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In this study, it was aimed to obtain vertically-oriented graphene nano-sheets (VGNs) on copper foils using CH,
gas as the precursor material by means of plasma enhanced chemical vapor deposition (PECVD) technique. VGNs
were obtained at 50 W, 75 W and 100 W Radio Frequency (RF) powers by this technique and the effect of RF
power on the morphological structure of graphene layers was investigated. VGNs were also analyzed by Raman

spectroscopy, scanning electron microscopy (SEM) and water contact angle (WCA) measurements. The SEM
images showed that the VGNs became more tightly packed with the increase of RF power and thus these coating
parameters had a significant effect on the morphological structure. WCA analyzes for VGNs were also performed
and it was found that VGNs obtained at 100 W RF power had higher contact angle value than the other RF
powers. These VGNs, which have both large surface area and optically transparent, are thought to be materials
that have the potential to be used in supercapacitors and solar cells.

1. Introduction

The graphene structures, discovered by Novoselov and his collea-
gues [1] for the first time by the mechanical exfoliation of graphite,
have greatly received interest by the scientists since then. Two-di-
mensional (2D) graphene, which has superior thermal conductivity [2],
high carrier mobility [3], optical [4] and mechanical [5] properties, has
the potential to use in important areas such as sensors [6,7], solar cells
[8,9], energy storage [10] and electronic devices [11]. Recently, 2D
graphene, which has optically transparent and excellent mechanical
strength, has further increased its current interest [12,13]. Moreover,
due to its unique electron-band structure and electron transport prop-
erties, the new generation of high-performance modulators, which can
operate in the infrared (IR) spectral region, are perceived as alternative
materials for sources and detectors [14,15].

2D graphene, which can be obtained as single layer or multiple
layers, is considered an important material for many applications due to
the number of layers that can be adjusted. Mechanical exfoliation and
chemical vapor deposition (CVD) techniques are the most commonly
used techniques for obtaining graphene films of chemically highest
quality and number of different layers. In particular, it is considered by
many researchers that the CVD method is very low-cost method for
obtaining monolayer graphene. Nickel or copper foils are generally
used as catalyst substrates in this process. Flores et al. [16], performed
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the transfer of the graphene nanostructures obtained on copper foil
using CVD technique to another insulated substrate in order to de-
termine the electrical and optical properties of the graphene nanos-
tructures. The mechanical stress on the film surfaces and foreign atoms
that occur during the transfer process of graphene to these substrates
are negative factors affecting the thin film quality. In order to minimize
these negative effects, a great deal of research has been carried out by
some researchers on both production techniques and transfer processes.
In a study conducted by Zhang et al. [17], they were developed a new
alternative to traditional transfer method. Here, it is aimed to minimize
the impurities caused by foreign atoms occurring during the transfer
process. On the other hand, new approaches are introduced in terms of
production techniques. Graphene nanostructures, which can be pro-
duced as 2D, are also produced as vertically oriented (3D) depending on
the used production technique recently. Vertically oriented graphene
nanostructures have the potential to be used in fuel cells [18], field
emitters, lithium ion batteries [19,20] and supercapacitors [21]etc. due
to its large surface areas and optically transparent [22-25]. In a study
by He et al. [26], they reported that there was a numerical model
available for the growth of the monolayer graphene, but on the other
hand there was no exact model for multilayered graphene and vertically
oriented growth.

Micro-Raman spectroscopy is widely used to study carbon-based
materials such as carbon nanotubes and graphene [27-33]. By using

E-mail addresses: obayram@bayburt.edu.tr, ozkanbayram5555@hotmail.com (O. Bayram).

https://doi.org/10.1016/j.ceramint.2019.04.034

Received 16 February 2019; Received in revised form 21 March 2019; Accepted 3 April 2019

Available online 07 April 2019
0272-8842/ © 2019 Elsevier Ltd and Techna Group S.r.l. All rights reserved.


http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2019.04.034
https://doi.org/10.1016/j.ceramint.2019.04.034
mailto:obayram@bayburt.edu.tr
mailto:ozkanbayram5555@hotmail.com
https://doi.org/10.1016/j.ceramint.2019.04.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2019.04.034&domain=pdf

O. Bayram and O. Simsek

this spectroscopy technique, it can be determined that the graphene
structures are either single layer or multilayer and that the growth is
homogeneous or heterogeneous. Therefore, this spectroscopy technique
is an essential technique for the analysis of materials such as carbon-
based graphene. In this article, by using copper foils as metal catalyst, it
is aimed to obtain 3D graphene structures using PECVD technique at
relatively low temperatures. These VGNs were transferred to insulating
substrates by simple transfer approach developed by Zhang et al. In
addition, it was investigated by Raman spectroscopy to determine the
homogeneity of these VGNs and the presence of graphene structure.
SEM analysis was also performed to determine the effect of RF power on
the surface morphology of thin films.

2. Materials and method

Monolayer or multi-layer graphene were produced on copper foils at
growth temperature of 750 °C and at various RF powers such as 50 W,
75 W and 100 W by using PECVD technique. The PECVD system pro-
duced by Nanovak (Turkey) is that allows graphene to be obtained at
relatively low temperatures. In this study, 25 um thickness copper foils
used as substrate material were purchased commercially from Alfa
Aesar (99.8%, NO.13382). The graphene nanostructures obtained on
copper foils were then transferred to glass substrates and these trans-
ferred graphene nanostructures were characterized. Graphene transfer
process can be explained as follows. Here, a polymer-free biphasic (li-
quid/liquid) approach developed by Zhang et al. [17] was used to
transfer single or multiple layered graphene onto various substrates. In
this approach, the ether layer and the organic layer (hexane), which is
an inert, non-polar and low viscosity, were used to etching the Cu layer.
Ammonium peroxodisulfate (NH4),S,0g), commercially available from
Sigma Aldrich was used as the ether layer. This solution, which was set
to 0.1 M, was first filled into an empty beaker and the copper/graphene
material was placed in this solution, provided that the graphene-cov-
ered surface remained on the upper surface. Here, hexane was used
instead of the polymer layer used in other conventional transfer
methods. Another important reason for the use of hexane is to ensure
that the remaining graphene layer after the etching of Cu substrate is
not exposed to etchant layer. Deionized (DI) water was used as the
rinsing process. The steps of etching the copper foil are detailed in
Fig. 1 [17]. Furthermore, the demonstration of this event was shown in
Fig. 2 [17].

It may be more useful to describe the graphene production process
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as three steps. The copper foils were first cut to 2 cm X 2 cm and then
each foil was subjected to wet cleaning. The wet cleaning process was
carried out using various alcohols, also known as standard cleaning
process. Each foil was purged with acetone, isopropanol and DI water in
the standard cleaning process, respectively. Each procedure was per-
formed for 30s. The DI water-washed foils were dried in nitrogen gas
atmosphere, and then stored at low pressure. Secondly, graphene na-
nosheets were aimed to be obtained on copper foils using PECVD
technique. These graphene nanostructures were produced using the
PECVD system shown in Fig. 3. [67].

CH,4 gas was used as the carbon source in the production of VGNs.
H, gas was used as the CH, diluent, and Ar gas, which is high energy
and inert, was used to obtain graphene at relatively lower temperatures.
Thin films were obtained by using 50 W, 75 W and 100 W RF powers
values and 30 min coating time. Before each coating process, the copper
foils placed in the bottom layer of the PECVD system were first an-
nealed at 1000 °C. The annealing was carried out for 15 min using 20
sccm H, gas. After the annealing process was completed, the tem-
perature of the vacuum chamber was reduced to 750 °C. Coatings were
performed at this temperature value using 7 sccm CH,4, 20 sccm H, and
10 sccm Ar gas, respectively. In addition, coating time was 30 min and
above-mentioned RF powers were used to obtain graphene nanos-
tructures. After the coating process, the CH,4 gas flow was cut off and
cooled down to room temperature using H, and Ar gas. In the cooling
process, the gas flow rates of both gases were as in the growth process.
After the coating process was completed, the transfer of the graphene
produced on copper foil to the insulating substrates was carried out.
Graphene transfer was done by etching process of copper foils. And
then, the graphene structures were transferred onto the glass substrates.
The analysis of the transferred VGNs were performed using Raman,
WCA and SEM, respectively. It is also aimed to confirm the number of
graphene layers by Raman spectroscopy. Surface morphologies of thin
films were also investigated by SEM analysis. Wrinkles and defects on
VGNs surfaces were investigated by this spectroscopy technique.

3. Results and discussions
3.1. Raman analyses of VGNs
The results of Raman spectroscopy of VGN obtained by plasma en-

hanced chemical vapor deposition technique are presented in Fig. 4,
and this Figure was interpreted in detail. Raman spectroscopy is basic
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Fig. 1. The etching of the copper foil is carried out sequentially as described above. For the transfer of the VGN on the glass substrate, the amount of solution required
for the etching of copper having a size of 2cmx2cm was determined mathematically. Because the addition of too much or too little solution for etching may not be
sufficient for etching the desired level of copper. Please refer to the Supporting Information S1.
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Fig. 2. The etching process was carried out according to the steps indicated in the relevant reference and these steps were completed about 12 hours (Supporting

Information S2.).
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Fig. 3. (a) On the left, there is a schematic representation of the PECVD system used in this study. The system was established by the Nanovak company. It consists
roughly of the furnace, vacuum chamber, vacuum pump, gas flow unit and RF power supply. The whole system can be controlled simply. (b) The steps of obtaining
VGNs are described gradually. In this presentation, temperature, gas flow rates and deposition time are presented in detail.

method commonly used to determine the number of graphene layer.
Carbon based materials such as graphene are represented by five major
peaks in these spectra obtained from this analysis [27,31,34-42]. Each
peak represents important information for the structure. These peaks
are D, G, D’, 2D and D + G peaks, respectively, according to the in-
creasing wavenumber. The D-peak, which corresponds to the phonon
mode and is attributed to the presence of defects in the structure and
the intensity of the defects, is one of the most important among these
peaks. Another is G peak, which is the E,; mode and is attributed to the
stretching of the C-C bond. A strong peak at approximately 2680 cm ™*
for graphene nanostructures, represents the 2D peak, an important peak
for sp2 carbon materials along with the G peak. This peak is also de-
cisive for determining the number of layers of graphene. The 2D peaks
for multi-layered graphene are quite weak and broad, whereas in the
monolayer graphene, this peak is rather sharp and dense. The desired
monolayer graphene structure associated with the presence of a sub-
stantially weak D peak. However, the presence of 2D and G peaks and
their severity relative to each other are important to determine the
presence of monolayer graphene. The presence of D-peaks associated
with defects for graphene nanostructures grown with the PECVD
technique was noted in previous studies [43-45]. As the cause of these
defects can be shown as the presence of plasma. During the plasma
enhanced growth process, radical molecules are localized due to dot-
defects. In the film growth process, the presence of the excess reactive
hydrogen atom present in the plasma triggers C-H strains. This leads to
C-H stretching on the graphene nanosheets [46,47]. This is evidence of
the D' peak observed at approximately 2950 cm ™! in all the structures
obtained within the scope of our study. The 2D peaks for multi-layered
graphene are quite weak and broad, whereas in the monolayer

graphene, this peak is rather narrow and sharp. For the desired
monolayer graphene, the D-peak is weak or even unrepresentative,
indicating a perfect structure. However, the presence of 2D and G peaks
and their severity relative to each other are important to determine the
presence of monolayer graphene [31,48,49]. Raman spectroscopy
contains an important information about the structural properties of
graphene, the intensity and width of these peaks and the wavenumbers
in which the aforementioned characteristic bands occur. The presence,
intensity and proportions of these bands were investigated in order to
characterize the graphene structural properties obtained at various RF
powers at a relatively low temperature of 750 ° C. As can be seen from
Fig. 4, for all films, the base peaks were determined at 1345 cm™, 1590
cm™, 2688 cm™ and 3248 cm ™. Here, the sharp peak at 1345cm ™! is
attributed to the D-band and the bands at 1588 and 2688 cm ™! are G
and 2D bands, respectively, where the intensity of these two bands has
changed significantly depending on the increased RF power.

No significant change was observed in these characteristic peaks of
VGNs due to their position in the wave numbers. However, significant
change was observed in the 2D peak of the VGN obtained using 75 W RF
power. The detailed view of the 2D peaks of VGNs is given in
Supporting Information Fig. S4. In Raman spectroscopy, the number of
graphene layers is determined by the position, intensity and propor-
tions of the these characteristic peaks. The intensity ratio between the
2D band and the G band indicates the number of graphene layers and is
determined by the Iop/Ig ratio [50]. If this ratio is greater than 2 [51],
the single layer is classified as two-layer if it is between 1 and 2 [52] it
is three or more layers if less than 1 [53].

Iop/Ig ratios of VGN obtained at 50 W, 75 W and 100 W RF power
were determined as 0.52, 0.71 and 0.78, respectively. These results are
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Fig. 4. The graph includes the Raman spectra for all VGNs at the top of the left. In this graph, D, G, D’ and 2D peaks and their proportions and their intensity are
clearly indicated. However, other graphs show Raman analyzes for each VGNs. In these analyzes, the intensities of each peak and Ip/Ig and Iop/Ig values are given,
which are important for graphene. FHWM values are also presented in this graph (For the Raman spectra, the subtract baseline was performed) (Supporting

Information S3).

interpreted that the graphene obtained by PECVD technique is three or
multilayer and these results are in good agreement with the literature.
Another analysis used to determine the number of graphene layers is
the determination of the full width at half maxium (FWHM) values of
the peaks. When the FWHM values of G and 2D peaks of all graphene
films are compared, it is understood that it is compatible with the ratio
of I,p/I. As stated in the literature studies, the increase in the number
of graphene layers leads to an increase in the FWHM value of the 2D
peak, while the decreasing leads to a decrease in this FWHM value.
According to the increasing RF power, FWHM values of 2D peak were
determined as 67.2 cm™, 82.8 cm™ and 74.8 cm™, respectively.
Terasawa et al. [36] reported that, the FWHM value for single layer
graphene was less than ~ 35 cm ™!, and that this value was greater than
65 cm™ for three layer graphene. The results obtained from the FWHM
values and I,p/Ig ratio of VGNs indicate that the VGNs are three or
more layered [54]. The I,p/Ig ratio is typically ~2 for the monolayer
graphene and for the two-layer graphene this ratio falls to 1.2 [16,17].
For the single layer graphene, the FWHM value of the 2D peak is
~35cm ™! and for three - layer graphene this value is greater than
65cm™ ! [18,19]. The FWHM value for the 2D peak of the VGN ob-
tained at 100 W RF power is greater than 65cm ™" and this value was
determined as 74.8 cm ™. This value refers to the three-layer graphene
structure. On the other hand, FWHM values of VGNs obtained for 50 W

and 75 W were determined as 67.2 cm ™! and 82.8 cm ™ ?, respectively,
and attributed to at least three-layer graphene structure. However, the
value Ip/Ig also provides important information for graphene struc-
tures. In general, the higher Ip/I; value and the increased FWHM values
of the characteristic bands mean smaller crystalline particles and
therefore smaller inter-error distance. Ip/Ig values were 1.64, 1.66 and
2.25, respectively, according to the increased RF power. Kurita et al.
[55], reported that the crystallite size of VGN can be calculated from
the value Ip/Ig, and these results were also extensively approved by
many researchers. The crystallite size abovementioned is defined by the
empirical equation of Cancado et al. [56], which is explained by the
relationship between the in-plane sp2 crystallite size La, the laser
source excitation energy E; and Ip/Ig [57],

h_G
Ic

Lﬂ
where A is the wavelength of light and C (\) is a constant known as C
W) =2.4A [56]. The crystallite sizes calculated from the above
equation for the ratios of 1.64, 1.66 and 2.25 of Ip,/I; were determined
as 14.5, 14.4, 10.6 nm, respectively. In a study conducted by Terasawa
et al. [36], these values were reported to be 14 and 26 nm, respectively,
for VGN obtained at 900 °C and 500 °C using 300 W RF power. Lit-
erature studies indicate that the presence of increased RF power leads
to high-density plasma and consequently the growth of graphitic

13667



O. Bayram and O. Simsek

Ceramics International 45 (2019) 13664-13670

Fig. 5. These graphs are presented as the simplest proof that vertical-oriented graphene layers are obtained. VGNs were successfully obtained for 50 W, 75 W and
100 W RF Powers, respectively, and the graphs above were given at different magnifications. a-d belongs to the VGN obtained at 50 W RF power and relatively weak
VGN s are seen compared to others. The rate of magnification from a to c is also increasing, so the change of VGNs morphologies from the graphics is also understood.
d represents the grain boundaries of copper foil and growth within these grain boundaries. e-f and g-h are similarly representative of VGNs obtained using RF power

of 75 W and 100 W, respectively.

structures. Here, it is not always possible to make a correct conclusion
by comparing the values of Ip/Ig, taking into account the I peak re-
presenting the defect structures. The process of producing graphene
using the PECVD technique is a highly complex process, so it is not
correct to suggest that RF power is the only important parameter af-
fecting the quality of the obtained product. In addition to the RF power,
other important parameters such as H,, CH, and Ar gas flow rates,
temperature and coating time should be taken into consideration.

3.2. Surface morphologies of VGNs

Fig. 5 (a) - (h) represent SEM images of VGNs deposited at various
RF powers, at a temperature of 750 ° C and a coating time of 30 min. It
is understood that RF power significantly affects the morphology of the
obtained VGNs. Fig. 5 (a) shows the growth rate of VGNs obtained for
50 W RF power, and it is understood that VGNs represent the structure,
although not tightly packed, provided that the 3D graphene structure is
homogeneous. Significant differences in the morphologies of VGNs
obtained at relatively low temperatures are attributed to the RF power.
The precursor gas (CH,), which is responsible for the growth of VGNs, is
activated by breaking down due to H, gas and Ar gas in the vacuum
chamber. H, gas is used for dilution of CH4 and Ar gas is used to aid in
the decomposition of CH,4 by increasing collisions of Ar atoms due to RF
power. The difference in the growth rates of VGNs at a temperature that
can be considered to be relatively low temperature is attributed to the
applied RF power.

Although Guo et al. [58], suggested that the VGNs can not be ob-
tained at temperatures below 800 °C, the results of our study have not
confirm this. Their study reports that homogeneous VGNs were ob-
tained up to 800°. That is, the kinetic energy of the carbon-containing
radicals should remain stable by adjusting the growth parameters
(temperature and CH4/H, gas flow rates). The VGN mechanism is
carried out by diluting the weakly bound carbon atoms with the ap-
propriate H, concentration to form the graphitic structure [59]. In
contrast, Sui et al. [60], showed that VGNs in the range of 750 °C and
700 °C were available by adjusting the coating parameter such as
coating time and pressure. Also, Sui et al. showed that the coating time
had a significant effect on the formation of VGNs and that Ar plasma
pretreatment triggered VGN growth [60]. When pretreatmented using
Ar plasma, the formation of VGNs is facilitated. Both the pretreatment
with Ar plasma and the optimum value of the temperature are the most

important parameters for the formation of VGNs. The fact that VGNs
can be obtained directly on the insulating substrate at relatively low
temperatures provides considerable benefit for the possible applications
of these graphene structures. The greatest benefit here is that the de-
fects that occur during the transfer of graphene to another substrate are
eliminated. In our study, VGNs obtained with 75W and 100 W RF
power are in good agreement with the literature studies [61-63]. Ob-
taining VGN by PECVD technique can be explained as follows. During
the first stage of growth on the substrate surface, the graphene layers
grow in 2D orientation on the substrate. Due to the electric field in the
plasma, the upper layers of the graphene are now subject to stress due
to the force caused by this electric field, and curved structures begin to
form on the surfaces. The graphene layers growing on the substrate
tend to grow in 3D due to the sufficient tensile energy between this
substrate and the graphene layer [60]. A representative image 3D or-
iented graphene nanosheets growth is shown in Fig. 6.

3.3. WCA measurements of VGNs

The wettability of the material used as the substrate can vary sub-
stantially with the coating process. Water contact angle (WCA) mea-
surements (Fig. 7) showed that the applied RF power had a significant
effect on the wettability measurements. For the VGN transferred to the
glass substrate, the WCA values were measured at 86, 99 and 102°,
respectively, depending on the increased RF power, and this value was
26° for uncoated glass substrate. Further, the degree of hydrophobicity
can be further increased or adjusted with the coating time. In a study
conducted by Ci et al. [64], they reported that WCA values of VGNs
grown at various coating times ranged from 80 to 128°. In a study
conducted by Ghosh et al. [65], they showed that the growth tem-
perature significantly increased the WCA value of the surface. The
reason for this increase is attributed to the VGN surface morphology,
chemical bond structure, oxygen functionality, and crystallinity. The
hydrophobic surface property, which can be adjusted depending on the
number of VGN layers, shows that it can be used in many useful ap-
plications such as self-cleaning windows and water collection device.
Jacob et al. [66], reported that using the Melaleuca Alternifolia essential
oil as an initiator monomer, the graphene films produced by the PECVD
technique exhibited a constant water contact angle of 135°. They also
claimed that this result was the highest reported contact angle value for
graphene films produced with a bottom up method (PECVD) and having
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Fig. 6. For each of the three VGN, SEM patterns were obtained at various magnifications. Vertical-oriented growth is clearly seen from these images. According to
increasing RF power, significant changes in the shape and density of VGNs were detected. It is evident that a-d images, VGN obtained for 50 W RF power are
homogeneous morphology. e-f is the morphological structure of the VGN obtained at a power of 75 W RF, and there is clearly a growth in hexagonal growth. The g-h
images represent the VGN obtained for 100 W RF power, and it is seen that the vertical orientation growth in both e and f is homogeneous and has the same

morphology.
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Fig. 7. For the VGNs, time-dependent variation of WCA is shown. It is under-
stood that there is no change in the WCA values of VGNs over time.
Furthermore, the images of the water droplet on the surface for each VGN are
given in the inner-graph.

a nanoscale property.

4. Conclusion

VGNs were effectively produced on copper foils by using PECVD
technique with various RF powers. Raman spectroscopy revealed that
VGNs are 3D oriented and have an significant effect of RF power on the
tightly packed structure of these vertically oriented (3D) nanos-
tructures. It was understood that increased RF power significantly af-
fected the presence of the 2D peak and the change in the intensity of
this peak. From the SEM images, it was clearly demonstrated that the
graphene was obtained vertically. A homogeneous structure was de-
tected for the VGN obtained using 100 W RF power. This situation was
not the same uniformity for other RF powers. The WCA analysis also
showed that VGNs had a hydrophobic character and this angle was
measured as 102° for 100 W RF power. These results were attributed to
the presence of vertically oriented graphene as seen from the SEM
images. The large surface areas of VGN indicate that they have the
potential to be used in important areas such as solar cell, supercapacitor
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and li-ion batteries.
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