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Abstract: Graphene, a single atomic layer of sp*-bonded carbon, has been of
significant interest to basic sciences and engineering. Among its unique properties are
exceptional mechanical strength, from the strong carbon-carbon bond; high in-plane
thermal conductivity; high carrier mobilities, since electrons and holes travel through
graphene as mass-less Dirac fermions; and quantum effects (such as the quantum Hall
effect), which can be observed at room temperature.

In 2009, Li et al., of Professor Ruoff’s research group at the University of Texas
at Austin, published a seminal paper detailing the production of fairly high quality
graphene grown on copper foils using chemical vapor deposition (CVD). The potential
for scalability of graphene CVD processing is extremely attractive, and this is currently
the most promising method for its commercial viability, particularly for transparent
conductive electrodes (TCEs). Here, graphene-based TCEs are compared with TCEs

made with multi-walled carbon nanotubes (MWCNTs). A novel technique to reduce the
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sheet resistance of MWCNT-based TCEs in half is described in detail. Even with these
improvements, graphene-based TCEs outperform MWCNT-based TCEs.

The decomposition of copper oxides at high temperatures in an oxygen deficient
environment is characterized. The ability for the oxygen evolved from the copper foil
during this decomposition to react with carbon on the surface of the copper substrate is
verified. This phenomenon was used to develop a technique for getting clean pre-
graphene growth copper substrates and allowing repeatable graphene nucleation results.

A technique for growing large graphene domains inside a copper vapor trapping
‘copper enclosure’ is described. The quality of the graphene grown inside the copper
enclosure is characterized and shown to be of very high quality. This technique can grow
graphene domains over 0.5 mm across.

Finally, a possible cause of graphene ad-layer growth on the copper surface is
suggested. It is proposed that gas diffusing through the copper substrate at high
temperature delaminates the graphene from the copper surface in some regions. This
then allows carbon containing molecules to diffuse under the graphene and grow new

graphene layers. The increased ad-layer growth in the presence of helium supports this.
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Chapter One: Introduction

1.1. MOTIVATION

Graphene, defined as an isolated single layer of graphite, has promising
electrical'™, thermal®®, mechanical’, and ‘quantum’*® properties. It has been the subject
of intense research over the last 15 years® and several thorough review articles'®'" have
already been published on this topic as well as a detailed account of its history'>. The
term “graphene” was discussed in 1986" and later defined by IUPAC in 1997'%, and
graphene is defined as a monolayer of pure carbon with all carbon atoms perfectly sp*-
bonded to all others. In 2009, Li et al. published a seminal paper in Science detailing
graphene synthesis on copper foil via CVD using methane as the carbon precursor'”.
Since this technique can quickly and relatively inexpensively produce large single-layer
graphene sheets that are limited only by the size of the copper substrate, it has quickly
become the main method of producing graphene for both research and commercial
applications. While, to date, graphene grown on copper has shown electrical properties
equal to that of graphene exfoliated from HOPG', the challenge of understanding and
controlling its nucleation and growth remain largely unfinished — particularly on

commercially available polycrystalline copper foil.
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Figure 1.1. Graphene is a single atomic layer of sp>-bonded carbon and can be
thought of as an unrolled bucky-ball or carbon nanotube or a single
layer of graphite'®,

Graphene properties and potential uses

While graphene is a single layer of graphite, there are colloquially used terms
such as mono-layer, bi-layer, and even multi-layer to describe graphene. Mono-layer
graphene is a single atomic layer of graphene; bi-layer graphene is two layers stacked on
top of each other, either Bernal stacked as in graphite (referred to as AB stacked) or

misoriented; multi-layer graphene has more than two graphene layers, and the stacking

orientation can be again of interest. Multi-layer graphene may be referred to as ultrathin



graphite when the stacking order is the same as in graphite. The additional layers of
graphene comprising bi-layer or multi-layer graphene are referred to as ad-layers when
there is not complete coverage throughout of the first layer. Ad-layers can either be on
top of or underneath the first/primary layer (with respect to, e.g., the growth substrate). A
continuous area of graphene with the same crystallographic orientation is called a
graphene domain. During the initial stages of growth, isolated regions of graphene will
form that are called graphene islands. A graphene island may be a single crystal or can
contain multiple graphene domains. Once graphene islands have grown together, they
become a graphene sheet, and it has then been typical to refer to that as polycrystalline
graphene containing single crystal grains.

Electrons in graphene can move as a 2D electron gas''. Because of this non-
scattering, non-interacting movement of electrons, electron mobilities over 200,000
cm’/V-s have been measured in suspended graphene at low temperature®’. Even at room
temperature on SiO,, graphene’s intrinsic electron mobility is still ~40,000 cm?®/V-s'®.
This extremely high electron mobility can be utilized in high speed electronics. Because
the deposition of gold contacts on graphene reportedly does not affect graphene’s
electronic structure or electron-phonon coupling'’, this allows graphene to be
incorporated into many practical devices without sacrificing the high carrier mobility of
graphene. However, the measured mobilities in graphene field-effect-transistors (FETs)
are dependent on both the channel length and width'. Figure 1.2 shows this dependence

using graphene | grew on copper via low pressure CVD. Graphene is neither a metal nor



semiconductor in that the band structure forms a Dirac cone with no band-gap at the
charge neutrality point, thus making it a semi-metal®’. Additionally, while the theoretical
minimum conductance of graphene is only 4e’/h at this charge neutrality point of the
Dirac cone, because of the interactions between carriers and often, when not suspended, a
substrate, this value is increased somewhat, resulting in a higher minimum conductance
and a parabolic shape to the gate-voltage measurements of graphene based FETs*!. A

thorough review of graphene based transistors has recently been published elsewhere'”.
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Figure 1.2.  Effective mobility of single-layer graphene transistors made using
graphene grown via low-pressure CVD as a function of channel dimensions'.

In addition to traditional transistor based electronics, graphene could usher in the
era of quantum computing and has already been used to generate stable Q-bits for over 1
second at room temperature®. Graphene’s uses go beyond electronic applications. Its
huge surface/weight ratio of 2630 m?/g also makes it of interest for ultra-capacitors and

hydrogen storage®.



1.2. GRAPHENE FABRICATION TECHNIQUES

Graphene can be obtained by separating one carbon sheet from graphite.
Graphene fabricated in this way is called exfoliated graphene. Because of its low defect
density, mechanically exfoliated graphene is often used as the standard of high quality.
The University of Manchester’s mechanically exfoliated graphene obtained in their 2004
publication” involved using tape to pull a sheet of graphene from graphite; this method
has become known as the “scotch-tape method”; the same method has been in use since
the 1960’s to achieve individual layers of, for example, metal chalcogenides. An optical
microscope photo of graphene produced by this method is shown in Figure 1.3b.
Chemical intercalants can also be used to separate graphene from graphite as shown in
Figure 1.3a. This “chemically exfoliated graphene” currently yields lower quality
graphene than that obtained by mechanical exfoliation due to the chemical process
generating defects in the graphene layers. The graphene often becomes heavily oxidized,
forming what has been called ‘graphene oxide’ to indicate an individual layer of graphite
oxide. However, unlike mechanical exfoliation, chemical exfoliation can be scaled to
produce large amounts of graphene/graphene oxide powder. These graphene oxide
platelets have been layered to form a film and then reduced to ‘reduced-graphene-oxide

films of paper-like materials’>.



Figure 1.3. a) TEM image of chemically exfoiliated graphene from Boehm’s 1962
publication®*. b) Optical microscopy photo of mechanically
exfoiliated graphene on a Si/Si0, wafer from the University of
Manchester.

‘High quality’ large area graphene sheets can be synthesized via chemical vapor
deposition (CVD) on metals. Besides the focus of this dissertation - graphene grown on

copper - graphene has been grown on many other transition metals, such as Ru, >

and
Pt(111)**.  While growing graphene on Ni normally yields multi-layer graphene,
monolayer graphene can also be grown on Ni(111) between 500 °C and 600 °C using
ethylenezg.

While graphene growth on non-metallic surfaces has been reported, it has also
been pointed out that most hydrocarbons will decompose at high temperature without any
catalyst (starting at 300 °C and almost completely at 1300 °C for methane) creating

30-32

mainly sp>-bonded graphitic structures®®>>. Tt is debated whether the “graphene” films

grown on these non-metallic surface are actually graphene-like or simply thin films of



‘carbon black’-like material. While the ability to grow graphene on thick non-metallic
surfaces is still debated, growth of graphene on a non-metal 2-D material currently being

heavily researched, hBN, has been reported”.

1.3. GOALS

The main goal of my research has been to investigate techniques for improving
chemical vapor deposited graphene growth and compare its performance as a transparent
conductive film to that of different carbon based transparent conductive electrodes made
from multi-walled carbon nanotubes. To accomplish this, a low-pressure CVD system
was designed and built using a 4 inch diameter tube-furnace. Using this system, a
technique for in-situ cleaning of the copper substrates is developed, allowing for
improved and repeatable graphene nucleation. The performance of graphene films grown
with this technique as transparent conductive electrodes is compared to that of multi-
walled carbon nanotube films. To improve the performance of the multi-walled carbon
nanotube films, gold nanoparticles deposited at the nanotube network junctions was
studied. To improve the performance of graphene films, a method of growing graphene
inside a ‘copper enclosure’ to increase the graphene domain size was studied. Finally,
since graphene ad-layers have a large effect on improving the performance of graphene-
based conductive films, a possible cause of the ad-layer growth, which can facilitate

either increasing or decreasing the amount of ad-layers in a graphene film, is studied.



Chapter Two:  CVD Growth Systems

While commercial CVD systems (e.g. AIXTRON’s “Black Magic” Plasma CVD
System) have been used to grow graphene’’, a custom system can provide flexibility and
cost savings. For this research I have used two custom designed and built CVD systems:
1) a computer controlled low-pressure tube furnace CVD system, and 2) a high-pressure

inductively heated CVD system.

2.1. CVD WITH FOUR INCH CHAMBER

To grow graphene on copper substrates, it was necessary that I build a custom
high vacuum thermal chemical vapor deposition (CVD) system. A picture of the CVD
system that I built is shown in 2.1. This system is different in several key ways than the
low vacuum CVD system I first built to conduct the preliminary studies of graphene

growth on copper.



Flow controllers and flammable gases in steal ventilated sprinkled box.

A

RGA to analyze process atmosphere composition.

Completely computer controlled through LabView. I

Figure 2.1. Photo of computer controlled and monitored graphene CVD system with
4-inch diameter growth chamber.

First, the system has a turbo pump with a direct line-of-sight to the sample
substrate allowing base pressures below 10 Torr. The original CVD system only had a
rotary vane mechanical pump to obtain a vacuum down to ~10? Torr. To reach high
vacuum, not only is a turbo pump used, but, instead of the quick connect flanges used on
the previous system, all the flanges on the high vacuum side of the system are conflat
flanges, which are capable of achieving ultra-high vacuum (UHV). Reaching lower
background pressures allows the removal of undesired residual gasses like water and
oxygen from the system before growth. Water and oxygen can etch graphene at high

temperature, which changes the graphene’s growth and reduces its quality.
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The turbo pump also allows the system to reach pressures low enough (below 10
Torr) to use a residual gas analyzer (RGA). The RGA measures both the composition of
the residual gasses in the CVD system — like water and oxygen pressures — and any
gasses which may evolve from the substrate during heating — like sulfur dioxide or
oxygen. The RGA determines the background, uncontrolled, gasses which might be
present in the CVD atmosphere in addition to the purposefully added hydrogen, argon,
and methane.

A different tube furnace was also selected for the new CVD system which is not
only bigger (with a 4 inch diameter instead of 1 inch) but also maintains a more precise
and constant substrate temperature. The power controller of the old system either had the
current to the heater all the way on or all the way off. To maintain a given temperature,
the furnace coils pulse heat into the system. This results in substrate temperature swings
up to 70 °C while the system is supposed to be maintaining a given temperature. The
new furnace controller has a phase-angle-fired current controller which allows the power
to the furnace coils to not just be either on or off but to be at any power level. With the
phase-angle-fired power controller, the furnace is able to maintain a temperature to
within 1% of the set point. As can be seen in the temperature profiles in Figure 2.2, the
temperature gradient in the center 6 inches of the furnace is less than 10 °C. The 4 inch
by 6 inch uniform heat zone allows the growth of either larger samples or many smaller

samples at the same time.
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Figure 2.2. The temperature profile of the 4 inch diameter tube furnace.

There are a couple of drawbacks to the larger furnace. First, it takes much longer
to heat and cool. The smaller furnace can cool from the growth temperature to a
temperature where the sample can be removed within a few hours. The 4 inch furnace
takes over 14 hours to cool. This drastically reduces the number of growth runs that can
be done in a day and may also affect the quality of the produced graphene films. Second,
much more heat radiates out of the sides of the tube furnace. With a 1 inch furnace, the
quartz tube is room temperature a few inches away from the furnace even while the
furnace is at growth temperatures. This means that no special connectors to the quartz
tubes need to be used and no cooling system for the flange connected to the tube had to
be developed. However, to keep the flange at the end of the 4 inch quartz tube from

getting too hot and starting to leak, a cooling system for the flange had to be devised.
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This system ended up having three parts. First, a fan was placed at the end of the tube to
blow air over the flange (this had the greatest cooling effect but was not enough on its
own). Second, large copper plates were bolted to the flange to work as a heat
sink/spreader. Third, copper tubing with chilled water flowing through it was placed not
only around the flange but also in direct contact with the quartz tube. Thermal grease
was used to get better thermal contact between the quartz tube and the copper tubing.
With all three of these cooling methods, the furnace is able to maintain a temperature of
1080 °C indefinitely without the flange overheating and leaking.

A conductance control valve is placed downstream of the graphene growth
chamber. The conductance control valve is a motorized butterfly valve which can
quickly and accurately change how open the valve is and thus control how fast gas can
flow through it (i.e., the gas conductance). This allows the chamber pressure to be
controlled independently from the gas flow rates.

The gas flows are controlled by 6 mass flow controllers (MFCs). The MFCs are
built by Alicat and are high speed, high accuracy controllers. Five of the controllers are
low flow (0 — 10 standard cubic centimeters per minute (sccm)) for flowing hydrogen,
methane, BC enriched methane, dilute methane, and dilute B3C enriched methane. The
sixth MFC is higher flow (0-200 sccm) and is used for Argon.

Finally, the MFCs, gate valves, conductance control valve, furnace, and RGA are
all computer controlled through LabView (Figure 2.3). Being computer controlled

allows more precise control of all the growth parameters simultaneously and for them to

12



be continuously changed. This precision leads to much greater repeatability between
growths. All of the system parameters (i.e., chamber pressure, composition, and
temperature and gas flow rates) are also recorded ten times a second (much faster and

more accurately than they could be recorded by hand).
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Figure 2.3. The graphical user interface for the LabView programed CVD system
control and monitoring software.
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2.2. RF INDUCTIVE HEATING CVD SYSTEM

In addition to the 4 inch CVD system that was built by myself, which uses a tube
furnace to heat the sample substrate, a CVD system — built largely by Dr. Huifeng Li and
Dr. Richard Piner — which uses inductively coupled radio frequency (RF) power to heat

the sample substrate, was also used to grow graphene on copper foil.

Figure 2.4. Solid works model image of the inductively heated CVD system.

Outside the quartz tube growth chamber is an RF coil that inductively heats only
the metal foil by induction. With an optical pyrometer coupled to the RF power supply,
precise control of the substrate temperature is possible with a closed-loop proportional-
integral-derivative (PID) controller. The turbo pump and high-vacuum-compatible
components ensure that the system has very little oxygen and/or water before graphene
growth.

There are a few important technical issues with the RF CVD system, which are

described below.
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The typical RF coil design is a solenoid, but RF heating currents are
induced perpendicular to the magnet field. For bulky materials, this is not

an issue. However, in the case of a foil, the metal is almost a 2-

dimensional conductor. The B field must be perpendicular to the surface
of the foil. Although copper has very good heat conductivity, a uniform
magnetic field is still required for good heating uniformity. Thus, a coil
with Helmholtz-like geometry is used to achieve uniform and efficient
heating of the foil.** The coils include two circular copper tube coils, each
having two turns with a radius of 3.7 cm. The separation between the two
coils is 7 cm. The operational frequency is between 230 kHz and 240
kHz. The calculated magnetic field in the common axis direction in the
copper foil plane shows that the magnitude of the magnetic field is
constant with a 10% variation throughout a 1 inch by 0.5 inch copper foil
area. This results in fairly uniform graphene growth on the copper foil in
this region.

Small areas of the copper foil substrate can experience a ‘“burn-out”
problem where any hot spot of the foil can become even hotter than the
other area. The reason for this is that, as in all metals, the resistivity of
copper increases with temperature which causes more power to go into the
hot spot making it get even hotter (a runaway process) and melt. Figure

2.8 shows a photo of a copper foil that has had a small portion melted
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because of this. This undesired localized copper foil melting can be
suppressed by increasing the gas pressure to help maintain a constant
temperature across the substrate surface.

The 25-pm thick copper foils can have a serious “burn-out” problem, and
it is very difficult to control the power to maintain the temperature at the
desired set point, possibly because a thin foil has a much smaller heat
capacity compared with the supporting quartz tube. By using thicker foils,
both the RF coupling efficiency and the thermal stability and uniformity
are greatly improved. The calculated skin depth of copper is 135 um at
room temperature and 301 pm at 1035 °C, with an RF frequency of 240
kHz. Therefore, a 125-um thick copper foil thickness is a good trade-off.
Since the foil temperature is measured with an optical pyrometer from
outside the quartz tube, the tube must be kept clear to allow the laser
through to the substrate. At low pressure and high temperature, copper
sublimates from the substrate and deposits on the inside of the quartz tube.
This copper blocks the line-of-site of the optical pyrometer to the substrate
preventing accurate temperature measurement. To prevent this, the
system must be at high pressure when the substrate is at high temperature

to prevent copper evaporation from the substrate.
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Figure 2.5. Photo of a 125 um thick 2 inch by 0.5 inch copper foil being heated by
inductive heating.

2.3. PROS AND CONS OF RF AND THERMAL CVD SYSTEMS

Both the large 4-inch diameter tube furnace CVD system and the inductively heated

CVD system have pros and cons over the other.
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Thermal CVD system:

Pros:

Large phase-angle-fired controlled
furnace allows precise control and
uniformity of substrate temperature.
Computer control gives second-by-
second control over process
parameters.

Large samples or many small
samples can be grown at once.
Process gasses and growth
atmosphere composition can be
changed quickly.

Attached RGA can monitor the
composition of the chamber

atmosphere.

19

Cons:

Large furnace takes ~14 hours to
cool from the growth temperature to
100 °C.

Water cooling is needed to prevent
the ends of quartz tube from
leaking.

Large chamber can take hours to
pump down to below 107 Torr.
Unable to do in-situ high
temperature oxidation due to copper
depositing on chamber walls.
System must be kept at low

pressure while at high temperature.
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Figure 2.6. The oxygen and argon pressure in the tube furnace CVD system before
and after in-situ high temperature (1000 °C) oxidation.
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Figure 2.6 shows the oxygen and argon partial pressure in the CVD system before
and after high temperature substrate oxidation. At 22.6 hours, 0.066 mTorr of 20%
oxygen in argon is introduced into the CVD system at 1000 °C for 10 minutes. The
argon is then quickly pumped away while the copper substrate continues to reduce and
release oxygen at ~107 Torr. After the sample fully reduces, oxygen continues evolving
from the oxidized copper on the inside of the quartz tube in the cold-zone region (Figure
2.7). This region is ~850 °C and continues introducing ~10® Torr oxygen until the
furnace is cooled. Because of this unattended continued release of oxygen even after the
copper substrate has been reduced, in-sifu high temperature oxidation of the substrate

could not be done in the low pressure tube furnace CVD system.

Figure 2.7. Photo of the cold-zone region of the tube furnace with copper deposited
on the inside of the quartz tube.
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Inductively heated CVD system:

Pros:

Sample can be heated and cooled

rapidly.

Since there is no gas flow during
growth, undesired trace gasses are
not constantly being introduced into
the chamber.

Small chamber pumps down to
below 10°° Torr in the matter of
minutes.

Chamber walls remain cool so no
active cooling is required.

In-situ substrate oxidation is

possible.

22

Cons:

There is no gas flow during growth
so any evolved gases (e.g. H20,
CO, COy, etc.) are not pumped
away from the substrate.

Cannot quickly change between
process gases (e.g. from normal

methane to **C-enriched methane).

Localized heating can cause
portions of the substrate to
undesirably melt.

Only small samples (~1 inch by 0.5
inches) can be made.

System must be at high pressure

when at high temperature.



Figure 2.8. Photo of copper foil after localized melting in the inductively heated
CVD system.
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Chapter Three: Substrate Pre-growth Preparationt

3.1. THE CHALLENGE OF GETTING A CLEAN PRE-GROWTH SUBSTRATE

Since Li et al. published the growth of graphene on copper via chemical vapor
deposition (CVD)", there has been extensive research in the understanding of the basic
growth mechanism of graphene and to extending the two-dimensional growth observed
on copper to other metal surfaces, as well as to dielectric surfaces''. While much

progress has been made in growing large-area graphene films®™**

, more is required
before extremely high quality wafer-scale single-crystal graphene can be achieved. One
bottleneck in synthesizing large-area graphene grains is that it has been difficult to
decrease the number of nucleation sites. Ideally, as in the classical case of bulk single-
crystal growth, a single nucleation site is all that is needed to initiate growth of single-
crystal graphene. This assumption is valid as long as the interaction between the
substrate and graphene is weak, such as the case for graphene on copper. Another
approach for producing large area crystalline graphene, is to grow the graphene
epitaxially. However, the high costs of the single crystal metal substrates makes this

technique prohibitively expensive for most applications. A number of studies have been

done to attempt to understand the nucleation of graphene on Cu, however there has not

T Portions of this section have been accepted for publication as Carl W. Magnuson, Xianghua Kong,

Hengxing Ji, Cheng Tan, Huifeng Li, Richard Piner, Carl A. Ventrice, Jr., and Rodney S. Ruoff; Copper

Oxide as a ‘Self-cleaning’ Substrate for Graphene Growth. Journal of Materials Research 2014 accepted
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been wide application of this understanding and there are many aspects that could

. . 37, 40, 45-4
influence nucleation that have not been evaluated>®=" 4% 4347,

Some techniques have
been used since the discovery of graphene growth on Cu, e.g. hydrogen annealing,
electrochemical polishing, etching in acid solutions etc., to create a clean copper surface,
with some success. It is found, however, that even long, high temperature annealing
under hydrogen still leaves carbon on the copper surface®. Figure 3.1 shows that not
only graphene on the copper surface can survive a high temperature anneal under
hydrogen, but so can the carbon deposited as the result of electron beam induced
deposition (EBID) during SEM use®. In addition, there is a recent report that graphene
etching in hydrogen is caused by trace amounts of oxygen in the hydrogen source gas
rather than the hydrogen itself”’. Kim et al. suggest that “we should consider that this

residual carbon might perturb growth”*®. My results show that the residual carbon not

only perturbs growth but promotes graphene nucleation, as well.
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Figure 3.1. SEM image of a copper foil with a sub-monolayer of graphene after
being annealed under 700 Torr 5% hydrogen in argon at 1030 °C.
Not only are the graphene islands still present, but the electron beam
induced deposition (EBID), from looking at the sample with SEM
prior to annealing, is also still present.

The challenge of getting low nucleation density, and thus large graphene grains,
relies on reproducibly obtaining a clean copper surface free of the adventitious carbon or
other carbon sources before methane is introduced into the CVD system. Obtaining a
perfectly clean surface ex sifu in a perfect clean room environment, free of any dust or
hydrocarbons, still would not prevent carbon from being on the surface before growth
since carbon monoxide is reported to form a carbon layer on copper even at room
temperature (which becomes graphitic at 300 °C)’'. To eliminate any preformed
graphene nucleation sites, the substrate must be cleaned in situ just prior to graphene

growth. Some other metals used as substrates for growing graphene, like iridium and
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ruthenium, are already commonly cleaned in sifu at high temperatures by introducing a
small amount of oxygen which ‘burns off” any remaining carbon contaminants®’.

It is reported here that copper with an oxidized surface, including cuprous oxide
(Cuy0) and cupric oxide (CuO), can act as a ‘self-cleaning substrate’ for graphene growth
by CVD. Both Cu,0 and CuO thermally decompose into metallic copper below copper’s
melting point at low oxygen partial pressures and release oxygen from the substrate
surface. With the assistance of a residual gas analyzer (RGA), it was found that the
released oxygen is free to react with the carbon residues on the copper surface and forms
carbon monoxide and carbon dioxide, leaving a clean copper surface apparently free of

carbon for large-area graphene growth.

3.2. EXPERIMENTAL DETAILS

Normal copper foil cleaning method: after rinsing with acetone, copper foils were
dipped into acetic acid for 2h and then dried with nitrogen. Electropolishing was done in
a homemade electrochemistry cell as reported previously®® with the acetic acid cleaned
Cu foil (25-um thick Cu foil, 99.8% , Alfa Aesar NO. 13382; 125-um thick Cu foil,
OFHC, Eagle Brass, C10200) as the anode and a large Cu plate as the cathode.

Copper oxidation was performed in a Ney Vulcan 3-550 box furnace. Cu foils were
heated to 250 °C or 300 °C (heating the substrates much above 250 °C heavily oxidizes

the copper which then takes a long time to fully reduce in the CVD system) under
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ambient atmosphere at 1 degree per minute and immediately allowed to cool, at 1 degree
per minute in the box furnace, to room temperature.

All residual gas analysis experiments were conducted in a high-vacuum CVD system
with a 10 cm diameter quartz tube chamber equipped with a turbopump to reach vacuum
levels compatible with the RGA (A vacuum pressure of 10°® Torr was reached at 100 °C
before heating the system further). The entire CVD system has a 10 cm inner diameter
and is 2.5 meters long. Gas analysis was done by a Stanford Research Systems
Quadrupole Residual Gas Analyzer (SRS RGA100) which is located next to the turbo
pump inlet 1.5 meters from the furnace center.

Scanning electron microscopy (SEM) images were acquired with an FEI Quanta-
600 FEG Environmental SEM using an acceleration voltage of 30 kV. Raman spectra
(WITec Alpha 300 micro-Raman imaging system) were obtained using a 488 nm

wavelength incident laser.

3.3. DATA AND RESULTS

First, the effect of the normal cleaning methods and the resulting graphene
nucleation density and domain size was studied. Two kinds of commonly used
commercial Cu foils were chosen, the non-oxygen-free copper [hereafter referred to as
oxygen-rich (OR) copper, 25-um thick, 99.8% , Alfa Aesar No. 13382] and the oxygen-
free-high-conductivity (OFHC) copper (125-um thick, Eagle Brass, 99.99% C10200) for
comparison. Both copper foils were thoroughly cleaned with acetone and acetic acid

shortly before a high temperature annealing with hydrogen. Figure 3.2a and Figure 3.2b
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show that indeed residues — likely carbon since Raman spectra taken from the residue on
the OFHC copper had both D and G peaks - remained on both copper surfaces after
annealing at 1040 °C for 1h with hydrogen flowing (10 sccm), although much less is on
the OR copper compared to on the OFHC copper. This is attributed to the oxygen
present in OR copper.

To measure and compare the graphene nucleation density and the resulting domain
size on the two kinds of Cu foils after normal cleaning and hydrogen protected annealing,
C methane was used for the first 5 mins of growth, followed by growth with normal
methane, which is composed predominately of '>C. The as-grown graphene islands then
have °C at their centers with a Raman G-peak position of ~1525 c¢cm™ and normal

graphene surrounding the '°C region with a G-peak at ~1585 cm™>*™

. Raman maps of
graphene grown in the same system at the same time following the same cleaning process
show that the graphene islands on the commonly used 99.8% OR copper foil are ~20 pm
across, compared to the ~2 um graphene domains on the OFHC copper foil (Figure 3.2¢c
and Figure 3.2d). Since the main difference between the two copper foil substrates is that
one is oxygen free while the other is not, copper oxides were used to mimic the 99.8%
copper and found that this yielded still lower nucleation densities. Nucleation density on

copper oxides is dramatically decreased and millimeter-sized graphene islands are readily

achieved on the thermally reduced pre-oxidized copper surface.
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Figure 3.2. SEM images of (a) 99.8% Cu foil and (b) OFHC Cu foil surfaces after
cleaning with acetone, acetic acid, and annealing at 1040 °C for 1
hour under 10 sccm H; showing differing amounts of surviving
carbon residue. Four of the small remaining residue spots have been
circled in Figure 3.2a. Maps of the Raman G-peak position for
graphene grown on (¢) 99.8% copper and (d) OFHC copper.

Copper can be readily oxidized and forms Cu,O and CuO after heating in air’*>®.

The copper substrates were oxidized in a box furnace under ambient atmosphere. The
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surface of the oxidized copper foil becomes dark brown (cuprous oxide) when heated to
250 °C and then black (cupric oxide) when heated to 300 °C, for the heating time used.
CuO is reported to thermally decompose to Cu,O under vacuum around 350 °C”.
Cupric oxide and cuprous oxide can be distinguished from each other not only by color
but also by Raman spectroscopy®®®. Figure 3.3 shows the Raman spectra from the
surface of OFHC copper foil after having been oxidized at 300 °C to form cupric oxide
and then after being thermally reduced to cuprous oxide under vacuum at 600 °C.
Although Cu,O0 is stable and solid at atmospheric pressure up to 1230 °C, well above the
melting point of copper (1085 °C), it will thermally decompose into metallic copper
below copper’s melting point at low oxygen partial pressures (below ~10° Torr at
1000 °C based on this experimental data). Figure 3.3 also shows the Raman spectra of
the cuprous oxide sample after being thermally reduced to metallic copper under vacuum

at 1000 °C.
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Figure 3.3. Raman spectra from the same copper sample after being oxidized at 300 °C
(CuO), vacuum annealed at 600 °C (Cu,0), and vacuum annealed at 1000 °C (Cu).
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To show the relationship between the oxygen partial pressure and temperature
during the decomposition of copper oxide, a 50 mm square piece of the as-oxidized 125-
um thick OFHC Cu foil was placed in the CVD system and the system was pumped
down to ~10™ Torr. The system with the pre-oxidized copper oxide substrate was heated
to 1080 °C and then immediately allowed to cool. While heating and cooling, the
composition of the CVD chamber atmosphere was measured downstream of the sample
using an RGA. Figure 3.4 shows the oxygen partial pressure versus temperature as the
sample was cooled. As the temperature increases, the cuprous oxide will thermally
decompose even at higher oxygen pressure. This temperature/pressure profile was quite
reproducible between copper pre-oxidation levels and cooling rates. The logarithmic
relationship between the oxygen partial pressure and temperature (as shown in Figure
3.4) fits well with previously published results®’. It is noted that this data fits almost
exactly with that of Kodera et. al. but only if °C is used instead of K in their reported
data. More recent work has shown the earlier reports including that of Kodera et. al.
drastically over estimated the oxygen solubility in copper®. In fact, Kodera et. al. over
estimate the oxygen pressure for the other metal oxides measured in their work — which
they also mention in their publication.

If the substrate is too lightly oxidized, the oxygen pressure will drop prematurely
due to the substrate becoming completely reduced (this is the case of the 99.8% Cu foil
from Alfa Aesar, which reaches a maximum oxygen pressure around 1020 °C with no

detectable oxygen in the system by ~1050 °C Figure 3.5d). While the oxygen pressure is
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dependent on temperature, when the oxygen pressure starts to decrease again depends on
the amount of original cuprous oxide in the substrate and the temperature at which it is
being reduced; thus the needed anneal temperature and time to fully reduce all the
cuprous oxide is dependent on the substrate and can vary from substrate to substrate. As
expected, heating OFHC copper does not result in an increase in oxygen partial pressure
as shown in Figure 3.5c. To be mentioned, ex-situ oxidation followed by vacuum
thermal reduction does not noticeably affect the texture or grain size distribution of the

copper substrate.
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Figure 3.4. Log plot of the partial pressure of oxygen evolving from copper oxide
versus inverse temperature while cooling the sample.

Not only is a neat copper surface obtained after thermal decomposition, but
oxygen is also released from the substrate surface during this decomposition, which
raises the possibility of copper oxides as a ‘self-cleaning’ substrate for graphene growth.
Indeed, the released oxygen does react with any adventitious carbon on the copper

surface forming carbon monoxide and carbon dioxide; Figure 3.5b shows the CO and
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CO,; partial pressure, along with the O, partial pressure, while heating the oxidized
copper foil for the first time (The background gas partial pressures from the system
chamber have been subtracted so that only the gasses evolving from the substrate are
shown in Figure 3.5b). The background pressures remain below 5x10™® Torr and are
shown in Figure 3.5a. As the oxygen evolves from the copper oxide, it reacts with the
surface carbon forming both a peak in the CO pressure and a corresponding dip in the O,
pressure around 995 °C. At higher temperature, the CO, pressure rises until the surface
carbon has been depleted, indicated by a decrease in the CO, pressure. How much CO
and CO, are generated depends on the quantity of carbon residues present on the
substrate, and varies between different substrates. To obtain a surface free of carbon, the
CO and CO, pressures must decrease (indicating that carbon is depleted) before the O,
pressure decreases due to the copper becoming fully reduced. This is the case for the
partial pressures while heating the 99.8% foil shown in Figure 3.5d, where some (but not
all) of the carbon is burned off and why there is still some of the likely carbon residue
visible in Figure 3.2a. If the substrate is not sufficiently oxidized to provide enough
oxygen to fully burn off any surface carbon, then the surface will not be completely clean

for graphene growth.
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Figure 3.5. The oxygen, carbon monoxide, and carbon dioxide partial pressures in
the CVD system versus the furnace temperature upon the initial
heating of (a) just the CVD chamber and sample holder, (b) oxidized
OFHC copper, (c) OFHC copper, and (d) 99.8% copper.

35



Chapter Four: CNT and Graphene Transparent Conductive

Electrodes

Transparent thin conductive films (TCFs), also known as transparent conductive
electrodes (TCEs), are used in many modern technological devices such as solar cells,
lasers, flexible electronics electrodes, displays, etc. The current most widely used
material for transparent thin conductive films in liquid crystal, flat panel, and plasma
displays is indium tin oxide (ITO). Unfortunately, there are concerns that the world’s
supply of indium is becoming limited, driving up its cost and limiting its widespread use.
The need for a replacement for ITO is an urgent and pressing challenge. US energy
consumption continues to rise as well as CO, and other greenhouse emissions. It is
estimated that the US will release over 5.6 billion metric tons of CO; into the atmosphere
annually by 2040°*. The need for widespread use of clean renewable energy sources is
apparent not only to meet our energy needs but to protect the earth's environment. Solar
cells can help meet both these challenges, but if they are to be deployed on a large scale,
they need cheap, plentiful, and sustainable transparent conductive films. Transparent
conductive films made from graphene have already been used in tests to replace the ITO

screen in Samsung smart phones®’; however, these are not yet in commercial production.
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Figure 4.1. Photos of Samsung smart phone with the one on the left having a graphene
based touch screen on the one and the right having a traditional ITO based touch
65
screen .
The work described in this chapter was the result of a close collaboration with Dr.
Aruna Velamakanni who devised the chemical fabrication technique. My role was to
make all the samples as well as characterize them. To provide a comprehensive picture, I
describe also the work by my collaborators (the D-STEM analysis performed by Dr. K. J.
Ganesh and the XPS data analysis performed by Dr. Aruna Velamakanni and Dr. Hugo

Celio), which resulted in a publication from this work®®. Thus, I will allude to who did

what in the chapter so that it is clear what I contributed.
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4.1. SITE-SPECIFIC DEPOSITION OF AU NANOPARTICLES IN CNT FILMS BY

CHEMICAL BONDING#

Until this work, there had been no attempt to date to specifically modify the nodes
in carbon nanotube (CNT) networks. Prof. Ruoff conceived of this idea: if the nodes can
be modified in favorable ways the electrical and/or thermal and/or mechanical properties
of the CNT networks could be improved. In an attempt to influence the performance as a
transparent conductive film, gold nanoparticles capped with the amino acid cysteine (Au-
CysNP) have been selectively attached at the nodes of multi-walled carbon nanotube
networks by Dr. Aruna Velamakanni and me. These nanoparticles having an average
diameter of 5 nm as observed by TEM. FTIR and XPS were used to characterize each
step of the MWCNT chemical functionalization process. The chemical process was
designed to favor selective attachment at the nodes and not the segments in the CNT
networks (The chemical processing was designed to direct formation of nodes where the
gold nanoparticles are). The nanoparticles, which were loosely held in the CNT network,
could be easily washed away by solvents, wheras those bound chemically remained.
TEM results show that the Cys-AuNPs are preferentially located at the nodes of the CNT
networks when compared to the segments. These nanoparticles at the nodes were also
characterized by a novel technique called diffraction scanning transmission electron

microscopy (D-STEM) confirming their identity. Four-probe measurements found that

I Portions of this section have been published as Aruna Velamakanni, Carl W. Magnuson, K. J. Ganesh,
Yanwu Zhu, Jinho An, Paulo J. Ferreira, and Rodney S. Ruoff; Site-Specific Deposition of Au
Nanoparticles in CNT Films by Chemical Bonding. ACS Nano 2010 4 (1), 540-546

38



the sheet resistance of the modified CNT networks was half that of similarly transparent

pristine multi-walled CNT networks.

Introduction

The overall electrical, thermal, and mechanical performance of networks of
overlapped and criss-crossed carbon nanotubes (CNTs) (also called buckytube paper,
CNT films, etc.) is largely determined by the nature of the contact at the node—that is,
the intersection of overlapping CNTs. There has been no other work to date on selective
modification of the nodes in CNT networks, and such an effort is reported here, with an
eye towards improving the transparent electrode performance of such networks.

Transparent electrical conductors are a key component in modern technology,

67-69 including, but not limited to, solar cells, flat panel

used in various applications
displays, solid state lighting, still-image recorders, lasers, optical communication devices,
electrodes in flexible electronics, and sensitive bolometers for detecting infrared
radiation. Transparent conductive films (TCFs) based on carbon nanotubes are a
promising candidate for potential use in all of the above applications and have been
touted as a possible replacement for the currently used indium tin oxide (ITO) films.
CNT films could offer a lower cost solution that is far more compatible with high volume
production techniques, and, unlike metal oxide films, CNT films can be deposited with
high volume roll to roll processes. CNT films are far more compliant than brittle metal

oxide films, suggesting their use in plastic electronics and solar cells, thus offering

interesting possibilities for both fundamental science and important technological areas.
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Random or quasi-random networks of CNTs (“CNT nets”) have been made in thin film
form and studied for use in applications such as those mentioned above.®”®

The application of CNT networks as thin films for TCFs has a major limitation,
their relatively high electrical resistance. If the electrical conductivity of CNT nets could
be significantly improved, the technological value of these thin films as transparent
conductive electrodes would be enormously improved. The overall electrical resistance
of CNT TCFs is largely determined by the resistance at the crossing points (also called
nodes or junctions) of the CNTs. The CNT network is defined as being comprised of
nodes and segments. Modeling studies of networks of one-dimensional elements have
shown a resistivity dependence on segment length distributions and node resistances.”’
The electrical resistance at the nodes of CNT networks has been estimated through Monte
Carlo modeling to be approximately 100 times larger than the quantum resistance of 6.5

kQ—as determined by fitting experimental I-V data of actual CNT nets.”'

Through such
modeling it has been shown that if the node resistance value were identical to the
quantum resistance, the overall CNT net resistance could be lowered by about a factor of
ten.”' So for the specific types of networks that have been modeled, improvements up to
a factor of ten could in principle be achieved if the node resistance were markedly
lower.”” The nature of the bonding at the node also plays a central role in the mechanics

of CNT nets, per modeling studies.””*

For example, replacing the weak van der Waals
contact of two crossing CNTs with strong covalent bonds could significantly improve the

mechanical performance, and such a CNT net would be sufficiently robust’> to be
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infiltrated with other materials such as polymers, ceramics, and perhaps even metals. The
robust CNT net could then serve in structural applications and would further be capable
of being an electrically and thermally conductive component in, e.g., insulating matrix
materials, with potential use in smart material applications.

A chemical approach designed by Prof. Ruoff and Dr. Velamakanni is presented
for “selectively depositing” functionalized gold nanoparticles at the nodes of multiwalled
carbon nanotubes (MWCNTs). Previous work which incorporated gold nanoparticles
into MWCNT networks did not target the selective deposition of nanoparticles to be at

the nodes of the networks. Methods that lead to a random distribution of gold

76-81 83-84
d,

nanoparticles include solution-base electrostatic, ** gold evaporation, and
through the use of y-radiation.* Control on the deposition of gold nanoparticles capped
with cysteine (Au-Cys Figure 4.2a) at the nodes of MWCNT networks has been
demonstrated here. The main goal of this work is to explore the fundamental science of a
method for selective deposition of material at the nodes of MWCNT networks.
Following the procedure of chemical linking and annealing, the conductive material (gold
nanoparticles) is ensured to be deposited specifically at the nodes and not randomly on
the MWCNT films. This will potentially enhance the performance of TCFs based on

MWCNTs, and the endeavor of achieving selective deposition at the nodes will hopefully

inspire others to find routes to achieving this as well.

41



(a) (b)

OH

o)
NH, O O
0 S o) ] ]
HOMS‘S%OH S O S O
+ NH
N2 s NH; Zwitter ion ;‘_'3 ’
H2N‘§:
HG © HO- Available for bonding

Figure 4.2. (a) Schematic depicting the attachment of cysteine molecules to make Au-
Cys nanoparticles. (b) Schematic showing the availability of the -NH; group for
bonding upon changing the pH by addition of base (OH") ions.

Results and Discussions

Cysteine is an amino acid with three functional groups: thiol (—SH), amino (-
NH;) and carboxylic acid (-COOH). While the —SH group interacts with the gold
nanoparticle via the gold-thiol bond, the -NH, and -COOH groups can make chemical
bonds with the complementary groups on functionalized MWCNTs. Cysteine at pH 7 is
a zwitterion and thus has positive and negative charges on different atoms in the molecule
but a net zero overall charge. Specifically, the -NH, and -COOH groups exist as -NH;3"
and —COQO" due to migration of a proton from the -COOH group to the -NH, group.
However, the pH can be adjusted such that one of those groups can be made available for
reaction. In the present work, a weak base, ammonium hydroxide (NH4OH), has been
added to adjust the pH to 10 so as to react with the conjugate acid NH3;". Thus NH3" is

converted back to a free amino (—NH>) group that is then available for reaction with the
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acid chloride (CO-CI) groups (obtained after multiple steps of functionalization, details in
‘Methods’ section below) on the MWCNTSs. A schematic of this is shown in Figure 4.2b.
When one cysteine capped gold nanoparticle (Au-CysNP) gets linked to a MWCNT
chemically, the remaining groups on the same Au-CysNP can link to other MWCNTs.
This results in a gold nanoparticle ‘drawing’ two (or more in some cases) MWCNTs
together and ‘trapping’ itself at the resulting intersection or the node of the two
MWCNTs. Some Au-CysNPs are not able to link with other MWCNTs, remain at places
other than the nodes such as the segments or the endcaps of MWCNTs (see supporting
information). It is well known that gold strongly dewets from certain types of carbon
nanotubes,” thereby tending to minimize their ability to aid in the electrical contacts
between tubes. However, the morphological stability of the gold film/nanoparticles
depends on the relative strength of the interface bonds (adhesion),*® and, in the present
case, gold nanoparticles are chemically bound to the MWCNTs and hence are more
strongly attached than if they were physically adsorbed. Although annealing these films
at 400 °C for an hour leads to the decomposition of cysteine into various gaseous
products, leaving just the gold nanoparticles at the nodes, the strong covalent bonds by
which they were originally attached to the MWCNTs helps them remain at the same
position even after annealing and losing the cysteine capping; it has been reported that
pure cysteine thermally decomposes at 400 °C also.®”” TEM images, Figure 4.3, after
annealing show that the gold nanoparticles do not dewet and are still located at the

network nodes.
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Figure 4.3. TEM image of a post annealed MWCNT-COCI-AyCysNP network. The
particles’ sizes and positions are the same as before annealing.

Control experiments were conducted where the gold nanoparticles were not
capped with cysteine to observe if there was still specificity in linking of the gold
nanoparticles. Films were made with these non-cysteine-capped gold nanoparticles
following the same procedure used for MWCNT-Au-CysNPs. It was found that the gold
nanoparticles agglomerated to larger particles and most of the gold nanoparticles simply
did not adhere to the MWCNTs. (TEM and SEM images of networks with Au
nanoparticles not capped with cysteine can be found in the supporting information.) The
very few nanoparticles that did stay within the network were located randomly on the
network as opposed to what was found when they were capped. This is attributed to the
lack of cysteine capping around the gold nanoparticles which not only stabilized them
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and prevented agglomeration, but also provided complementary groups (-NH, with —
COCI) to bond with the functionalized MWCNTs. The Au-Cys NPs were first linked to
the tubes and then the films were made. This procedure ensures that the location of gold
nanoparticles on MWCNTs is due to the chemical bonds and that they are thus located at
positions where they are linking the tubes. When a film is made with such linked tubes,
the gold nanoparticles remain at the intersections of the tubes. These intersections are
(some of) the nodes of the carbon nanotube networks/films. However, if a film is first
made and then the gold nanoparticles deposited, there is very little control on directing
the nanoparticles to the junctions, resulting in a random dispersion across the network as
evidenced by the TEM results. This remains an exciting challenge for future work—

selective deposition at the nodes of already-made CNT nets.
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Figure 4.4. (a) Bright-Field TEM micrograph of the MWCNT network showing Au-Cys
nanoparticles at the nodes (circled) and one along a segment (squared). (b) A high
magnification phase contrast image of one of the nodes. Insert: Micro-EDS line
profile for gold and sulfur across the Au-Cys nanoparticle. (c) A bright-field STEM
image of the MWCNT network showing the D-STEM beam positioned exactly at one
of the Au-Cys nanoparticles labeled ‘A’. (d) Spot diffraction pattern obtained by D-
STEM from the nanoparticle shown in (c). The bright center spot in the diffraction
pattern is (000).
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A phase contrast image of a sparse MWCNT-Au-CysNP network is seen in
Figure 4.4a. Four different samples were observed and 150 nodes in each sample were
analyzed. It was observed that 85% of the particles were at the nodes and the remaining
15% were along the segments. Also many nodes were unoccupied by Au-Cys particles,
leaving them as unmodified nodes. Figure 4.4b shows a high magnification TEM image
of a Au-CysNP between two MWCNTs. TEM was also used to examine areas of the
MWCNT networks that were sparse enough to clearly differentiate between network
nodes and segments. Measurement of the linear lengths of the segments and nodes
showed that 30% of the overall lengths of the MWCNTs were located at nodes.
However, in these areas, 85% of the gold nanoparticles were located at the nodes. If the
particles were randomly distributed along the MWCNTSs, one would expect only 30% to
be at the nodes. This clearly shows that the Au-CysNPs are more selectively deposited at
the network nodes. To determine the percentage of the network occupied by nodes, the
length occupied by the nodes was divided by the total length of MWCNTs in the
network. Figure 4.5 shows an example of how these two lengths were measured. To get
the fraction of the MWCNTs that are at the network nodes, the length of the nodes was
divided by the length of the nodes plus the lengths of the segments of the MWCNTs.
Images of networks containing over 100 nodes were analyzed. It was found that 30% of

the lengths were at nodes while 85% of the Au-Cys nanoparticles were located at nodes.
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Figure 4.5. TEM image of part of a MWCNT network with gold nanoparticles at a
node (image obtained on networks after annealing), where both the
segments and nodes of the network could be easily differentiated.
The green lines represent the linear length of the MWCNTSs occupied
by the node and the red lines represent the segments. In this image,
2 of the 3 gold nanoparticles are located at a node (circled).

Using the same TEM sample as in Figure 4.4a, a line scan using micro-EDS
across a gold nanoparticle (~5 nm in diameter) located at a node of the MWCNT network
revealed that the nanoparticle was coated with a thin layer of sulfur (Figure 4.4b insert)
which is due to the gold-thiol linkage. This has also been proven by XPS data as
discussed below.

A recently developed technique called D-STEM was also employed by Dr. K. J.
Ganesh to identify the material deposited at the nodes. The interest is to characterize just

the nanoparticle at the node and not the surrounding material in order to confirm that the
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material deposited at the node was in fact a gold nanoparticle. The nanobeam diffraction
(NBD) technique was not used to characterize the material at the nodes in spite of having
a very small beam size because, during operation, the NBD technique requires constant
toggling between the image and diffraction modes, which might result in potential beam
shifts, thereby affecting position-accuracy. In D-STEM, the enhanced control and precise
positioning of the beam on the region of interest enables rapid collection of sharp spot
patterns from nanostructures as small as 3 nm. The details of this technique can be found
elsewhere.® Figure 4.4c shows a representative bright-field STEM image of a node with
a nanoparticle.

In order to accurately determine the identity of the nanoparticles positioned at the
nodes by electron diffraction, sharp spot patterns were achieved by using the ‘D-STEM’
technique, which employs a near-parallel illumination with a convergence angle less than
1 mrad in a modified STEM configuration. In any scanning transmission condition, the
image resolution is determined by the probe size, and the probe size for low probe
defining apertures (low convergence angles) depends on the diffraction limit. Therefore,
the probe size in D-STEM (for such low convergence at 200 kV) is ~ 1-2 nm. The
modified STEM optics in D-STEM results in uncorrectable distortions of the off-axis
beams during the scanning process.*®

These two factors impair the image resolution (in Figure 4.4b). In conventional
STEM, operating at convergence angles of the order of 10-20 mrad, the probe sizes are

much smaller, which in turn provides better spatial resolution in real space. However in
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reciprocal space, it results in large discs which also suffer from dynamical diffraction
effects and disc overlaps that hinder accurate indexing. D-STEM was used to position
the probe accurately at the nanoscale feature of interest in the image and simultaneously
obtain easily indexable sharp diffraction patterns which prove the location of the
nanoparticles and that they are in fact gold Au (0) nanoparticles.

The 1-2 nm diameter near-parallel probe was positioned on the nanoparticle
labeled (A), and the diffraction pattern obtained is shown in Figure 4.4d. The obtained
four-fold diffraction pattern was indexed to a [001] beam direction and, when compared,
the interplanar spacings revealed a perfect match to gold (Au (0)). A single crystal Si
[110] specimen was used to calibrate the camera length for this technique.

Figure 4.6a and Figure 4.6b shows the TEM images and Figure 4.6c the SEM
image from a control experiment performed to find out if uncapped gold nanoparticles
adhere to the MWCNT networks and if adhering, whether they do so in selected regions
of the network. The results show that the uncapped gold nanoparticles do not adhere to

the network and instead aggregate into larger particles away from the network.
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Figure 4.6. (a) TEM image of gold nanoparticles that were not capped with
cysteine. The gold nanoparticles were not attached to MWCNTs and their sizes
were both larger and their distribution varied more greatly than the gold
nanoparticles capped with cysteine. (b) TEM image of a MWCNT network from
the same sample as (a). (c) SEM image of a region of a MWCNT network with
non-capped gold nanoparticles. Most of the gold nanoparticles are washed away
during filtration in the film making process. A remaining particle is not at a
network node.
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Figure 4.7. (a) XPS survey scan of MWCNT-AuClys films before and after
annealing. The peaks corresponding to nitrogen and sulfur disappear after
annealing. (b) Deconvolved C 1s peak for the un-annealed film. (¢) Deconvolved
C Is peak for the annealed film. (d) The N 1s peak (400.5eV)before annealing;
disappears after annealing. (¢) Deconvolved S 2p peak. (f) The Au 4f peaks are
present both before and after annealing.
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XPS data was taken on the samples by Dr. Aruna Velamakanni and me. The data
was largely analyzed by Dr. Aruna Velamakanni and Dr. Hugo Celio. Figure 4.7a shows
the XPS survey spectra of unannealed and annealed films deposited on glass. The survey
spectrum of unannealed film showed peaks for sulfur and nitrogen in addition to gold,
carbon, and oxygen. A better insight into the binding of the Au-CysNPs was obtained by
looking at the high resolution elemental spectra of the individual elements present. Figure
4.7b shows the C 1s peak for the MWCNT-AuCys films before annealing. This was fit to
four components: the component at 288.0 eV corresponds to amide linkage (-NH-C=0),
285.8 eV to —C-O in hydroxyl groups (which get incorporated during oxidation along
with the carboxylic groups), and the remaining two peaks at 284.5 eV and 284.7 eV to
the sp® and sp’ carbons respectively in MWCNTs. Figure 4.7¢ shows the C 1s peak for
the annealed Au-Cys-MWCNT films. The peaks at 284.5 eV and 284.8 eV correspond to
the sp> and sp’ carbons, respectively, in the MWCNTs. The peak at 286.4 eV corresponds
to the —C-OH which remains after annealing. It was observed that the other high
oxidization peaks disappear, such as the amide in the previous case. Instead, a shakeup
peak at 290.2 eV appears. The shakeup peaks which are due to @ n* transitions and are
more pronounced in the conjugated and aromatic systems and occur above 290 eV.***°
In the case of functionalized tubes with Au-CysNPs, the conjugation is largely disrupted
due to introduction of sp’ carbons due to oxidation and chemical bonding. After

annealing when the cysteine capping is decomposed (loss of amide bonds) and more sp”

53



bonding is attained due to decarboxylation of the MWCNTs, the shake-up peak becomes
more prominent as seen in Figure 4.7c. The origin of the N 1s peak at 400.5 eV (Figure
4.7d) is due to the incorporation of the amide bond that is formed by linking the Au-
CysNPs to the MWCNTs. A peak corresponding to the amide bond is also seen in the C
Is spectrum at 288.0 eV. The S 2p peak is deconvolved into two components for the
unbound thiol due to any free cysteine at 164.1 eV and another peak at 162.5 eV 7'
due to the gold-thiol interactions. Both the N Is and S 2p peaks disappeared completely
in the annealed films. This is attributed to the decomposition of cysteine into various
gaseous products at 400 °C.*” Figure 4.7f shows the comparative spectra of Au 4f before
and after annealing. The Au 4f (7/2) peak has been referenced at 84 eV which is typical
of Au (0).”*”> The Cl 2p peak is absent in both the annealed and unannealed films
confirming the absence of AuCls. This eliminated the possibility of other species such as
Au’" that might also contribute to the signal for Au in XPS. Indexing the D-STEM
diffraction pattern from the particles at the nodes proved that these particles are Au (0)
and not a compound such as AuCl; containing Au’*". Hence it can be concluded that Au>"
1s not present, and the signal for gold is in fact coming from Au (0). The incorporation of
—Cl in the form of —CO-CI in the MWCNTs (see supporting information) and attachment
of the Au-CysNPs to the MWCNTs has been successfully proven by XPS; this was

otherwise very difficult by FTIR due to the limit of detection for that technique, owing to

the fact that mild oxidation was used and thus fewer functional groups were introduced.
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Figure 4.8a shows the comparative XPS survey spectrum of the pristine

MWCNTs, MWCNT-COOH and MWCNT-COCI samples. The MWCNT-COOH

sample shows an increase in the oxygen peak and the MWCNT-COCI sample shows a

peak for Cl 2p indicating that the MWCNT-COOH functionalized tubes have been

converted to MWCNT-COCI. Figure 4.8b shows the high resolution Cl 2p spectrum of

the MWCNT-COCI sample at 199.5 eV that is indicative of a C-CI bond incorporated

due to the formation of CO-CI bonds.
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Figure 4.8. (a) Comparative survey spectra of as-purchased (dashed), MWCNT-

COOH (dotted), and MWCNT-COCI (solid) samples. The MWCNT-COOH
sample shows a clear increase in the oxygen content and the MWCNT-COCI
sample shows a peak for CI 2p. (b) The CI 2p peak at 199.5 eV is indicative of a
C-ClI bond that is incorporated due to the formation of CO-Cl bonds.
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Figure 4.9. Transmittance plot of films made from both pristine MWCNTs and
MWCNT-Au-Cys. At 550 nm, the transmittance of the pristine MWCNT network is
53.1% and the MWCNT-Au-Cys network is 54.8%.

The van der Pauw four probe method”® was used to measure (Keithley 6221 and
6514) the sheet resistivity of the vacuum-filtered films after they were transferred onto
glass substrates. The resistivity of four films from the same MCE membrane before
annealing was ~580 kQ/[]. After annealing under argon at 400 °C for one hour, the
resistivity of the thin conductive films dropped to 19.5 kQ/[1. The transmittances of the
same films (Figure 4.9) measured at 550 nm with a spectroscopic ellipsometer (J. A.
Woollam M2000D) were found to be 54.8 +0.3%. Four TCFs made with pristine
MWCNTs from the same MCE membrane with transmittance 53.1 +0.2% were found to
have a sheet resistance of 41 kQ/[1. Even though the pristine MWCNT TCFs were
slightly less transparent than the modified films, their sheet resistance was over twice as

large. Annealing the TCFs for one hour at 400 °C under argon did not change their
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transmittance, nor did it change the sheet resistance of the pristine MWCNT films. (I-V

curves of all three types of films can be found in Figure 4.10.)
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Figure 4.10. I-V plots for the thin films made with pristine MWCNTs and MWCNT-Au-
Cys before and after annealing. The non-linearities in the curves are an artifact of the
characterization setup, not a property of the films. When the current supply changes
between the high and low current regimes, the actual current is lower than reported
causing dips in the I-V curves. To obtain the sheet resistance the slope of the [-V
curve is multiplied by n/In2 (~4.5). From the slope of these I-V curves, the sheet
resistance of the films was determined to be 41 kQ/[] for the pristine MWCNT film,
580 kQ/[J for the pre-annealed MWCNT-Au-Cys film, and 19.5 k€/[] for the post-
annealed MWCNT-Au-Cys film.
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Conclusions

Au-CysNPs were incorporated selectively at the nodes of CNT networks. These
nanoparticles are chemically bound to the MWCNTs via amide bonds and are
preferentially located at the nodes of the MWCNT network rather than along the
segments. Since the weak van der Waals contact of two crossed CNTs has been
successfully replaced by strong covalent bonds, the mechanical performance of the CNT
net might also be improved, and is thus suggested as a topic of further study. The
electrical resistivity of TCFs made with MWCNT-Au-Cys is roughly half that of those
with the same transmittance but composed of pristine MWCNTs alone. This is the first
report of an experimental attempt to selectively modify the nodes and not the segments of
CNT networks so as to enhance the performance of such networks. The concept of
selective modification of the nodes in CNT networks is a topic of a recent patent filing by
one of the authors.”” A recent publication (appearing after the submission of the work
presented here) by Rodriguez-Manzo et al.”® explored irradiating a cobalt nanoparticle
located near the node of two MWCNTs to “nano-weld” the MWCNTs together, with a
focused electron beam in a TEM at elevated temperatures. Using a similar method of
selectively depositing nanoparticles at the nodes of MWCNT networks as shown in the
work here for the deposition of cobalt nanoparticles and then “nano-welding” the
MWCNTs en masse such as might be achieved through large area irradiation, is

suggested for future research.
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Methods

Acid functionalized MWCNTs (MWCNT-COOH): Multi-walled carbon
nanotubes (Sigma Aldrich 99.97% pure 6-13 nm in diameter) were annealed at 225 °C for
24 hours in air to remove any amorphous carbon and oxidize any catalyst particles. The
annealed MWCNTs were then oxidized to generate -COOH functional groups by stirring
with a mixture of concentrated sulfuric and nitric acid (3:1)” for 24 hours. Stirring was
used instead of sonication in an attempt to prevent the nanotubes from breaking at the end
caps. The endcaps of the MWCNTs will open if harsh oxidizing conditions, such as high
temperature treatment and/or sonication, are used. To prevent this, mild oxidation
conditions, such as stirring the MWCNTs in H2SO4+HNO; (3:1) at room temperature,
were used rather than sonication. This approach results in the retention of end caps as
seen in the TEM image below (Figure 4.11a-c). The oxidized MWCNTs (MWCNT-
COOH) were vacuum filtered (Millipore 1.0 micron PTFE) and thoroughly rinsed with

deionized water (17.5 MQ Barnstead).
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Figure 4.11. (a) TEM images showing intact endcaps on oxidized MWCNTs before
functionalization with —COCI groups. The dark spot is not a gold nanoparticle but is
due to mass thickness contrast. (b) and (c) show intact endcaps with and without gold
nanoparticles respectively. (Scale bars in (b) and (c) are 50 nm.)

Acid chloride functionalized MWCNTs (MWCNT-COCI): 100 mg MWCNT-COOH
was stirred in 50 ml thionyl chloride with 2 drops dimethylformamide (DMF) as a
catalyst, under argon for 24 hours at 70 °C. The functionalized MWCNTs were vacuum
filtered (Millipore 1.0 micron PTFE) and completely rinsed with tetrahydrofuran (THF)
to prevent hydrolysis of the —COCI functional groups. The acid chloride functionalized
MWCNTs (MWCNT-COCI) were stored under argon to prevent any hydrolysis and were
used immediately for further reactions.

Synthesis of gold nanoparticles (Au-CysNPs): Cysteine capped gold nanoparticles
(Au-CysNPs) were prepared by a known method.'”  Briefly, reduction of
tetrachloroauric acid with sodium borohydride, followed by addition of the amino acid
cysteine, resulted in Au-CysNPs. The Au-CysNPs dispersed in water were purified to a

diameter of 3-5 nm by centrifuging (IEC MediSpin) for one hour. 1 ml ammonium
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hydroxide was diluted with 100 ml H,O. The pH of 10 ml Au-CysNPs was adjusted to
10.4 (measured with a Fisher Scientific Accumet Excel pH meter) by adding 6 drops of
the diluted ammonium hydroxide.

Figure 4.12 shows the UV—Vis spectra of gold hydrosol (obtained by sodium

borohydrate reduction) and also of Au-Cys'®

. The strong absorption at 512 nm is the
characteristic gold plasmon resonance. The spectra of Au-Cys nanoparticles showed a red
shift and broadening of the above band indicating some aggregation as a consequence of
surface modification. The interaction of cysteine with the gold nanoparticles was also

seen by a rapid change in the color of the solution from ruby red to blue on addition of

cysteine to the gold hydrosol.

UV-vis spectra of Au NPs
1.4 T T

T T
gold hydrosol [

12k — cysteine capped gold nanoparticles

: e : e ¢
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Wavwelength (nm)

Figure 4.12. UV spectra of the gold hydrosol and of the cysteine capped gold
nanoparticles.
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FT-IR spectra were employed in an attempt to detect the characteristic bands of
MWCNTs with different functional groups and the cysteine moiety after gold
nanoparticle conjugation. Figure 4.13a represents the FTIR spectrum of acid
functionalized MWCNTs (MWCNT-COOH). The IR spectrum shows a very small peak
at 3500 cm™ characteristic of the —OH stretch region from carboxylic acids. MWCNTSs
are treated with strong acids (H,SO4+HNOs3) to introduce oxidation. The FTIR of acid
chloride functionalized MWCNTs (MWCNT-COCI), Figure 4.13b, shows a clear
decrease in the intensity of the —OH stretch that indicates the conversion of —-COOH
groups to —COCI. This is also indicated from XPS data as discussed above. Figure 4.13c
represents the MWOCNT-COCI linked with Au-Cys nanoparticles. It shows a
characteristic stretch from the amide bond at 3300 cm™ corresponding to the amide bond
formed as a result of the linking of cysteine capped gold nanoparticles (Au-Cys) to the

MWCNT-COOH (MWCNT-AuCys).
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Figure 4.13.FTIR spectra of acid functionalized a) multiwalled carbon nanotubes
(MWCNT-COOH), b) MWCNTs (MWCNT-COCI), ¢) MWCNTs linked with Au-
Cys (MWCNT-AuClys).

Linking of Au-Cys with MWCNT-COClI (MWCNT-AU-CysNPs) and making
films: 20 mg of MWCNT-COCI was suspended in 10 ml THF and 1 ml of the pH-
adjusted Au-CysNPs was added drop-wise while stirring under argon. The reactive -
COCI groups on the MWCNT-COCI react with the free -NH, groups on the Au-CysNPs
and are linked via an amide bond. The MWCNTs linked with Au-CysNPs (MWCNT-Au-
Cys) were suspended in THF and stirred under argon for 2 days. The solution was then
added to 190 ml pure water. This hydrolyzed the remaining —COCI functional groups on
the MWCNTs and created a good dispersion of the MWCNT-Au-CysNPs. After
decanting the above solution, 6 ml of the supernatant were suspended in 200 ml pure
water and vacuum filtered onto a mixed cellulose ester (MCE) filter membrane

(Sterlitech) and made into a thin film.""'

To obtain square films, each 47 mm diameter
MCE membrane was cut into four smaller squares roughly 1 cm on a side. The film was

transferred to a glass cover slide, and the MCE membrane was dissolved with acetone
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(soaked three times in an acetone bath for 20 minutes). After rinsing the thin conductive
film with ethanol several times, which was observed to wash the unbound nanoparticles
away, the film was annealed at 400 °C for 1 hour under argon. The result is uncapped-

gold nanoparticles located at the nodes of the MWCNT network.

Characterization

The material was characterized after each step of modification to test whether the
desired functionality was being introduced. A Perkin-Elmer UV—Vis spectrophotometer
in the range of 200-800 nm was used to monitor the UV—vis absorption spectra of free
gold nanoparticles and the Au-CysNPs dispersed in water. Fourier Transform Infrared
(FT-IR) spectroscopy (supporting information) and X-ray photoelectron spectroscopy
(XPS) were used to follow the functionalization of MWCNTs at each step and also after
linking them with the Au-CysNPs. XPS analysis was performed using a Kratos AXIS
Ultra DLD XPS equipped with a 180° hemispherical energy analyzer to determine the
chemical composition of these nanotubes. Photoemission was stimulated by
monochromated Al K-alpha radiation (1486.6 eV) with an operating power of 150 W. It
was operated in the analyzer mode at 80 eV for survey scans and 20 eV for detailed scans
of core level lines. Binding energies were referenced to the C 1s binding energy set at
284.5 eV. After the Au-CysNPs were linked to the MWCNTs, TEM was done to observe
the location of the particles. A drop of the suspension of MWCNT linked with Au-

CysNPs was placed on a 400 mesh copper TEM Quantifoil® holey carbon grid. This was
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investigated using a JEOL 2010F TEM/STEM (Cs = 0.5 mm) equipped with an ultra high
resolution pole piece. An operating voltage of 200 kV was used. In STEM mode (0.5 nm
probe, 15 cm camera length, 50 um condenser aperture), micro-EDS determined if sulfur
surrounded the gold nanoparticle via gold-thiol bond while in the MWCNT network. A
recently developed technique called D-STEM (Diffraction Scanning Transmission
Electron Microscopy) was employed to confirm the identity of the particle at the node of

two tubes.

4.2. GRAPHENE BASED TCES

Even after annealing the MWCNT-Au-Cys films, they still had a sheet resistance
of 19.5 kQ/[]. A single layer of graphene I grew using low pressure CVD on copper has

a sheet resistance of ~1 kQ/[J after being transferred by Dr. Ji Won Suk'®.
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Figure 4.14. Sheet resistance vs. transmittance for graphene based transparent conducting

102
electrodes .

Graphene/metal nanowires hybrid

Dr. Isakandar Kholmanov was able to reduce the sheet resistance of a single sheet

of graphene I grew down to less than 100 Q/[] by incorporating silver nanowires'®.
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Figure 4.15. (a)Typical SEM image of graphene/NW films. (b)SEM image of a NW
crossing several line disruptions shown by arrows. (c)Optical microscopy image
of the hybrid films with a dashed line corresponding to the Raman map
(15601620 cm ') showing a NW crossing with a line disruption in d. Scale bars
ina, b, ¢, and d are 6 pm. (e)Optical transmittance spectra of graphene and
graphene/NW films. (f)R versus optical transmittance for graphene and
graphene/NW films.'®

Graphene/CNT bybrid

Recently Dr. Isakandar Kholmanov has been able to incorporate two layers of

doped graphene grown by me with aligned multi-walled carbon nanotubes in-between the

layers to get sheet resistances below 10 Q/(1'%,
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Chapter Five: Large Graphene Domains

Growing large graphene domains on copper requires a low carbon flux to reduce the
number of nucleation sites, which also results in a slow graphene growth rate. To
achieve this, growth needs to be done under low carbon precursor pressure and high
temperature. Under these high temperature, low pressure conditions, copper evaporates
from the bare copper surface. Figure 5.1a shows an SEM image of a ~100 um wide
graphene island grown under low pressure for 4 hours. Figure 5.1b is a topology map
(measured using an optical profilometer) of a graphene island from the same sample
showing that the middle of the island is over 1.5 um higher than the surrounding bare
copper surface. The dome-shape of the island is caused because while copper can
continue evaporating from the bare copper surface, the graphene prevents further
evaporation as it coats the surface. This can be prevented by enclosing the copper

substrate to prevent the evaporated copper from leaving the growth system.
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Figure 5.1. a) SEM image of graphene island grown under low pressure. b) Optical-
profilometer data of a graphene island on the same copper foil as a).

The work described in this chapter was the result of a close collaboration with Dr.
Xuesong Li who originally grew graphene inside a copper enclosure. My role was to
build and maintain the CVD system to reproduce his results so that I could make all the
samples, as well as characterize them, for use in generating this publication'®. To
provide a comprehensive picture, I also describe the work by my collaborators (the
LEEM and PEEM analysis performed by Dr. R. M. Tromp and Dr. J. B. Hannon at IBM;
the mobility measurements were performed by Dr. Venugopal), which resulted in a
publication from this work'®. Dr. Luigi Colombo was essential in guiding these
experiments as well as the data analysis and write-up of the publication. Thus, I will

allude to who did what in the chapter so that it is clear what I contributed.
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5. ACHIEVING LARGE GRAPHENE DOMAINS INSIDE A COPPER ENCLOSURES$

Introduction:

Graphene growth by chemical vapor deposition (CVD) has been receiving
significant attention recently because of the ease with which large-area films can be
grown, but the growth of large-domain or large-grain-size single crystals has not been

" In earlier work, growth of graphene on Cu by CVD was found to

reported to date.
occur predominantly by surface nucleation followed by a two-dimensional growth
process, but the domain size was limited to a few tens of micrometers.”> ' The presence
of domain boundaries has been found to be detrimental to the transport properties; the
precise mechanism of the degradation still remains elusive, but what is known is that
structural defects promote surface reactions with adsorbates from the ambient or with
deposited dielectrics.'” The presence of heptagons and pentagons in the network of
hexagons has been observed experimentally, and first-principles quantum-transport
calculations have predicted that the periodicity-breaking disorder can adversely affect
transport properties.'”” % Any of these defects can give rise to higher surface chemical
activity that would further disrupt the sp>- bonding nature of graphene and thus impact

graphene’s fundamental properties. Therefore, it is imperative that large single crystals of

graphene be grown to minimize the presence of defects arising from boundaries between

§ Portions of this section have been published as Li, X.; Magnuson, C. W.; Venugopal, A.; Tromp, R. M.;
Hannon, J. B.; Vogel, E. M.; Colombo, L.; Ruoff, R. S., Large-Area Graphene Single Crystals Grown by
Low-Pressure Chemical Vapor Deposition of Methane on Copper. Journal of the American Chemical
Society 2011, 133 (9), 2816-2819.
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misoriented domains. A very low pressure CVD process is reported here that yields
graphene with domains of up to 0.5 mm in size, which is a factor of ~30 times larger than

previously reported.'*

Ay
Mexnaust [Ny MCH H

Figure 5.2. (a) Copper foil enclosure prior to insertion in the furnace. (b) Schematic
of the CVD system for graphene on copper.'®

The large-domain graphene growth was observed on the inside of a copper-foil
enclosure at high temperature (~1035 °C). The copper-foil enclosure (Figure 5.2a) was
formed by bending a 25 um thick copper foil and then crimping the three remaining
sides. The basic growth conditions were similar to those previously reported® '°® but
employed slightly lower methane flow rates and partial pressures (less than 1 sccm and
50 mTorr, respectively). Graphene grew on both the inside and outside of the Cu
enclosure. The graphene growth on the outside showed behavior similar to the graphene

growth reported by Li et al.,'” but there was one difference: at the lower partial pressure
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and flow rate and at much longer growth times, a higher density of bilayers and trilayers
was observed. A publication on the reason for this by Dr. Yufeng Hao is in preparation.
In contrast, the growth on the inside showed a much lower density of nuclei followed by
very large domain growth after extended periods of time (>1 h) and a much lower density
of ad-layers. At this time, the precise growth conditions inside the enclosure are not well
understood. However, the low density of nuclei is believed to be due to the much lower
partial pressure of methane and an “improved” environment during growth; that is, the
Cu vapor is in static equilibrium, and there is potentially a much lower pressure of
unwanted species in the non-ultrahigh vacuum system. Figure 5.3 shows the average
domain branch length (about half the domain size from the center of the domain) as a
function of growth time for two methane flow rates, 0.5 and 1.3 sccm, which correspond
to methane partial pressure of 8 and 21 mTorr, respectively. During the growth process,
the hydrogen flow rate was kept constant at 2 sccm with a partial pressure of 27 mTorr,
and the chamber background pressure was 17 mTorr. The graphene domains were very
large, as shown by scanning electron microscope (SEM) images (Figure 5.4a). The
domains also tended to have high “edge roughness”. The shape of the graphene nuclei in
the initial stages of growth showed a hexagonal symmetry (Figure 5.4b). At first, the
graphene domains grew as six-sided polygons, and these eventually grew into very large

graphene domains with growing edges resembling dendrites (Figure 5.4c¢).
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Figure 5.3.  Graphene growth inside the enclosure as a function of time for two methane
flow rates and partial pressures at 1035 °C.'®
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Graphene

Copper

s

growth front

Figure 5.4. SEM images of graphene on copper grown by CVD. (a) Graphene domain
grown at 1035 °C on Cu at an average growth rate of ~6 pm/min. (b) Graphene
nuclei formed during the initial stage of §rowth. (c) High-surface-energy graphene
growth front shown by the arrow in (a).'”

A carbon isotope-labeling technique was also employed to delineate the graphene
growth front in order to establish the boundaries between the growing “lobes”, the time
dependence, and the spatial dependence.”® In these experiments, the graphene films were

grown by alternating the flow of '2CH, and “CH,4 every 10 min for a total of 90 min at a

75



flow rate of 0.5 sccm and a corresponding partial pressure of 8 mTorr at 1035 °C. An
analysis of the images in Figure 5.5 shows that the graphene growth rate was higher at
the tips of the lobes (~1.2 um/min; region 3b) and lower between the lobes and near the
end of the growth process (0.1 um/min; region 7b), as also seen by the spatial coverage
variation of graphene. Furthermore, graphene covered the copper surface and closed onto
itself as the growth front advanced. The growth rate at points where the graphene joined
was lower than at the tip of the growing front. Figure 5.5 also shows the shape of the
growth front at different times during growth, as delineated by the boundaries between
the domains of 'C- and "’C-based graphene. The structure of the domains, their
distribution, and the graphene growth-front structure provide further indications that the
growth was surface-mediated, as previously reported. > These data also show that the
growth was a result of surface growth on the inside of the enclosure rather than diffusion

through the Cu from outside the enclosure followed by precipitation upon cooling.
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Figure 5.5. Raman map of the G bands corresponding to '“C (yellow) and "°C (black).
The numbers in the figure correspond to the relative methane cycle numbers.'®

In order to probe the domain size of the graphene, spatially resolved electron
diffraction measurements were made using low energy electron microscopy (LEEM) by
Dr. R. M. Tromp and Dr. J. B. Hannon at IBM.'” Using photoelectron emission
microscopy (PEEM), the edge of a graphene domain was located (Figure 5.6a). The
diffraction pattern from 2 pum areas of the surface were then recorded. Diffraction from
the substrate revealed a highly faceted, rough Cu(100) surface with sharp diffraction
spots, while diffraction from the graphene was diffuse (Figure 5.6b-e). The diffuse
pattern was similar to that for diffraction from free-standing graphene,''® perhaps
indicating a weak coupling to the rough substrate. To estimate the domain size, the
diffraction pattern was recorded as the sample was scanned under the beam along a line
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at a constant speed of 15 um/s, and Figure 5.6 shows the PEEM images and diffraction
patterns from selected points along the line scan. Each pattern is labeled by the position

from which it was recorded.

Figure 5.6. (a) PEEM image recorded near a graphene domain. The black line indicates
the path from which selected-area diffraction patterns were recorded. The graphene is
bright, and the surrounding Cu foil is dark. (b-e) Electron diffraction patterns (33 eV)
recorded from 2 um areas of the graphene. Each pattern is labeled by the position
along the black line in (a) at which the pattern was recorded. The diffraction spots are
indicated in (b). (f) PEEM image recorded at the end of the scan.'®’
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While there were slight continuous rotations of the pattern due to waviness in the
foil, there were no discontinuous changes in the orientation of the diffraction spots,
suggesting that along this scan of over 400 um, there were no rotational domain
boundaries. Similar measurements were made on a number of domains. On occasion,
large (>50 pum) domains were observed with a 30 degree relative rotation of the graphene
lattice, but in most of the scans, no rotational domain boundaries were observed.

After growth, I transferred the graphene films on to SiO,/Si substrates as
described by Li et al.''! in order to analyze the films by Raman spectroscopy and perform
electrical measurements. Figure 5.7 shows Raman maps of the D-band (Figure 5.7a) and
G band (Figure 5.7b) and Raman spectra recorded at two different regions of the domain
(Figure 5.7c), one within the film and the other close to the dendrite edge. The spectra
show that the growing material was indeed graphene, with a low D-band intensity across
the domain and the presence of graphene only. The full width at half-maximum
(FWHM) of the G-band was about the same for the two regions (23 cm™), and the
intensity ratio of the 2D band to the G-band suggests that the carrier concentration was

different for the two regions.''?
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Figure 5.7. (a) D-band and (b) G-band Raman maps of graphene within the domain and
at the edges of the growing domain and (c) Raman spectra of large-domain graphene
within the bulk of the film and along the dendrite. The FWHM of the 2D-band of the
dendrite was slightly smaller than that of the bulk, and the ratio of the intensities of
the 2D- and G-bands was larger for the dendritic region than the bulk, suggesting a
lower carrier concentration for the dendritic region within the “bulk” of the domain
and the tip of the dendrite. The 2D-peak FWHM was 38 cm™ for the bulk and 32 cm™
for the dendrite, whereas the G-band FWHM was ~23 cm™ for both regions.'”
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The quality of the large-area-domain films was also evaluated by measuring the
transport properties of the graphene films transferred onto silicon dioxide grown on Si
wafers. Field-effect transistors were fabricated by Dr. Archana Venugopal using nickel
for the source and drain contacts and the highly doped Si substrate as the back-gate
contact. The resistance was measured at room temperature as a function of back-gate
voltage, and the mobility was extracted using the methodology introduced by Kim et
al.'"® The mobility for these large-domain films was found to be greater than 4000 cm?
V' s, which is reasonably high but not as high as the highest value for exfoliated films,
thus suggesting that the films and transfer process still need improvement.

This method was recently modified by a post-doc in my research group, Dr.
Yufeng Hao, to include an oxidation step shortly before graphene growth at very low
methane flow rates to grow graphene domains ~1 c¢cm across (shown in Figure 5.8) on the

inside of the copper pocket''*.
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Figure 5.8. Optical image of centimeter-scale graphene domains grown on the inside of
an oxidized copper pocket''*.
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Chapter Six: Graphene ad-layers*

INTRODUCTION:

In 2009, Li et al. published their results on the synthesis of large scale graphene
on copper foils via chemical vapor deposition using methane as the carbon precursor'”.
While mostly monolayer graphene was achieved over square centimeter areas, ad-layer
regions were present. This is now the main method of producing very large area
graphene films for research and commercial applications. However, there are still ad-
layers present in this ‘monolayer graphene’ and they have been shown to grow

115-117

underneath the first graphene layer The cause of, and control of, these ad-layers

remains an active research area and their presence has been attributed to several factors
including copper purity’', hydrogen terminated graphene edges''®, and carbon diffusion
through copper'"”.

We recently described a growth process using inductive heating for the growth of

0

CVD graphene on copper, instead of a tube furnace'®. The graphene obtained in this

study have higher carrier mobilities compared to the graphene grown in hot-walled

120

reactors (typically, tube furnaces) Graphene grown in the presence of hydrogen had

many small ad-layer islands and an increased Raman D-peak (indicating more defective
120

graphene) ©. While hydrogen has been cited as a necessary component for CVD

graphene growth'>''** under low pressure conditions, it has also been shown to be

** Portions of this chapter are to be submitted for publication as Carl W. Magnuson, Alvin Lee, Richard
Piner, Luigi Columbo, and Rodney S. Ruoff; Increased Graphene Ad-layer Growth on Copper by Chemical
Vapor Deposition Under Helium.
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detrimental to growing high-quality graphene'*>"?°. Ryu et al. recently demonstrated the
ability to synthesize predominantly mono-layer graphene on copper via hydrogen-free
rapid thermal chemical vapor deposition'”’. Recent DFT calculations have shown that
hydrogen can passivate graphene edges making it easier for carbon species to diffuse past
the graphene edge to underneath the original graphene layer and promote ad-layer
growth''®. Tt is hypothesized here that the hydrogen may also be playing another role in
promoting graphene ad-layer growth because copper dissolves a significant amount of
hydrogen at higher temperatures and pressures'**'*. Proposed here is that this dissolved
hydrogen can precipitate at the Cu-graphene interface and promote the diffusion of
carbon species under the original graphene layer. Using a copper enclosure has been
shown to reduce graphene nucleation and growth rates on the inside of the pocket and
yields extremely large graphene domains'®. Usually, when not using a copper enclosure,
once the surface of the copper is covered by graphene, no additional hydrogen can diffuse
into the copper — thus preventing any additional graphene ad-layer growth. However,
since the graphene growth inside the pocket is dramatically slower than the outside,
hydrogen can continue to be dissolved into the copper from inside the pocket and diffuse
through to underneath the outer graphene layer. This added source of hydrogen continues
to promote carbon diffusion under the original graphene layers and yields multilayered
graphene on the outside surface of the enclosure. This — along with carbon diffusion

119

from the inside of the pocket’ '~ - may further explain why the graphene grown on the

outside of a copper enclosure contains such a high density of multi-layer graphene.
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Here, to see if it is in fact this effect of gas diffusing through the copper substrate
that is responsible for increased graphene ad-layer growth, helium is used as the
background gas instead of hydrogen. Hydrogen has already been shown to promote
increased graphene ad-layer growth by passivating the graphene edges and decoupling
them from the copper surface''®. However, helium is chemically inert and does not react
with the graphene edges. We find that using helium does indeed induce ad-layer growth
on flat copper strips. This further supports the theory that gas dissolved in the copper
substrate facilitates additional graphene growth underneath the original growing graphene
layer. In addition, the work here demonstrates that while hydrogen plays an important
role in copper reduction, other than to maintain a reducing atmosphere it is not necessary

for CVD graphene growth on copper.

METHODS:

Graphene Synthesis.

Graphene films were grown on a 125 pum thick oxygen-free high conductivity
(OFHC) copper foil (99.99% C10200, Eagle Brass) through inductive heating. This foil
was cut into 25 mm by 12 mm strips that were thoroughly degreased by rinsing and
soaking in acetone. The samples were stored in sealed vials of acetone in a dark drawer
as exposure to UV light results in the formation of copper acetate®. When removed from
the acetone, the foil was again rinsed with acetone and blown dry with N,. To further

clean the surface, the foil was placed in 10% nitric acid in water for 10 minutes,
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thoroughly rinsed with 18 MQ nano pure water, and blown dry with N,. The foil was
then placed inside a 20 mm inner diameter fused silica tube that was then inserted into the
25 mm fused silica tube of the CVD system. (This makes it easy to load/unload the
copper foils and clean any evaporated copper from the small diameter silica tube.) The
pre-growth process to clean and anneal the substrate in-situ is as follows: (i) load the Cu
foil into the chamber and, with the chamber still open to ambient conditions, heat the foil
with 575 W power (~650 °C) for 1 minute. The sample oxidizes and turns black while
also burning away any existing carbon and graphene from the sample.; (ii) evacuate the
chamber to below 10® Torr; (iii) heat with 200 W power (~650 °C) for 5 min; (iv) fill
with 5% hydrogen in argon to 700 Torr for 5 minutes; (v) repeat (iii) and (iv) at 800 °C;
(vi) evacuate the chamber to below 10” Torr while allowing the substrate to cool and
then re-fill with 5% hydrogen; (vii) heat the foil to 1050 °C for 30 minutes; (viii) repeat
(vi) and (vii); (ix) evacuate the chamber to below 10” Torr while allowing the substrate
to cool. For graphene growth, the chamber is filled to 650 Torr with the desired
background gas (Ar, He, or 5% H; in Ar). The sample is then manually heated to 900 °C
and then linearly heated to the desired growth temperature over 1 minute. After 5
minutes, an additional 50 Torr of 5% methane in argon is added to the chamber over 30
seconds - for a total chamber pressure of 700 Torr — and held at the growth temperature
for 10 minutes. The sample is cooled (first under decreasing power to 700 °C over 5

seconds and then to room temperature under no power by radiative cooling) while the
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chamber is evacuated to below 10” Torr. The sample is allowed to cool for 30 min under
vacuum before being removed using argon to bring the chamber back to 1 atm pressure.
Graphene grown with a copper enclosure was performed exactly as described in a

. . .1
previous publication'®.

Characterization.

Scanning electron microscopy images were obtained using an FEI Quanta-600
FEG-ESEM at an accelerating voltage of 30 kV. Raman spectra were obtained using a
WilTec Alpha 300 confocal Raman spectroscope with a laser wavelength of 488 nm and a

100x objective lens (laser spot size is ~300 nm).

RESULTS AND DISCUSSION:

In 2011, we published on a method to grow extremely large area single crystal
graphene domains on the inside of a copper enclosure (i.e. a copper pocket)'®. Recently,
we have been able to grow domains over 1 cm across on the inside of copper pocket''*.
This “pocket method” was used to grow the graphene shown in the scanning electron
microscopy (SEM) images in Figure 6.1. While the inside of the enclosure contains very
large mostly monolayer graphene domains ~0.5 mm across, the outside is covered almost
entirely by multi-layered graphene, with less than 5% being monolayer graphene.

Graphene grown on copper strips at the same time with a copper enclosure produces
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results similar to other growths on copper strips (i.e. <5% ad-layer coverage). Why the
outside of the enclosure grows predominantly multi-layer graphene has heretofore been
unpublished. It has been reported that, without the presence of hydrogen, copper does

130-131 :
30-31 " Because of this,

not form a carbide and does not diffuse into - or through - copper
carbon catalyzed from the methane on the bare copper surface inside the pocket was
thought to be unable to diffuse through to the underside of the outer graphene layers.
Recently observed evidence, however, indicates that carbon is in fact able to diffuse from
the bare inner copper surface to the underside of the outside graphene layers''”. The bare
copper inner surface of the pocket also allows the continued absorption of hydrogen,
which also diffuses to the outside of the copper pocket. This added surface hydrogen
may also be promoting ad-layer growth by allowing carbon species on the outside of the

pocket to diffuse under the existing graphene islands before the islands have merged

together to form a continuous graphene sheet.
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Figure 6.1. SEM images of graphene grown from a) the inside of the copper enclosure
and b) the outside of the same enclosure. The darker contrast areas indicate more
graphene layers.

As revealed in our recent publication on using magnetic inductive heating to grow
graphene on copper substrates, we found that adding an argon anneal (after reducing the
copper with hydrogen) and growing graphene without the presence of hydrogen gas
significantly decreases the density of graphene ad-layers'”’. Figure 6.2 shows SEM
images from this study depicting how ad-layer growth is suppressed when growing
graphene without the presence of hydrogen gas. This work demonstrates that hydrogen
gas is both not needed to grow graphene on copper and promotes graphene ad-layer
growth. It also hypothesized that hydrogen dissolved in and diffusing though the copper
was a cause of increased ad-layer growth. This is in addition to the recently modeled role

of hydrogen passivating the graphene edges''®.
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Figure 6.2. SEM images of a) mostly monolayer graphene grown with methane in
purely argon atmosphere and b) graphene with many ad-layers grown with methane

in a 5% hydrogen in argon atmosphere. Darker areas indicate graphene ad-layers. '*°

To test if gas diffusing though the copper also promotes graphene ad-layer growth,
graphene was grown under helium. If it is gas diffusion that causes increased ad-layer
growth, then growth under helium should result in a similar amount of graphene ad-layers
as growing under hydrogen (which is what we see here). The activation energy for
diffusion of helium in copper is ~1.1 eV'*?, hydrogen in copper is ~0.45 eV'*, and argon
in copper is ~2.65 eV'** (for reference, the energy for vacancy formation in copper is
1.28 ¢V'*®). While at room temperature helium does not diffuse easily through copper
(nine orders of magnitude slower than hydrogen), it does at elevated temperatures (at
1000 °C only two order of magnitude slower). Inert gas diffusion in metals is through the
migration of vacancy-gas complexes with the rate-limiting step in the process being the
jump of the gas out of the vacancy while a host atom jumps into that vacancy'*°. Helium

was chosen because of both its ability to easily diffuse through copper (its activation
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energy for diffusion is slightly less than the activation energy for vacancy formation in
copper) and its chemical inertness. Since helium is chemically inert, if hydrogen was
solely playing a chemical role of graphene edge passivation, resulting in increased ad-
layer growth, then there would be a higher density of ad-layers after growth under
hydrogen but not under helium (which is not what we see here).

To remove any already grown graphene - or any other carbon on the copper
surface - an oxidation cleaning process was used similar to that recently published"’.
Here, the sample was heated to ~650 °C in the CVD chamber for 1 minute under ambient
atmosphere. During this, the sample oxidizes and turns black. As the sample oxidizes
and is then subsequently annealed at high temperature, the surface carbon is ‘burned off’
and removed from the surface through the formation of volatile carbon dioxide and
carbon monoxide and provides a carbon free surface for graphene growth. Figure 6.3
shows SEM images of the same location on a copper substrate surface partially covered
with graphene islands before the oxidation cleaning process (Figure 6.3a) and the clean
surface after (Figure 6.3c). Interestingly, although the surface morphology changes
drastically during this oxidation/reduction process (Figure 6.3b shows the surface after
annealing under 5% hydrogen in argon to only 700 °C for 30 seconds), after the high
temperature anneal the surface topology returns to that very similar to the original

surface.
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Figure 6.3. SEM images from the same location on the same copper substrate after a)
submonolayer graphene growth, b) oxidation and annealing under 5% hydrogen in
argon at 700 °C for 10 seconds, and c¢) annealing at 1000 °C for one hour.

Graphene was grown, in different runs on flat copper foils, under argon, helium, and
5% hydrogen in argon using 5% methane in argon at three different temperatures: 1000
°C, 1025 °C, and 1050 °C. Since the thermal conductivity of helium (428 mW/m/K for 1
atm at 1000 °C"*®) is significantly higher than that of argon (50.1 mW/m/K for 1 atm at
1000 °C"), more power is required to keep the substrate at 1000 °C under helium
(~1800 W) than under argon (~650 W). The sample was held at the growth temperature
for 5 minutes under 650 Torr of the background gas before 50 Torr of 5% methane in
argon (which results in 2.5 Torr partial pressure of methane) was added over 30 seconds.
As this is a ‘no-flow’ or ‘static-charge’ growth system, there is no gas flow rate during
growth. As seen from the SEM images shown in Figure 6.4, the density of ad-layers on
samples grown with either hydrogen or helium is similar while there are almost none
present on the samples grown under argon. Interestingly, as seen in Figure 6.4d, the ad-
layers can nucleate at different locations than the first graphene layer which indicates that

the nucleation conditions for ad-layers may be different from the original layer.
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Figure 6.4. SEM images of graphene grown under (a-c) argon, (d-e) helium, and (g-i)
5% H2 in argon. The samples were grown at (a,d,g) 1000 °C, (b,e,h) 1025 °C, and
(c,f,1) 1050° C.

While still on the copper substrate, Raman maps of the graphene shown in Figure
6.4e were made to verify that the difference in contrast seen in the SEM images correlate
with graphene ad-layers (darker areas of the SEM images correspond to graphene ad-
layers). Figure 6.5¢ shows the map of the Raman 2D-peak width - which changes with

54, 140-142

the number of graphene layers As mentioned in the previous publication,
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graphene grown under the presence of hydrogen had an increased Raman D-peak
compared with the graphene grown under argon indicating that it was more defective'>’.

Here we see a similar increased Raman D-peak in graphene grown under helium (Figure

6.5c). Not only do hydrogen and helium increase the number of graphene ad-layers, but

it also results in more defective graphene.

Figure 6.5. a and b) Micro-raman maps of the graphene D and 2D peaks normalized to
the G peak intensity for the sample grown under helium shown in Figure 6.4e. c)
Raman map of the graphene 2D peak highlighting the ad-layer areas with a peak
width of ~30 cm™. Scale bars are 5 pm.

Conclusions:

Helium, like hydrogen, promotes the growth of graphene ad-layers during chemical
vapor deposition on copper. This indicates that in addition to passivating graphene
edges, hydrogen dissolved in the copper substrate may play an additional role in ad-layer
growth. There are several possible explanations as to why there is increased ad-layer
growth under hydrogen or helium than under argon: 1) Hydrogen and helium dissolve

into and diffuse through copper more easily than argon. The dissolved gas is diffusing
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through the copper to underneath the original graphene layer. As the gas comes to the
copper surface, it is trapped by the graphene layer and delaminates the graphene slightly
from the copper surface. This delamination allows carbon species to diffuse under the
graphene and promotes ad-layer growth. 2) The hydrogen and helium are weakening the
Cu-Cu surface bonds, which allows carbon species to diffuse under the graphene and
promote ad-layer growth. 3) There is co-diffusion of H and C, or He and C, such that the
H (or He) plays a role in allowing and accelerating the diffusion of C through the Cu to
the underside of the original graphene layer. 4) At the high pressures, close to 1 atm,
used in this study, trace impurities for the background gas may play a role in the observed
results. Oxygen on the copper surface has been shown to remove the hydrogen from the
graphene edges and promote carbon attachment''*. If the helium used in this study has
less trace oxygen than the argon, then the graphene edges may remain hydrogen
terminated under the supplied helium but not under the supplied argon. The hydrogen
terminated graphene edge may then be what is promoting the additional graphene layer
growth''®.

In order to reliably synthesize monolayer graphene with no ad-layers, growth should
be done without the presence of hydrogen, helium, or any other gas which easily diffuses
though the copper substrate. Using a larger atom inert background gas than argon, xenon
for example, may further reduce graphene ad-layer growth and allow the synthesis of

entirely mono-layer graphene films.
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Chapter Seven: Conclusions

In order to understand and further develop methods of producing graphene on
copper foil by chemical vapor deposition, a new high-vacuum thermal CVD system was
designed and built. The ability to operate this CVD system at pressure low enough to
enable the use of a residual gas analyzer allowed the study of how oxygen evolves from
decomposing copper oxide at high temperature in an oxygen deficient environment.
Surface copper oxide was then deliberately used to release oxygen to ‘burn away’ any
adventitious carbon on the copper surface, to produce clean copper substrate for
repeatable low density graphene nucleation and growth of relatively large grain size
graphene.

A potential application of large scale graphene films is as transparent conductive
electrodes. Transparent conductive films of multi-walled carbon networks were modified
by selectively depositing gold nanoparticles at the network nodes. Although the modified
networks had half the sheet resistance as films made from unmodified multi-walled
carbon nanotube networks, the sheet resistance was still more than that of even a single
layer of graphene. The sheet resistance of graphene-based transparent conductive films
can be improved by using multiple layers of graphene and by combining them with 1-
dimensional conductive materials like metal nanowires or carbon nanotubes. Graphene
including in these combinations is looking like it might be viable for TCF applications,

particularly for flexible substrates.
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Large graphene single crystals over 0.5 mm across have been grown inside copper
enclosures with low methane partial pressures. While the inside of these enclosures
produce large crystals of single layered graphene, the outside produces graphene with a
high density of ad-layers. A possible cause for this increased ad-layer growth is proposed
to be from gas (hydrogen in this case) diffusing through the copper and allowing carbon
to diffuse under the original graphene. This source of carbon under the graphene layer
allows for the growth of additional graphene layers. Growth of graphene on copper in a
helium environment also leads to an increased density of graphene ad-layers while
growing graphene in an argon (which does not diffuse through the copper as easily as
hydrogen or helium) environment drastically decreases the amount of ad-layers.

As a result of this study, films of high quality graphene can be grown on copper

substrates via high temperature chemical vapor deposition.
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Chapter Eight: Future Research Directions

While the quality of graphene produced on copper via CVD is already mature
enough to be potentially viable in transparent conductive films, there are a couple of
challenges that need to be overcome before it can be used for integrated circuits. First,
the graphene film has wrinkles in it while still on the copper surface. A reason for this
may be that while the copper substrate shrinks upon cooling after the high temperature
graphene growth, the graphene itself expands due to its negative coefficient of thermal

' To mitigate this problem, either a low temperature growth method

expansion (CTE)
needs to be developed (which may not be thermodynamically possible) which would
reduce the number of wrinkles by decreasing the amount the copper shrinks and graphene
expands, or a method needs to be developed to remove the wrinkles while transferring the
graphene onto a semiconducting substrate. Which brings up the second issue needing a
better solution: the graphene must be reliably transferred onto semiconducting substrates
on a large scale. Current transfer techniques have poor reliability, damage the graphene
sheet, and/or introduce contaminants/dopants to the transferred film. To be commercially
used in integrated circuits, smooth clean graphene needs to be reliably transferred onto
semiconducting substrates.

As one final example, if graphene is to be used for spintronics, the orientation of
the graphene crystal needs to be controlled. This may be possible under certain growth

conditions on specific copper substrate crystal orientations. And while graphene domain

boundaries do not have too adverse an impact on traditional electronic circuit
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components, they could be detrimental to achieving large scale spintronic devices'**. Not
only does the graphene crystal orientation need to be controlled, but graphene crystals

need to be large enough to enable full spintronic circuit fabrication®.
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ACRONYMS

AFM
APCVD
CNT
CTE
CVD
DFT
D-STEM
EBID
FET
FTIR
FWHM
HOPG
ITO
LEEM
MFC
MWCNT
OFHC
PED
PEEM
ppm
PMMA
RF
RGA
sccm
SEM
STP
TCE
TCF
TEM
UHV
UT

uv
XPS

Appendix

Atomic Force Microscopy
Atmospheric Pressure Chemical Vapor Deposition
Carbon Nanotube

Coefficient of Thermal Expansion
Chemical Vapor Deposition

Density Functional Theory
Diffraction Scanning Transmission Electron Microscopy
Electron Beam Induced Deposition
Field Effect Transistor

Fourier Transform Infrared Spectroscopy
Full Width at Half Maximum
Highly Ordered Pyrolytic Graphite
Indium Tin Oxide

Low Energy Electron Microscopy
Mass Flow Controller

Multi-walled Carbon Nanotube
Oxygen Free High Conductivity
Proportional Integral Serivative
PhotoElectron Emission Microscopy
Parts Per Million

Poly(methyl methacrylate)

Radio Frequency

Residual Gas Analyzer

Standard Cubic Centimeter
Scanning Electron Microscopy
Standard Temperature and Pressure
Transparent Conductive Electrode
Transparent Conductive Film
Transmission Electron Microscope
Ultra High Vacuum

The University of Texas at Austin
Ultra-Violet

X-ray photoelectron spectroscopy
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