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ARTICLE INFO ABSTRACT

Keywords: In this study, vertically oriented (3D) graphene nanostructures (VGN) were obtained on Glass and Fluorine
VGN doped tin oxide (FTO) substrates at relatively low temperatures (approaximatelly at 400 °C) by using plasma
Raman mapping enhanced chemical vapor deposition (PECVD) technique. VGNs were characterized using Raman, Uv-Vis and
PECVD SEM spectroscopies, respectively. Raman spectroscopy showed that growth temperature significantly affected
I(\:I;r:—catalyst surfaces VGN formation and film quality. The layer structures of these VGNs were also confirmed by Raman mapping.

The most important data obtained from this study is that although the applied radio frequency (RF) power is the
same, the growth temperature significantly affects the graphene formation and morphologies. This was attrib-
uted to the fact that CH4 decomposition was very difficult at low temperatures. The optical transmittance of
VGNs ranged from 50% to 95% (at 550 nm wavelength) and their electrical conductivity was also determined to
be between 5.94 kohm/sqr and 11.2 kohm/sqr. The electrical and optical properties of VGNs, which have a large
surface area, indicated that they may be an alternative material for sensor, solar cell and supercapacitor ap-

plications.

1. Introduction

Grafen, one of the most important two-dimensional (2D) materials,
has been extensively researched for possible applications since the last
10 years due to its superior structural and electrical properties [1-5].
Some of these studies focused on the graphene growth mechanisms, but
some of them have turned to its current applications due to their su-
perior electronic and optical properties. Although there are not many
studies about the growth mechanism of graphene, a lot of studies have
been carried out for possible applications. Due to its high specific sur-
face area high carrier mobility, superior optical transmittance and
carrier concentration, it has been highly tested in graphene, super-
capacitor and solar cell applications. For example, monolayer graphene
has a high carrier mobility (> 200000cm ™2V~ 1s'at an electron
density of 4 x 10° cm™ 2), high specific surface area (2600m~2g™1),
and high optical transparency (97.7%) [6,7]. All these advantages show
that graphene, which is commonly used in dye-sensitized solar cells
(DSSCQ), is a promising material for increasing the these cells efficiency
[7-12]. In particularly, it has been used as a photoanode [13-16] and
counter electrode [17-21] materials in DSSC applications. Because of
its outstanding properties, Graphene, also attracts attention in sensor
applicationssuch as biosensor [22-29], water sensors [30] and gas

sensors [31-33]. In addition to the increasing of graphene applications,
the fact that the growth process cannot be performed directly and
transferred to another insulating substrate has a great effect on the
quality and efficiency of these studies. Recently, a number of studies
have been carried out for the production of vertical oriented graphene
(VG) obtained on various metal catalysts at relatively high tempera-
tures. However, this process could not eliminate the transfer problem in
graphene applications. Possible wrinkles, holes and residues caused by
etchant solution during the graphene transfer process have an im-
portant role on thin film quality. In order to avoid the negative effects
of the transfer process, intensive efforts are being made to directly
synthesize graphene on substrates such as FTO, ITO and soda-lime glass
[34], which are widely used in solar cell applications. The optimum
operating temperatures of these substrates are around 600 °C. There-
fore, new techniques are required which enable to obtain graphene at
relatively lower temperatures. The PECVD technique is a technique that
makes this possible. Some researchers have reported that PECVD is a
highly efficient method for the production of VGNs and allows the
graphene to be obtained at low temperatures and directly without any
catalyst [35-43]. The VGNs, which have unique electrical, chemical
and mechanical properties compared to 2D graphene and which are
obtained without the need for transfer operation, are now more
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promising for a wide variety of applications. For example, adjustable
electrical conductivity and high specific surface area make VGNs an
even more important material for supercapacitors, which are the cur-
rent applications of 2D graphene [37,44-48]. In this study, it is aimed
to obtain direct VGNs on material surfaces such as FTO and glass sub-
strates which is one of the most important materials especially for
DSSCs. FTO/graphene is used as the counter electrode material in these
solar cells. The important thing is that graphene can be grown directly
on FTO substrates to eliminate various defects that may occur during
graphene transfer. In this study, it is aimed to produce graphene di-
rectly on these substrates by using PECVD technique in the temperature
range of 400 °C-600 °C where the structural stability of FTO can be
maintained. VGNs were analyzed using Raman, Raman mapping, SEM,
Uv-Vis and I-V measurements.

2. Materials and method
2.1. Materials

The PECVD system used to obtain VGN nanostructures was estab-
lished by the Nanovak (Ankara, Turkey) company. The CH4 and H,
gases used as precursor gas were obtained from Sigma Aldrich. To
purify the substrates surfaces from foreign atoms, high purity Ar gas
was used and this gas plasma was formed by the help of the RF gen-
erator and then the cleaning process was performed. On the other hand,
alcohols such as ethanol, propanol and acetone used in surface cleaning
of substrates were obtained by purchase from Tekkim (Ankara, Turkey)
company. Glass and FTO materials were used as the substrate, and these
materials were obtained from the commercially available Sigma Aldrich
(Germany).

2.2. Growth of VGN by PECVD

The inductively coupled plasma (ICP) unit was adapted to the CVD
technique commonly used in the graphene production process and the
VGN structures are intended to be produced at relatively lower tem-
peratures. Commercially purchased glass and FTO substrates were cut
to the appropriate size and subjected to surface cleaning. Surface
cleaning was carried out with the same procedure for each substrate.
First, these substrates were washed with acetone, deionized (DI) water,
propanol, DI water, ethanol and DI water, and finally rinsed. After
completed treatment, each substrate was kept in vacuum environment.
The PECVD system (Fig. 1. [49]) consists of a vacuum chamber, vacuum
pump, heater, gas control units and RF power supply unit. After surface
cleaning, each substrate was placed in the sample compartment of the
PECVD system, respectively, and experimental studies were initiated. In
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Fig. 1. Schematically represantation of PECVD system.
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the study, gas flow rates for CH4 and Ar were determined as 10 sccm
and 30 sccm, respectively. We can explain the stages of obtaining VGN
structures on glass substrates as follows.

. The pressure of the vacuum chamber is reduced to 10~* mTorr
using a vacuum pump.

. Ar gas is sent to the vacuum environment by means of gas control
unit and plasma is formed with the help of RF unit. This process is
carried out for the surface cleaning of the substrates.

. Using the heater, the temperature is set to the desired growth
temperature. For FTO, this temperature was set at 480 °C, because
the temperature at which the FTO could work without deterioration,
ie without softening, is at approximately 480 °C. On the other hand,
VGN structures were obtained at various temperature values for
glass substrates. VGN production was performed at 600 “C(VGN1),
550 "C(VGN2), 500 *C(VGN3), 480 °C(VGNS5) and 400 (VGN4) °C,
respectively. Since glass substrate materials began to soften at about
620 °C, 600 °C was preferred as the highest temperature.

. VGN Coatings were carried out for 30 min coating time and 100 W
RF power. After the process was completed, the system was shut
down and the next operation was started. The image of VGNs ob-
tained at various growth temperatures and on different substrates
was presented in Fig. 2.

3. Results and discussions

3.1. Growth mechanism of VGN

The structural defects caused by the transfer of graphene thin films
grown on the metal catalyst to another well-formed insulated substrate
significanly reduce the quality of this thin film. Alternative methods for
possible graphene applications are being developed in order to elim-
inate these undesirable factors. Here, the PECVD technique plays an
important role and allows for the directly growth of graphene at rela-
tively lower temperatures and various substrates. In the PECVD en-
vironment, energetic electrons, free radicals and photons are generated
at a high electric field and relatively low temperature [50]. For ex-
ample, for methane (CH,4) precursor gas, CH4 molecules are highly di-
vided into various reactive species in this technique. These species are
commonly known as CHy +, CoHy +, C3Hy +, C4Hy +, CH, CH, and
CHj; [51,52]. The vertical orientation graphene film obtained under the
PECVD process has a high specific surface area compared to 2D gra-
phene, so it finds wide application in biosensors, both anode and
cathode material in solar cells and supercapacitors. Here, the vertical
orientation is also thought to be caused by the electric field in the
PECVD system [53]. The basic steps of graphene growth on the glass
surface are shown schematically as follows (Fig. 3a [54]). This figure
shows that the plasma-enhanced chemical growth process creates a
graphitic buffer layer on the glass surface. Later, due to possible lattice
mismatch and dense ion bombardment between the glass substrate and
the graphite carbon film, defects and curved areas on the surface occur
[50]. The edges of the graphitic buffer layer cause vertical growth of the
graphene by bending upwards due to the high electric field in the va-
cuum environment. The reasons for the graphene growth occuring in
vertical oriented rather than two-diomensional (2D) graphene can be
described as follows: due to the different chemical bonding nature, the
defects caused by the interfacial tension between the glass substrate and
the graphitic carbon are the most important factor of vertical orienta-
tion growth [53,54]. The surface tension effect causes the polycrystal-
line carbon buffer layer to form on the glass substrate. However, this
buffer layer has curved orientations caused by defects. Another im-
portant factor is that the electric field in the PECVD technique has an
important role in the growth and this electric field is applied in the
vertical direction to the substrate surface. Thus, VGNs tend to grow in
the same orientation as the electric field (Fig. 3b. [55]). Similarly, for
the VGNs obtained on metal catalyst substrates such as copper, the most
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Fig. 2. Images of VGNs grown using the PECVD technique. a) FTO wrapped in copper foil material b) VGN grown on the FTO substrate ¢) VGN/FTO d) VGNs grown

on glass substrates at various growth temperatures.

important factor is the electric field in the PECVD technique. The most
basic similarity for both glass and metal catalyst substrates is the
electric field used in the production technique.

3.2. Raman analyses of VGN

Figs. 4 and 5 show the Raman spectra of VGN samples prepared
under different temperatures. As you can see from these graphs, The
peaks D, G, and 2D of the VGN samples were determined at about 1348
cm?, 1588 cm™ and 2698 cm ™~ ?, respectively. The D peak, one of these
peaks is attributed to the sp® hybrid construct resulting from crystal
defects and irregular structures or to a sp> bond hybridization defect
[56,57]. The other characteristic peak, the G-peak, is due to the
stretching of the C-C bonds and is quite common for all sp? carbon
system [58]. The 2D peak is due to the double-resonance Raman pro-
cess in which two phonons of the opposite momentum are involved
[59]. The ratios of the peak intensities (Ip/Igand I»p/Ig, respectively,
from Figs. 3 and 4 were determined and are presented in Table 1. This
table indicates that the Ip/Ig decreases from 2.64 to 2.01 with the
growth temperature increase. The increase in growth temperature re-
sults in an increase of number of sp® hybridized carbon atoms, and
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Fig. 4. Raman spectra of VGNs grown on Glass/FTO substrates at 480 °C.
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Fig. 3. Schematic represantation of graphene nanowalls formation.
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Fig. 5. Raman spectra of VGNs obtained at various temperatures on Glass
substrates.

hence the number of defects in the VGN structure increases. In Figs. 4
and 5, it is clear that the D peak is more dominant with the increase in
temperature compared to the other peaks. Furthermore, the increase in
growth temperature caused the I,p/Ig ratio to increase from 0.15 to
0.59. The increase in this ratio normally indicates a decrease in the
graphene layer. However, the optical transmittance analysis of VGNs
does not confirm this. Because, with increasing temperature, the optical
transmittance of VGNs is reduced. This means that VGNs have a thicker
layer and therefore a greater number of layers. This can be explained as
follows: It is attributed to the fact that the VGN structure obtained at
increasing temperature by the PECVD technique not only grows hor-
izontally (graphitic) but also vertically as compared to 2D graphene.
Although the number of horizontally oriented layers decreases with
increasing temperature, the number of nanowalls growing in the ver-
tical direction increases. Therefore, the VGNs obtained with increasing
temperature are considered to have lower optical transmittance.

The full width at half maximum (FWHM) values of the D, G and 2D
bands decreases depending on the growth temperature, and these va-
lues are presented in Table 1. It is understood that the growth tem-
perature has an critical role on the peak positions and peak intensities
of all characteristic peaks. The peak position of the D peak was re-
presented by a sharp peak at approximately 1348 cm ™! for almost all
VGNs. The other characteristic peak, the G peak, was determined to
have relatively significant shifts and the G peak positions were de-
termined as 1591 cm™, 1592 cm?, 1599 cm™ and 1579 cm ™! with
increasing temperature, respectively. The 2D peak associated with
graphene quality was 2693 cm™, 2694 cm™, 2684 cm™ and 2687 cm ™%,
respectively, with increasing growth temperature. In order to determine
the quality of graphene structures for the characteristic peaks of VGNs,
the determined FWHM values are in good agreement with the litera-
ture. The detected FWHM values for G peak were 59.5 cm™, 51.1 cm™,
61.3cm™ and 65.9 cm ™' with increasing growth temperature, respec-
tively. For the VGNs obtained using the PECVD technique, the G peak
FWHM values reported in the literature are in the range of 22.5 cm’

Table 1
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1_77.0cm ™! [60-63], which indicates similar results to our study.

3.3. Morphological characteristic of VGN

SEM images of VGNs prepared at various growth temperatures
(400°C-600 °C) on Glass/FTO substrates were presented in Figs. 6 and
7. It is understood from these images that the growth temperature is an
important factor for obtaining graphene nanostructures. At relatively
low temperatures of 400 °C, a relatively weak 3D graphene film was
formed. These results are consistent with the 2D peak density obtained
from the Raman spectrum. When the growth temperature is not high
enough, the concentration of carbon-based radicals formed by the
thermal decomposition of CH4, which is used as the precursor, is low,
resulting in a low growth rate of VGNs [64]. With increasing tem-
perature, VGN nanowalls began to become more pronounced and a 3D
nanowall structure is obtained when the growth temperature of 600 °C
was reached. This can be explained by the increase in the concentration
and kinetic energy of the carbon containing radicals at this temperature
[64]. The graphene structures, which first formed as nano islands with
the increase in temperature, then transform into well-aligned VGN
nanowall structure with the temperature increasing further. These
VGNs obtained at 600 °C exhibit more uniform and more random
morphology than those obtained at low growth temperatures. SEM
images at different magnifications for the VGN produced at 600 °C were
taken and shown in Fig. 7(a—d). From these images, the homogeneous
structure of VGN and the nanowalls thickness are more clearly seen.
Considering the critical operating temperature for glass of 620 °C, the
growth temperature of these nanowalls at 600 °C is a significant critical
temperature value. For FTO, which is another substrate material, al-
though the nanowwall structure has not yet clearly begun to occur at
this temperature, the growth is more pronounced and more homo-
geneous compared to the VGN that is grown on glass substrate at the
same temperature. The growth temperature determined for FTO is
preferred because it is close to the critical operating temperature of
FTO. Homogeneous morphologies of VGNs were also confirmed by
Raman mapping and the spectrum for VGN1 was presented in Fig. 8.
Raman mapping images of VGN1 were examined separately for all
characteristic peaks. In this technique, all peaks for the whole film
surfaces are scanned separately. Therefore, the characteristic of the
structure occurring at all surfaces is determined. The Raman mapping
of the D, G and D peaks shows that they exist homogeneously on all
surfaces. In fact, there is a simple relationship between Raman mapping
and Raman analysis. Fig. 8 shows that the number of counts determined
for D, G and 2D peaks is related to the intensity of the peaks determined
in Figure 5. As a result, homogeneous morphology and significant peaks
of the graphene films were examined by Raman mapping.

3.4. Optical and electrical properties of VGNs

Fig. 9 shows the optical transmittance for the VGNs obtained on the
Glass/FTO substrates. The optical transmittance measured for VGNs at
550 nm ranges from 50% to 95% depending on the growth tempera-
ture. Although these values are not as high as that of a single-layer
graphene obtained by the CVD technique (95-97%), they are still
comparable with the multi-layer graphene films obtained using these
technique (60-90%) [65]. Similarly, I-V characteristics of VGNs were

The intensities of characteristic peaks determined for VGNs, FWHM values of these peaks and its ratios according to each other.

Sample Ip @w Igaw Iopwo 2D FWHM(cm ™) G FWHM(cm ™) Lipjic In/ic
VGN1 3541 1755 1048 101.2 65.9 0.59 2.01
VGN2 2061 918 266 102.5 61.3 0.29 2.24
VGN3 461 308 45 104.2 51.1 0.15 1.49
VGN4 410 157 52 82.1 59.4 0.33 2.61

16832



O. Bayram Ceramics International 45 (2019) 16829-16835

V’_;(\ *-u.‘ ( 1""\»';:3 ‘

Fig. 7. SEM images taken at various magnification rates for VGN 1.
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Fig. 8. Raman mapping of VGN1 obtained at 600 °C.
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Fig. 9. Transmittance spectra of VGNs.

analyzed using four probe methods. The detected sheet resistances are
similar and compatible with those reported in the literature [51,66].
The sheet resistance of the VGNs changed significantly depending on
the growth temperature, ie the VGN nanowall morphology. This value
linearly decreased from 8.34 kohm/sqr to 5.94 kohm/sqr depending on
the growth temperature. The most noteworthy case was detected for
FTO with untreated sheet resistance of 32 Q/sqr and it was determined
as 74.3 Q/sqr after the treatment. The most important factor that draws
attention here is the Ip/Ig ratio determined in the Raman spectra. For
FTO, this ratio is approximately 1 (Fig. 4) and it is considered to be the
most important factor affecting the sheet resistance.

4. Conclusion

In this study, VGN nanowalls were successfully produced by using
PECVD technique on substrates such as Glass/FTO at relatively low

16834

temperatures. The optical transmittance of VGN nanowalls changed
significantly depending on the growth temperature. The optical trans-
mittance of VGN nanowalls decreased from 95% to 50% depending on
the increasing growth temperature. The VGN obtained at a growth
temperature of 600 °C was found to be more homogeneous and nano-
walls morphology was more clear than others. The base temperature
was determined to be about 400 °C to produce 3D graphene.
Considering the D, G and 2D characteristic peaks determined by Raman
analysis, it was found that the highest quality 3D graphene production
was possible by increasing the growth temperature. Raman mapping
showed that all VGNs had homogeneous morphology, meaning that
vertical orientation growth occured not only on specific parts of the
substrate but its all surfaces . It is thought that 3D graphene directly
produced on the substrates such as FTO, which is a technological ma-
terial, can be an alternative product to other 2D graphene commonly
used in possible device applications such as solar cell, supercapasitor
and biosensor.
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