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Abstract
The primary objective of this work is growing, extracting, characterizing and implementing graphene
synthesized in an Aixtron Black Magic 2” chemical vapour deposition tool. Different substrates: copper
foil (0.025mm thick, 25mm × 1000mm width and length, respectively) and copper thin film (50nm
thick, 25mm × 25mm width and length onto silicon < 1, 0, 0 >) were tested. Also, several experimental
conditions (process temperature, gas flow, pressure, heating ramps and growth times) on graphene
synthesis were optimized achieving 100% coverage of graphene growth on a 10cm2 copper foil surface.
The quality of the graphene synthesized in this work was derived by its characterization using Raman
spectroscopy and using the intensity ratio between the D and the G peaks and the 2D and the G peaks,
D/G and 2D/G respectively. The D peak 1348.56 ± 7.31cm−1 expectation value 1340 − 1350cm−1 , the
G peak 1587.51 ± 5.99cm−1 expectation value 1580 − 1584cm−1 and the 2D peak 2680.48 ± 8.00cm−1
expectation value 2680 − 2700cm−1 were obtained for the centroid of the graphene peaks on the
extracted samples. The D/G ratio was 0.40 ± 0.24 and the 2D/G ratio was 2.72 ± 0.99. The steps
for extracting the graphene from the copper foil were optimized for the process to take only 10 hours.
Mobility measurements were performed using an electrolyte-gated FET (EGFET) with W/L = 3 for
the graphene channel size. Transfer curves (conductivity vs. gate voltage σvs.VG ) were fitted using the
carrier resonant scattering due to strong short-range potentials originating from impurities model. The
mobility of our devices was calculated to be between 133.24 − 1757.32(cm2 V −1 s−1 ) which are common
values for EGFET mobility measurements.
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1. Introduction
Graphene is one of the most well known twodimensional (2D) material, where all the carbon
atoms are arranged as a honeycomb lattice covalently bonded with an sp2 bond, three σ-bonds in
the plane and one π-bond delocalized over the carbon surface. Graphene is an outstanding material
in every aspect, however, its utility is still far from
what is desired. The problem in the semiconductor industry is that an energy gap is necessary to
make functioning devices to implement on circuit
boards. However, graphene lacks this energy gap
thus making graphene a bad semiconductor, since it
is always conducting like metal it lacks the switching properties of a semiconductor. Thus, the primary graphene application is to use it as contact
pads in nanodevices with sensory functions (thermal, pressure or concentration) making graphene
the perfect label-free surface which is verified by
comparing graphene’s sensitivity to other materials. However, to obtain such characteristics a good
quality graphene needs to be synthesized, thus de-

veloping a suitable fabrication process is necessary
to keep improving graphene’s potential.[4]
1.1. Motivation
Graphenes’ thermal, electrical, toughness and
weightless properties are unmatched, but to get to
these optimal values, efficient ways are needed to
produce and scale up graphene production while
maintaining its high quality. Bearing this in mind,
I decided to investigate some new and better ways
to approach graphene synthesis guaranteeing its
quality.[7] [6]
1.2. Objectives
My objective was to optimize the growth of highquality graphene using a Chemical Vapour Deposition (CVD) process on a catalytic metal substrate. The optimization was focused on the temperature, temperature ramps, pressure and gases
flow parameters of the CVD process. The influence of these parameters on the graphene quality
was then characterized using the Raman Spectrom1

eter and the best recipe was tuned accordingly to
this information. After the CVD process parameters are fine-tuned, the high-quality graphene grown
needs to be extracted from the metallic catalytic
substrate. The extraction process involves a series of cleaning steps to remove the metallic catalytic substrate from graphene without damaging
the graphene’s quality. After having a good quality
graphene growth process and the extraction steps
optimized the resulting graphene is implemented as
a channel for an Electrolytic Gate Field Effect Transistor (EGFET). The performance of the EGFET
was verified by the channel sheet resistance and
electrical mobility measurements.

to remove the etchant from the graphene surface.
This step involves some cleaning cycles between Hydrochloric acid (HCl) and Deionized (DI) water. After that, the PMMA and graphene stack, are placed
on a final substrate, which can be, for example, a
thin silicon oxide layer (200−300 nanometers (nm))
over a silicon substrate (SiO2 /Si), since the substrate must not be conductive. Then the whole apparatus goes in an air oven to improve the adhesion
between the graphene and the new substrate. Finally, the PMMA is removed with acetone, leaving
the graphene over the final substrate.[14]
1.5. Raman Spectrum
The machine used for the Raman Spectroscopy was
the LabRAM HR 800 Evolution (200 nm 1600 nm),
with a Helium-neon (HeNe) (633 nm) internal laser,
and two external diode lasers (532 nm and 785 nm).
The one used throughout this work is the 532nm
diode laser with a laser spot size approximately
equal to the lasers’ wavelength. The real-time data
and spectrum acquisition of a graphene layer are
done with the Horiba LabSpec 6 Spectroscopy Suite
Software, which comes with the LabRAM HR 800
Evolution system.

1.3. Graphene growth on the Axitron Black Magic
CVD machine
The Aixtron Black Magic 2-inch CVD machine was
used to growth graphene. This machine has a coldwall heating system configuration, which means
that only a particular area is heated and not all
the chamber. The heating area is made of graphite
and the catalytic substrate is placed on top of this
graphite holder. The heating area is responsible for
the heating of the metal catalyzer until it reaches a
high enough temperature at which the surface reaction can occur.[13] The machine works with a maximum heater temperature of 1000◦ C, a wide range
of heating/cooling ramps 1 − 999(◦ C/min), a lowpressure chamber from 1 to 720 millibar (mbar),
a gas flow control from 0 to 9999 Standard Cubic Centimeters per Minute (sccm), all the machine
operations are monitored with a software in real
time. This CVD process uses methane CH4 as the
precursor for the graphene growth reaction. The
other gases used in the process, besides CH4 , are
hydrogen H2 (used to improve the cleave of the
H bond with C in CH4 ), argon Ar and nitrogen
N2 (to moderate the reaction due to their inert
state).[15][10][11][1]

1.5.1

Raman Measurements of graphene on
Cu and SiO2 /Si

The peaks of the graphene samples, grown on Cu,
will be evaluated by comparing the height and centroid position of each peak. The most prominent
peaks of the graphene surface are the D, G and
2D. Since the initial Raman spectroscopy measurements are done to graphene on a Cu substrate,
the graphene spectrum has unwanted backscattering noise due to the Cu, which is only removed after
extracting the graphene on to a SiO2 /Si substrate.
Graphene peaks over a SiO2 /Si surface have almost
no noise (compared to the graphene on Cu spectrum), the calculation of the graphene peaks is done
using integration methods by fitting a Lorentzian
1.4. Graphene extraction from Cu
Graphene extraction begins with the spin coating of curve to the peak. Obtaining the area of the peak,
a layer of Poly(methyl methacrylate) (PMMA) 950 the peak centroid, the FWHM and the peak height
on one side of the Cu substrate. This polymer layer from the fit.
A summary of the relevant physical aspects of
works as an adhesive layer for the graphene with
graphene
that can be obtain from the Raman specthe objective to support and protect the graphene
trum
analysis:
after the copper foil is etched. It was verified that
our sample does not need the O2 plasma etching
treatment to remove the back graphene layer grown
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1.6. Graphene Implementation
1.6.1 EGFET

alytic metal is Cu because of its low solubility for
CH4 molecules that help to form a single graphene
layer. Hence it is the catalyst we choose to perform
graphene growth optimization. The growth process
occurs by joining the H2 and CH4 with heat at the
transition metal surface, it breaks the H atoms from
CH4 , diffusing them, while the C atoms remain at
the Cu surface. This process, after the growth time,
makes the C atoms on the subtract to merge by
forming a sp2 bound with other C atoms, which will
make graphene. The growth time is the time dedicated to the growth process while fixing the temperature. By using Cu as a substrate, it has a low solubility that it saturates to just one layer the C atoms
at the surface. So, having a monolayer of graphene
on a Cu foil is a relatively easy process, after having the growth conditions fine-tuned. The previous
process also works with plasma (PECVD) aiding
the growth process making it possible to lower the
growth temperature.

In this work, the typical Field Effect Transistor (FET) architecture described will be slightly
changed, through the incorporation of a ring-shaped
gate, placed in the same plane as the source and
drain contacts and the graphene channel. Substituting the solid-state dielectric layer used in the
traditional FETs by an electrolytic solution. Hence
being called an EGFET.
The electrolytic solution needs to be in contact
with the source and drain pads and not spread
across the device. To restrain the electrolytic solution, Au is deposited on top of the SiO2 wafer,
working as circular electrodes. The surface energy
difference between these two layers results in a confinement of the electrolytic solution in the transistor
active zone.[3]

2.2. Extraction
Comprising the extraction process into six steps sequence:
1. Poly(methyl methacrylate) PMMA spin coating: 1) Place the Cu over a plastic cover. 2)
scotch tape is all around the Cu. To guaranty
that there is no lifted Cu (Making sure that there
is only PMMA on one side, for the etching process to go smoothly). 3) Spin coat with PMMA
950, one side of the Cu substrate for 30 seconds
at 3000 rpm, this steps give a nominal thickness
of 600nm. 4) Take the sample for four minutes
baking at 160◦ C. 5) cut the plastic out and the
scotch tape with a scissor remaining only the stack:
(PMMA+graphene+Cu+graphene).
2. Cu Etching: 1) Wet chemical etching Cu by
using 0.5M of F eCl3 at 40◦ /35◦ C. This process
takes about one hour. 2) ”Fish the remaining floating sample of PMMA with graphene and put it in
DI water for 10 minutes.
3.
Cleaning Cycle: 1) Transfers between
HCl(2%) 30 minutes and water 10 minutes to clean
the remaining Cu/Fe impurities from the etching
process. Doing a total number of five cleaning cycles. 2) The final step is collecting the floating
PMMA+graphene with the pre-patterned device.
4. Improve adhesion: 1) The next step is to improve adhesion between the graphene and the device. To do so put in an air oven for 12h at 150◦ C.
5. Remove PMMA: 1) After the baking, remove
PMMA with acetone. 30 minutes bath.
6. Clean thoroughly: 1) For better cleaning of the
PMMA use ethyl acetate C4 H8 O2 for 2 hours and
30 minutes. Finish cleaning with IPA, Di water,
and compressed air.

Figure 1: The transistors gold (Au) source, drain,
and integrated gate contacts. The graphene channel
connecting the Au source and drain is represented
by an hexagonal shape figure. An exterior gate electrolyte is used to measure the source-gate voltage.
This voltage difference is measured due to the ionic
charge gradient of the electrolytic solution from the
voltage and current passing through the channel on
the source and drain.[3]
2. Background
Dividing this work into four topics: 1) Graphene
Growth, 2) Graphene Extraction, 3)Graphene
Characterization and 4) Graphene Implementation.
2.1. Graphene Growth
Graphene growth using the CVD process needs
a catalytic surface to make the reaction occur,
all transitions metals can catalyze the graphene
growth. However, the most commonly used cat3

2.3. Characterization
2.3.1 Raman Spectroscopy

by emitting an X-ray in this process. This X-ray
energy spectrum is unique to the elements present
in the sample and can later be identified by doing a
The method for characterizing the samples will be calibrations followed by a comparison of the X-ray
through Raman Spectroscopy. The laser wave- energy obtained to a list of X-ray energy tabulated
length used throughout this work is the 532nm laser values. The precision in PIXE is on the order of
with a spot size on the order of the laser wave- the ng/cm2 , and the spot size of the H + beam is
length. Initially, the setup needs to be calibrated about 20mm2 . This method works well for identito give us the correct Raman Shift values. The cal- fying heavier elements such as metallic compounds
ibration is done with a crystalline silicon (cSi) piece in the sample.
since the peak is sharp and well defined with almost
no backscattering noise. After the calibration, the
graphene sample is loaded in the microscope, and 2.3.4 Interdefect Distance
inspecting the surface with the optical microscope
follows. After selecting a region, it is amplified the
spot up to 100x to get a good measurement. The
parameters available to control for data acquisitions
is the laser intensity (25%, 50% or 100%), acquisition number and duration. The plots obtained will
be the number of counts for a particular Raman
shift.
2.3.2

The interdefect distance is calculated by relating
the Raman Spectroscope laser energy and the ratio
between the D intensity peak and the G intensity
peak. This interdefect distance is the mean free
path between randomly arranged defects. All these
physical parameters can relate with the following
equation[8].
L2D (nm2 ) = 1.8 × 10−9 × λ4L

Atomic Force Microscopy - AFM

IG
ID

(4)

Afterwards, the interdefect distance can be can
be plotted in relation with the D/G ratio and compared to other experimental values.

The AFM measurement is done by using a tip attached to the end of the cantilever that interacts
with the Coulomb forces on the surface of the sample. A laser measures the cantilever deflection and
converts this signal into height, amplitude and a
phase profile on a computer software. The AFM
functions in the static measurement mode. There
are two functioning modes, the static mode, in
which the cantilever works with static deflection,
and the dynamic mode, where the cantilever vibrations are gathered during the data acquisition. In
this mode, the cantilever is excited using a piezo
element. This piezo element oscillates with a fixed
amplitude at an operating frequency close to the
free resonance frequency of the cantilever. The tipto sample interaction remains constant by a feedback loop that measures the laser beam deflection
or cantilever vibration amplitude by changing the
tips height. The output of this feedback loop thus
corresponds to the local sample height. An image
of the surface is registed by recording the sample
height as the scanning tip covers the sample surface in the x and y direction.[12]

2.3.5

Transfer Curve

. A transfer curve (Source-Drain currentISD in
function of Gate-Source voltage V GS) was obtained by fixing Source-Drain voltage VSD to values
from 1mV − 9mV . From this transfer curves the
transconductance and the Dirac voltage of the device can be calculated. The transconductance is the
ratio of the change in current and voltage near the
inflection point and the Dirac voltage is the voltage value at the inflection point. All the experiments were carried out at a controlled temperature
of 21 − 22◦ C.[3]
2.3.6

Mobility measurement

To measure the electrical mobility of an EGFET,
the transfer curve is fitted by the following equation:
√
p
3 3a20 α
σ = g0 .
|VG − VDirac | ln( απ |VG − VDirac |.r)
4π.ni
2.3.3 Particle-induced X-ray emission (5)
PIXE
The fitting is done considering the range 5 × 1010 <
ni < 2.5 × 1012 cm−2 , 5 × 1011 < α < 4.1 ×
PIXE is a method for analyzing elements in a sam1012 F C −1 cm− 2 and a0 < r < 2a0 .
ple. The method involves exciting the sample with a
With these fitting parameters and the transconbeam of energetic protons H + 2M eV so that all the
ductance
gm value, the electrical mobility of the
elements present in the sample absorbs the proton
device
can
be calculated.
and excite their nucleus. Afterwards, this nucleus
de-excite to the electrons putting them in an excited
L
gm
µ=
.
(6)
state, which will also de-excite to the ground state
W CG .VSD
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3. Implementation
3.1. EGFET
The mobility of three different EGFETs devices was
measured and their respective transfer curve plot.
Presenting the mobility measured for holes and electrons, the sheet resistance of the device measured
by the two probe setup and the ratios D/G and
2D/G in the following plots.

treme caution is needed while cutting the Cu foil.
These foils come rolled in a cylindrical container
and wrinkling the Cu while cutting a small portion
is frequent.
If wrinkles appear on the Cu foil, there is the
possibility to have an Ar flow cleaning treatment in
the CVD machine, before the growth process starts,
where the Cu sample is bombarded with Ar particles to help to flatten the surface. This Ar bombardment also contributes to clean any surface impurity,
like Cu oxidation.
The same cleaning process can be done at high
temperatures by heating the Cu sample (near the
Cu melting temperature) thus making the Cu flat
and remove the wrinkles on the its surface. It is
important to have a good cleaning step, to have
a faster and smoother graphene extraction process, without many impurities and defects on the
graphene surface.
4.1.3

Gases flow

Copper (Cu) with 99.999% purity was chosen as
our catalytic surface for graphene growth due to
its availability in the lab and because of the known
results from the literature of the graphene growth
quality when done on a Cu susbtrate. High purity
(99.999%) Cu is a must to have low defect concentration after the graphene extration process.

During the cleaning, heating, annealing, growth and
cooling steps on a process the gases flow are monitored throughout the complete process. The gases
used have all different functions in the graphene
growth process.
The Ar gas as a function of inhibiting a reaction,
since it is inert. Its presence slows down reactions
on the Cu catalytic surface.
H2 etches the bound between the C and the H
in the CH4 molecule. So having a higher H2 flow
makes the reaction at the surface occur faster. H2
also has the function to help the Cu during the
annealing step by interacting with the Cu grains.
Both H2 and Ar gases compete over the CH4
molecules. H2 will etch the CH4 H bonds and the
Ar will inhibit the breaking of the H of the CH4
molecule.[9]
CH4 gas is the precursor of the reaction for the
graphene growth. The presence of CH4 needs to
be counterbalanced with the H2 and Ar presence
to have the correct conditions for the optimal etching/inhibiting conditions for the C atoms to bind
together on the Cu surface to form graphene.
In our CVD machine the best gas balance was
1 : 2 : 56 of CH4 : H2 : Ar respectively.

4.1.2

4.1.4

Figure 2: Mobility of three different EGFETs devices, and their respective transfer curve plot. a)-c)
are the transfer curves for the chips in a). To note
that flatter transfer curves have lower mobilities like
chip35 FET3 and Chip38 FET2 (note: different yaxis scale) and also not symmetric transfer curves
have less mobility as in Chip36-FET3.
4. Results
4.1. Best Graphene Growth Recipe
4.1.1 Substrate choice: Copper

Cleaning

Before initiating the graphene growth, some cleaning steps need to be taken care of for the Cu substrate.
Since only the heater is available a flat surface
is required to have homogeneous temperature distribution over the whole Cu surface. The Cu substrate is very malleable. To have a flat substrate ex-

Pressure

The CVD process only works if there is a sufficient
pressure to make the gas flow to interact at the Cu
surface. The pressure used was P = 20mbar. It
is 2% of the atmospheric pressure. This pressure
is higher than for usual CVD machines (which use
pressures near the vacuum pressure) since this machine is a cold wall heater so is an LPCVD process.
5

4.2. Temperature
Different temperature tests were performed (from
room temperature to 1000◦ C) to optimize the
graphene growth. The best temperature range to
grow graphene was around 825 − 900◦ with CVD
and 700◦ C with PECVD. All measurements were
obtained with a thermocouple in the Aixtron Black
Magic 2” (with no top heater).

Cu it could sublimate because of how large it is.
The massive current and voltage is needed to heat
the graphite and (through contact) the Cu foil to
the graphene growth temperature (near 850◦ ), so
instead of just heating the Cu, the graphite also
conducts current and voltage to the Cu. For such
high current that are used the Cu sublimates occurs by observing some sparks coming out of the
Cu foil corners. During the graphene growth step,
it was noted that there is a preferred current flow
4.2.1 Phenomenology
direction from one terminal of the heater holder to
For larger Cu samples (2.5cm×2.5cm), sublimation the other. This fact induced Cu sublimation on the
of the Cu foil starts to occur while the heating step sides that are closer to the terminals and not on the
is ongoing at high temperatures.
sides that are far away from them.
4.2.2

From this, we understood that the graphite surface influences the Cu sublimation. So, the reason
the Cu is sublimating is that there is not a good
electrical insulator between the Cu and the graphite
surfaces. So we tried to put different materials on
top of the graphite heater (and over these the Cu
foil), that had isolating properties, since we do not
want to conduct electrical current from the graphite
to the Cu foil. First we put SiO2 /Si under the Cu,
which did not work since the Cu foil melted. Then
we tried with BN rings since BN is an excellent insulator and good thermal conductor. The BN rings
worked well without any Cu sublimation. The problem of using Cu over BN is that the Cu temperature
will decrease since it is not in direct contact with
the heater. Just this height difference is enough not
to have graphene growth on Cu. If the temperature
is increased to balance this temperature difference,
the BN under the Cu starts to melt the Cu on top.
Thus, the Cu sublimation problem was solved by
putting it on top of BN rings, comes at the cost of
having bad quality graphene.

Question/Approaches

How come, for temperatures below the melting temperature of Cu, does the substrate sublimate? Different tests were done to identify why this happened. Different maximum temperatures and different heating ramps to reach these temperatures
were tested.
4.2.3

Power overshooting

The first hypothesis was that there was a power
overshoot that induced far more heating than the
Cu foil could handle resulting in the Cu sublimation. Identifying the machine exceeding heat output, could be an explanation to the sublimation.
4.2.4

Heating Ramps optimization

Decreasing this overshooting with more ramps with
shorter heating ramps is a possibility. For example, instead of reaching 850◦ C with a ramp
of 200◦ C/min we can initially reach 700◦ C with
a 200◦ C/min ramp and then go to 750◦ C with
a 50◦ C/min ramp and then to 850◦ C with a
10◦ C/min ramp. With these changes, the Cu substrate could handle temperatures reaching up to
930◦ C, which, after this, it disintegrates again.
Heating ramps were chosen accordingly to at what
temperature did the Cu foil sublimated. Afterwards, a smaller heating ramp was used near the
temperature region where the Cu sublimation was
previously registered. Throughout this work, these
heating ramps were optimized.

These configurations were not followed any further since the graphene quality was bad, and there
was too much temperature inhomogeneity of the Cu
surface.
4.3. Answer

To answer the puzzling question ”how come, for
temperatures below the melting temperature of
Cu, does the substrate sublimate?” The answer
comes in four parts. All of these contribute to
the Cu sublimation[5][2]: 1)Direct Current through
Cu - Joule effect heating; 2) High temperature can be below melting temperature; 3) Low pres4.2.5 Joule effect heating
sure - LPCVD; 4) Miniature eruptions caused by
The graphite heater is heated by Joule effect. To the combination of H2 with CH4 in the catalytic
reach the graphenes’ growth temperature, a high metal. These are all verified in our Aixtron machine
electric current and voltage needs to be supplied to recipes. Curiously having these conditions checked
the graphite heater. Since graphite is a conduct- is a good indicator that we might have graphene
ing material, the Cu foil placed on top, will also growing on Cu, which was confirmed by the Raman
conduct the current flowing in the graphite surface. measurements, that almost all Cu samples that sufIf there is an electrical current flowing through the fered sublimation on the corners had 2D peaks.
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ing this process 125◦ C colder than the best CVD
recipe and sample. The issue with using plasma
is that it degrades the graphite heater after some
usage, since depending on the plasma conditions
(pressure and power), it can induce degradation on
the heaters’ surface.
4.6. Extraction
4.6.1 Steps
The steps for extracting graphene were learned in
Minho INL and used here in INESC-MN lab. With
different variations on the steps. Here it will be
described the optimized method. 1) 950 PMMA
is spin coated on the Cu sample and then heat up
the polymer making the PMMA stronger and adhere better to the graphene. Remove the plastic
cover. 2) Then place 0.5M of the wet etching chemical F eCl3 on a beaker while heating at 50◦ C with
ultrasounds, putting the Cu faced down over it. 3)
After the Cu is etched, we need to clean the remaining impurities over graphene surface. With cleaning
Figure 3: a)Cu over graphite heater. b)Cu after cycles of DI water and HCl. Doing three cleaning
sublimation. c) Heating occurs due to Joule effect cycles. 4) After cleaning the graphene samples is
of the heating rods that make current flow in the picked up with a SiO2 /Si substrate and placed in
graphite base from one rod to the other. The best an oven at 150◦ C for 5 hours. 5) After removing
setup to minimize this current flowing on the Cu the sample, clean it with acetone for half an hour
foil is to place the Cu foil vertically in the heater. to remove the PMMA. The graphene sample is now
d)BN rings over graphite heater, e)Cu melted over ready to be inspected on the Raman.
SiO2 /Si after deposition.
4.6.2 Duration
Reducing the length of all these steps from taking
two days to around 10 hours.

4.4. Different copper shapes and sizes
Different Cu shapes were tested giving the same
problem as before, the temperature will be different in the various regions of the Cu foil since there
is not a perfect thermal contact with the heater.
Hence the graphene quality will be bad. For different Cu sizes, it is always possible to grow graphene.
The size of the Cu needs to fit the machine heater
platform so that the Cu is heated uniformly to have
good quality graphene everywhere. The maximum
Cu size possible to use is a 5 × 5cm2 area. Since
the setup has a circular ceramic cover on top of the
graphite heater with radius equal to 5cm, the size of
the Cu to place on top of the heater is limited. Also
the Cu available at the stores as typical dimensions
of 2.5cmby1000cm which limits one side of the Cu
to 2.5cm. So the best Cu size to fit in the heater
is around 4.0 × 2.5cm2 . These were the dimensions
used for our optimal Cu foil.

4.7. Graphene production per hour
Considering all the procedure: 1) Graphene Growth
on Aixtron machine; 2) PMMA Spin-coating; 3) wet
chemical etching of Cu with F eCl3 ; 4) Cleaning cycles with DI water and HCl; 5) Graphene adhesion
to substrate on oven and 6) Acetone cleaning. All
these steps done take about 12 hours. The biggest
graphene sample obtained was around 2.5cm × 5cm
so, approximately producing 0.8cm2 of graphene
per hour.

5. Characterization
5.1. Peak ratios for different Temperatures
For higher temperatures,the ratio D/G, the values
were all in agreement with the mean, and standard deviation expects for temperature 930 that
was above average. Also, two points did not have
a D peak. For the 2D/G ratio, just for the tem4.5. Growth with plasma
perature equal to 900◦ C and 920◦ C the values were
Another experiment done was using P ECV D to above the average plus standard deviation.
grow graphene. The plasma helps to activate the
gases reaction on the catalytic surface without heating up too much the substrate, here plasma is also
used as catalytic in the reaction. Thus graphene
was obtained at around 700◦ C with PECVD, mak7

Figure 5: a) Fe concentration variation with cleaning frequency fitted with an exponential decay function with R2 = 0.88. b) Cu concentration variation
with cleaning frequency fitted with an exponential
decay function with R2 = 0.99. Fixing the initial
impurity density (since the proton beam used in
PIXE as a fixed spot size of 20mm2 ) and assuming
impurities are homogeneously distributed equally
on the graphene surface, it is possible to assume
that for no cleaning (i.e., cleaning number equal to
zero) the impurity density is at its maximum.

Figure 4: The ratios D/G and 2D/G, the values
were all in agreement with the average and standard
deviation. Just for temperatures equal to 900◦ C
and 920◦ C, 2D/G peak was above average.

5.1.1

PIXE

PIXE measurements revealed that it was possible
to identify what kind of defects were present under the graphene surface after the Cu wet chemical
etching. Founding more iron impurities, from the
F eCl3 solution used to etch Cu, were present than
Cu itself. F eCl3 solution is so efficient to remove
Cu that even iron atoms replace the Cu atoms over
the graphene layer.
Cleaning with HCl removes impurities under the
graphene layer is very effective, removing almost
everything. There might be a limit to the extent
on how much is it possible to remove, Fe and Cu
atoms adsorbed to the graphene surface. Observing a relationship between the decrease in impurity
concentration with increasing number of cycles, but
increasing the cleaning cycles further might saturate on a point for the lowest amount of defects.
Hence an exponential behavior treats the relationship between cleaning times and defect concentration. Thus fitting an exponential equation to the Fe
and Cu concentration data points. Between three
and five cleaning cycles is enough for our devices.
Increasing the number of cleaning cycles beyond
five, will not remove much more defects and if lowering the cleaning cycles below three, there will still
be a high number of impurities that will influence
our device behavior.

5.1.2

AFM

AFM on an extracted graphene sample measuring
two different topologies, one a flat surface and another a defect point. Data for the flat surface shows
wrinkles with heights between 7nm and 49nm with
full coverage. The point defects can be three scenarios. Regions with no growing graphene, the etch
of graphene during the Cu etching step and there is
a defect in graphene surface.

Figure 6: a) Small defects/wrinkles measured in a
clean graphene sample part with full coverage in
this area, maximum defect height of 49nm and minimum 7nm, b) Big defect measured, with a height
size average of 272nm and length size average of
0.1µm. Inset with the analyzed area.

8

5.1.3

Tuintra Kroenig relation

the values obtained for leakage current is on the
order of 0.05 to 0.25(µA), lower than the transfer
Verifying the Tuinstra-Kroenig for long inter-defect
curve source-drain current. The small leakage curdistance on our extracted samples (long inter-defect
rent means that the transfer curve measured is not
distance is equivalent to say low defect density).
due to the leakage current and is a reliable measureOur results points are in agreement for high inter
ment.
defect range with the other paper plots, which show
an inverse relationship between the inter-defect distance and the I(D)/I(G) ratio. The long inter-defect
distance indicates that our sample is indeed well
cleaned.

Figure 9: Leakage current between the source and
gate and the transfer curve plot together. On the
RHS is the circuit used to measure the leakage current.
Figure 7: Interdefect relation with I(D)/I(G) for
different laser energies. Our sample values over article values [8]. The values are in agreement for
the data obtained in the article for high inter-defect
distance. For low inter-defect distance no data was
obtained.

6. Conclusions
The primary objective was to grow graphene on
the Aixtron Black Magic 2” CVD machine. Different Cu growth setups were experimented such
as different Cu shapes, various Cu areas, different
growth temperatures, Cu over BN rings, Cu over a
Si substrate, growth with plasma and growth on Cu
thin films. Obtaining good quality graphene with
5.1.4 Mobility measurements
good coverage for flat Cu foil, for a flat Cu foil with
The mobility value range obtained in this work plasma and for a Cu thin film on Si. The other
133.24 − 1757.32(cm2 V −1 s−1) are standard values setups did not give a good consistent result. The
extracted samples were from recipe.
from other experiments done with EGFETs[3].
Raman spectroscopy analysis performed for every sample, initially on Cu and after extraction
on SiO2 /Si. With intensity ratios between D/G
equals 0.40 ± 0.24 and the 2D/G is 2.72 ± 0.99.
The steps to extract the graphene from the Cu
foil are: PMMA spin-coating, wet Cu etching,
cleaning, improve adhesion and PMMA cleaning.
The Cu sublimation phenomena occurred due to
having a Joule effect heating of a graphite surface
in contact with the Cu foil, at high temperature, at
LPCVD and in the presence of H2 and CH4 gases.
Performing graphene defect quantification for extracted samples using Particle-induced X-ray emisFigure 8: Electron and hole mobility measurements sion (PIXE), Atomic force microscopy (AFM) and
for different FETs. Inset: histogram of the both Raman Spectrum analysis, obtaining in PIXE
electron and hole mobility data points together. 10ng/cm2 of Cu and 100ng/cm2 of Fe concenFour FETs have low mobility and eight FETs have tration, due to the extraction process. In AFM
surface wrinkles and point defects were observed,
mobility above 1000cm2 V −1 s−1
giving 16.07 ± 9.85(nm) for the wrinkles average
Calculating the leak current for one of the FETs height and 272.53 ± 32.36(nm) for the point defect
and in our measuring setup (presented below) and height. The Raman Spectrum, using the Tuinstra9

Koenig relation, the inter-defect distance calculated
was between 13.68 − 31.88(nm).
Mobility measurements were done, using an
EGFET setup provided by the INL in Minho, using our graphene samples produced here in INESCMN. Using their EGFET setup transfer curves
were obtained, and after data fitting, an electrical mobility value of our devices of 133.24 −
1757.32(cm2 V −1 s−1) was obtained.
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