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ABSTRACT

We explored the growth rate and morphological characteristics of graphene nanowalls (GNWs) on copper (Cu), stainless steel (SUS),
quartz and silicon (Si) substrates by changing the growth time using microwave plasma-enhanced chemical vapor deposition
(MWPCVD). Furthermore, we investigated the impact of catalytic and non-catalytic substrates on the growth features of GNWs. The
properties of GNWs were characterized using scanning electron microscopy (SEM) and Raman spectroscopy. The growth of GNWs
occurred just after supplying the precursor on the Cu substrate, but those on SUS, quartz and Si delayed about 5 min, 10 min and 15
min, respectively, due to the low catalytic activity of the substrate. Once the growth started, there was not much of a difference in the
growth rate. The average growth rate was about 2 nm/s. The crystallinity of GNW was improved with increasing growth time. It was
found that Cu is the best substrate to get high-quality GNWs, but MWPCVD is a suitable technique to obtain GNWs on a variety of

substrates at relatively low temperatures.
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1. INTRODUCTION

The discovery of graphene has accelerated the rapid
development of nanotechnology. Carbon-based materials
have various applications and promising prospects due to
their unique range of physical and chemical properties [1-
4]. For instance, zero-dimensional structures such as
fullerenes [5], one-dimensional structures like carbon
nanotubes (CNT) and carbon nanofibers (CNF) [6], two-
dimensional materials including single-layer graphene and
multilayer graphene [7], and carbon nanoribbons (GNR) [8],
as well as three-dimensional structures like graphene
nanowalls [9-11]. Compared with two-dimensional
graphene synthesized by conventional chemical processes,
three-dimensional graphene networks produced by plasma
CVD show many unique features, such as vertical
orientation on the substrate, non-agglomerated three-
dimensional morphology, and controlled inter-sheet
connectivity. These structural characteristics render GNWs
with excellent electrical and thermal conductivity, high
specific surface area, high chemical stability, outstanding
mechanical strength and flexibility, and tunable optical
properties [12-15]. Furthermore, GNWs have garnered
significant attention in various fields, including
supercapacitors, batteries, fuel cells, etc [16-22].

The synthesis of GNWs is mainly accomplished with
MWPCVD [23-28]. This method allows for direct growth on
various substrates, including insulators, semiconductors,
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and conductors. The presence of materials like copper and
nickel acts as catalysts for graphene growth, significantly
affecting the initial growth time, surface morphology,
crystallinity, and electronic properties of GNWs on different
substrates. Furthermore, differences in equipment and
deposition conditions can lead to variations in GNWs
growth rates and morphologies. Therefore, to investigate
the substrate effect on GNW growth is very important to
understand the GNW growth mechanisms on various
substrates. Davami et al reported a comparison of GNW
growth using Cu, Si and Si covered with metal using RF
plasma-enhanced chemical vapor deposition [29]. Kim et al
reported the difference in GNWs on glass and Si substrates
[30]. However, to the best of our knowledge, there have
been no systematic studies of GNW growth on the growth
rates and morphologies on metal, insulating and
semiconducting Si substrates prepared using the MWPCVD
method.

In this study, we employed the MWPCVD method to directly
grow GNWs on Cu foils, SUS foils, quartz, and highly doped
n-type silicon (Si with a resistivity of 1Q)-cm) substrates. We
observed the impact of these substrates on GNWs growth.
The surface morphology and crystallinity of the obtained
GNWs were characterized using scanning electron
microscopy (SEM) and Raman spectroscopy. The results
demonstrated a linear relationship between the growth
height and time for GNWs on metal substrates like Cu and
SUS. The ability to achieve rapid GNWs growth on catalytic
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substrates opens the possibility of high-speed production of
GNWs films.

2. METHODOLOGY

The MWPCVD equipment used in this study is the same as
reported previously [31] and illustrated in Figure 1. In brief,
it consists of a magnetron (2.45 GHz microwave radiation),
waveguide which guides the microwave radiation to the
quartz plate, slot antenna which filters out unwanted
harmonics and delivers the 2.45 GHz microwave radiation
to the quartz plate, coupling adjustment knob which adjusts
the wave shape within the waveguide to ensure smooth
transmission of microwaves through the slot antenna,
quartz plate which allows the microwave radiation to enter
from its surface and gas inlet port which is used for
introducing precursor and carrier gases into the reaction
chamber.

All the samples of GNWs were prepared under the identical
growth conditions of microwave plasma power 1000 W,
with the source and carrier gas flow rate of CH4:H2:Ar =
3:8:8 sccm maintaining a working chamber pressure of 10
Pa. The stage temperature was setat 500 °C and all the gases
purged were of research grade of 99.999% purity. The
growth duration varied from 5, 10, 15 and 20 minutes on
the four types of distinct substrates: quartz as an insulating
substrate, n-type silicon as a semiconducting substrate, Cu
as a metallic catalytic substrate and SUS304 as an alloy
substrate. The SEM characterization was performed to
evaluate the surface morphology and thickness of the films
using JEOL Ltd. JIB-4700F FIB-SEM. The transmission
electron microscopy (TEM) characterization was
performed to evaluate the thickness of graphene using JEOL
Ltd. JEM-2100F. Raman spectroscopy was performed to
evaluate the structural properties using Renishaw InVia
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Figure 1. Schematic of the MWPCVD equipment

Laser Raman spectroscope with an excitation laser
wavelength of 532 nm.

3. RESULTS AND DISCUSSION
3.1. SEM and TEM Analysis

Figure 2 shows surface SEM images of GNWs on Cu, SUS,
quartz and Si substrates for different growth times; 5 min,
10 min, 15 min and 20 min. “-“ in the figure means GNW has
not started to grow yet. GNWs have already started to grow
within the first 5 minutes in the case of Cu substrate. The
height of GNWs increases linearly with the growth time as
shown in Figure 3. The size of GNW also increases with
increasing growth time. The growth rate is approximately 2
nm/s. Since the Cu substrate has a catalytic effect on
graphene growth [32], crystallization begins promptly after
the growth starts. Under the same experimental conditions,
carbon-free radicals deposit at the same rate in the vertical
direction, resulting in a linear growth rate for GNWs.
However, due to the presence of H* and CHx* ions in the
plasma, there is an etching effect, and the growth rate in the
horizontal direction is slower than in the vertical direction.

QUARTZ Si

Figure 2. SEM surface images of GNWs on different substrates for various growth times
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Figure 3. GNW average height for different growth times on four substrates

On the other hand, GNWs have not started to grow yet in the
first 5 min in the case of SUS substrate and GNWs are
observed after 10 min. The composition analysis of SUS304
reveals that, apart from iron (Fe), it contains approximately
20% chromium (Cr), 10% nickel (Ni), 2% manganese (Mn),
and other metals. Nickel is known to have a better catalytic
effect on graphene growth [33]. However, since the nickel
content in SUS304 is only 8-10%, its growth-promoting
effect is not as pronounced as that of copper substrates.
Therefore, graphene growth does not commence in the
initial 5 minutes. But once growth starts, the growth height
of GNWs begins to show a linear relationship with time
during the 10-20 min period and the growth rate is almost
the same as that on Cu as shown in Figure 3. Thus, unlike the
pure Cu substrate, the SUS substrate with a limited Ni
content provides a controlled catalytic activity for the
growth of GNWs almost at the same rate as that of Cu.

It is interesting to note that the growth of GNWs is further
delayed in the case of quartz substrate. In the samples of 5-
and 10-min growth time, no GNW was observed, but we
observed uniform growth of GNWs after 15 min. The height
of GNWs increases with time after the growth initiation as
shown in Figure 3. This suggests that carbon atoms
deposited on the substrate surface in the first 10 minutes of
the experiment did not crystallize. This might be because
during plasma-enhanced deposition, the etching effect of H+
was greater than the deposition effect, preventing
accumulation. However, after 10 min, as the number of
carbon atoms in the chamber increased, the deposition
effect exceeded the etching effect, resulting in
crystallization. With increasing time, GNWs began to grow
in a direction perpendicular to the substrate and with a
higher plasma concentration above the substrate.

In the case of the Si substrate, no GNW was detected for 5,
10, and 15 minutes, but we can see that GNWs have begun
to grow after 20 minutes as shown in Figure 3. The height of
GNWs is slightly lower than that on the quartz glass
substrate. The GNWs grown on the Si substrate took the
longest time. Like quartz glass, the silicon substrate lacks a
catalytic effect on the crystalline growth of graphene.
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However, due to silicon's higher crystallinity and fewer
polished surface defects, carbon-free radicals have weaker
adhesion during deposition. Under the same plasma
concentration conditions, the deposition effect is less
pronounced, requiring more time to reach an equivalent
rate as the etching effect. When the deposition rate exceeds
the etching rate, GNWs with a morphology similar to those
on quartz glass also grow on the silicon substrate.

The GNW was evaluated by TEM to check the thickness of
the graphene flake. To prepare the TEM sample, the GNW
grown on the SUS304 substrate was obtained in the
powdered form, sonicated in ethanol and drop cast on a
TEM grid with pipette. The high magnification TEM image
shown in Figure 4 clearly reveals the array of graphene
layers in a leaflet of GNW, aggregating a thickness of about
15 nm.

3.2. Raman Spectroscopy Analysis

To gain insights into the structural properties of GNWs,
Raman spectroscopy analysis was performed. Figure 5

Figure 4. TEM image of GNW grown on SUS substrate
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Figure 5. Raman spectra achieved on the GNWs with different
growth times on (a) Cu, (b) SUS, (c) quartz and (d) Si substrates

presents Raman spectra of GNWs grown on various
substrates at different deposition times. Figure 5(a)
corresponds to the copper substrate, (b) to the SUS
substrate, (c) to a quartz glass substrate and (d) to the Si
substrate. It is evident that under the same deposition
conditions, GNWs exhibit different initial nucleation times.
Characteristic peaks of graphene are detected on Cu
substrate after 5 min growth, while the corresponding
peaks appear after 10 min, 15 min and 20 min on SUS
substrate, quartz substrate and Si substrate, respectively.
The broad peak from the 5-minute sample on SUS would be
due to the amorphous carbon deposited on the SUS
substrate. This observation matches with SEM results as
shown in Figure 2 and suggests that the growth of GNWs on
glass and n-type Si substrates requires a longer time under
equivalent conditions. These Raman spectroscopy
observations provide valuable information about the
growth processes of GNWs on different substrates and the
development of crystalline structures over time.

The Raman spectra of GNWs grown on different substrates
exhibited characteristic peaks around 1350 cm! (D band),
1580 cm! (G band), and 2700 cm-! (2D band). The D band
originates from defects in the graphene lattice, while the G
band is related to the in-plane vibrational modes of sp2
hybridized carbon atoms [26-28]. The 2D band represents

the number of graphene layers and the quality of graphene
[28]. Moreover, the distinct peak at the shoulder to the G
band centered around 1620 cm! is a characteristic feature
of the vertical graphene [34]. The intensity ratio of the D
band to the G band (Ip/lc) is an important parameter
reflecting the level of disorder and defects in the graphene
lattice. A higher Ip/Ic ratio indicates a higher degree of
disorder. The intensity ratio of the 2D band to the G band
(Izp/Ic) reveals the thickness of the graphene. The Raman
spectra of GNWs grown on different substrates show minor
variations in the intensity and position of the D and G bands,
indicating structural and electronic property differences in
GNWs [35-37].

Table 1 depicts the changes in Ip/Ic and I2p/Ic obtained from
Raman spectra of GNWs grown on Cu, SUS, quartz and Si
substrates. The measured values of Ip/Ic are 0.60, 0.81, 0.48,
and 0.21 at 5 min, 10 min, 15 min and 20 min, respectively,
for Cu substrate. This trend of initially increasing and then
decreasing Ip/Ic suggests the rapid formation of graphene
films on the Cu surface at the initial stages of the growth.
After 10 min growth, graphene growth exhibited a distinct
trend of vertical crystal growth, accompanied by the
generation of many defects and amorphous structures.
Therefore, an increase in Ip/lc is observed. As time
progresses, Ip/lc gradually decreases, indicating the
improvement in crystallinity of vertically oriented
graphene with the increase of thickness [24, 30-31]. The
increase of Izp/lc would be due to the increase of layer
number with the growth time.

In the case of the SUS substrate, Ip/I is high because of the
deposition of amorphous carbon at 5 min. However, like the
Cu substrate, the increase and the decrease of Ip/Ic as well
as the decrease of Izp/Ic are observed with the growth time
in the case of SUS substrate. However, the variation of the
intensity is less compared with the Cu substrate. In the case
of the quartz substrate, In/I¢c and Izp/I¢ decrease, which
suggests the improvement of crystallinity and increase of
layer number with growth time.

Simultaneously, we observed the shifting of G and 2D peaks
with increasing deposition time on the Cu substrate.
Consequently, we have zoomed in on the Raman
spectroscopy data of the G and 2D peaks for four different
samples on the Cu substrate, as depicted in Figure 6.

Figure 6 indicates that peak wavelength shifts towards the
lower wavenumber side for the G peak and 2D peak. The
shifting of graphitic G and 2D peaks is in good agreement

Table 1. Raman Ip/Ic and Izp/Ic values of GNWs on each substrate at different growth times

Cu SUS304 Quartz Silicon
Growth
Time ID/IG IZD/IG ID/IG IZD/IG ID/IG IZD/IG ID/IG IZD/IG
5min 0.60 0.77 2.28 0.43
10min 0.81 0.71 0.72 0.61
15min 0.48 0.65 0.88 0.63 0.70 0.61
20min 0.21 0.62 0.58 0.57 0.60 0.58 0.66 0.72
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Figure 6. Shifting of G and 2D peak positions of Raman spectra of
GNWs on Cu substrate with different growth times

with research reported elsewhere. As the growth time
increases, the thickness of the film also increases, as does
the number of layers [32, 34, 38]. The results indicate that
the growth process involves an initial rapid formation of
graphene, followed by the formation of vertically orientated
graphene with increasing deposition time, simultaneously
leading to an improvement in crystallinity and thickness,
which is consistent with the Ip/Ic and Izp/Ic results. These
experimental observations provide new insights into the
mechanism of graphene growth on Cu substrates. However,
this displacement phenomenon was not obviously observed
in the GNW samples grown on SUS304 substrate. The
variation of In/I¢ and I2p/Ic is also small, as shown in Table
1. These experimental observations provide new insights
into the mechanism of graphene growth on copper
substrates.

3.3. Discussion

As shown in Figure 3, the growth height of GNWs on Cu, SUS
and quarts substrates exhibits a fundamentally linear
relationship. Additionally, the incubation times for GNW
growth vary significantly across the four types of
substrates. Therefore, we believe that under plasma
irradiation conditions, carbon can be deposited on different
substrates, producing GNWs. However, due to variations in
the composition of different substrates, the initial growth
time varies. This is mainly because carbon elements
deposited on Cu substrate with catalytic properties
crystallize under the catalytic effect of copper, forming
growth nuclei. Graphene starts growing in all directions
around these growth nuclei. However, as the plasma
concentration gradually decreases from the quartz glass
towards the stage direction, GNWs growth tendency is most
prominent in the vertical direction of the substrate, while
horizontal growth of graphene is suppressed due to the
etching effect of H* ions in the plasma.

When GNWs grow on SUS substrate, the growth time is
delayed compared to Cu substrate because only nickel in
SUS has catalytic properties for graphene growth, and the
nickel content in SUS is only about 10%. Additionally, iron
also exhibits some catalytic activity during graphene
growth. After the initial growth begins, the growth rate of
GNWs on the SUS substrate becomes quite similar to that on
the Cu substrate.

For substrates like quartz and silicon, which lack graphene
catalytic activity, carbon deposition on these substrates is
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slower, and even in samples from the first more than 10
minutes, crystalline carbon is not detected. As time
progresses, carbon deposited on the substrate gradually
increases, and crystallization begins. GNWs grown on these
substrates appear relatively smaller in volume and have
larger distances between crystals. This is primarily due to
the simultaneous etching effect of H* ions and the weak
growth of GNWs. Extended growth times are required to
achieve normal growth [39].

4. CONCLUSION

CNWs were grown on Cu, SUS, quartz and Si substrates
under the same conditions with changing the growth time
by MWPCVD. The MWPCVD method allows for the direct
synthesis of CNWs on various substrates using methane as
a precursor gas. However, the catalytic effects were
different depending on substrates, such as Cu and SUS with
catalytic properties and quartz glass and Si without catalytic
properties, which results in variations in the growth rate
and morphology of GNWs. Therefore, the choice of substrate
is crucial when synthesizing GNWs by MVPCVD for different
applications.
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