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Abstract
This project involved the growth of graphene on copper substrates via chemical
vapor deposition, or CVD. The system worked by flowing hydrogen and methane gases
into a high temperature furnace with copper substrates inside it. At high temperatures, the
methane gas dissociated and deposited graphene on the surface of the copper substrates.
Growth of single, double, triple, and quadruple layer graphene was confirmed using
Raman spectroscopy.
Included in this report are details about the construction of the CVD system, the
preparation of the copper substrates, the growth procedures, the Raman confirmation of
graphene on copper, and the Raman confirmation of graphene that was layer-transferred
onto silicon substrates.
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Chapter 1
Introduction
Monolayer graphene is a one atom thick planar sheet of carbon atoms in a
hexagonal arrangement. Its unusual physical characteristics and its extremely high
charge carrier density make it an attractive material for many applications. High quality
graphene has potential uses in semi-conductors, solar cells, touch screens, liquid crystal
displays, batteries, super-capacitors, and thermal management. Due to its thin structure,
making graphene with large areas is very challenging. The hexagonal structure of
graphene is shown below in Figure 1.1.

Figure 1.1: The hexagonal structure of graphene, taken from Ref. 1.

For this experiment I worked with the graduate students Conor Puls, Shaun Mills,
Brian Zakrzewski, and Neal Staley to make graphene using chemical vapor deposition.

2

This method involves making graphene by depositing carbon onto a copper substrate
from a chemical vapor, and we used methane as our chemical vapor. Methane gas flowed
into a high temperature furnace, and at these high temperatures it dissociated, and the
carbon molecules deposited on the copper substrates in a single atom layer thick fashion.
The hydrogen molecules from methane flowed out of the system with the hydrogen gas
flow that we provided. Below is a picture of the chemical structure of methane, shown in
Figure 1.2.

Figure 1.2: The chemical structure of methane, which is the carbon source for our
graphene growth, taken from Ref. 2.

The role of this thesis is to go over the construction and set up of the system, the
optimal growth parameters, the optimal copper substrate preparation, copper impurities
that were encountered, and sources of error. Parameters that were tweaked for growth
included the flow rates of hydrogen and methane, the pressure of the system, the
temperature of the system, the cleaning methods of the system before growths, and the
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copper substrate preparation.
Raman spectroscopy allowed us to detect whether we had graphene growth or
not. Raman spectroscopy is a material characterization technique that utilizes the energy
shift of laser light. Laser light is shined onto a surface of a material of interest, and it
interacts with the molecular vibrations, phonons, and any other excitation in the material.
This results in the energy of the laser photons to be shifted up or down, and this energy
shift is detected. Every material has a unique energy shift, or Raman signal.
The focus of this thesis is to understand how to come closer to producing high
quality and large surface area graphene that is necessary for physics and material science
research. Having a steady source of quality graphene is important for experimental
purposes.
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Chapter 2
Experimental Setup
2.1 Chemical Vapor Deposition System Assembly
Our chemical vapor deposition system is based loosely from an article in Science
entitled, “Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper
Foils”.3 The assembly of the chemical vapor deposition system was a difficult process
because of the numerous junctions that all had to be leak tight. If there was a leak in the
system, air would enter and oxygen would burn at the high growth temperatures, yielding
burned and unsalvageable graphene. The blueprint that our system was modeled off of is
shown below in Figure 2.1.

Figure 2.1: The blueprint used for our chemical vapor deposition system, taken from Ref.
4.

5

For a comprehensive description of the parts of the system, and how they connect,
we can start on the end of the system that had the gas cylinders. The argon, methane, and
hydrogen gas cylinders were connected to gas flow meters by metal bellows. The gas
flow meters had knobs that allowed for precise regulation of gas flow for each respective
gas. The gas flow meters were connected to ultra-precision needle valves with steel
tubing. These ultra-precision needle valves were on-off switches for each respective gas.
Copper tubing and metal bellows were used to connect the ultra-precision needle valves
to the five foot long, 80 mm diameter quartz tube that rested inside the furnace. Inside the
quartz tube is where the copper substrates for graphene growth were placed. On the left
quartz tube – metal bellow junction there was a rather low precision pressure gauge. On
the right hand side of the furnace, metal bellows and copper tubing connected the quartz
tube to a more precise pressure gauge. This pressure gauge was connected to a needle
valve by copper tubing. The needle valve allowed for precise pressure control. The
needle valve was connected to a speedivalve knob by copper tubing. The speedivalve
knob was an on off switch that was connected to a vacuum pump by metal bellows. The
vacuum pump was connected to the exhaust by plastic tubing. So in conclusion, steel,
copper, quartz, and plastic tubing led methane, hydrogen, and argon gases from their
respective gas cylinders through the furnace where the graphene growth occurred, and
then to the exhaust.
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A picture of the furnace that was used in our system is shown below in Figure 2.2.

Figure 2.2: The furnace (Model OTF1200X-III) used in our chemical vapor deposition
system.

The added needle valve on the right hand side of the quartz tube that allowed for
more precise pressure control and the more precise pressure gauge were both
modifications to the blueprint in Figure 2.1. We felt that it was necessary to have this
extra pressure monitoring capability because of the sensitivity of the system to pressure.
The needle valve and the pressure gauge were both mounted to the wall, and these
modifications of the system are shown below in Figure 2.3.
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Figure 2.3: The needle valve and pressure gauge modification to our system. Both the
needle valve and pressure gauge were mounted to the wall.

2.2 Leak Checking of the System
It was important for our system to be leak tight in order to hold a vacuum and to
prevent oxygen and other gaseous contaminates from entering the system. Determining
where there were leaks and fixing the leaks was a very time consuming aspect of this
project. There were three kinds of junctions in our system: NPT, Swagelok, and bellow
junctions. The bellows were held together with an O-ring and a clamp, and we never had
a problem with one of these junctions leaking, but the NPT and Swagelok junctions
frequently leaked. To leak check an NPT or Swagelok junction, a helium sensitive leak
detector was used. The leak detector was put in place where the vacuum pump would
normally be in the system. The leak detector pumped down the system to as good of a
vacuum as possible, which was around .025 psi. Then helium was blown on suspect
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junctions in the system. If the leak detector detected helium, as indicated by a spike in the
pressure gauge on the leak detector, this indicated a leak because helium entered the
junction. After detecting a leak, the next step was to fix it.

2.3 The Repair of NPT Junctions
In our system, there were three NPT junctions. One connected 1/8’’ steel tubing
to the pressure gauge, and two connected 1/2’’ steel bellows to the quartz tube in the
furnace. An image of a NPT piece is shown below in Figure 2.4.

Figure 2.4: An image of male NPT fittings, taken from Ref. 5.

NPT junctions were very prone to leaking, sometimes because of torn
threading. If torn threading was causing a leak, new parts could be purchased or a tap and
die could be used to rethread the pieces. I preferred the using a tap and die because it was
cheaper and also allowed me to work in the machine shop. A tap is a handheld tool that is
fitted with an appropriate die, and twisting the tool over the torn threading rethreads the
piece. A tap and die set is shown below in Figure 2.5.
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Figure 2.5: A picture of a tap and various dies, taken from Ref. 6. The four circular
pieces at the top of the image are dies, which are inserted into the tap, which is directly
below the dies in the picture.

Sometimes the threading on NPT pieces seemed to be okay, but there was still a
leak in the junction. To address these seemingly unexplainable leaks, a layer of Teflon
tape was put over the male fitting before screwing it into the female fitting. Teflon tape
worked so well that it was routinely put over rethreaded NPT pieces as a precaution, even
before seeing if there would be a leak in the junction without the tape.

2.4 The Repair of Swagelok Junctions
Swagelok junctions frequently had leaks as well, and our system had twenty
Swagelok junctions in comparison to the three NPT junctions. The Swagelok junctions
allowed for the various connections between steel bellows, copper tubing, and steel
tubing. An image of the pieces involved in a Swagelok junction is shown below in Figure
2.6.
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Figure 2.6: An image of a Swagelok pieces, taken from Ref. 7.

Leaks in Swagelok junctions had two causes. One was from tightening the
Swagelok piece without the tube being perfectly aligned in it and the other was from
twisting or tugging on the junction. An example of the latter was when the twisting
motion of a needle valve sprung leaks in the Swagelok junctions on either side of the
valve. To remedy the problem, the needle valve was mounted to the wall as shown in
Figure 2.3. Mounting the needle valve successfully reduced the force exerted on the
Swagelok junctions from the twisting motions, and no subsequent leaks were detected.
Regardless of how the leak was formed, the only foolproof way to fix a Swagelok
junction leak was to reconstruct the junction with new parts.
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2.5 Cracks in the Quartz Tube
We used three different quartz tubes in our system and these tubes would
frequently develop cracks. One tube developed a crack in the middle of its length, and it
was unclear what caused it. There were frequent cracks in the end of the tube that
occurred from over tightening the tube junctions or tightening the tube junctions without
the parts properly in place. The glass repair shop on campus fixed the cracks that we
encountered.
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Chapter 3
Copper Substrate Preparation
3.1 Copper Foil Information
We used Alfa Aesar brand copper foil for all of our copper substrates, which was
.025 mm thick had a 99.8% purity rating. All of the substrates were cleaned in a sonicator
for five minutes in acetone, then for five minutes in isopropyl alcohol, then for five
minutes in water, and then were rapidly dried with nitrogen gas. After our initial
graphene growth attempts, there were three problems with the copper foil that inhibited
graphene growth: ridges, visible impurities, and pits in the surface. The ridges were
intrinsic to the copper foil that we were using, the visible impurities came from either
copper oxide or other impurities being baked at high temperatures, and the pitting was
believed to come about from the copper vaporizing at high temperatures. Raman
spectroscopy confirmed the non-uniformity of graphene growth in these areas. An image
that illustrates the ridges, visible impurities, and pits is shown below in Figure 3.1.
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Figure 3.1: A 100x image of copper foil after a graphene growth attempt. The linear
striations are ridges, the speckled dots are pits, and the visible impurities in this case are
in the shape of rings.

3.2 Annealing the Copper Foil
In an attempt to reduce the ridges and pitting in the copper foil and make a
smoother copper surface, we attempted to anneal the copper foil. The idea behind
annealing was to heat the copper foil close to its melting temperature of 1083 °C and the
copper foil would become more malleable or even melt, and this would yield smoother
copper foil upon drying. When the copper was heated to 1075 °C in the best vacuum that
we could provide, which was .025 psi, there was no decrease in ridges or circular ring
impurities, and there was actually an increase in pitting. The increase of pitting was
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thought to have occurred because of the copper foil vaporizing more readily at these high
temperatures. In a second annealing attempt we filled the quartz tube with 2 psi of argon.
This increase in pressure was to reduce the vaporization of the copper foil, and thus
reduce the pitting. During this attempt the center zone temperature of the furnace was
increased to 1100 °C, which completely melted the copper. Raising the right side of the
furnace 18 cm off the ground tilted the furnace and allowed for rapid cooling of the
samples, which was carried out by twisting the quartz tube immediately after graphene
growth. This transferred the copper substrates from the hot center zone to cooler left
zone, which was kept at the lowest possible temperature possible. The samples baked for
20 minutes in the center zone, and then were transferred to the left zone to cool. The
results of the second annealing attempt were not successful. The copper foil did indeed
melt, but beaded up into unusable copper droplets. Despite their impracticality, the
droplets did make for an interesting view through the optical microscope. They had a
spider web network of small trenches, and had smooth portions as well, as shown below
in Figure 3.2.
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Figure 3.2: A 50x image of a bead of copper resulting from the rapid cooling of melted
copper. Notice the spider web network of trenches and smoother area in the center.

3.3 Razor Blade Technique
Since the annealing of the copper foil was unsuccessful, a razor blade method was
implemented to make the copper foil smoother. This method simply involved using a
razor blade to manually shave the foil. This technique did dramatically reduce the ridges
in the copper foil, but did not address the pitting problem because the pits did not occur
until after growth, and it also did not address the visible impurity problem.
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3.4 Additional Annealing Experiments
Despite our initial failures with annealing, we tried additional annealing
experiments to obtain smoother copper foil surfaces. For these new attempts we annealed
unmodified copper foil at 1000 °C, but this time we also used low hydrogen and argon
gas flow in order to test if this gaseous pressure would alleviate the pitting problem. The
idea was that exposing the copper foil to gaseous pressure would reduce the tendency of
copper to vaporize at high temperatures. Although continuous gas flow was not necessary
to maintain a gaseous pressure during the annealing, we desired to mimic growth
conditions. Argon and hydrogen gas flow was mixed in 2:1 and 9:1 Ar:H2 gas flow ratios,
and a pressure of .05 psi was maintained at 1000 °C for 20 minutes. Both of the gas flow
ratios dramatically reduced pitting on the copper, but did not address the ridges or visible
impurities on the copper surface. Future experimentation can include implementing this
annealing experiment with razor blade smoothed copper foil in order to alleviate both the
ridge and pitting problem.

3.5 Evaporation of Copper onto Silicon Substrates
We thought that evaporating copper onto silicon substrates would give us the
smoothest, most ideal copper surface. We evaporated 500 nm of copper onto silicon chips
and it did indeed give us the smoothest copper surface for growth attempts.
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Chapter 4
Graphene Growth and Layer Transfer
4.1 Pre-Growth Procedure
Once our system was set up, leak tight, and the copper samples were prepared,
we were almost ready to grow graphene. First we “burned out” the system to clean out
impurities in the quartz tube. We heated up the furnace to 800° C for 60 minutes with the
end caps of the quartz tube off, which exposed the tube to oxygen in the atmosphere that
burned at the high temperature. After the burn out, we sealed all of the junctions in the
system and pumped the system with argon up to atmospheric pressure. We did this argon
pumping three times in order to get the remaining oxygen and other gaseous impurities
out of our system. Then for each growth we put the prepared pieces of copper on a
ceramic plate and inserted them into the furnace as shown below in Figure 4.1.

Figure 4.1: Pieces of copper substrate in the quartz tube.
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4.2 Determining a Growth Recipe
Determining a viable growth recipe took a lot of trial and error. Three
parameters could be tweaked for each growth: the rates of gas flow, which was monitored
with the flow meters, the pressure of the system, which was monitored by the needle
valve mounted to the wall, and the temperature of the system, which was monitored by
the furnace controls. The first recipe we tried is shown below in Figure 4.2.

Step 1.

Furnace temperature: 0 - 1000° C in 60 minutes.
Hydrogen gas flow: 2 sccm.
System pressure: .001 psi.

Step 2.

Furnace temperature: 1000° C for 30 minutes.
Hydrogen gas flow: 2 sccm.
Methane gas flow: 35 sccm
System pressure: .01 psi.

Step 3.

Furnace temperature: Allow cooling down to room temperature.
Hydrogen gas flow: 2 sccm.
System pressure: .01 psi.

Figure 4.2: The first recipe we tried for our growth of graphene. The unit sccm stands for
standard cubic centimeters per minute.
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This recipe did not yield us any graphene. We tried tweaking many different
parameters, and after numerous failed growth attempts, a recipe was finally devised that
had better success yielding graphene. The recipe is shown below in Figure 4.3.

Step 1.

Furnace temperature: 0 - 1000° C in 60 minutes.
Hydrogen gas flow: 350 sccm.
System pressure: .05 psi.

Step 2.

Furnace temperature: 1000° C for 30 minutes.
Hydrogen gas flow: 350 sccm.
System pressure: .05 psi.

Step 3.

Furnace temperature: 1000° C for 30 minutes.
Hydrogen gas flow: 350 sccm.
Methane gas flow: 100 sccm.
System pressure: .05 psi.

Step 4.

Furnace temperature: Allow cooling down to room temperature.
Hydrogen gas flow: 350 sccm.
System pressure: .05 psi.

Figure 4.3: An improved graphene growth recipe that was devised after numerous failed
growth attempts.
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Additional graphene growth recipes were tried using argon gas flow in order to
decrease the pitting in the copper substrates, and to see if it would yield better graphene.

4.3 Layer Transfer of Graphene onto Silicon Substrates
Once graphene was grown on copper substrates, a technique called layer transfer
was used to transfer the graphene from the copper onto a silicon/ silicon dioxide
substrate. This procedure was necessary because copper is conducting, and graphene
needs to be on an insulating substrate for experiments. The silicon/ silicon dioxide
substrate was composed of 300 nm of insulating silicon dioxide that lied on top of a
thicker silicon substrate.
The first step of the layer transfer of graphene onto the silicon/ silicon dioxide
substrate was to apply photo resist to the graphene on the copper substrate. This makes a
strong bond between the photo resist and the graphene. The copper substrate was then
etched away using ferro-chloride based coppers etch. Then, the photo resist - graphene
film was put on a silicon/ silicon dioxide wafer and the photo resist was removed using
acetone and isopropyl alcohol. This left behind the desired graphene film on the
insulating silicon dioxide layer.
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Chapter 5
Raman Spectroscopy Characterization of Graphene
Surfaces
After each growth attempt, Raman spectroscopy was used to characterize the
graphene that was grown. It is important to recognize the Raman signals of graphene, the
copper and silicon/ silicon dioxide substrates, and the copper oxide impurities. The
Raman signal of a copper substrate is a broad hump from around 2000 to 4500 cm-1. The
Raman signal of the silicon/ silicon dioxide substrate is a peak at around 950 cm-1. The
Raman signal of copper oxide is a peak at around 625 cm-1.8
Graphene has sharps peaks at 1580 cm-1, which is the referred to as the G band,
and at 2700 cm-1, which is the referred to as the 2D or D’ band. There is a D peak at
around 1360 cm-1 that is referred to as the disorder peak. A high D peak corresponds to
messier graphene. The presence of G, D, and D’ peaks does not mean that the graphene is
necessarily single layer. The number of carbon layers in the graphene grown can be
determined by the G/D’ ratio. A higher G/D’ ratio corresponds to more layers of
graphene. Also, the D’ band becomes less sharp as the number graphene layers increase.
The Raman spectra of single, double, triple, and quadruple layer graphene is shown
below in Figure 5.1.
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Figure 5.1: The Raman spectra of single, double, triple, and quadruple layer graphene
based on relative D’/G band ratios, taken from Ref. 8.

Lastly, optical images were taken of each spot that Raman spectroscopy was
done. In the images there are multiple laser dots that are from the Raman spectroscopy
machine’s laser, but only the dot furthest to the right is where the spectra were taken. The
other dots were internal reflections of the laser from within the machine.

5.1 Raman Characterization of Unmodified Copper Surfaces
Using the graphene growth recipe shown in Figure 4.3, single layer graphene
was grown on unmodified copper foil. In the Raman spectrum there was a high and sharp
D’ band and a low G band. An optical image of the graphene is shown below in Figure
5.2.
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Figure 5.2: An optical image of graphene grown on an unmodified copper foil substrate.
Remember that the dot furthest to the right is where the Raman spectrum was taken.

The Raman spectrum of the point in Figure 5.2 is shown below in Figure 5.3.

Figure 5.3: The Raman spectrum of the unmodified copper foil.
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5.2 Raman Characterization of Ridges on the Surface
The copper substrates had ridges on them, and the Raman signal of a ridge
corresponded to messy double layer graphene. In the Raman spectrum the heights of the
G and D’ bands were roughly equal, and the D peak was high. An optical image of a
ridge is shown below in Figure 5.4.

Figure 5.4: An optical image of a ridge on the copper substrate.

The Raman spectrum of the ridge point in Figure 5.4 is shown below in Figure 5.5.

25

Figure 5.5: The Raman spectrum of a ridge.

5.3 Raman Characterization of Copper Oxide Impurities
The copper substrates had copper oxide impurities on them. The Raman spectra had
peaks at 625 cm-1 and lacked all carbon peaks. An optical image of a copper oxide
impurity is shown below in Figure 5.6.
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Figure 5.6: An optical image of a copper oxide impurity.

The Raman spectrum of the point in Figure 5.6 is shown below in Figure 5.7

Figure 5.7: The Raman spectrum of a copper oxide impurity. Since the impurity was not
thick the Raman machine also registered the copper substrate, which is shown by the dip
in the spectrum at around 4000 cm-1.
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The copper substrates also had flaky copper oxide patterns on them. An optical
image of these patterns is shown below in Figure 5.8.

Figure 5.8: An optical image of a flaky copper oxide impurity pattern.

The Raman spectrum of the point in Figure 5.8 is shown below in Figure 5.9.

Figure 5.9: The Raman spectrum of a copper oxide flake impurity.

28

5.4 Raman Characterization of Circular Impurities
Circular impurities were composed of a carbon-like center and a copper substrate
outer portion. The center had the correct D and G Raman peak positions to make it
carbon, but it had a peak at around 2100 cm-1 and lacked the 2700 cm-1 carbon D’ peak.
This was why it was characterized as carbon-like and not carbon. The Raman signal of
the outer portion of the circular impurity corresponded to a copper substrate. An optical
picture of a circular impurity is shown below in Figure 5.10.

Figure 5.10: An optical image of a circular impurity.

The Raman spectrum of the point in Figure 5.10 is shown below in Figure 5.11.
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Figure 5.11: The Raman spectrum of the center of a circular impurity.

An optical image of the outer portion of the circular impurity is shown below in Figure
5.12.

Figure 5.12: An optical image of the outer portion of a circular impurity.
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The Raman spectrum of the point in Figure 5.12 is shown below in Figure 5.13.

Figure 5.13: The Raman spectrum of the outer portion of the circular impurity.

5.5 Raman Characterization of the Back of Substrates
The Raman spectrum in Figure 5.13 looks like the Raman spectrum of the back of
a copper substrate after growth. The back of the substrate was the side of the copper foil
that was in contact with the ceramic dish during growth. The Raman spectrum of the back
lacked all prominent carbon peaks, which indicated that there were no traces of graphene.

5.6 Raman Characterization of Pitting on the Surface
The copper substrates had pitting on the surface, and the Raman signal of a pit
corresponded to triple or quadruple layer graphene. In the Raman spectrum, the G band
was roughly double the size of the D’ band. An optical image of a pit on the surface is
shown below in Figure 5.14.
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Figure 5.14: An optical image of a pit on the copper surface.

The Raman spectrum of the point in Figure 5.14 is shown below in Figure 5.15.

Figure 5.15: The Raman spectrum of a pit impurity.
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5.7 Raman Characterization of Copper Smoothed by Razor
Blade
Some copper substrates were smoothed using a razor blade. The Raman signal of
graphene grown on a razor-smoothed copper substrate corresponds to triple or quadruple
layer graphene. In the Raman spectrum the G band is roughly double the size of the D’
band. As we will see with the layer transfer results, double layer graphene was also
grown using razor-smoothed copper substrates. An optical image of a razor-smoothed
copper substrate that underwent growth is shown below in Figure 5.16.

Figure 5.16: An optical image of graphene grown on a razor-smoothed copper substrate.

The Raman spectrum of the point in Figure 5.16 is shown below in Figure 5.17.
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Figure 5.17: The Raman spectrum of graphene grown on a razor-smoothed copper
substrate.

5.8 Raman Characterization of Evaporated Copper Growth
Some copper substrates were prepared by evaporating copper onto silicon
substrates. These substrates yielded no traces of graphene growth. The Raman spectrum
lacked all carbon peaks, and only had the copper substrate Raman signal. An optical
image of an evaporated copper substrate that underwent growth is shown below in Figure
5.18.
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Figure 5.18: An optical image of an evaporated copper substrate that underwent growth.

The Raman spectrum of the point in Figure 5.18 is shown below in Figure 5.19.

Figure 5.19: The Raman spectrum of an evaporated copper substrate after growth.
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5.9 Raman Characterization of Growth that Used Argon Gas
Flow
Graphene growths were run using argon gas flow. The Raman spectrum lacked all
carbon peaks, and only had the copper substrate Raman signal. An optical image of a
copper substrate underwent growth with argon gas flow is shown below in Figure 5.20.

Figure 5.20: An optical image of a copper substrate that underwent growth with argon
gas flow.

The Raman spectrum of the point in Figure 5.20 is shown below in Figure 5.21.
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Figure 5.21 The Raman spectrum of a copper substrate that underwent growth with
argon gas flow.

5.10 Raman Characterization of Layer-Transferred Graphene
A razor-smoothed copper substrate that had graphene growth underwent layer
transfer. Double layer graphene was transferred onto silicon/ silicon dioxide substrates. In
the Raman spectrum the heights of the G and D’ bands were roughly equal. An optical
image of the layer-transferred graphene is shown below in Figure 5.22.
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Figure 5.22: An optical image layer transferred graphene.

The Raman spectrum of a random point in Figure 5.22 is shown below in Figure 5.23.

Figure 5.23: The Raman spectrum of layer-transferred graphene.
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5.11 Raman Characterization of Smooth Spots in LayerTransferred Graphene
There were smooth looking spots in the layer-transferred graphene, which
corresponded to the silicon substrate. The Raman spectrum only had the 950 cm-1 peak,
which corresponded to the silicon/ silicon dioxide substrate. An optical image of a
smooth spot in the layer-transferred graphene is shown below in Figure 5.24.

Figure 5.24: An optical image of a smooth spot in the layer transferred graphene.

The Raman spectrum of the point in Figure 5.24 is shown below in Figure 5.25.
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Figure 5.25: The Raman spectrum of a smooth spot in the layer-transferred graphene.
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Chapter 6
Conclusions
Setting up the system and ensuring that it was leak tight was very time consuming
because it involved the replacement and repair of quartz tubes and NPT and Swagelok
parts.
Preparing the ideal copper substrate was time consuming because it involved trial
and error. Using a razor blade reduced the ridges on the copper substrates and annealing
the copper with low hydrogen partial pressure reduced pitting. The evaporated copper on
silicon substrates was the smoothest copper substrate. Future experimentation could
include using razor blade smoothed copper, and then annealing the copper with low
hydrogen partial pressure.
After numerous graphene growth attempts using different parameters, a working
recipe was finally devised. The initial recipe we tried probably did not work because
there was not enough pressure or hydrogen and methane gas flow. Our working recipe
used higher hydrogen and methane gas flow at a higher pressure.
There were a lot of interesting results that came about from analyzing the Raman
spectroscopy results. The only single layer graphene growth was obtained on an
unmodified copper surface. The ridges on the copper surfaces had disordered double
layer graphene grown on them. None of the copper oxide impurities had any graphene
growth on them. The circular impurities had a carbon-like center and a copper substrate
outer portion. The backs of the substrates did not show any carbon growth. The pit
impurities had triple or quadruple layered graphene growth. The razor-smoothed copper
substrate that underwent growth had double, triple, or quadruple layered graphene
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growth. The evaporated copper substrate that underwent growth did not have any traces
of carbon growth. This was peculiar because we thought that evaporating copper onto
silicon would give the purest and smoothest copper substrate, which was thought to
produce the best graphene. The lack of carbon growth may have occurred because the
500 nm evaporated copper substrate was not thick enough. The argon gas flow growth
did not yield any carbon. This was peculiar as well because argon is an inert gas and
should not affect the growth of graphene. I think there was a leak in the argon flow meter
when this growth was carried out, which negatively affected the growth. The leak has
since been fixed and the system is ready for more argon gas flow growths. Double layer
graphene was layer-transferred onto silicon/ silicon dioxide substrates, but there were
smooth silicon substrate spots in the layer-transferred graphene.
In order to get a rough idea of how much graphene coverage we were getting over
the surface area of the copper, two-dimensional Raman scans of the copper surfaces were
carried out, but these scans were not included in the report. Our growths seemed to have
low graphene coverage, but we did learn that razor-smoothed copper had better graphene
coverage than unmodified copper. There were only a few spots of layer-transferred
graphene on the silicon/ silicon dioxide substrates.
There were different sources of error throughout the project. Our growth recipes
could not be followed perfectly because as the furnace heated up, it affected the flow
rates of the gases. The flow meters were monitored but some small fluctuations in gas
flow rates did occur. The same problem was encountered with the pressure of the system,
and we had some small pressure fluctuations. There may have been undetected leaks in
the system that could have brought about the copper oxide or circular impurities. To
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determine the number of layers of graphene for each Raman spectrum, I tried to match
each spectrum with its respective spectrum in Figure 5.1. It was hard to differentiate
between triple and quadruple layer graphene because they have similar G/D’ ratios. For
this reason some of the Raman spectra in chapter 5 do not differentiate the graphene
being triple or quadruple layer.
In conclusion, our growth attempts on unmodified copper foil yielded single layer
graphene. Ridges, pitting, copper oxide, and circular impurities on the copper foil
contributed to non-uniform graphene growth. Shaving the copper foil with a razor blade
smoothed out the ridges, and annealing techniques dramatically reduced pitting. Future
experimentation could include devising methods to reduce copper oxide and circular
impurities on the copper substrates, and perhaps include argon gas flow in growth recipes
to see if it yields better graphene.
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