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Abstract

Graphene is a novel two-dimensional material with great potential for electronic applications due
to its exceptional electrical properties such as extremely high electron mobility of
200,000 cm?V~'s 'and carrier concentration of 10'> cm 2. Thus, the potential of graphene for
applications in many technologies such as flexible electronic devices, chemical and biological
sensors, energy storage devices, etc. has been successfully demonstrated in laboratory settings.
However, before technological applications of graphene can be realized, cost-effective, high-
quality, large-scale production is necessary. Low-pressure chemical vapor deposition (LPCVD)
growth of graphene on copper (Cu) foils offers a technologically promising approach for this
endeavor. However, while highly encouraging, there is still a critical need to optimize the
method to produce high quality graphene film with minimal defects. In this work, we
provide a comprehensive study on the effects of growth parameters such as time,
temperature, pressure, and gas flow rates for each synthesis step as well as Cu foil purity on the
graphene film quality. Extensive surface characterization was performed using optical
microscope imaging and Raman spectroscopy. The impact of this work is to provide a
correlation between the growth parameters and the chemical, structural, and morphological
properties of graphene films grown on copper foils.

I. Introduction
a) Applications of graphene

Graphene is a one-atom-thick, two-dimensional (2D) material with a structure consisting
of sp? hybridized carbon atoms. A honeycomb arrangement of three unpaired electrons form o-
bonds with neighboring carbon atoms along the horizontal plane. In contrast, the fourth & electron
is delocalized around the ring structures along the vertical plane. This molecular structure allows
for the unbound = electrons to move freely and quickly across the lattice, thus allowing graphene
to be an excellent electrical conductor with the highest known electron mobility of
200,000 cm?V~'s™!, which is one hundred times greater than that of silicon and with a carrier
concentration of 10'> cm™!. Additionally, due to its Dirac cone band structure, where conduction
and valence bands meet at a single sharp point, graphene is a zero bandgap, semi-metal with the
ability for ballistic transport of electrons?.
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These exceptional electronic properties have made graphene a very attractive material for
many electronic, optoelectronics, energy storage, and sensing applications. The high electron
mobility in graphene makes it an excellent candidate for high-speed electronics to produce the next
generation ultrathin transistors®>. In addition, graphene allows for longer charge separation
combined with very high transport velocity making possible applications in ultrafast and efficient
photodetectors®’, optical modulators®, plasmonic structures’, and waveguides'®'3. Furthermore,
the high optical transparency and electrical properties of monolayer graphene make it an ideal
material for electrical contacts in solar cell technology'+!>, displays, and conductive electrodes'®!”.

As a two-dimensional material, graphene has a very high surface area of 2,630 m?/g'®
leading to record-breaking capacity storage in graphene supercapacitors. Graphene has also been
used in lithium-ion batteries. Its incorporation in the anode improves the battery charging and
recharging rates due to the increased surface area allowing for fast redox reactions'®. The large
surface area leads to the extreme sensitivity of graphene chemical, biological, radiological sensors.
For example, graphene gas phase sensors can detect single molecules. Graphene’s biosensors can
detect specific peptides, antibodies, DNA, cells, and cancer biomarkers'*~22. Also, electrochemical
sensors are capable of detecting heavy metal ions with nanomolar limits of detection in soil and
water!23,

Despite these advantages that graphene offers across many applications, manufacturing
large-scale, low-cost, high-quality material is still challenging as precise control of the growth
conditions is required. While many different synthesis methods have been developed over the
years, limitations in the techniques, as well as the scale and the quality of the resulting product,
have led to bottlenecks in the usage of graphene in mass production. The next section discusses
the past graphene synthesis efforts and presents an alternative method for producing high-quality
graphene films that is also economically promising.

b) Graphene synthesis methods

There have been many graphene synthesis methods explored to achieve large scale high-
quality graphene films. Some of these methods include exfoliation*, combustion?, epitaxial
growth?®, and chemical vapor deposition (CVD)?*"8, as shown in Figure 1. While successful
synthesis of graphene has been achieved by the methods mentioned above, each method has
drawbacks that stagnate the progress and limit usage to the laboratory or small-scale settings.

The traditional exfoliation or “scotch tape method”, is achieved via mechanical cleavage
of graphene films and crystals from larger carbon allotropes such as bulk graphite?*. While this
method is facile and the produced graphene crystals have high quality, the approach is not
technologically relevant. As such, the synthesis of graphene has moved towards a bottom-up
approach through chemical reactions.

In combustion synthesis of graphene, an oxygen-ethylene gas mixture is injected into
a hydrostatic column and ignited to over 4,000 K to drive combustion reactions to
produce graphene®. Additionally, metals such as magnesium or calcium are combusted in
the CO> atmosphere to produce graphene films with fewer than ten layers (metal oxides are
byproducts of these reactions)?**°. While the combustion process is quick, it is difficult to
control, it requires high temperature to operate, and the synthesized graphene is non-uniform.
Furthermore, often low-quality product results which limits the use of this method for mass
production.
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Figure 1. Summary of graphene synthesis methods.

Epitaxial growth of graphene on silicon carbide (SiC) substrates has demonstrated the
production of wafer-scale graphene films. In this method, the SiC substrate is heated to a
high temperature (> 1,200 °C) in an argon environment. At these conditions, the carbide
decomposes, Si atoms evaporate while carbon atoms recombine to form graphene. The resulting
graphene is of high quality with promising electronic properties - carrier mobility of 2.5 x 10*
cm?V-!s! has been reported, making this material highly promising for technological
applications. However, even though SiC is a material highly compatible with electronic
circuits’!*2, due to the high costs of SiC wafers, this growth approach is used sparingly.

Chemical vapor deposition (CVD) growth of graphene films on metal substrates is the
preferred facile, low-cost method for producing high-quality graphene at technologically relevant
scales. The CVD growth methods can be divided into two categories depending on the growth
temperature: (1) low temperature - plasma-enhanced (PE)CVD and (2) high temperature
(conventional) CVD. Generally, in the CVD growth approach, a precursor hydrocarbon gas, such
as methane (CHa), is decomposed and deposited onto the surface of metallic substrates such as
nickel (Ni) or copper (Cu) to produce graphene films. In PECVD, as the name suggests, plasma
source such as microwave or arc discharge is utilized to break the precursor gas and thus to drive
the graphene forming reactions to lower the growth temperature almost by a factor of two (< 700

°C)33:34 However, adding a plasma source makes the overall cost of the growth system more
expensive than conventional CVD technology.

Additionally, the latter requires a simpler setup of only a tube furnace, and it can produce
high-quality large-scale graphene films. Thus, it has demonstrated great potential to meet the
industry standards for graphene mass production. Another classification between the CVD
growth methods is based on growth pressure: atmospheric (760 Torr) versus low pressure (mTorr
range). Of these methods, the low-pressure (LP)CVD is preferred because the lower system
pressure allows for better gas control, reduces unwanted gas-phase reactions, and minimizes
the nuclei density resulting in larger graphene grains*-%. LPCVD is also independent of
atmospheric conditions such as air humidity and therefore produces consistently high-
quality films. The graphene films produced in this work are via LPCVD, and thus only the low-
pressure mechanism is discussed below.



¢) Low-Pressure graphene growth mechanism

Low-Pressure Chemical Vapor Deposition (LPCVD) growth of graphene crystals and films
can be broken down into three main phases as shown in Figure 2: (i) catalytic decomposition &
adsorption of gases, (ii) nucleation of carbon atoms on the substrate surface, and (iii) expansion of
graphene nuclei into crystals and films and self-termination. As described in the previous section,
graphene is synthesized on nickel and copper substrates because they provide the catalytic effect
of breaking down hydrocarbon molecules to grow on the surface?’. While other transition metals
such as palladium, rubidium, and iridium have exhibited the same catalytic effect, nickel and
copper are preferred due to their low cost and wide availability®®. In addition to their catalytic
effect, another driving factor in graphene synthesis on metal is the substrates’ carbon solubility.
As hydrocarbon is decomposed into carbon atoms at high temperature in the presence of a catalyst,
carbon atoms will start to adsorb on the metallic substrate (Figure 2i). However, as thinner
deposition, i.e., mono- to a few layers of carbon atoms is preferred, excess carbon atoms can adsorb
on the metal resulting in unwanted deposition of thick, multilayered carbon structures. Usually,
thicker graphene films are grown on Ni, and thinner graphene films and crystals are grown on Cu
substrates.
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Figure 2. Schematic showing the growth mechanism of graphene on Cu foil by the low-pressure
chemical vapor deposition (LPCVD) method: (i) Catalytic decomposition & adsorption of carbon
atoms on the Cu surface, (ii) Nucleation of carbon atoms on the Cu surface forming graphene, (iii)
Expansion of hexagonal graphene structure until self-terminated.

Figure 3 shows the equilibrium phase diagram of the copper-carbon binary system and
explains the above-stated phenomenon: copper has very low carbon solubility of 0.0006
atomic percentage (at. %) at 1,000 °C,* which is significantly lower than its solubility in nickel,
which is 1.1 at. % at 1,000 °C *°. This ten thousand times lower solubility of carbon into
copper means that the excess carbon will not further absorb into the substrate, and
the over-deposition of carbon atoms is prevented resulting in self-limiting graphene film
growth*!. As a result, the nucleated carbon atoms (Figure 2ii) will combine in the lateral
direction to form hexagonal graphene crystal structures. As the reaction progresses further, the
hexagonal crystals will expand throughout the substrate boundary until a uniform film is
formed (Figure 2iii)*’. Depending on the growth conditions, single, bilayer, and trilayer films
have been reported*>*+.
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Figure 3. Equilibrium phase diagram of the copper-carbon binary system. At 1000°C (1273 K),
the carbon solubility is 0.0006 at%?>.

A complete LPCVD process includes three main steps - annealing, growth, and cooling.
Furthermore, the surface characteristics of the foils, such as purity, surface roughness, and surface
defects, influence the graphene films quality to a great extent. Thus, a careful analysis of each step
from substrate selection and preparation to annealing, growth, and cooling needs to be optimized
independently to achieve uniform, large-area, defect-free growth of graphene films on the copper
substrate. In the paragraphs below, the objective of each step and its importance based on available
literature data are discussed.

First, the purpose of the substrate preparation step is to eliminate the copper oxide defects
from the surface. Some studies have used chemical treatments like acetone, isopropanol, and acetic
acid to clean the surface and remove any dust or oxide particles. Additionally, electropolishing of
the copper surface has been utilized to reduce the surface roughness and remove the top layer
impurities and surface defects**.

Next, an annealing step is applied to the copper substrate to reduce the surface roughness
further, increase grain size, and remove impurities by burning them off at high temperatures. The
high temperature allowed the recrystallization of the substrate surface and increased grain size?>*.
This thermal process is carried out in a hydrogen (H2) and argon (Ar) atmosphere at temperatures
greater than 980 °C. However, caution must be applied to prevent the phase change of the copper
substrate from solid to liquid phase, as described in Figure 3. In this step, the annealing
temperature, time, and the ratio of argon and hydrogen gases are varied among researchers and
their systems.

Graphene growth is then done at high temperatures with a hydrocarbon source in either the
gas or solid phase. Methane is the most commonly used hydrocarbon source**#8, However, alcohol
vapors such as methanol, ethanol, and propanol*’, as well as other organic solvents such as
acetylene® and hexane®!. Solid-state precursors such as PMMA/polystyrene precursor’? and
naturally derived carbon sources from food, insects, and waste>? have also been utilized. However,
methane is the most ubiquitous carbon source due to wide availability, low cost, and the facile
mechanism of decomposition from molecular structures to carbon atoms. In addition to



hydrocarbon source selection, the hydrogen carrier gas is incorporated to help initiate the graphene
growth and act as an etching agent to control the size and morphology of the grains and should be
monitored as well**, Upon completion of the growth, the hydrocarbon source is turned off. The
system is rapidly cooled to room temperature under a hydrogen atmosphere at low pressure as fast
cooling provides higher quality graphene®>-°,

The objective of this work is to develop systematic protocols for LPCVD synthesis of
graphene films on copper foils with large grains and minimal structural defects. The approach
taken to this end is to optimize each step of the graphene growth process: (1) the copper film purity
and roughness; (2) annealing parameters, and (3) growth parameters including temperature,
internal chamber pressure, gas flow rates, and reaction times. A furnace with high-speed cooling
was explicitly selected for the graphene film growth, and thus this step was not modified. After
each step, the metal copper foils or graphene films on copper foils were characterized by optical
microscopy and Raman spectroscopy to qualitatively and quantitatively validate the optimization
protocols.

II. Materials and methods

Three copper (Cu) foil substrates with a thickness of 0.025 mm with purities of 99.999 %,
99.98 %, and 99.8 % were used in this work. The Cu foils with purities of 99.999 % and 99.8
% were obtained from Alfa Aesar. The Cu foil with 99.98 % purity was purchased from
Sigma Aldrich. All foil samples were cut into 1x1 cm? squares before growth. Two methods for
surface treatment of the Cu foils were used to reduce the surface roughness of the substrates:
chemical treatment with acetic acid and electropolishing. In the first case, the Cu foils were
cleaned using the following steps: (1) acetone rinse, (2) deionized (DI) water rinse, (3) acetic
acid incubation, followed by (4) isopropanol rinse, and (5) drying under nitrogen gas flow. In the
second case, the 99.8 % Cu substrate was electropolished with the Lectropol-5 Automatic
Electropolishing Unit (Struers) using an in-house prepared electrolyte to drive the redox
reaction. The electrolyte mixture was prepared by first dissolving I-water, phosphoric acid,
ethanol, and isopropanol in the following ratios 10:5:5:1. Then, 3.3 g of urea was added to
the solution and completely dissolved. Electropolishing was performed using a voltage
potential of 8 V for 90 seconds.

All annealing and growth experiments were performed in the MTI OTF-1200X
one-temperature zone chemical vapor deposition (CVD) reactor equipped with a 4” diameter
quartz tube. The gas pressure and flow were controlled by an MTI double stage mechanical
vacuum pump and an MKS type 247 gas flow controller, respectively. The rapid cooling was
achieved using the MTI KJ 5000 water recirculation chiller and two fans at both reactor
flanges. All CVD reactor components are shown in Figure 4.

The general process for the graphene growth is as follows: (1) the Cu foils were placed
on the holder inside the tube (which holder accommodate substrates as large as 3” wafers), (2)
the tube end was closed, and the tube was evacuated to a pressure of 6 mTorr, (3) the annealing
and growth parameters (time, and temperature) were adjusted in the MTI proprietary software,
(4) the pressure and flow rates of the gases (argon for annealing, methane, and hydrogen for
growth) were controlled using the mass flow controller and vacuum valve, (5) the chiller was
turned on and its setting adjusted before the experiment, (6) after the growth was completed,
the samples were cooled under convection with the two fans to facilitate the cooling
process, (7) when room temperature was reached, the gases were turned off, the vacuum valve
was closed and the system was brought up to atmospheric pressure, (8) the graphene on Cu foil
samples were removed and



characterized. The latter was achieved using an Olympus BX53M optical microscope to observe
any visible impurities and surface defects. Additionally, Raman analysis was utilized to verify
signature G, D, and 2D graphene bands. The G band, located around 1,580 cm™', shows a molecular
picture of the carbon structure resulting from the in-plane vibrational mode of sp?-hybridized
carbon atoms. The D band, also known as the disorder or defect band, results from the ring
breathing mode from sp? carbon rings near an edge or defect and is present at around 1,350 cm™'.
Lastly, the 2D, or second-order overtone of D, band is observed in monolayer graphene with the
intensity decreasing as the number of graphene layers increases and is present at around 2,690 cm-
!. Raman analysis was performed directly on graphene on copper using a Renishaw inVia Raman
Microscope equipped with a 514 nm laser. The spectra were taken between 1,000 cm™! to 3,500
cm’! wavenumber Raman shifts with the characteristic graphene peaks identified.

CVD furnace
Vacuum pump
Computer/software
Flow regulator

Gas cylinders
Water-cooled chiller
Gas flow controller

Pressure gauge
Cooling fans

TIOMMODO®P

Figure 4. Chemical Vapor Deposition system used for graphene growth. The components are (A)
CVD furnace, (B) Vacuum pump, (C) Computer/software, (D) Gas flow regulator module, (E) Gas
cylinders, (F) Water-cooled chiller, (G) Gas flow controller, (H) Pressure gauge and (I) Cooling
fans.

II1. Results and discussion

In the sections below, we describe the optimization of (1) substrate preparation, (2)
annealing, and (3) growth conditions in the LPCVD process.



a) Substrate preparation

Figure 5 shows microscope optical images of Cu foil substrates with different purity levels
before and after chemical treatment (outlined in the previous section) to analyze copper
boundary grains, surface roughness, and surface defects. The lower purity foils 99.98 % and 99.8
% (Figures 5b, Se, and 5Sc, 5f respectively) were affected by the chemical treatment as signified
by the removal of black spots, deepened trenches, etc., the quality of the 99.999 % purity foil
was not improved. Overall, the images also indicate that the surface roughness of this foil was
the lowest and thus might have the best potential for graphene growth. Therefore, the 99.999 %
Cu foil substrate was used without chemical treatments (only a solvent rinse was applied) for
graphene growth. Figure 6 shows the result of an electropolishing treatment on the lowest purity
copper substrate (99.8 %). A significant smoothing of the surface was observed, and thus
electropolishing is a better solution for achieving smooth surface of the copper foil for low purity
Cu foils.

Cu foil 99.999% Cu foil 99.98% Cu foil 99.8%

ol
ol S| o |

Figure 5. Copper foils of 99.999 %, 99.98 %, and 99.8 % purities before (a, b, ¢) and after (d, e,
f) chemical treatment with acetic acid.
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Figure 6. Copper foil of 99.8 % purity before (a) and after (b) electropolishing treatment.



b) Copper substrate annealing results

The untreated, highest purity copper foil (99.999 %) was selected for annealing.
Two different sets of annealing experiments were performed to determine the optimal
annealing conditions. The first experiment set investigated the effects of temperature, while
the second experiment set probed the effects of annealing time on the quality of the copper
surface. The goal of the annealing step is to reduce the Cu foil surface roughness and increase
its grain size. The exact experimental conditions for both sets are outlined in Table 1.

Table 1. Summary of experimental conditions used for annealing of 99.999 % purity copper foil
substrates. Note: the symbol (*B) indicates figures are presented in the appendix.

Figure = Gas Flow  Temperature = Time Pressure
(sccm) (°C) (min) (mTorr)
|

5a 2 5 900 20 260-382

*C 2 5 900 20 5000-10000
5b 2 5 950 20 189-382
5¢ 2 5 970 20 219-388
5d 2 5 980 - 1000 10-10 260-380
6a 2 5 970 40 256-358
6b 2 5 970 60 219-359
*B 2 5 980 60 199-362
6c 2 5 970 90 223-332
6d 2 5 970 120 220-335
*B 2 5 960 120 255-352

Temp = 900 °C Temp = 850 °C Temp = 970°C Temp = 980 °C

Time = 20 min Time = 20 min Time = 20 min Time = 10 min
Temp = 1000 °C
Time = 10 min

Figure 7. Copper foil after annealing experiments at different temperatures: (a) 900 °C, (b) 950
°C, (¢) 970 °C and (d) 980 °C/1,000 °C. The pressure, gas flow rate, and time were kept constant
between annealing experiments.

In the first set: annealing was performed at four temperatures: 900 °C, 950 °C, 970 °C,
and 980 °C/1,000 °C temperature variations. For each annealing experiment, the annealing
time, pressure, and flow ratio were kept constant. Figure 7 shows the surface of 99.999 %
copper foil after annealing at different temperatures. From this set, it is observed that annealing
under 970 °C produced the smoothest surface. Higher temperatures of 980 °C and 1,000 °C
produced a rougher surface due to excess evaporation of copper. Conversely, the substrate
annealed at a lower



temperature of 900 °C did not show any significant changes in the surfaces, indicating that
more energy or time is necessary to achieve surface modification.

In the second experimental set, the effect of annealing time was investigated: four different
annealing times from 40 to 120 minutes were selected while the other parameters, such as the
temperature, the pressure, and the gas flow rates were kept constant at 970 °C, 200 — 350 mTorr,
and 5:2 sccm flow of Ar: H, respectively. Figure 8 shows that as the annealing time was increased,
the copper surface becomes smoother with the best results obtained for 120 minutes.

Temp =970 °C
Time = 90 min

Figure 8. Copper foil substrates after annealing experiments at different times: (a) 40, (b) 60, (c)
90 and (d) 120 minutes. The pressure, gas flow rate, and temperature were kept constant for the
annealing experiments.

From these two experimental sets, the best copper surface, as signified by the
lowest surface roughness and the largest Cu grain size, was achieved at 970 °C for 120 minutes
(Figure 4d). All experimental conditions and optical images of the annealed substrates are
summarized in Table 1 and Figure B of the Appendix.

¢) Graphene growth results

Three sets of graphene growth experiments were performed. In each experiment set, one
of three parameters, (1) time, (2) pressure, or (3) gas (CH4 and H») flow rates were optimized,
while the other two were kept constant. Table 2 summarizes all parameters used in the growth
experiments labeled with a code (E#).

In the first experimental set, the graphene growth time was varied from 30 to 40 minutes,
while keeping the gas flow rates (CH4: 5 sccm and Hz: 2 scem), temperature (995 °C), and
pressure (~500 mTorr) constant. The optical images in Figures 9a and 9b show that the surface is
visibly smoother on the 30-minute growth (E18) film than the 40-minute growth (E15) film.
Additionally, the Raman spectra in Figures 9¢ and 9d show that graphene growth occurs only for
the 30-minute growth. The Raman analysis confirms that the E18 sample (Figure 9d) shows
peaks at 2730 cm™ and at 1600 cm’!, which correspond to characteristic graphene 2D and G
peaks. Additionally, the defect D peak that appears around 1,350 cm™! was not observed for the
E18 sample, indicating that the graphene film is free of defects. The Raman spectrum for
experiment E15 in Figure 9c, however, does not show any signature graphene peaks
confirming the lack of graphene growth.
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Table 2. Growth experiments using the optimized annealing step conditions

EXP Gas Flow Temperature Time Pressure

(sccm) (°C) (min) (mTorr)
El1 5 2 980 60 343-500
E12 5 2 995 30 337-321
E13 5 2 1005 30 203-490
El4 5 2 1015 30 328-492
E15 5 2 995 40 325-489
El6 5 2 995 30 337-488
E17 5 2 995 30 351-525
E18 5 2 995 30 350-530
E19 6 1 995 30 350-552
E20 5 2 995 30 350-558
E21 6 2 995 30 358-575
E22 7 2 995 30 357-600
E23 6 2 995 30 357-586
E24 6 2 995 30 350-592

Temp =995 °C Temp =995 °C
Time = 40 min Time = 30 min

45000 45000

40000 C) 40000 - d)

35000 - 35000 2D N
El 2733 cm-
<
< 30000 30000
Z G
= .
8 25000 25000 - 1600 cm™

20000 20000

15000 - 15000 -

10000 — T T T T 10000 ~— T T T T

1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Raman Shift (cm™) Raman Shift (cm™)

Figure 9. Optical images and Raman measurements of graphene growth at a different times,
keeping the other parameters constant (temperature of 995 °C, pressure of 500 mTorr, gas flow
rates of 5 sccm, and 2 sccm for CHs and H» respectively). Figures (a) and (b) show the optical
images of samples E15 and E18. Figures (c) and (d) represent the Raman spectra corresponding to
these samples.
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In the second experiment set, the flow rates of methane (CH4) and hydrogen (Hz) were
varied while keeping the temperature of 995°C, time of 30 minutes, and the pressure in the ~500—
600 mTorr range constant. Four experiments (E18 — E22) were conducted. The methane and
hydrogen gas flows were varied from 5 to 7 sccm and from 1 to 2 sccm for methane and hydrogen,
respectively. Figure 10 indicates that the smoothest surface was obtained under two flow rate
conditions: the first one at 5:2 sccm CH4:H> (Figure 10a, E18), and the second at 6:2 sccm CHa:
H> (Figure 10c, E21) flow rates. In contrast, flow rates of 6:1 sccm (Figure 9b, E19) and 7:2 sccm
of CH4:H> (Figure 10d, E22) produced rougher surfaces. Additionally, Raman analysis shows that
graphene was present on the smoother samples of E18 and E21 (Figure 10e and 10g) while it was
absent in the rough sample E19 (Figure 10f). Surprisingly, one rough surface in E22 (Figure 10h)
exhibited the signature graphene peaks indicating carbon nucleation from a high level of methane
gas.
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Figure 10. Optical images and Raman measurements of graphene grown at different gas flow
rates (CH4 and H;) while keeping the other parameters constant (growth temperature of 995 °C,
pressure of ~ 500mTorr, and reaction time of 30 minutes). The gas flow rates were: (a) 5:2 sccm,
CHa4:Ha, (b) 6:1 sccm, CH4:Ha, (c) 6:2 sccm, CH4:Ha, and (d) 7:2 sccm, CH4:Ha. Figures (e), (f),
(g), and (h) represent the Raman measurements of the corresponding images.

In the third experimental set, the growth temperature was varied from 995 °C to 1,015 °C,
while keeping the other optimized parameters constant: gas flow rates (5 sccm and two sccm for
CH4 and H» respectively), growth time (30 minutes) and pressure (~500 mTorr). Three
experiments (E13, E14, and E18) were conducted. The results indicate that the graphene growth
at 995 °C (Figure 11a, E18) produced the smoothest and most continuous graphene film growth
compared to the higher temperatures of 1,005 °C and 1,015 °C (Figures 11b and 11c, E13 and
E14). Additionally, Raman analysis shows that growth at temperatures of 1,005 °C and 1,015 °C
(Figures 11e and 11f) did not produce any graphene. The lack of development at higher
temperatures (>1,000 °C) can be attributed to a phase change (melting) of the copper metal
(Figure 3) near the material’s melting temperature.
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Figure 11. Optical images and Raman measurements of graphene grown at different
temperatures (995 °C, 1,005 °C, and 1,015 °C) while keeping other parameters constant (pressure
of ~500 mTorr, reaction time of 30 minutes, and gas flow rates of 5 and 2 sccm for CH4 and
H; respectively.). Where (a), (b), and (c) are the optical images of samples at 995 °C, 1,000 °C,
and 1,015 °C (E18, E13, E14), respectively. Figure (d), (e), and (f) represent the Raman spectra
corresponding to these samples.

In summary, after conducting three sets of growth experiments, the optimal
graphene growth conditions for our CVD system were determined: growth temperature of 995
°C, growth time of 30 minutes, gas flow rate ratios (CH4:Hz) of 5:2, and ~ 500 mTorr of
internal chamber pressure. A schematic of the optimized overall synthesis process, including
annealing, growth, and cooling steps is depicted in Figure 12. Optical images of all experimental
conditions summarized in Table 3 are presented in Appendix D.

Temperature (°C)

Annealing step

Growth step

Heating step (950 °C/min)

970°C,

120 min,
Ar =5sccm,
H, = 2sccm

995°C,
30 min,
CH, =5sccm,
H, = 2sccm

(uiw/d, $z) dais Buljoo)

Time (minutes)

Figure 12. Optimized graphene synthesis parameters on copper substrates by CVD: heating,
annealing, growth, and cooling steps with corresponding temperature, time, and gas flow profile.
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Upon graphene growth optimization, the differences in the effect of substrate purity on
graphene growth were investigated. So far, the presented results were obtained from
commercially available, highest purity 99.999 % copper substrates. Herein, a 99.8 % purity
copper substrate was utilized for graphene growth. Applying the same optimized conditions as
described in Figure 12 indicated that a different graphene growth pattern resulted on the 99.8 %
purity copper substrate. As observed in Figure 13, higher, the 99.999 % purity substrate resulted
in the continuous growth of graphene (Figure 13a) while discontinuous, star-shaped growth was
obtained from the 99.8 % purity copper substrate (Figure 13b). The discontinuous, star-shaped
growth can be attributed to the presence of more crystalline defects on the lower purity
substrate resulting in intermittent nucleation sites as well as discontinuities during the expansion
phase due to the substrate-related defects compared to more crystalline higher purity substrate.

99.999% purity Cu

Temp =995°C
Time = 30 min
CH,=5sccm
H,=2sccm

99.8% purity Cu

Temp =995°C
Time =30 min
CH,4=5sccm
H,=2sccm

Figure 13. Optical images of graphene films grown on copper foil substrates on (a) high 99.999
% purity, and (b) lower, 99.8 % purity copper substrates. Both growths were performed at the
same optimized annealing and growth conditions showing different growth patterns.

Furthermore, Figure 14 shows optical images of both top and the bottom sides of
graphene grown on the 99.8 % copper substrate. In comparing the two sides, the top facet
(Figure 14a) shows a discontinuous star-shaped pattern a few tens of microns in size, while the
bottom facet (Figure 14b) shows a more continuous snowflake-like growth pattern.
Additional optical images in Appendix E show graphene grain boundaries of varying size on
the bottom face. The difference in growth pattern is attributed to the exposure of the substrate
faces with respect to the hydrocarbon and carrier gases. As the substrate was placed on the
sample holder without any mounts to keep it in place, only the top face of the substrate was
exposed to the hydrocarbon gas resulting in the consistent growth of the star-shaped
graphene. Additionally, due to the substrate placement geometry, the exposed area of the
bottom side varied from experiment to experiment due to factors such as the curvature of the
substrate and the effect of gas flow resulting in inconsistent exposure to the bottom side between
experiments.
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Bottom

Figure 14. Optical images of the graphene films on (a) top (exposed to gas flow) and (b) bottom
(not exposed to gas flow) of a 99.8 % purity copper substrate showing discontinuous graphene
growth with star shape on the top and snowflake shape growth on the bottom.

While successful optimization for low-pressure chemical vapor deposition of graphene was
achieved, further optimization with the goal of (1) investigating the effect of Cu surface to direct
versus indirect gas flow exposure and (2) removing black particles on the graphene-Cu foil post-
growth is discussed herein.

Graphene growth on copper substrates utilizing optimized conditions in Figure 12
indicates defect-free growth (confirmed by Raman spectroscopy) on both high (99.999 %)
and lower (99.8 %) purity substrates. However, high density areas of black particles and
impurities were observed on surface of both types of copper substrates after graphene growth.
These particles may cause the graphene film to tear during transfer and thus should be minimized.
The absence of the D peak indicated that these particles were linked to the Cu foil substrate
itself. Unlike white particles on copper surfaces from quartz tube impurities,’’ black particles
might indicate the presence of copper oxide. Even though no study was conducted to verify the
composition as 