have the ability to decompose methane but still

facilitate the formation of the graphene structure.
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4.6 Comparison of promoters

Now, the effect of different promoters on the growth of graphene will be studied under
optimal growth conditions for each promoter. Since the efficiency of the catalytic
decomposition of methane is sensitively dependent on the catalyst used, the ratio of
methane and hydrogen partial pressures had to be adjusted. To compare the different
growth results, the data in Figure 35(a) was rescaled by the exposure to methane, which
is calculated as the methane partial pressure x the exposure time. Figure 35 shows the

evolution of 6 with methane exposure with and without the use of promoters.

When focusing on the high exposure regions it can be seen that the addition of either Mo
and Ni promoters can increase the maximum 6 to ~90%. This value is thought to
represent full graphene coverage in the presence of surface impurities under our growth
conditions. The observed maximum 6 was found to be increased by pre-treatment of the
copper substrate as described previously.

A high maximum coverage at large exposure is also achieved when reproducing a

1.* that employs a higher pressure CVD step. The success of the

strategy used by Li et a
high pressure growth can be explained by tesults obtained by Becker et al.”” who found
that an increase of methane partial pressure at high temperatures will result in an

exponential increase in auto-catalytically generated carbon radicals. Thus, methane itself

can act as the catalyst instead of the copper substrate.

Several observations can be made when studying the low methane exposure region of
Figure 35(a): It is found that, when using molybdenum as a promoter, no graphene
growth is observed on the Cu substrate during the initial 25kPasec exposure. This

induction period was previously observed for molybdenum promoters in methane
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reforming’' and attributed to the reaction of methane and molybdenum to form
catalytically active molybdenum carbide. Indeed, Figure 36 shows a faceting of the

Molybdenum promoter occurring for high exposures.
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Figure 35 (a) 6 vs. methane exposure for bare Copper, Molybdenum, Nickel promoters and higher
pressure CVD growth (b) measured growth rate vs. theoretical activation energy barriers for

methane dehydrogenation over different catalysts

We furthermore find that the different materials require different exposures to reach the
maximum coverage which means that the growth rate of graphene on copper is affected
by the choice of promoters. This observation can be understood when considering the
details of the distributed catalysis. The formation of graphene is a two-step process. First
the dehydrogenation of methane into carbon radicals occurs on the promoter. Then, these
radicals are incorporated into the graphene lattice on the Cu substrate. Both steps have
different energy barriers that limit their rates. Wu et al. ’* calculated that the graphene
formation through addition of carbon atoms on a copper surface has a barrier height of
1.01eV. This barrier is lower than the dehydrogenation of methane on any of the

investigated catalysts and thus is not the rate limiting step. Methane decomposition on
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Nickel (111) surfaces has the lowest activation energy (1.32¢V®*) and should proceed
faster than on Mo (1.64¢V’"). The decomposition on Copper (100) facets is energetically
very unfavorable (3.6eV®) and graphene growth on bare Cu in the absence of a promoter

will thus be the slowest.
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Figure 36 Morphology of the Mo promoter at different methane exposures

To quantify this model, the different activation energy barriers E, can be related to the

growth rate of a two dimensional sheet k;p through an Arrhenius equation

k, =Ae """ where A is a proportionality constant and T is the growth temperature

2D

The growth rate can be extracted from the data in Figure 35 by fitting & (t) to the function

8 =06__(1- e(_k“’(‘*t"))) , where B,y is a parameter dependent on the growth substrate

max

and growth process, ty is the previously described induction period, and kap is the growth

rate at a certain methane pressure. (For short growth times, this function converges to the

previously used constant growth rate 8(t)~@, _k,, (t —t,)).
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In Figure 35(b) the correlation between the measured growth rate and the theoretically
predicted activation energies for methane decomposition are plotted on a semi-
logarithmic scale. It can be seen that they follow an Arrhenius-type behavior as expected.
Thus, a low activation energy for the methane decomposition is desirable for a high
growth rate, and many additional promoters could be selected based on this criterion, i.e.

Ru (E,=1.12¢V), Pd (E,=0.79¢V) or Pt (E,=1.2¢V)®.

Interestingly, the growth rate of the two step CVD process over copper agrees well with
the predicted energy barrier for methane decomposition using activated carbon as a
catalyst”. This supports the hypothesis that the autocatalytic conversion of methane into
graphene is an alternative to its catalytic decomposition over Cu. Thus, graphene growth
on copper would only be self-limited at low methane pressure, when no autocatalytic

production of carbon radicals occurs.
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Figure 37 (a) Morphology of graphene on copper for high methane exposure and Mo promoter
(bright spots indicate amorphous carbon particles, dark regions are etch pits), (b) correlation

between occurrence of etch pits and amorphous carbon particles
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At higher methane partial pressure, carbon radicals are being supplied even after
complete graphene coverage is achieved. This behavior was observed when using
promoters at very high methane exposure which results in the formation of amorphous
carbon particles on the graphene film (Figure 37(a)). The correlation between the
occurrence of etch pits and amorphous carbon particles in Figure 37(b) indicates that
amorphous carbon only occurs for almost continuous graphene sheets and that more
particles appear the higher the graphene coverage. This observation suggests that

particles are indeed forming when the film is almost complete.

This observation suggests that optimization of the carbon radical concentration could be a
viable route to growing multiple graphene layers on Cu and could explain the production

of bilayer graphene under higher methane pressure conditions '°.
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5. Direct CVD synthesis of patterned graphene via catalyst passivation

There are a variety of novel applications that exploit the extraordinary properties of
graphene. Its flexibility, metallic conduction, and high current carrying ability, for
example, make it well suited as interconnects’*. There are already applications, such as
touch screens and transparent electrodes”, that incorporate CVD grown graphene and
which are close to commercial realization. The need to pattern graphene, however, is a
challenge in the large scale application of graphene in more complex devices, such as

memory devices ® or graphene interconnects in flexible circuits”’, displays’®, etc..

5.1 Prior art

Currently the fabrication of graphene patterns involves processes from three categories’:

e A mask can be generated on top of graphene through lithographical patterning of
a photoresist that protects certain arcas of graphene from a subsequent destructive

patterning step.

e Excess graphene can be directly destroyed through direct writing, i.e. with lasers®®

or ion beams®'.

e Graphene can simultaneously be patterned and transferred to a target substrate by

transfer printing®.

These methods suffer from a mixture of disadvantages such as lacking scalability,

constraints on the target substrate or fabrication speed.

Additionally, traditional patterning techniques rely on the destructive removal of excess
graphene through use of oxygen plasma, UV ozone, RIE, etc. These techniques can

decrease the quality of the graphene and leave rough graphene edges®. Furthermore, the
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material deposition and lift off steps necessary to define graphene patterns have been
shown to affect the doping of the graphene film and the graphene-electrode-interface,

thus deteriorating the performance of the fabricated devices®.

An alternative approach to the post-synthesis-patterning is the direct synthesis of
patterned graphene by CVD. This method could potentially produce higher quality
graphene devices since the patterning step is carried out before the graphene is
synthesized and the risk of contaminating the graphene is minimized. Some attempts
have been made to obtain patterned graphene by depositing catalytic substrates in the
desired shape and then growing graphene on these substrates'” **. However, there is a
fundamental limitation to the achievable resolution because the patterned catalyst will
restructure itself at the necessary high process temperatures to decrease its surface free
energy, resulting in smoothed-out corners and merged features. Furthermore, the
deposition of patterns through evaporation increases the production cost compared to
rolled foils and such depositions can result in lower crystalline quality substrates which

correlates with lower quality graphenc®’.

We here describe a technique that can generate patterned graphene through area-selective
CVD growth. The method relies on the passivation of defined areas of catalyst material

and the subsequent selective growth of graphene in the unpassivated regions.

The described technique is demonstrated to have the potential for both the production of
high quality samples, large area patterns, and low cost graphene-based devices fora
multitude of different applications which could improve the commercial potential of

graphene.
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5.2 Experimental results

a

Figure 38 (a-d) Representation of the procedure that results in patterned graphene (a) deposition of
passivation layer, (b) area selective growth of graphene, (c) transfer onto target substrate (d) optical
micrographs of copper foil after deposition of AI203 patterns, (e¢) patterned graphene on Si/SiO2

target substrate

Figure 1 outlines the process to synthesize graphene patterns: First, a passivation layer is
deposited in a negative pattern onto the growth substrate (Fig 1(a)). This material has to
prevent the catalytic production of graphene by suppressing the formation of a graphene
sheet. The passivation effect will result in the selective synthesis of graphene only in
areas where the growth substrate is exposed (Fig 1(b)). After a transfer step of graphene
from the copper substrate, the patterned graphene can be placed onto arbitrary substrates
(Fig 1(c)). A wet chemical etching step can be included into the transfer step to remove

the passivation layer if necessary.
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Materials for the passivation layer have to fulfill several requirements, such as
immiscibility with the Cu substrate at high temperatures, a high melting point, etc. More
restrictive is the constraint that the passivation material has to inhibit the formation of
graphene in certain areas while not hindering the graphene growth in neighboring

exposed regions.

In this chapter, aluminum oxide (Al;03) was chosen as a passivation layer for graphene
growth on Cu substrate because of several desirable properties of Al;O3: The refractory
nature of alumina prevents it from interacting with the growth substrate and inhibits
reshaping of the passivation layer under high temperature. Furthermore, its easy

production and low cost make it attractive for large scale industrial applications.
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Figure 39 (a) Optical micrograph of patterned graphene after transfer to SiQ, substrate, b)
magnified AFM image of structure, ¢) Raman map of the G’-band intensity of the same region, d)

representative Raman spectra of passivated region (top) and exposed region (bottom)
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Based on the above presented process, graphene patterns were generated through
lithographical patterning of photoresist on the Cu foil and subsequent deposition of Al,Os
via ALD. The chemical properties of the passivation layer were investigated after
annealing and Figure 40 shows an XPS spectrum of the Al 2p peak region. The absence
of a peak at 73.7¢V indicates that no metallic aluminum is present. The good fit of the
main feature to one symmetric peak indicates that no undercoordinated Aluminum is in
the oxide and that the alumina is indeed Al,O;. The small side peak at 77.3¢V is

identified as the 3p peak of copper oxide originating from the oxidized substrate.
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Figure 40 XPS spectrum of the deposited passivation layer after graphene growth with indication of

the position of metallic aluminum and identification of the occurring peaks

Wet chemical removal of the alumina passivation layer during transfer proved difficult,
which was attributed to the transformation of amorphous Al,Oj into crystalline Al,O,
under the growth conditions®. Variation of the growth process or etching procedure is

expected to overcome this issue. The presence of the passivation layer, however, was not
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detrimental to the experiments but, in fact, proved useful for alignment of the patterned
graphene on the target substrate. The beneficial effect of a crystalline alumina dielectric
on graphene device performance has recently been predictcdsg and there are other
applications where a thin, high quality dielectric layer could also prove useful, i.e. as

spacers in LCDs.
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Figure 41 (a) Schematic of a device with an ALO;-constricted graphene channel, (b) AFM image of

the channel, (c) Resistance of devices as a function of AL,O; thickness in the graphene channel

5.3 Applications in functional devices

The presence of the passivation material does not necessarily have a detrimental effect on
the graphene based device. Figure 41 demonstrates a device where the passivation layer
adds functionality to the graphene based device. The graphene channel is constricted by
alumina particles formed by atomic layer deposition, as demonstrated in Figure 41(b).
The transport of carriers is hindered by this constriction and the resistance of the device 1s
thus sensitively dependent on the amount of alumina in the channel. By carefully tuning

the Al,O; thickness through ALD deposition, the resistance of the graphene/Al>O3 hybrid
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device is tunable over 5 orders of magnitude as demonstrated in Figure 41(c). This
behavior can allow the direct integration of resistive elements in graphene circuits during

growth.
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Figure 42 Photosensitive graphene/Al,O; device under laser irradiation, (a) schematic of device, (b)
I-V curve under pulsed illumination, (c) current of device under 532nm illumination of varying
power, (c) photoresponse of device to LCD screen displaying different colors.

A surprising discovery is the photosensitivity of such a graphene/Al,O3 hybrid device as
shown in Figure 42. As the hybrid structure was accidentally illuminated, a significantly
higher current was observed compared to the dark condition at the same bias (Figure

42(b)). The current was found to be sensitively dependent on the power of the

illumination and Figure 42(c) shows the photoresponse for 532nm excitation. This
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resistance variation by one order of magnitude cannot be observed when illuminating a
pure graphene device. We thus hypothesize that the presence of aluminum oxide creates a
photo response by injecting photocarriers into the graphene. The system has shown high
photosensitivity and was used to detect colors. Figure 42(d) shows the response of the
device to colors displayed on an LCD screen and the reliable distinction between
different colors is demonstrated. More detailed studies have to reveal the mechanism of
carrier generation in the graphene/Al,O; hybrid structure. Applications as large scale,

flexible, cheap, transparent photo sensors, cameras, etc. can be envisioned.

5.4 Analysis of graphene patterns
The patterned graphene was then transferred onto a Si/SiO, substrate and an optical
micrograph is shown in Figure 39(a). The clear boundaries found by atomic force

microscopy in Figure 39(b) indicate the potential for high resolution patterns.

The presence and quality of graphene was analyzed by Raman spectroscopy. A map was
obtained by taking one Raman spectrum every 100x100nm and Figure 39(c) shows the
spatial variation of the G’-band peak intensity in a region where graphene surrounds a
passivated area. The G’-band feature at ~2650cm'is enhanced in graphene because of a
double resonance process and can be considered a characteristic feature of graphene®.
The passivation layer pattern is clearly distinguishable by the absence of a G’-band
feature as well as other Raman peaks that would occur for graphitic materials (Figure
39(d)). The background in the Al,O3 Raman spectrum is assumed to originate from
defect-induced photoluminescence of the material’®, and the weak G-band (~1600cm’™) is

attributed to amorphous carbon contamination.
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The high quality of the graphene grown in the unpassivated arcas can be inferred from
the sharp Raman peaks and the low intensity of the defect induced D-band Raman feature.
The D-band intensity was found to increase during a transfer-related annealing step and

thus does not only reflect the intrinsic defect density.

Hall measurements in the van-der-Pauw geometry were performed to characterize the
electronic mobility of the graphene films and a value of 650cm®/Vs was obtained, that is

comparable to other CVD graphene films grown with the same CVD procedure.

10mm

Figure 43 Resulting structures for different deposition techniques (a) photograph of large scale
patterns deposited by ink-jet printing on copper foil, (b) patterned graphene film after transfer to
plastic substrate, (c) optical micrograph of graphene patterns obtained by photolithographical
patterning of the passivation layer, (d) high magnification image of (c), (e) photograph of graphene

84



sample patterned by micro contact lithographical deposition of a passivation layer, (f) AFM image of

the resulting parallel Al,O; lines with a 700nm period

5.5 Deposition methods
Various methods to deposit the passivation layer can be conceived to accommodate
various demands of different applications such as high resolution, low cost, scalability,

ctc. and Figure 43 details several approaches.

Ink jet printing is a technique that has proven the ability to generate large arcas of
medium resolution patterns at low cost’'. Figure 43(a) shows a large (150x250mm) piece
of Cu foil that has been patterned by an ink-jet deposited AICI; precursor. In contact with
air, the deposited material will readily oxidize and form the passivation layer. After
growth, the graphene was transferred onto a flexible PET substrate (Figure 43(b)) to
demonstrate the feasibility of producing flexible, transparent graphene circuits at low cost.
This method is envisioned to allow the production of graphene-based recyclable

electronics, i.e. for Radio-frequency identification (RFID) tags.

Micrometer and nanometer sized graphene devices have proven their potential for high
frequency electronics’, photodetectors”, etc. Figure 43(d) shows the result of graphene
growth on a high resolution prepatterned sample obtained by photolithography and
subsequent atomic layer deposition of aluminum oxide. The feature size seems limited
only by the resolution of the lithographical patterns. The transition region between the
passivation layer and the graphene was investigated by Raman spectroscopy (Figure 44).
It was found that the sharpness of the transition exceeded the resolution of the
measurement system and the finite slope observed was caused by the Gaussian beam

shape of the micro-Raman tool.

85



1500 v ' v T ' . 200

-0-G-band
'S 1000 1150 5
S, S,
Py Py
% =
cC =
Q 9
= 500 {100 =
0 50

Figure 44 Raman G-band (o) and D-band (x) peak intensities of transition region between graphene

(right) and passivation layer (left)

The absence of an increased Raman D-band intensity in the transition region (Figure 44)
suggests that higher quality edges are formed compared to those formed with traditional
lithographical approaches™. This property would be promising for improving the

clectrical performance of nanoribbon-based devices.

Finally, novel methods of depositing Al;O; over large areas at high resolution are
available, and microcontact printing” is presented as such a technique in Figure 43(c). A
Polydimethylsiloxane (PDMS) replica of a grating with 700nm pitch was inked with a
solution of AICI; and then pressed onto Cu-foil. This procedure resulted in the fabrication
of parallel lines of alumina that werc used to grow arrays of graphene ribbons over large

areas, as observed by a diffraction effect of the resulting sample (Figure 43(e)). Atomic
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force microscopy in Figure 43(f) reveals that these ribbons have a width of approximately

300nm.
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Figure 45 Raman G-band peak intensity varying periodically with 700nm pitch across parallel
graphene ribbons prepatterned by micro-contact lithography, (inset) AFM image of the patterned

sample

Since the periodicity of the graphene strips is smaller than the spot size of the micro-
Raman tool, only undulations on a constant background are expected. Indeed, the spatial
variation of the G-band intensity shown in Figure 45 exhibits periodic variations with a
periodicity of 700nm. The minima in the intensity thus correspond to the position of the
Al,Os strips while the maxima are expected to be in the center of the graphene ribbons.
These results suggest the possibility of generating high resolution, large scale graphene

electronics for application in novel applications.
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Figure 46 Transfer of patterned graphene onto complex shaped objects. a) photograph of patterned
graphene membrane during transfer, b) schematic of graphene electrode structure, c) photograph of
patterned graphene electrodes on a lens supplying current to a LED, d) SEM image of
lithographically patterned graphene transferred onto a glass bead

5.6 Graphene based devices on complex surfaces

For traditional lithographic techniques there are limitations imposed on the substrate by
processing requirements. One of the most fundamental restrictions that conventional
photolithography is facing is flatness: Due to a limited depth of focus of the optical
exposure units, handling issues, etc., non-planar substrates are not accessible for high

resolution lithographical patterning.
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Graphene is a suitable material for non-planar devices that could prove useful in fields
such as novel detectors’®, implantable devices®’ or displays’’, because of its atomic

thickness and its ability to conform perfectly to rough surfaces.

The ability of transferring prepatterned graphene films onto complex surfaces is
demonstrated in Figure 4. As a proof of concept a pattern with 4 clover-leaf-shaped
electrodes (Fig 4(a)) was fabricated on the Cu-foil. This structure was then grown and
transferred onto a glass lens to act as electrodes for a simple electrical circuit (Fig 4(b)).
Current is directed through a standard light emitting diode (VISHAY -
TLMO1000,1.6x0.8mm) that was attached onto the graphene layer by silver adhesive
(Figure 46(c)). This integration of commercially available electronics components into

graphene circuits is intended to show their synergy.

As a second example, lithographically prepatterned graphene was transferred onto a 3mm
glass bead. In the Scanning Electron Microscope (SEM) image in Figure 46(d), graphene
can be identified by transfer-induced tears in the continuous film. The passivation layer
thickness was chosen to be small enough (7nm) to also conform to the spherical surface.
This ability to produce micron-sized graphene structures and dielectrics on complex
surfaces opens up new ways to produce electronics for a variety of applications, such as

implantable devices, bio-inspired circuits, etc.

We furthermore present a proof-of-concept lighting system based on graphene. Two
graphene sheets grown by CVD act as electrodes for an electroluminescent structure as
indicated in Figure 47. This device was fabricated because of its high light emitting
efficiency, casy fabrication and mechanical flexibility. The structure emits light when an

AC voltage is applied to a sandwich structure as presented in Figure 47(a).

89



The dielectric layer prevents direct current flow between the electrodes and light is
generated by radiative recombination of trapped holes with electrons that were introduced
to the phosphor during two different charging cycles. The intimate contact of the layers is
important since the amount of current at a given voltage is determined by the capacitance
of the structure. Graphene allows the simple fabrication of such a device because of its
ability to conform to a surface. To produce the stack economically the graphene transfer
process had to be simplified. Instead of transferring a graphene layer, removing the
PMMA support membrane and then depositing another polymer layer, the functional

layers were incorporated into the transfer process.

PET substrate

Figure 47 (a) Structure of a electroluminescent device with graphene electrodes, (b) working light

emitting device

The electroluminescent phosphor (Dupont Luxprint 8150B) turned out to be stable in
aqueous and acidic environments and could thus be exposed to the transfer process. The

fabrication procedure was the following:

1. Graphene was grown on Cu foil

2. Dupont Phosphor was spread on the graphene
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The Cu foil was removed by immersion into CE-100 copper etchant.
The sample was transferred onto a piece of plastic foil.
PMMA was spin coated onto a second piece of graphene on Cu foil

Cu foil of this sample was removed

A

The PMMA /graphene membrane was transferred bottom-up onto the same PET
foil

8. Electrical contact to both graphene sheets was made by silver adhesive (EMS
478SS)

Figure 47 (b) demonstrates the emission of the electroluminescent device in the regions
where the two graphene clectrodes overlap. Delamination of the upper electrode from the
stack proved to be challenging and limited the contact area. This problem is expected to
be solved by an encapsulation step that is normally included in fabrication of such

devices.

More work has to be done to combine the patterned graphene electrodes with the process
to generate electroluminescent emitters to demonstrate the use of graphene in flexible

matrix-displays.
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6. Conclusions

The previous chapters have attempted to advance several aspects of the research on

graphene.

First, we have demonstrated the use of graphene passivated etching as a method to reveal
the defectiveness of graphene. Etchant cannot attack substrate regions that are protected
by graphene and thus the resulting ctch pattern allows inference on the density and
position of structural defects. The strong correlation between the graphene defectiveness
and the maximum mobility emphasizes the importance of controlling these structural
defects. The good sensitivity of the new tool to small defects was shown and the easy
availability of this technique make it a facile and scalable metrology tool that could be

used for graphene synthesis optimization in the future.

The structural defects revealed by this graphene passivated etching technique were then
studied in more detail. Through size-selective passivation of the structural defects by
atomic layer deposition the size of the defects could be deduced. The nanometer sized
openings were found to allow extremely fast permeation speeds in the order of meters per

second which makes them promising materials for nanofluidic devices.

The structural defects were found to be caused by nanoparticles on the Cu substrate.

Pretreatment of the Cu substrate was shown to result in higher quality graphene.

Finally, we have investigated the growth of graphene by CVD through graphene
passivated etching. A decrease in growth rate for partially covered graphene samples was
found, which can be explained by the effect of catalyst deactivation. The growth rate was
found to be limited by the catalytic dehydrogenation reaction of methane and could be
increased through a promoter. This effect was explained by the increased concentration
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of carbon radicals generated by the promoter. Due to these advantages the use of a

promoter should be considered for future applications.

The knowledge gained from the previous studies was applied and a new approach to
generating graphene patterns is presented. By passivating the catalyst, graphene growth
could be restricted to certain areas. The achievable high resolution and high quality of the
grown graphene are promising for electronic applications. Several approaches to
depositing a patterned passivation layer that could be used in complementary applications
were demonstrated. Finally, the deposition of prepatterned graphene onto non-planar
substrates was shown and the ability to generate high resolution graphene patterns on

complex surfaces opens up novel application arcas for graphene-based clectronic devices.

6.1 Future work

To achieve the ambitious goal of developing new graphene enabled electronic devices the

following growth-related issues still have to be overcome:

e The transfer process has to be made more reliable and reproducible. The sample
to sample variation introduced by handling the copper substrate and the
membrane is currently a large factor in the inability to control the sample quality.
Furthermore, more studies have to be carried out to identify changes made to the
graphene material during the transfer process in terms of doping, introduction of

defects, etc.
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The lowering of the growth temperature could have benefits for the compatibility
with other materials and processes and could also decrease the impact of cooling

induced wrinkling on the morphology of graphene.

The growth on diclectric substrates would resolve many problems associated with
metallic growth substrates, such as the need for a transfer step, large thermal

mismatch between substrate and graphene, ctc.

Better control of both the formation and the extension of additional layers on the

graphene through substrate engineering is crucial.

For the application of graphene following the presented work, several approaches could

be envisioned.

More complex circuits on flexible substrates or complex surfaces should be
designed. For example, a display could be produced by using commercially
available electroluminescent or electrochromic materials in a sandwich structure

between graphene layers.

The resolution limits of the passivated growth technique should be explored to

identify whether high quality nanostructures could be synthesized.

Other passivation materials could be explored for the described area-selective

CVD process that can be more easily etched.
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6.2 Outlook

A proper ending of this thesis should be the attempt to extrapolate the future of graphene
based on its history, the lessons learned from other carbon materials and our hopes and
ideas. One issue that graphene has to overcome to be successful is the way in which it is
used. Currently, significant effort is invested to make graphene competitive against

mature technologies in areas that were specifically designed with those materials in mind.

Applying graphene as transparent conductors in glass based solar cells, for example, is
commercially challenging because it is competing with technologies that have similar
performance but can be seamlessly integrated into the production process of the glass
covers. The implementation of an untested technology because of marginally better

performance will be commercially unfeasible.

Instead, its high transparency and conductivity in combination with mechanical strength
and flexibility make it well suited for use in wearable electronics. This new market will

require investment into research and development and no mature competitor exists.

It is thus strongly desirable to not pit graphene against other materials in existing ficlds

but instead open up new areas that yet have to be conceived.

e Graphene is the ultimately thinnest material and reliable growth of a determined
number of layers presents nanotechnology at its limits. This capability could be
exploited to finely control spacing and produce channels, gaps or features with

atomic precision on a macroscopic scale.

e Folds in graphene present a completely novel structure for electronic devices.
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e Despite its thickness, graphene is mechanically very stable and the combination of
those properties into nano-electro-mechanical devices could open up new

concepts for electronic devices.

The strength of graphene is the appeal to researchers in a wide variety of fields. The
research presented in this thesis represents work on only a small selection of topics that
graphene research is currently studying and I am curious to see what the future will bring

for graphene.
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