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Large area fabrication of graphene, as a leading two-dimensional material as well as an allotrope of carbon,
is a challenging requirement prior to its preparation for applications. Chemical VVapor Deposition (CVD)
is one of the most effective and promising methods for high-scale and high-quality synthesis of graphene.
In this study, graphene layers were grown on copper (Cu) sheets using low-pressure CVD technique at
930 °C, 870 °C, and 760 °C. Raman spectroscopy, Field Emission Scanning Electron Microscopy
(FESEM), Optical Microscopy (OM) and Atomic Force Microscopy (AFM) were employed in this study
to investigate the effect of the process temperature on the structural properties, morphology, grain
boundaries, continuity, purity, and number of layers. The results from analyses revealed that at higher
temperatures, the continuity and quality of the layers and number of grain boundaries were higher and
lower, respectively. In contrast, at lower temperatures, the nucleation and discontinuity of the deposited
layers were relatively high. The surface roughness of the graphene sheets increased with a decrease in
temperature.

d https://doi.org/10.30501/acp.2022.343786.1090

1. INTRODUCTION

Two-Dimensional (2D) materials have attracted

ensuring the mass production, high purity, and efficient
utilization [1,2].
A leading member of the 2D family [2,3], graphene, is

considerable attention due to their properties that are
superior to those of their 3D counterparts. These
materials are regarded as the potential candidates for
replacement of conventional resources in many fields of
technology. Further, they have introduced new
applications in some areas, but a complete replacement
of these materials faces several challenges such as

a unique material due to its excellent properties such as
high electrical and thermal conductivity [5], high density
[6], high optical conductivity [7], and excellent
mechanical properties [8,9]. A layer of carbon atoms in
graphene is packed in a honeycomb network with sp?
hybridized orbitals and a bond length of 0.142 nm [8,9].
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Graphene can be fabricated using different methods
such as mechanical exfoliation [11], electrochemical
exfoliation [12], liquid-phase exfoliation [13], peer
growth on silicon carbide (SiC) [14], unzipping of carbon
nanotubes [15], and graphene oxide reduction [16].
Exfoliation methods used for graphene production
produce very small flakes with random thickness values
while reduction methods would form several layers.
These are not continuous and still have residues left
behind from the synthesis method. However, large area
graphene with controlled number of layers can be
obtained by Chemical Vapor Deposition (CVD) [17]. In
CVD, the required carbon atoms are separated from the
precursor gas under high temperature and low pressure
and then bonded with a flat metal sheet [18]. CVD is an
extensive bottom-up method for synthesizing multilayer
and monolayer graphene films. This approach
outperforms other methods in terms of its ease of
installation in laboratories, successful long-term use in
industrial environments, high potential for large-scale
production, and beneficial environmental and economic
factors [19]. The process and types of different chemical
reactions that occur in a CVD chamber are controlled by
many complex factors including system regulation,
furnace configuration, gas bare materials, gas ratios,
chamber pressure, gas flow, reaction temperature, and
growth time [20,21].

There are several types of CVD methods available
today that can be used to synthesize graphene-based
materials.  Following its  first isolation via
micromechanical exfoliation in 2004, larger area
graphene was successfully obtained using Low-Pressure
CVD (LPCVD) [22]. Historically, CVD growth of the
crystalline graphite on Ni was first reported in 1966 [23]
and later, graphite was deposited on Pt using CVD [24].
Ever since, LPCVD has been used to grow graphene with
the advantage of obtaining more uniform sheets with few
layers [25].

Depending on the growth conditions, different CVD
methods can be classified into several main types based
on temperature, pressure, precursor nature, gas flow,
wall/bed temperature, deposition time, and activation
energy [26,27]. Among the mentioned factors,
temperature plays a vital role in CVD growth of graphene
since it provides the required activation energy to
decompose the carbon source and prepare the substrate
surface. For instance, the required temperature for
methane decomposition is about 1000 °C [28]; therefore,
graphene cannot be formed below this temperature.
However, graphene can be synthesized at lower
temperatures using other materials in the growth process
[29-31]. Under the same laboratory conditions,
temperature variations cause changes in the growth
quality, number of layers, and continuity of the grown
layers. Chaitoglou et al. [32] explored the effect of
temperature on the CVD graphene growth on Cu. In their
research, the temperature varied from 970 °C to 1070 °C,

and no roughness study was conducted. In another study,
the optical transmittance spectra were used to determine
the number of the graphene layers grown at 400-1000 °C
via CVD. Lower temperatures resulted in lower quality
graphene films [33]. Zheng et al. [34] reported catalytic
metal engineering to reduce the growth temperature to
700 °C using Cu-C alloy on SiO./Si substrate and CVD
growth of continuous single-layer graphene on Cu by
sequential melting-resolidification-recrystallization in
the temperature range of 980-1060 °C. The latter required
a complicated and costly process, yielding the results
comparable to those of the usual CVD methods.

Here, graphene was grown by LPCVD method in a
homemade LPCVD setup at temperatures around and
well below the usual temperature (1000 °C) required for
decomposition of the carbon precursor. Cu substrate was
used as the catalyst and methane (CH,), as a carbon
precursor. The dependency of temperature on the growth
quality, continuity, and number of graphene layers was
investigated at 930, 870, and 760 °C using different
surface analysis methods. While Raman spectra and
FESEM results confirmed the formation of graphene
sheets, surface roughness parameters obtained from
atomic force microscopy images yielded novel results
regarding the as-grown graphene sheets on Cu. Many
large area graphene sheets are characterized by high
roughness values that limit their applications, hence
roughness control based on growth parameters is very
beneficial.

2. MATERIALS AND METHODS

In this study, 99.99 % H; and 99.9 % CH4 were used as
the assistant and carbon source gases, respectively, due
to the following reasons: a) hydrogen is widely used in
the annealing phases to remove the oxide layer on the
metal surfaces, and b) it plays a key role in absorbing H;
from CH4 [17]. Methane has a single bond and lower
bond energy than a carbon precursor with a double and
triple bond whereas acetylene with its triple bond
character can react with unbonded electrons of other
elements in the environment. Therefore, unwanted
corrosive and toxic compounds may be produced from
these reactions [35]. In this study, Cu foils with a
thickness of 30 um were used as the substrate, and the
thermal decomposition of methane was reduced by 930,
870, and 760 °C to control the growth procedure in the
presence of Cu as the catalyst substrate. Here, Cu was
selected for the growth process due to the lower solubility
of C atoms in Cu. It is known that C solubility in Ni is
higher. Furthermore, thin film Cu catalyst sheets are
readily available and inexpensive [36].

The foils were cut into sheets of 20x50 mm? in size. Cu
sheets were initially immersed in acetic acid (99.9 %,
Merck) for 10 min to remove surface oxides and then
washed in ethanol for five min in an ultrasonic bath to
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remove impurities and contaminations. Cu sheets were
then air-dried for two minutes. Finally, they were
transferred via an alumina boat into a quartz chamber in
the furnace.

Figure 1 shows the schematics of the home-made
LPCVD system which is used for growing graphene on

the Cu sheets. As indicated in this figure, this setup
consists of a tubular furnace, Mass Flow Controllers
(MFC) for controlling gas flows, a vacuum gauge for
controlling the deposition pressure, and a rotary vacuum
pump with a volume capacity of 80 m3/h for evacuating
the by-products.

R Vacuum gauge
c—ia-e Cm |
) Tube

High temperature
furnace

L

dl

Rotary vacuum pump

Figure 1. Schematics of the LPCVD setup for graphene growth

CH4 and H; flow rates were set at 35 and 7 (standard
cubic centimeter/minute) sccm, respectively, to maintain
the flow ratio of 5:1. The initial pressure of the chamber
was set at 0.35 mbar. At 200 °C, H, was allowed into the
furnace to prevent Cu oxidation. CH. entered the
chamber at the desired coating temperature. At the end of
deposition, CH, flow was stopped, and the furnace cool-
down stage was performed in the H, atmosphere. Finally,
the samples were extracted from the furnace at the
ambient temperature. Of note, the samples grown at 930,
870, and 760 °C are named S1-S3, respectively,
hereafter. In addition to the fabrication of Samples S1-S3
at different temperatures, and for a comparative study, a
Cu sheet was annealed at 930 °C in the presence of H-
and in the absence of CH4. This sample is called bare-Cu
hereafter. The time required for the growth process for all
samples was fixed at 30 min. The specific values of the
growth temperatures were obtained from experimental
trials.

Optical microscopy (Nano Raga), Field Emission
Scanning Electron Microscopy (FESEM-TESCAN
Mira3 operated at 15 kV), and Atomic Force Microscopy
(AFM-Advanced Ara Pajauhesh) were used to
characterize the structural and surface properties of the
obtained graphene sheets. Raman spectroscopy (Teksan
530-700 nm wavelength) was also used to ensure the
formation of graphene.

3. RESULTS AND DISCUSSION

Carbon atoms settle together on a Cu sheet during the
CVD growth of graphene, as indicated in Figure 2.

During the growth mechanism, Cu, as the metal
catalyst, determined graphene’s precipitation rate and
was exploited to reduce the energy barrier of the
reactions. It should be noted that C atoms are slowly
adsorbed on the Cu surface. With CH4 entrance in the
furnace and the increase of the temperature to values
required for the decomposition of hydrocarbon bonds,
and C atoms precipitate as a solid on the Cu surface while
H atoms bond together and leave the chamber as gas. C
atoms left behind on the Cu surface start to form in-plane
o bonds (i.e., covalent bonds where each C atom relates
to three other C atoms) and cover the whole Cu sheet
continuously in a single layer [37]. If the growth time is
long enough, a second or even a third layer may form. In
this situation, van der Waals force of attraction is
responsible to hold the layers together. Usually, a large
number of C atoms, more than what is needed to form a
single layer, gather near the grain boundaries; therefore,
the quality of the graphene reduces in these areas [38].
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Figure 2. Schematics of LPCVD graphene growth mechanism
on a Cu sheet
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According to the FESEM images of the grown
graphene samples shown in Figure 3 (top row), dark
regions correspond to higher number of layers while
bright regions correspond to lower number of layers. At
higher growth temperatures, Cu surface becomes
smoother in the lower number of grain boundaries.
Higher temperatures are close to the melting point of Cu,
thus providing much better growth conditions. At lower
temperatures, higher surface roughness and larger
number of grain boundaries would result in more
nucleation and slow down the growth procedure [39].
According to the FESEM images, graphene domains are not
continuous, hence more time is required to gain a continuous
region of graphene. Of note, the number of graphene layers
increases over time. In addition, increasing the growth time
diminishes the growth process and creates anisotropic
layers. These layers damage the existing layers. Here, the
hydrogen flow, pressure, and evacuation rate (L/h) were

adequate. Hydrogen controls the shape and size of the
domains by breaking the hydrocarbon bonds. The pressure
mainly affects the durability time of carbon atoms on the Cu
surface. One of the reasons we worked at lower pressures
was to prevent the saturation of carbon atoms and their
nucleation on the Cu surface. By controlling these
conditions, monolayer graphene with continuous layers can
be achieved [40]. Optical images in Figure 3 (bottom row)
show larger carbon crystallites in S1 with respect to S2 and
S3. The grain boundaries in S2 and S3 are much more
evident than in S1.

Raman spectra were taken from four random points on
the graphene grown on the Cu sheets. Figure 4 shows the
average the mentioned spectra for samples S1-S3. The
Raman spectrum of the perfect single-layer graphene
includes sp? hybridization with two peaks at 1580 cm™
and 2700 cm that are attributed to G and 2D bands,
respectively [41].

400 G S 1 m o

1y/1g=0.25
Ly/T,=1.02

Intensity (a.u.)
g
Intensity (a.u.)

S2

I/1=0.29
Lp/1=0.79

Intensity (a.u.)

1200 1400 1600 IS0D 2000 2200 2400 2600 2500

Raman Shift (cm™)

20 s L L L L L L s
1200 1400 1600 1300 2000 2200 2400 2600 2800
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Raman Shift (em™)

Figure 4. (Top row) FESEM images and (bottom row) optical images of S1-930 °C, S2-870 °C, and S3-760 °C, respectively
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D band is observed when sufficient number of
structural defects are reached for the graphene that leads
to the intensification of the D band [42]. The ratio of
l.p/1=1.02, in sample S1 is larger than those of other
samples due to its higher growth temperature which in
turn leads to faster breaking of the bonds between H and
C atoms and smoothing of the roughness on the substrate
surface [32]. A comparison of the FESEM images of S1
with those of other samples shows that S1 consists of
fewer layers. According to the averaged Raman spectrum
analysis of S2, l.p/16=0.79, which is less than that of S1.
This result is consistent with the thickness and humber of
grain boundaries of the two samples shown in the
FESEM images. According to the Raman spectrum of S3,
I.p/lc = 0.48 which is lower than that of other samples.
FESEM image of sample S3 showed more discontinuities
and higher number of grain boundaries. The results
obtained here are consistent with those acquired in
previous studies [43]. Accordingly, at higher growth
temperatures, lop/lg ratio will increase which is indicative
of a larger area of monolayer graphene. At higher growth
temperatures, lower activation energy is required to break
C-H bonds, thus resulting in the reduction of substrate
roughness and the reduction of substrate grain boundaries
[44]. S. Shukrullah et al. [45] investigated the effect of
temperature on the activation energy. The coatings
created therein were treated by CVD. The properties of
the obtained coatings showed that the activation energy
is inversely related to growth temperature, calculated by
the following equation, known as the Arrhenius relation:

E
K = Ae_R_% (1)

where K is the growth rate coefficient, E, the activation
energy, A the Arrhenius constant, R the global gas
constant, and T the process temperature.

One of the important and comprehensive methods for
identifying the structure of graphene and its
morphological characteristics is AFM. The continuity of
the grown layer and presence of impurities and surface
roughness were confirmed through AFM and relevant
analyses [46].

Roughness characterization is a very important tool
before and after graphene transfer on the desired
substrate. Many large-area graphene sheets suffer high
roughness values that undermine their applications in
electronic devices or even the separation membrane
techniques. Therefore, controlling roughness via growth
parameters is highly advantageous [47].

For a comparative study, the surface of the bare Cu
sheet annealed at 930 °C was characterized in contact
mode along with S1-S3 in tapping mode, all equipped
with silicon nitride cantilevers. Figure 5 demonstrates a
3D view of the bare Cu and three graphene samples
(S1-S3). As observed, the surface roughness in bare Cu,

which was not exposed to methane, is higher than in the
graphene-grown samples.

However, more quantitatively from roughness
parameters extracted from topography images with SPIP
software (Table 1), bare Cu is less rough than S3
probably due to the much lower annealing temperature
Sample S3 went through than bare Cu did. Note that C
crystallite structures on the surfaces of S1-S3 also
increase the value of the roughness parameters while the
bare Cu surface with no crystallites has relatively higher
roughness values. In samples S1-S3, the average surface
roughness or Sa increases from S1 to S3. Sa, is one of the
most commonly used roughness parameters [48], and it
is the average of the deviations of the mean plane.
Another roughness parameter derived from the AFM
topography images is Sq which is the standard deviation
of the height distribution, also known as RMS roughness.

TABLE 1. Roughness parameters of bare Cu and graphene
covered S1-S3, data extracted from AFM topographic images

parameters Bare Cu Sl S2 S3 Unit
Sa 20.4 6.9 16.9 21.3 nm
Sq 26.0 9.9 21.5 31.3 nm

Changes in this quantity are similar to changes in Sa in
S1-S3. It is clear that increasing the growth temperature
contributes to reduction in the deep structural roughness
in the Cu sheet. Figure 6 shows 2D topographic and phase
images of the samples. No trace of graphene is detected
in the topographic or phase images of the bare Cu sample.
According to the topographic images of samples S1-S3,
some elements are observed on these surfaces,
confirming the presence of a material different from the
Cu sheet. Further, the surface structure in S1-S3 is
significantly changed compared to that in the bare Cu
which can be confirmed in the relevant phase images. In
addition to the graphene grains, thicker carbon hexagonal
structures can be seen on these surfaces, which is
consistent with the findings of FESEM.

In addition, the number of impurities on these surfaces
and thickness of the carbon crystallites (as bright spots) are
in good agreement with the Raman spectroscopic findings
for each sample. According to the phase images, the
formation of grain boundaries in the grown graphene layers
is evident. In S3, carbon crystallites as islands of thicker
graphene (consisting of more layers) are obviously seen.

Figure 6 indicates the surface morphology of the
samples, and Figure 4 shows the ratio of Ip/lg, indicating
the higher graphene coverage and more uniformity in
samples S1-S3 followed by increasing growth
temperature. This result is in agreement with the AFM
results. In addition, based on the results from the
topographic AFM images and Table 1, it can be
concluded that the surface roughness decreases with an
increase in the temperature. According to these results,
there is a direct impact on the growth quality of graphene
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mainly due to the sufficient energy provided to break the
bond between hydrogen and carbon. At higher
temperatures, this energy is given more to the carbon
source gas that improves the growth coating quality and
uniformity. In reality, several problems may arise such as
limitation of the use of materials with lower melting
points and high cost of experiments at high temperatures.

60 40 20 00 20 40 60
Xipm)

Given these problems, another mechanism should be
taken into account to produce the energy needed for
breaking the bond between hydrogen and carbon.
Consequently, high temperatures are not required for
CVD graphene. This can be considered as the future
research focus in this field.

) Zlom)
/—1000
/00
F—-1000
2000

40 30 20 0 00 10 20 30 40 50
Xum]

Figure 5. 3D images of the bare Cu and graphene grown in S1-S3. The size of all images is 10x10 um?
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Figure 6. 2D topographic and the corresponding phase images of bare Cu and graphene covered S1-S3. All images are 10x10 pm?


https://doi.org/10.30501/acp.2022.343786.1090

42 A. Noori et al. / Advanced Ceramics Progress: Vol. 8, No. 1, (Winter 2022) 36-43

4. CONCLUSION

In this study, graphene was synthesized based on the
LPCVD method using methane and hydrogen gas
compounds on Cu catalysts at temperatures below 1000 °C.
To this end, the conditions were optimized by keeping
other growth parameters constant. According to the
optical and FESEM analyses, the sample grown at 930 °C
were characterized by better continuity and larger surface
area than other samples. Based on the Raman
spectroscopy analyses, it can be concluded that the ratio
of l.p/lg at higher temperatures was higher than that at
lower temperatures which, in this case, was indicative of
the lower number of layers. The surface roughness from
the AFM topographic images of the sample grown at 930 °C
(6.935 nm) was less than that of the other two samples at
870 °C (16.953 nm) and 760 °C (21.328 nm). The
measured roughness of the bare Cu (20.485 nm) was
higher than S1 and S2 samples yet slightly lower than S3
sample. The obtained results confirmed the higher
possibility of obtaining smoother graphene with better
quality at higher temperatures.
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