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Growth promotion of vertical graphene on SiO,/Si
by Ar plasma process in plasma-enhanced chemical
vapor depositiony
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This study investigates the growth promotion of vertically oriented graphene in plasma-enhanced chemical
vapor deposition through Ar plasma treatment. Combined with various substrate treatments, including
hydrofluoric acid etching and oxidation after Ar plasma treatment, Ar plasma pretreatment promotes
vertical growth through the microcavity on the rough substrate surface and the active growth sites. The
microcavity affects the strain distribution and defects of as-deposited planar films, which benefit the
transition of 2D deposition to 3D vertical growth. A growth model on the effect of Ar plasma

rsc.li/rsc-advances pretreatment is proposed.

Introduction

Plasma-enhanced chemical vapor deposition (PECVD) has
emerged as an important method for producing carbon mate-
rials, such as diamonds, carbon nanotubes, vertically oriented
graphene (VG) nanosheets, and graphene, on arbitrary
substrates. The excitation and dissociation of hydrocarbon
precursors are achieved by inelastic collisions with the electrons
that carry high energy in the plasma, which is prone to form free
radicals, ions, and other reactive species. Some studies have
reported that graphene without transition metal catalyst should
be grown under high temperature, highly dilutive hydrocarbon/
carrier gas, and long growth time. In specific, high temperatures
in the range of 1100 °C to 1650 °C and growth period up to
several hours are needed.” Thermal chemical vapor deposition
is an appropriate approach for the synthesis of high-quality
graphene (monolayer or few layers) on transition metal
substrates. Thus, VG nanosheets are more preferably generated
than monolayer graphene in PECVD. PECVD is performed at
low temperatures without the use of catalysts. It has good
control in nanostructure ordering and high purity, which can
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easily produce highly dense graphene nanosheets.® Vertically
oriented graphene nanosheets are presented as networks of
“graphitic” platelets that are typically vertically oriented on
a substrate; these nanosheets feature exposed sharp edges, non-
stacking morphology, and a large surface-to-volume ratio. VG
and its derivatives have many applications, such as in gas
sensors and biosensors,** field emission devices,”® and energy
storage devices, such as supercapacitors, lithium-ion batteries,
and fuel cells.” ™"

PECVD has attracted increasing attention as a promising
method for controllable graphene synthesis. The substrate
surface for carbon film growth is usually pretreated to ensure
high nucleation density, decrease nucleation time, and improve
adhesion. Various pretreatment methods, such as chemical and
mechanical approaches, may be used.'> It is reported
substrates were scratched by a diamond powder before depo-
sition to create many surface defects and improve adhesion.'” Ar
plasma sputtering is a comparatively common substrate treat-
ment for film growth, but it is rarely mentioned in VG growth by
PECVD. Few studies investigated the effect of Ar plasma treat-
ment on the growth of vertically oriented graphene. The results
of the present study showed that the growth of VG nanosheets is
promoted by the convenient in situ substrate-pretreatment in
PECVD. The effect of Ar plasma on the promotion of VG growth
was studied.

Experimental

The samples employed in this study were fabricated by a radio
frequency (RF)-PECVD system. The plasma was ignited using
argon or a mixture blended with methane at an RF power of
350 W. The temperature of the sample stage ranged from 750 °C
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to 700 °C at a growth pressure of approximately 450 mTorr.
Substrates first endured ultrasonic cleaning with organic
cleaning liquid. The substrates were then treated by different
processes for various samples before growth, such as dipping in
hydrofluoric acid (HF), Ar plasma treatment (Arp), and oxida-
tion after Ar plasma treatment (Arp + oxidation). HF etching was
applied by dipping the substrate into diluted hydrofluoric acid
(HF : H,0 =1 : 20) for 10 s then rinsing it with deionized water.
The Arp process was performed with pure argon, which was
ignited for 20 min before the growth of VG nanosheets. Oxida-
tion was carried out by introducing a mixture of oxygen and
argon at 750 °C for 10 min after the Arp process. All samples
were grown with the gas mixture flow rate Ar (100 sccm) and
CH, (2 sccm) at 700 °C. Approximately 300 nm of thermally
grown SiO, on a Si wafer was used as the substrate for our
samples. The sample was immersed in diluted hydrofluoric
acid, the VG nanosheets film was separated from the substrate
and transferred with a micro grid for the preparation of TEM.

The detailed investigation was based on scanning electron
microscopy (SEM, Zeiss Supra55), atom force microscopy (AFM,
Bruker Dimension Icon), Field Emission Transmission Electron
Microscope (FE-TEM, JEM-2100F), thermo scientific DXR
Raman spectroscopy with a 532 nm Nd:YAG laser, and X-ray
photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250).

Results and discussion

Fig. 1a-d indicate the surface morphologies and cross-sectional
SEM images of VGNs grown on the substrates without
pretreatment. After 5 min, the nanoflakes fail to completely
cover the substrate, and vertically oriented graphene is absent
(Fig. 1a). After 30 min, the growth of VG nanosheets remains
sparse (Fig. 1b). However, Fig. 1e-h show the typical surface
topography of VG nanosheets after growth on the substrates
pretreated by Ar plasma. VG nanosheets with many vertical
carbon edges are found even after 5 min of growth (Fig. 1e). The
cross-sectional SEM images demonstrate that the graphene
sheets are nearly perpendicular to the substrate and are thin
and transparent. The height of the vertical sheets is approxi-
mately 130 nm after 5 min (Fig. 1g) and 150 nm after 30 min of
growth (Fig. 1h). These results indicate that Ar plasma
pretreatment promotes the growth of VG in PECVD.

Fig. 2 indicate the top-view TEM images of VG with growth
for 30 min on the Arp substrate shown in Fig. 1f and h. Fig. 2a
exhibits the low-magnification TEM image of transparent VG
film on micro grid. There is a lot of folds shown in Fig. 2b,
which originate from that the vertical graphene nanosheets
were bended into horizontal sheets in transferring process.
Fig. 2c indicates the vertical graphene nanosheets consist of
four layers up to more than ten parallel layers of graphene
sheets.

The effect of Ar plasma treatment on the subsequent VG
growth can be attributed to the improvement of substrate,
which promotes high nucleation density and improves adhe-
sion. As the consequence of Ar plasma treatment, the substrates
are changed in the roughness and active sites. The surface
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Fig.1 Top-view SEM images of VG deposited on untreated substrates
for (a) 5 min and (b) 30 min; cross-sectional SEM images of VG on
untreated substrates for (c) 5 min and (d) 30 min; top-view SEM of VG
on Arp-treated substrates for (e) 5 min and (f) 30 min; cross-sectional
SEM of VG on Arp-treated substrates for (g) 5 min and (h) 30 min.

roughness of the substrates was tested by AFM. Another
substrate dipped in diluted HF acid was tested for comparison
purposes. Fig. 3a-c show the AFM images of the substrates
treated by Ar plasma, HF dipping, and non-treatment, respec-
tively. The roughness of the substrate treated by Ar plasma is

Fig. 2 TEM images of VG with different magnification for (a)—(c).
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Fig. 3 AFM images and height profiles (right) of substrates treated by
(a) Arp, (b) HF, (c) untreated; (d) top-view and (e) cross-sectional SEM
images of VG deposited on HF-dipping substrate for 5 min; and (f)
Raman spectra of the VG grown on different substrates for 5 min.

~8.23 nm, which is larger than those of the two other
substrates. The roughness of the HF-dipping-treated substrate
is minimum. Fig. 3d and e show that VG grown on the HF-
treated substrate for 5 min is sporadic and the planar nano-
flakes nearly cover the substrate. Comparison of Fig. 1a and c
indicates that VG growth on the HF-treated substrate is faster
than that on the untreated substrate, although the roughness of
the untreated substrate is larger than that of the HF-treated
substrate. Therefore, except the factor of roughness, the active
growth sites inspired by HF dipping promote VG growth. The
Raman spectra of the VG grown on different substrates for
5 min are illustrated in Fig. 3f. The spectra of all substrates have
three characteristic peaks that correspond to the D, G, and 2D
bands, which reflect the features of the nanographene struc-
ture. The G band at ~1583 cm ™' is an evidence of the carbon sp*
structure.’*® The D band at ~1348 em ™" is attributed to the
scattering at the defects or edges of the nanographene,” and
a shoulder D' peak (~1620 cm ') at the right of the G band is
also indicative of a defect or edge structure.”*>* It has been re-
ported that the blueshift of the 2D peak compared with exfoli-
ated graphene on SiO, (2683 cm ™ ') agrees with the existence of
compressive strain in planar few-layer graphene.?® Fig. 3f shows
that the 2D-band blueshift of VG on Arp substrate is minimum
(~2690 cm™"), which indicates that the compressive strain in
the sample is more fully released than that in other samples.
Another substrate was pretreated by Ar plasma and oxida-
tion before growth to retain the same roughness as the
substrate pretreated solely by Ar plasma. However, the active
sites endured passivation to some extent. The VG growth for
the initial 1 min on different substrates was compared (Fig. 4).
The planar nanographene coverage of the substrate treated by
Arp + oxidation is less than that treated solely by Arp. This
result indicates that the reduction in active sites decreases
carbon adhesion. VG growth for 30 min on the Arp + oxidation
substrate (Fig. 4d and e) was compared with that in Fig. 1. The
density and height of the VG nanosheets grown on the Arp +
oxidation substrate are less than those of the nanosheets
grown on the Arp substrate but are greater than those of the
nanosheets grown on the untreated substrate. Fig. 4f exhibits
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Fig. 4 Top-view SEM images of VG grown for 1 min on (a) Arp, (b)
untreated, (c) Arp + oxidation substrates, respectively; top-view SEM
image (d) and cross-sectional SEM image (e) of VG grown for 30 min
on Arp + oxidation; (f) Raman spectra of the VG grown on different
substrates for 30 min.

that the intensity of the G band exceeds that of the D band with
prolonged growth time. It means that the proportion of defects
or nanosheet edges to the whole VG nanosheets is decreased,
and the sp” crystallite size of VG nanosheets is improved with
growth time. In addition, comparing with the 2D peak posi-
tion, the 2D-band blueshift of VG on Arp substrate is
minimum, which indicates that the compressive strain in the
sample is more fully released than that in the other samples.
Moreover, the sheet resistance of graphene on the Arp
substrate is ~560 Q [0, which is smaller than that of the
other samples.

For the investigation of the early stages between VG and the
variously treated substrates, the samples were grown for only
30 s on various substrates, and graphene/carbon deposition was
invisible under a microscope. The XPS Ci1s spectra of the
samples are shown in Fig. 5. The most intensive component is
attributed to carbon in the sp® and sp® hybridization of C-C
bonds (284.5 €V),>*** which indicates that the carbon atom is
deposited in the way of sp> and sp® hybridization state for the

(a) Arp (b) HF

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

279 ) #s 2s P B 297 279 EA s s o B 297
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Fig. 5 Cls of X-ray photoelectron spectra for the nanographene
grown for 30 s on the various substrates: (a) Ar plasma treated, (b) HF
treated, (c) untreated, and (d) Ar plasma + oxidation treated. Black
curves correspond to the experimental data. Blue curves show indi-
vidual components as a result of the fitting procedure.
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initial stage. For all samples, there is a decomposition peak at
285.9-286.4 eV which could be attributed to oxygen-related
components, such as C-O groups.*® A differentiating compo-
nent at ~283.2 eV is present in the substrate-untreated sample
(Fig. 5¢), which agrees with the one of silicon carbide.”” At the
surface of naturally oxidized silicon oxide, the silicon-to-oxygen
ratio is not stoichiometric and has a low oxidation state.>® Thus,
silicon excess at the surface of a substrate-untreated sample is
more obvious than that of other samples given that the natural
silicon oxide is etched by the treatment methods mentioned in
this work, which is reflected in the component peak associated
with silicon carbide. For the Arp + oxidation-treated sample, an
additional weak component peak at ~289.2 eV is ascribed to
carbon in carboxylate groups,” which means that oxygen is
further absorbed on the surface after oxidation.

Now the kinetic model of VG growth on the Ar plasma-
treated substrate can be interpreted from two points of view:
the roughness and active sites of the substrate. The schematic is
shown in Fig. 6. For the untreated substrate, at the initial stage
of growth, carbon precursors obtained from plasma are
absorptive and form planar nanoflakes on the substrate. The
absorptive carbon amount is small given the absence of active
sites. The coverage of planar nanoflakes and the formation of
VG nanosheets are slow on the untreated substrate. During the
initial stage of growth, graphene layers grow parallel to the
substrate surface until a sufficient level of force develops to curl
the leading edge of the top layers upward. ** The force that
causes a transition from 2D planar films to 3D clusters could be
ascribed to the strain and defect. First, after the planar gra-
phene layers are deposited on the substrate, the intermediate
layer causes a transition to 3D clusters beyond a critical layer
thickness,*® because of the sufficient accumulation of strain
energy in the system. This phenomenon follows the Stranski-
Krastanov growth model.** The results of the present work show
that the strain in VG on the Ar plasma-treated substrates is less
than that on the other samples, which indicates that the
compressive strain could be more fully released by forming the
dense VG nanosheets morphology in the Ar plasma-treated

Substrate

(b) VGNs

Y N\

—

Substrate

Fig.6 Scheme for the growth mechanism of the VGN on (a) untreated
substrate and (b) Ar plasma treated substrate. The red arrows show the
growth direction.
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sample within the same growth time. The strain distribution
on a smooth flat surface is different from that on the rough
surface. In the microcavity of a rough surface (Fig. 3a), the
adhesion of the carbon precursor is greater than on a flat
surface. Thus, the strain in the graphene layers in the cavity
increases fast to the extent of causing the top layers to move
upward and causing the fast transition from 2D planar films to
3D clusters. Second, the nucleation and growth of the VGN are
defect guided.**** In ion-assisted deposition, the precursors
that possess high energy create defects on the film surface that
could become new nucleation sites due to a high binding energy
for growth.> For the untreated substrate that is short of active
growth sites, the defects of the as-deposited film are the main
factor that leads to a vertical growth in the 3D clusters (Fig. 6a).
However, for the Ar plasma-treated substrate with the micro-
cavity during the deposition of the planar graphene layer, when
the carbon precursors that extend horizontally meet the side
wall of the cavity, the meeting sites may be similar to the defects
for vertical growth (Fig. 6b). VG nanosheets growth is evidently
promoted on the Ar plasma-treated substrate compared with
the untreated substrate given a large amount of microcavity on
the rough surface.

The VG growth on the HF-treated substrate is faster than that
on the untreated substrate, although the roughness of the HF-
treated substrate is less than that of the untreated substrate
(Fig. 3). The reason could be simply attributed to the active
growth sites brought by HF etching of the substrate. Oxidation
after the Ar plasma-treated substrate has the same roughness as
the solely Ar plasma-treated substrate theoretically. The VG
nanosheets grown on the former is not as dense as that on the
latter, which is also because the active growth sites inspired by
Ar plasma are partially passivated by the following oxidation.

To explore the application of VG grown in this work,
electrochemical performance and contact angle measure-
ment are presented in the ESI, which is shown in Fig. S1 and
S2.%

Conclusions

This study investigated the growth promotion of vertically
oriented graphene in PECVD by Ar plasma treatment through
the characterizations of SEM, AFM, TEM, Raman, and XPS.
Combined with the various treatments of the substrate, which
includes HF etching and oxidation after Ar plasma treatment,
the effect of Ar plasma treatment on the growth could be
interpreted from the microcavity on the rough substrate surface
and the active growth sites. The cavity affects the strain distri-
bution and defects of as-deposited planar films, which benefits
the transition of 2D deposition to 3D vertical growth. The active
growth sites inspired by Ar plasma sputtering is another factor
that promotes VG growth. A growth model has been described
and proposes the effect of Ar plasma treatment.
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