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Abstract: The electrical properties of graphene on dielectric substrates, such as silicon carbide (SiC),
have received much attention due to their interesting applications. This work presents a method
to grow graphene on a 6H-SiC substrate at a pressure of 35 Torr by using the hot filament chemical
vapor deposition (HFCVD) technique. The graphene deposition was conducted in an atmosphere of
methane and hydrogen at a temperature of 950 ◦C. The graphene films were analyzed using Raman
spectroscopy, scanning electron microscopy, atomic force microscopy, energy dispersive X-ray, and
X-ray photoelectron spectroscopy. Raman mapping and AFM measurements indicated that few-layer
and multilayer graphene were deposited from the external carbon source depending on the growth
parameter conditions. The compositional analysis confirmed the presence of graphene deposition on
SiC substrates and the absence of any metal involved in the growth process.

Keywords: graphene; hot filament chemical vapor deposition; methane gas

1. Introduction

In the search to discover new technologies, such as those that emerged during the
silicon (Si) era, considerable research has been focused on exploring similar materials
that contribute to electronic innovations. Graphene, a two-dimensional structure, looks
like a promising material for the next generation of electronic devices, due to its favor-
able properties, e.g., high electron mobility of 200,000 cm2 V−1 s−1 and a carrier con-
centration of 1012 cm−2 [1]. There are many techniques to obtain graphene, including
microexfoliation [2], graphene oxide reduction [3], epitaxial growth on SiC [4,5], and chem-
ical vapor deposition (CVD) [4,6,7]. This CVD methodology is the most widely used
and efficient method to grow graphene [8,9] and can be further subdivided into ther-
mal chemical vapor deposition (TCVD) [10,11], hot filament chemical vapor deposition
(HFCVD) [12–14], and plasma-enhanced CVD (PECVD) [15,16]. Among these, the HFCVD
method has been shown to be a systematic and easier way to control the growth param-
eters. This technique allows two thermal points (holder temperature and filament) to be
set independently, resulting in a temperature gradient on the sample [12–14]. To take
advantage of its excellent electrical properties, graphene must be deposited on particular
substrates, i.e., dielectrics, such as silicon carbide (SiC). Therefore, many studies have
focused on finding the best method to grow graphene on semiconducting materials [17–19].
Specifically, SiC appears to be a remarkable material for electronic applications due to its
wide bandgap, high thermal conductivity, excellent thermal/chemical stability, and other
properties that make this material a good candidate for high-temperature and high-power
applications [20–22]. There are ~170 polytypes of SiC with different interesting properties
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formed under ambient conditions [20,23]. According to the stacking sequence, SiC can
form three different structures: cubic, hexagonal, and rhombohedral [23]. However, the
most prevalent types correspond to hexagonal (4H, 6H, or α) and cubic (3C or β) structures.
The combination of these two exceptional materials, graphene and SiC, has attracted a
lot of interest because they mutually improve their shared electrical properties, such as
the reduction in sheet resistance in this system compared to normal SiC [24,25]. The first
approach to grow graphene on SiC was carried out by Badami in 1965 on a hexagonal
substrate at 2180 ◦C in a vacuum environment [26]. In 1975, Bommel et al. were able to
form a graphite monolayer on hexagonal SiC for the Si and C faces at 800 ◦C in ultra-high
vacuum (UHV) [27]. Based on these experiments, researchers used this thermal decom-
position method to obtain graphene on SiC [25,28–32] under different conditions. In 2004,
Berger et al. recorded the first transport measurements of multilayer graphene on SiC
obtained in UHV [33] and found that the electron mobility was ca. 1100 cm2 V−1 s−1. Since
then, many researchers have focused on improving the quality of graphene on SiC. For
example, Rollings et al. obtained graphene at 1200 ◦C in UHV [31], while Boeckl’s group
followed up their experiments in a vacuum environment, but at a higher temperature [34].
However, the high sublimation rate of Si in thermal decomposition experiments impairs
the quality of graphene [4], which led to the exploration of methodologies involving gas
flows, e.g., argon, to maintain the excellent properties of this carbon material. Emtsev et al.
grew graphene on 6H-SiC in an argon environment (900 mbar) at 1650 ◦C [35], and their
results confirmed an improvement in the graphene’s quality according to Raman and Hall
Effect measurements. Similar experiments were conducted in hydrogen [36] and Si [37]
environments to optimize the films’ properties. New methodologies, such as the applica-
tion of a confinement-controlled sublimation system to reduce the Si evaporation rate [38]
and nickel film deposition on SiC to induce graphitization at lower temperatures [24],
were implemented.

Several studies have shown that reducing the sublimation rate of Si improves the
quality of graphene [39–42]. Consequently, some works have proposed the incorporation
of the external carbon source, such as propane and methane [39–42], to reduce the Si
sublimation effect. In one study conducted by Dagher et al., graphene growth experiments
were carried out in a different mixture of gases (Ar, H2, and CH4), temperatures, and
pressures [39]. They concluded that the effect of Si sublimation was reduced due to the
presence of H2, thus inhibiting the carbon layer formation. Consequently, graphene growth
on SiC was only possible by including the CH4 gas as external carbon source [39]. Similarly,
Liu et al. proposed a graphene growth method using methane as a carbon source. Their
experiments were divided into three steps: hydrogen etching, nucleation, and growth [41].
In the first step, uniform flat terraces were obtained on the substrate, and in the second step
using an argon atmosphere, carbon nuclei were formed from the SiC substrate. Finally, the
graphene growth was completed with the flow of methane [41]. These results demonstrated
that the use of the CVD method with an external carbon source provides a clear advantage,
i.e., the reduction in the Si sublimation effect, avoiding the influence of the substrate, which
could incorporate defects into the graphene film. In contrast to other methods relying
only on the Si sublimation process, the CVD technique with an external carbon source has
delivered the highest quality graphene. We present here a method to grow high-quality
graphene on 6H/SiC, C-terminated face by HFCVD, using methane as the carbon source.
The experiments were conducted at a temperature of 950 ◦C and a pressure of 35 Torr. The
graphene films were characterized by Raman, SEM, AFM, EDS, and XPS measurements.

2. Materials and Methods
2.1. Substrate Preparation

The silicon carbide substrates (1 cm × 1 cm) correspond to the C-terminated α-
SiC (6H) hexagonal structures from Valley Design Corp. (Shirley, MA, USA, http://
valleydesign.com/, accessed on 25 July 2022) with a thickness of 508 ± 50 µm. The sub-
strates were cleaned sequentially with trichlorethylene (TCE), acetone, deionized water,

http://valleydesign.com/
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and isopropanol, followed by a H2SO4:H2O2 mixture to eliminate organic residues. In
some cases, a 50% hydrofluoric acid (HF) treatment was used as extra cleaning to remove
the oxide on the SiC surface [40] and to analyze the effect on the graphene quality. Two
groups of substrates were prepared, one with 10 min of HF treatment and one without
HF acid treatment. Other HF treatment exposure times (from 0 to 360 min) were tried, but
no difference was found. All reagents listed above were obtained from Fisher Scientific
(Pittsburgh, PA, USA; https://www.fishersci.com/, accessed on 25 July 2022).

2.2. Graphene Synthesis

The SiC substrates were introduced into the HFCVD equipment (BWS-HFCVD1000,
Blue Wave, Baltimore, MD, USA; https://www.bluewavesemi.com/, accessed on 25 July
2022) [14], and the chamber was evacuated to 1 × 10−3 Torr. The graphene deposition
procedure was then carried out in two steps: (1) annealing and (2) growth. In the anneal-ing
process, the SiC substrates were heated at 950 ◦C and exposed to a mixture of 80 sccm of
hydrogen and 20 sccm of argon for 30 min. For the growth process, the argon gas flow
was stopped, and filaments were turned on, over a temperature range of 1800 to 2300 ◦C.
Methane gas (1–10 sccm) and H2 gas (0–50 sccm) were flowed, and the graphene growth
process was performed for different time periods (30–300 min) and different experimental
flow conditions. Following the growth process, the filament and heater were turned off,
and the sample was allowed to cool to ambient conditions (see Figure 1b). All experiments
leading to graphene deposition (annealing and growth) were conducted at a constant
pressure of 35 Torr.
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Figure 1. Hot filament chemical vapor deposition (HFCVD) reactor and graphene growth process,
(a) schematic and (b) graphene growth steps on the SiC.

2.3. Characterization

The presence and characteristics of graphene on SiC were verified and analyzed
using multiple techniques. Raman spectroscopy was performed by a micro-Raman system
(Thermo Scientific DXR, Waltham, MA, USA) with a 532 nm laser as excitation source, and
all measurements were taken at atmospheric pressure and ambient temperature. Raman
scattering spectra were collected over a spectral range of 1100–3100 cm−1, using a focused
spot size of 0.7 µm. Raman measurements made it possible to estimate the characteristics
of graphene, such as the number of graphene layers and the size of the crystal. Raman
mappings were obtained in areas of 150 × 110 µm2 with a step size of 2 µm; the collection
time for each point was 20 s. A scanning electron microscope, SEM (IT500HR, JEOL,
Peabody, MA, USA; https://www.jeolusa.com/, accessed on 29 August 2022) and an
atomic force microscope, AFM (Nanoscope V, Vecco, Plainview, NY, USA; https://www.
veeco.com/, accessed on 25 July 2022) were used to study the morphological characteristics
of graphene crystals, as well as their size and distribution. The SEM and AFM images
were processed by SMILE VIEW Lab software (from JEOL and Digital Surf, Besançon,
France) and by Nanoscope 8.15 software (Bruker corporation, Santa Barbara, CA, USA),
respectively. AFM measurements were taken at atmospheric pressure, and the SEM was
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carried out at a pressure of 1 × 10−8 Torr. The compositional analysis was performed
using energy-dispersive X-ray spectroscopy, EDS (DRYSD30, JEOL, Chanhassen, MN, USA;
https://www.phi.com/index.html, accessed on 25 July 2022), and X-ray photoelectron
spectroscopy, XPS (PHI 5600 Physical Electronics, Chanhassen, MN, USA), with a voltage
of 20 kV and an energy range of 0 to 1200 eV, respectively. The EDS measurements were
conducted at the same pressure as the SEM, and the XPS data were taken at 1 × 10−10 Torr.
The XPS data were analyzed after the deconvolution of C1s peaks using the Origin program
with the Gaussian function fitting and the EDS spectra by SMILE VIEW Lab software (from
JEOL and Digital Surf, Besançon, France). The XPS and EDS analyses have an average
depth of approximately 5 nm and 2 µm, respectively.

3. Results

Graphene growth on 6H-SiC samples under different conditions was characterized
using the Raman technique to estimate the number of deposited layers and defects in the
films. SEM and AFM allowed a deeper study about the morphology, and EDS and XPS
were used to identify the elements present in the graphene samples.

3.1. Raman Analysis

The graphene growth on SiC substrates (treated with and without HF acid) was
characterized by the D, G, 2D, and SiC peaks of the Raman spectra. Figure 2a,b show the
signal obtained for samples grown at 10 sccm and 1 sccm of methane flow, respectively, that
were previously cleaned with HF. In addition, Figure 2c,d show the same but for samples
prepared with untreated (no HF) substrates. The growth conditions of all experiments are
summarized in Table 1. The D, G, and 2D peaks were observed at ~1349 cm−1, ~1580 cm−1,
and at ~2694 cm−1, respectively (cf. Figure 2). SiC peaks were observed at 1526 cm−1 and
1715 cm−1, showing that few layers of graphene were grown and that the Raman signal of
the substrate is not eliminated by carbon deposition [13,34].

However, in experiments with higher methane fluxes or longer growth times, the
intensity of SiC peaks was reduced. Nevertheless, multilayer graphene was obtained on
substrates that were previously cleaned with HF and in experiments at longer growth time
and with a flow of 1 sccm (cf. Table 1). The characteristics of the D and G peaks provide
information about the graphene quality [13,43–45] and the crystal size [46–48], where the D
peak is related to the defect and disorder of the sp2 carbon network [13,24,43,44]. The D/G
intensity ratio was used to obtain information about the defect level in the films, where high
values were associated with a more defective structure [24]. Our results show that the D/G
intensity ratio for a few layers (cleaned and uncleaned substrates) was between 0.20 ± 0.03
and 0.80 ± 0.03, which indicates a low defective crystal structure [24], while in multilayer
samples (cleaned substrates), this value was between 1.70 ± 0.02 and 1.90 ± 0.03.

Table 1. Graphene on SiC—Growth conditions and Raman analysis.

Condition

Growth Parameters
Graphene Films
CharacteristicsCH4

(sccm)
H2

(sccm) Time (min) Temperature
(◦C)

Cleaned with
HF

10 50 120 950 Few layers
10 50 60 950 Few layers
1 - 300 950 Multilayers
1 - 120 950 Few layers
1 - 60 950 No growth

Not cleaned
with HF

10 50 120 950 Few layers
10 50 60 950 Few layers
1 - 300 950 Few layers
1 - 120 950 Few layers
1 - 60 950 No growth

https://www.phi.com/index.html
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Figure 2. Raman spectra of graphene on SiC substrate: (a,b) represent the samples cleaned with HF
and exposed to 10 and 1 sccm of CH4 flow, respectively, and (c,d) correspond to samples at the same
gas flow but without the HF cleaning process, respectively.

We established that the presence of this peak (D) could be related to the nanometric
particle size of the carbon crystals [49] and to the strong scattering caused by defects in the
crystal structure [13,50–52]. In addition, the full width at half maximum (FWHM) values of
the graphene peaks gives us more information about the crystallinity and quality of this
carbon material [13,50]. The results show that the D, G, and 2D FWHM values correspond
to 30 cm−1, 30 cm−1, and 60 cm−1 for few-layer films grown on cleaned and uncleaned
surfaces with HF and 48 cm−1, 60 cm−1, and 90 cm−1 in multilayer samples prepared on
cleaned surfaces.

Although we obtained the FWHM of the 2D peak in the range of 60 to 90 cm−1,
indicating low crystallinity, these results were compared with the single-layer (60 cm−1)
and bilayer (90 cm−1) epitaxial graphene obtained in Ni’s work [29]. The D/G intensity
ratio was used for the estimation of the particle size of graphene [44,47]. Initially, Tuinstra
and Koening proposed a relation using this ratio (D/G) for Raman spectra excited with a
radiation source of 514.5 nm [44]. Cancado et al. later established a relation (Equation (1))
between excitation wavelength (λl) [47] and particle size, where Lα represents the particle
size, the value 2.4 × 10−10 is a proportionality constant, and ID/IG is the D/G intensity ratio:

Lα =
(

2.4 × 10−10
)

λ4
l

(
ID
IG

)−1
(1)

According to Cancado’s relation, the nanometric crystallites were around 23.50 nm
to 90.00 nm for few layers samples and 8 nm to 12 nm in multilayer films. Although
these results were close to the particle size estimated by SEM in the few layers (30 to
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100 nm) and multilayer samples (10 nm), some discrepancies were observed. To understand
these discrepancies, Equation (2) was employed to calculate the crystal’s defect, where EL
corresponds to the excitation energy, LD is the inter-defect distance, and 1/LD is the defect
concentration [53]. These calculations resulted in LD values of 24 nm and 8 nm for few
layer and multilayer films, respectively, and defect concentrations of 1.30 × 10−3/nm2 and
1.55 × 10−2/nm2, correspondingly:

L2
D

(
nm2

)
=

3600
E4

L
(ID/IG)

−1 (2)

3.2. Raman Mapping

To obtain information about the number of graphene layers and the uniformity of these
films on SiC, a Raman map was obtained in areas of 150 × 110 µm2. These measurements
were derived from the intensity ratio of the 2D/G peaks [13,47]. Figure 3a shows the
image of the selected mapping area of the 2D/G intensity ratio for a few layers (cleaned
and uncleaned substrates) of graphene, where the blue and red colours correspond to
the lowest and highest values, respectively. These values were in the range of 0.5 ± 0.03
and 0.6 ± 0.03, confirming that a few layers (6 to 12 layers) were deposited [13,46,50,54].
Similarly, Figure 3b shows the image corresponding to the intensity ratio of the 2D and
G peaks of the mapped area in the multilayer (cleaned substrates) graphene samples. In
this case, the values (2D/G) were in the range of 0.3 ± 0.05 to 0.4 ± 0.05, but with less
uniformity than in the few layer samples. While the 2D/G intensity ratio provides an
estimate of the number of graphene layers [13,17,29], other aspects, e.g., the level of doping
in graphene films, should also be considered because they can influence this ratio (2D/G)
as well [55].
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Figure 3. Raman mapping of graphene on SiC substrate: (a,b) represent the mapping image of the
2D/G intensity ratio for few-layer and multilayer samples, respectively.

According to our results, the best graphene quality and uniformity were achieved us-
ing two methods: (1) the substrates (without HF treatment) were exposed to a methane flux
of 1 sccm for 300 min at 950 ◦C, and (2) the SiC substrates were cleaned with HF and then
heated at 950 ◦C in an atmosphere of 10 sccm of methane for 60 or 120 min. A significant ob-
servation was that graphene grew on cleaned and uncleaned SiC substrates. Nevertheless,
the results demonstrated that more graphene layers were deposited on substrates cleaned
with HF than in the untreated substrates. This outcome is consistent with the HF removing
the oxygen on the surface and allowing for better carbon incorporation [40]. However,
Dhar et al. reported that an oxygen monolayer with an OH termination was still present on
the SiC surface after the exposition to HF acid [56]. Therefore, it is possible to find residual
oxygen after the HF treatment, which will have an effect in the growth of graphene. For
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this reason, we always performed an annealing process. In summary, it was possible to
grow few-layer graphene on both treated and untreated SiC substrates, but Raman spectra
show that multilayer graphene was obtained only on HF cleaned substrates for longer
growth times. SEM, AFM, EDS, and XPS characterization show that the morphology and
composition of the graphene layers were indistinguishable between clean and uncleaned
substrates. For this reason, the following analysis will be limited to the graphene grown on
SiC substrates cleaned with HF.

3.3. SEM Analysis

The SEM images of graphene on SiC for few-layer and multilayer samples, respectively,
at 140,000× magnification, are shown in Figure 4a,b. Figure 4c,d show the images of the
same samples but at 25,000× magnification. We observed, in both images, the nanometer
scale particles over all samples with an average grain size of 30 to 100 nm in few-layer
samples. However, in the multilayer films, fibre-like particles, 10 nm in size, were evenly
distributed throughout the SiC surface. The graphene particle size obtained by SEM, are in
reasonable agreement with the estimates calculated by the Cancado equation [47] (D/G
peaks) above.
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Figure 4. SEM measurements of the graphene growth on SiC substrate: (a,b) show the SEM image
taken in few layers and multilayers samples at 140,000× magnification. Similarly, (c,d) show the
same but at 25,000× magnification.

3.4. AFM Analysis

The morphology of graphene on SiC was further characterized by AFM measurements
taken in an area of 3 µm × 3 µm. Figure 5a shows the nanometer-scale crystal with a height
of 20 nm and a diameter of around 100 nm, corresponding to few layer graphene [35]. The
AFM results of the graphene morphology are consistent with the SEM images, confirming
that the graphene nanocrystals were grown on SiC. Figure 5b corresponds to the AFM
image of the SiC substrate, where it was possible to observe some lines and scratches from
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the manufacturing process. Further analysis by AFM of the SiC substrate revealed that
after the HF cleaning treatment and the annealing process, the surfaces did not improve
(see Supplementary Materials).
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Figure 5. AFM measurements: (a,b) show the AFM images taken in graphene growth on SiC and on
the SiC substrate, respectively.

3.5. EDS Analysis

As expected, elemental carbon and silicon were identified as the major components
on the EDS spectra. The few-layer graphene samples show an atomic concentration of
60.41 ± 3.00% of carbon, 37.73 ± 3.00% of silicon, and 1.86 ± 3.00% of oxygen (Figure 6a).
For multilayer samples, the percentage was 69.47 ± 3.00%, 29.90 ± 3.00%, and 0.63 ± 3.00%
to carbon, silicon, and oxygen, respectively (Figure 6b). By comparison, SiC substrates
showed a percentage of 49.09 ± 3.00%, 50.68 ± 3.00%, and 0.32 ± 3.00% for carbon, silicon,
and oxygen, respectively. No other elements were found in the samples, e.g., copper, nickel,
or rhenium (filament) that could modify the mechanism of the growth reactions.
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3.6. XPS Analysis

XPS measurements were performed before and after graphene deposition on the SiC
substrate. Figure 7a,b show the full spectrum and carbon peak of graphene growth on SiC,
respectively. Similarly, the XPS spectra of the bare SiC substrate and C peak are shown in
Figure 7c,d. As expected for both samples (before and after graphene growth), elemental
carbon, silicon, and oxygen were present in the spectra. No trace metals were found on the
surface, consistent with the EDS measurements. After deconvolution of the C1s peak of
graphene on SiC samples, two peaks, 283 and 285 eV corresponding to SiC and graphene,
can be resolved [24,41,57]. These peaks correspond to the characteristic signal of graphene
grown on the carbon-terminated face of SiC [58]. The deconvolution of the C1s peak of
the bare SiC substrate showed a peak at 283 eV corresponding to the SiC bond. A second
peak (X) at 285.7 eV and a third peak (Y) at 287.6 eV were found, which are generally
associated with C–O and C=O bonding on the surface [41,59,60], respectively (Figure 7d).
Oxygen incorporation can occur during sample preparation for XPS testing. In addition,
we observed a reduced intensity in the SiC peak after the growth of graphene [30] (see
Figure 7b).
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4. Growth Mechanism

In the present work, nanographene films were grown on SiC substrate by HFCVD
using methane as carbon source. We propose that the graphene growth mechanism occurs
in two steps: (a) the dehydrogenation of methane by the hot filaments produces reactive
carbon species, CHx and C (Figure 8a), and (b) these reactive species deposit carbon atoms,
stabilizing the SiC/C surface and forming the graphene film [34,61] (Figure 8b). Annealing
prior to the growth process was conducted to clean the surface from contaminants [28]
and oxygen [62,63], as well as to promote a flat terrace on SiC [64,65]. We discarded the
graphene growth by Si sublimation [25] during the annealing, given that the gas mixing
(Ar/H2), the pressure (35 torr), and temperature (950 ◦C) were not the correct conditions
for this process [39]. This was confirmed by Raman measurements, where the graphene
signal was not observed for SiC substrates with just the annealing. For this reason, the
graphene growth experiments on SiC at the above-mentioned conditions were conducted,
with methane as an external carbon source. The addition of H2 works as a carrier gas and
reduces the formation of defects as it promotes better uniformity in the graphene film [42].
The SiC substrates cleaned with HF showed more graphene layers at the same growth
conditions. The HF helps to remove the oxide layer at the SiC surface, allowing for better
carbon incorporation at the graphene growth step. The growth time also has an effect on
the number of deposited layers, i.e., longer growth time results in more graphene layers. In
summary, the deposition of graphene on SiC is possible independently of the HF treatment.
Nevertheless, the type of treatment and the growth time has an influence in the number
of graphene layers. These results open the possibility of obtaining graphene on SiC using
HFCVD at relatively low temperature and high pressure (not UHV) compared to other
methods, which allows easier incorporation for mass production.
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5. Conclusions

Graphene growth on 6H-SiC was performed by HFCVD at 950 ◦C and high pressure
(not UHV) using methane as the external carbon source. Raman, SEM, AFM, EDS, and
XPS measurements confirmed that a few layers of graphene were deposited at nanometer
size. The surface morphology analysis indicated that high-quality graphene was obtained,
and further cleaning with HF acid increased the number of carbon layers. A compara-
tive analysis of the AFM measurements of SiC substrates with and without HF treatment
showed no differences in surface quality. This work establishes a method for graphene
growth on SiC with controllable parameters under different conditions to adjust the charac-
teristics of graphene according to the application. Furthermore, these experiments open
the possibility for graphene production by HFCVD method, which is suited for scaling in
industrial applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12173033/s1, Figure S1: AFM measurements of SiC substrates cleaned and uncleaned
at different annealing time (30, 60 and 120 minutes).

Author Contributions: Conceptualization, S.R.-V., F.M., B.R.W. and G.M.; methodology, S.R.-V., F.M.,
B.R.W. and G.M.; validation, S.R.-V.; formal analysis, S.R.-V. and F.M.; investigation, S.R.-V.; resources,
B.R.W. and G.M.; data curation, S.R.-V.; writing—original draft preparation, S.R.-V.; writing—review
and editing, B.R.W. and G.M.; visualization, S.R.-V. and F.M.; supervision, B.R.W. and G.M.; project
administration, B.R.W. and G.M.; funding acquisition, B.R.W. and G.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded in part by NSF EPSCoR CAWT, grant number OIA-1849243, PR
Space Grant, grant number 80NSSC20M0052, and PR NASA EPSCoR grant number 80NSSC22M0025.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data can be obtained from the corresponding author.

Acknowledgments: The authors acknowledge the Materials Characterization Center (MCC) for
providing access to SEM and EDS facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. De Fazio, D.; Purdie, D.; Ott, A.; Braeuninger-Weimer, P.; Khodkov, T.; Goossens, S.; Taniguchi, T.; Watanabe, K.; Livreri, P.;

Koppens, F.; et al. High-mobility, wet-transferred graphene grown by chemical vapor deposition. ACS Nano 2019, 13, 8926–8935.
[PubMed]

2. Novoselov, K.; Geim, A.; Morozov, S.; Jiang, D.; Zhang, Y.; Dubonos, S.; Grigorieva, I.; Firsov, A. Electric field in atomically thin
carbon films. Science 2004, 306, 666–669. [PubMed]

3. Pei, S.; Cheng, H. The reduction of graphene oxide. Carbon 2012, 50, 3210–3228.
4. Mishra, N.; Boeckl, J.; Motta, N.; Iacopi, F. Graphene growth on silicon carbide: A review. Phys. Status Solidi A 2016, 213, 2277–2289.
5. Reza, G.; Iakimov, T.; Yakimova, R. Epitaxial Graphene on SiC: A Review of Growth and Characterization. Crystals 2016, 6, 53.
6. Tan, H.; Wang, D.; Guo, Y. Thermal growth of graphene: A review. Coatings 2018, 8, 40.
7. Antonova, I. Chemical vapor deposition growth of graphene on copper substrates: Current trends. Phys. Uspekhi 2013,

56, 1013–1020.
8. Randviir, E.; Brownson, D.; Banks, C. A decade of graphene research: Production, applications and outlook. Mater. Today 2014,

17, 426–432.
9. Mattevi, C.; Kima, H.; Chhowalla, M. A review of chemical vapour deposition of graphene on copper. J. Mater. Chem. 2011,

21, 3324–3334.
10. Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; Jung, I.; Tutuc, E.; et al. Large-area synthesis of

high-quality and uniform graphene films on copper foils. Science 2009, 324, 1312–1314.
11. Petrone, N.; Dean, C.; Meric, I.; van der Zande, A.; Huang, P.; Wang, L.; Muller, D.; Shepard, K.; Hone, J. Chemical vapor

deposition-derived graphene with electrical performance of exfoliated graphene. Nano Lett. 2012, 12, 2751–2756. [PubMed]
12. Lau, K.; Caulfield, J.; Gleason, K. Structure and morphology of fluorocarbon films grown by hot filament chemical vapor

deposition. Chem. Mater. 2000, 12, 3032–3037.

https://www.mdpi.com/article/10.3390/nano12173033/s1
https://www.mdpi.com/article/10.3390/nano12173033/s1
http://www.ncbi.nlm.nih.gov/pubmed/31322332
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://www.ncbi.nlm.nih.gov/pubmed/22582828


Nanomaterials 2022, 12, 3033 12 of 13

13. Limbu, T.; Hernández, J.; Mendoza, F.; Katiyar, R.; Razink, J.; Makarov, V.; Weiner, B.; Morell, G. A novel approach to the
layer-number-controlled and grain-size-controlled growth of high-quality graphene for nanoelectronics. Appl. Nano Mater. 2018,
1, 1502–1512.

14. Rodríguez-Villanueva, S.; Mendoza, F.; Instan, A.A.; Katiyar, R.S.; Weiner, B.R.; Morell, G. Graphene Growth Directly on SiO2/Si
by Hot Filament Chemical Vapor Deposition. Nanomaterials 2022, 12, 109.

15. Woehrl, N.; Ochedowski, O.; Gottlieb, S.; Shibasaki, K.; Schulz, S. Plasma-enhanced chemical vapor deposition of graphene on
copper substrates. AIP Adv. 2014, 4, 047128.

16. Wang, S.; Qiao, L.; Zhao, C.; Zhang, X.; Chen, J.; Tian, H.; Zheng, W.; Han, Z. A growth mechanism for graphene deposited on
polycrystalline Co film by plasma enhanced chemical vapor deposition. New J. Chem. 2013, 37, 1616–1622.

17. Ismach, A.; Druzgalski, C.; Penwell, S.; Schwartzberg, A.; Zheng, M.; Javey, A.; Bokor, J.; Zhang, Y. Direct Chemical Vapor
Deposition of Graphene on Dielectric Surfaces. Nano Lett. 2010, 10, 1542–1548.

18. Chen, X.; Wu, B.; Liu, Y. Direct preparation of high-quality graphene on dielectric substrates. Chem. Soc. Rev. 2016, 45, 2057.
19. Pasternak, I.; Wesolowski, M.; Jozwik, I.; Lukosius, M.; Lupina, G.; Dabrowski, P.; Baranowski, J.M.; Strupinski, W. Silicon wafers

with deposited Ge (100) layer by CVD. Sci. Rep. 2016, 6, 21773.
20. Perova, T.S.; Wasyluk, J.; Kukushkin, S.A.; Osipov, A.V.; Feoktistov, N.A.; Grudinkin, S.A. Micro-raman mapping of 3c-sic thin

films grown by solid–gas phase epitaxy on si (111). Nanoscale Res. Lett. 2010, 5, 1507–1511.
21. Morkoc, H.; Strite, S.; Gao, G.B.; Lin, M.E.; Sverdlov, B.; Burns, M. Large bandgap SiC, IIIV nitride, and IIVI ZnSe based

semiconductor device technologies. J. Appl. Phys. 1994, 76, 3. [CrossRef]
22. Shi, Y.; Jokubavicius, V.; Höjer, P.; Ivanov, I.G.; Reza-Yazdi, G.; Yakimova, R.; Syväjärvi, M.; Sun, J. A comparative study of

high-quality C-face and Si-face 3C-SiC (111) grown on off-oriented 4H-SiC substrates. J. Phys. D Appl. Phys. 2019, 52, 345103.
[CrossRef]

23. Daviau, K.; Lee, K. High-pressure, high-temperature behavior of silicon carbide: A review. Crystals 2018, 8, 217. [CrossRef]
24. Ahmed, M.; Khawaja, M.; Notarianni, M.; Wang, B.; Goding, D.; Gupta, B.; Boeckl, J.J.; Takshi, A.; Motta, N.; Saddow, S.E.; et al.

A thin film approach for SiC-derived graphene as an on-chip electrode for supercapacitors. Nanotechnology 2015, 26, 434005.
[CrossRef] [PubMed]

25. Kusunoki, M.; Norimatsu, W.; Bao, J.; Morita, K.; Starke, U. Growth and Features of Epitaxial Graphene on SiC. J. Phys. Soc. Jpn.
2015, 84, 121014. [CrossRef]

26. Badami, D. X ray studies of graphite formed by decomposing silicon carbide. Carbon 1965, 3, 53–57. [CrossRef]
27. Bommel, A.; Crombeen, J.; Tooren, A. LEED and Auger electron observations of the SiC (0001) surface. Surf. Sci. 1975, 48, 463–472.

[CrossRef]
28. Hass, J.; Feng, R.; Li, T.; Li, X.; Zong, Z.; de Heer, W.A.; First, P.N.; Conrad, E.H.; Jeffrey, C.A.; Berger, C. Highly ordered graphene

for two dimensional electronics. Appl. Phys. Lett. 2006, 89, 143106. [CrossRef]
29. Ni, Z.H.; Chen, W.; Fan, X.F.; Kuo, J.L.; Yu, T.; Wee, A.T.S.; Shen, Z.X. Raman spectroscopy of epitaxial graphene on a SiC substrate.

Phys. Rev. B 2008, 77, 115416. [CrossRef]
30. Gupta, B.; Notarianni, M.; Mishra, N.; Shafiei, M.; Iacopi, F.; Motta, N. Evolution of epitaxial graphene layers on 3C SiC/Si (111)

as a function of annealing temperature in UHV. Carbon 2014, 68, 563–572. [CrossRef]
31. Rollings, E.; Gweon, G.-H.; Zhou, S.Y.; Mun, B.S.; McChesney, J.L.; Hussain, B.S.; Fedorov, A.V.; First, P.N.; de Heer, W.A.; Lanzara,

A. Synthesis and characterization of atomically-thin graphite films on a silicon carbide substrate. J. Phys. Chem. Solids 2006,
67, 2172–2177. [CrossRef]

32. Suemitsu, M.; Jiao, S.; Fukidome, H.; Tateno, Y.; Makabe, I.; Nakabayashi, T. Epitaxial graphene formation on 3C-SiC/Si thin
films. J. Phys. D: Appl. Phys. 2014, 47, 094016. [CrossRef]

33. Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A.Y.; Feng, R.; Dai, Z.; Marchenkov, A.N.; Conrad, E.H.; First, P.N. Ultrathin
Epitaxial Graphite: 2D Electron Gas Properties and a Route toward Graphene-based Nanoelectronics. J. Phys. Chem. B 2004,
108, 19912–19916. [CrossRef]

34. Shivaraman, S.; Chandrashekhar, M.V.S.; Boeckl, J.J.; Spencer, M.G. Thickness Estimation of Epitaxial Graphene on SiC Using
Attenuation of Substrate Raman Intensity. J. Electron. Mater. 2009, 38, 725–730. [CrossRef]

35. Emtsev, K.V.; Bostwick, A.; Horn, K.; Jobst, J.; Kellogg, G.L.; Ley, L.; McChesney, J.L.; Ohta, T.; Reshanov, S.A.; Röhrl, J. Towards
wafer-size graphene layers by atmospheric pressure graphitization of silicon carbide. Nat. Mater. 2009, 8, 203–207. [CrossRef]

36. Dagher, R.; Jouault, B.; Paillet, M. CVD Growth of Graphene on SiC (0001): Influence of Substrate Offcut. Mater. Sci. Forum 2017,
897, 731–734. [CrossRef]

37. Tromp, R.; Hannon, J. Thermodynamics and kinetics of graphene growth on SiC(0001). Phys. Rev. Lett. 2009, 102, 106104.
[CrossRef]

38. De Heer, W.A.; Berger, C.; Ruan, M.; Sprinkle, M.; Li, X.; Hu, Y.; Zhang, B.; Hankinson, J.; Conrad, E. Large area and structured
epitaxial graphene produced by confinement controlled sublimation of silicon carbide. PNAS 2011, 108, 16900–16905. [CrossRef]

39. Dagher, R.; Blanquet, E.; Chatillon, C.; Journot, T.; Portail, M.; Nguyen, L.; Cordier, Y.; Michon, A. A comparative study
of graphene growth on SiC by hydrogen-CVD or Si sublimation through thermodynamic simulations. CrystEngComm 2018,
20, 3702–3710. [CrossRef]

40. Strupinski, W.; Grodecki, K.; Wysmolek, A.; Stepniewski, R.; Szkopek, T.; Gaskell, P.E.; Grüneis, A.; Haberer, D.; Bozek, R.;
Krupka, J.; et al. Graphene Epitaxy by Chemical Vapor Deposition on SiC. Nano Lett. 2011, 11, 1786–1791. [CrossRef]

http://doi.org/10.1063/1.358463
http://doi.org/10.1088/1361-6463/ab2859
http://doi.org/10.3390/cryst8050217
http://doi.org/10.1088/0957-4484/26/43/434005
http://www.ncbi.nlm.nih.gov/pubmed/26447742
http://doi.org/10.7566/JPSJ.84.121014
http://doi.org/10.1016/0008-6223(65)90027-8
http://doi.org/10.1016/0039-6028(75)90419-7
http://doi.org/10.1063/1.2358299
http://doi.org/10.1103/PhysRevB.77.115416
http://doi.org/10.1016/j.carbon.2013.11.035
http://doi.org/10.1016/j.jpcs.2006.05.010
http://doi.org/10.1088/0022-3727/47/9/094016
http://doi.org/10.1021/jp040650f
http://doi.org/10.1007/s11664-009-0803-6
http://doi.org/10.1038/nmat2382
http://doi.org/10.4028/www.scientific.net/MSF.897.731
http://doi.org/10.1103/PhysRevLett.102.106104
http://doi.org/10.1073/pnas.1105113108
http://doi.org/10.1039/C8CE00383A
http://doi.org/10.1021/nl200390e


Nanomaterials 2022, 12, 3033 13 of 13

41. Liu, Z.; Su, Z.; Li, Q.; Sun, L.; Zhang, X.; Yang, Z.; Liu, X.; Li, Y.; Li, Y.; Yu, F.; et al. Induced growth of quasi-free-standing
graphene on SiC substrates. RSC Adv. 2019, 9, 32226. [CrossRef] [PubMed]

42. Convertino, D.; Rossi, A.; Miseikis, V.; Piazza, V.; Coletti, C. Thermal decomposition and chemical vapor deposition: A
comparative study of multi-layer growth of graphene on SiC(000-1). MRS Adv. 2016, 1, 3667–3672. [CrossRef]

43. Eckmann, A.; Felten, A.; Mishchenko, A.; Britnell, L.; Krupke, R.; Novoselov, K.; Casiraghi, C. Probing the Nature of Defects in
Graphene by Raman Spectroscopy. Nano Lett. 2012, 12, 3925–3930. [CrossRef] [PubMed]

44. Tuinstra, F.; Koenig, J. Raman Spectrum of Graphite. J. Chem. Phys. 1970, 53, 1126. [CrossRef]
45. Brzhezinskaya, M.; Kapitanova, O.; Kononenko, O.; Koveshnikov, S.; Korepanov, V.; Roshchupkin, D. Large-scalable graphene

oxide films with resistive switching for non-volatile memory applications. J. Alloys Compd. 2020, 849, 156699. [CrossRef]
46. Ferrari, A.; Basko, D. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat. Nanotechnol. 2013,

8, 235–246. [CrossRef]
47. Cançado, L.; Takai, K.; Enoki, T. General equation for the determination of the crystallite size La of nanographite by Raman

spectroscopy. Appl. Phys. Lett. 2006, 88, 163106. [CrossRef]
48. Jorio, A.; Ferreira, E.; Moutinho, M.; Stavale, F.; Achete, C.; Capaz, R. Measuring disorder in graphene with the G and D bands.

Phys. Status Solidi B 2010, 247, 2980–2982. [CrossRef]
49. Yang, W.; He, C.; Zhang, L.; Wang, Y.; Shi, Z.; Cheng, M.; Xie, G.; Wang, D.; Yang, R.; Shi, D.; et al. Growth, Characterization, and

Properties of Nanographene. Small 2012, 8, 1429–1435. [CrossRef]
50. Yu, X.; Zhang, Z.; Liu, F.; Ren, Y. Synthesis of transfer-free graphene on cemented carbide surface. Sci. Rep. 2018, 8, 4759.

[CrossRef]
51. Wu, J.; Lin, M.; Cong, X.; Liu, H.; Tan, P. Raman spectroscopy of graphene-based materials and its applications in related devices.

Chem. Soc. Rev. 2018, 47, 1822–1873. [CrossRef]
52. Hawaldar, R.; Merino, P.; Correia, M.; Bdikin, I.; Grácio, J.; Méndez, J.; Martin, J.; Kumar, M. Large-area high-throughput synthesis

of monolayer graphene sheet by Hot Filament Thermal Chemical Vapor Deposition. Sci. Rep. 2012, 2, 682. [CrossRef] [PubMed]
53. Mikhailov, S. Measuring disorder in graphene with Raman spectroscopy. In Physics and Applications of Graphene—Experiments;

InTech Publishers: London, UK, 2011; pp. 439–454.
54. Robinson, J.; Weng, X.; Trumbull, K.; Cavalero, R.; Wetherington, M.; Frantz, E.; LaBella, M.; Hughes, Z.; Fanton, M.; Snyder, D.

Nucleation of Epitaxial Graphene on SiC (0001). ACS Nano 2010, 4, 153–158. [CrossRef] [PubMed]
55. Rassapa, S.; Caridad, J.; Schulte, L.; Cagliani, A.; Borah, D.; Morris, M.; Bøggild, P.; Ndoni, S. High quality sub-10 nm graphene

nanoribbons by on-chip PS-b-PDMS block copolymer lithography. RSC Adv. 2015, 5, 66711–66717. [CrossRef]
56. Dhar, S.; Seitz, O.; Halls, M.D.; Choi, S.; Chabal, Y.J.; Feldman, L.C. Chemical Properties of Oxidized Silicon Carbide Surfaces

upon Etching in Hydrofluoric Acid. J. Am. Chem. Soc. 2009, 131, 16808–16813. [CrossRef]
57. Ferrah, D.; Penuelas, J.; Bottela, C.; Grenet, G.; Ouerghi, A. X-ray photoelectron spectroscopy (XPS) and diffraction (XPD) study

of a few layers of graphene on 6H-SiC (0001). Surf. Sci. 2013, 615, 47–56. [CrossRef]
58. Moreau, E.; Ferrer, J.F.; Vignaud, D.; Godey, S.; Wallart, X. Graphene growth by molecular beam epitaxy using a solid carbon

source. Phys. Status Solidi A 2010, 207, 300–303. [CrossRef]
59. Wang, Y.; Kusumoto, K.; Lia, C. XPS analysis of SiC films prepared by radio frequency plasma sputtering. Phys. Procedia 2012,

32, 95–102. [CrossRef]
60. Rabchinskii, M.; Ryzhkov, S.; Gudkov, M.; Baidakova, M.; Saveliev, S.; Pavlov, S.; Shnitov, V.; Kirilenko, D.; Stolyarova, D.;

Lebedev, A.; et al. Unveiling a facile approach for large-scale synthesis of N-doped graphene with tuned electrical properties. 2D
Mater. 2020, 7, 045001. [CrossRef]

61. Yang, Z.; Xu, S.; Zhao, L.; Zhang, J.; Wang, Z.; Chen, X.; Cheng, X.; Yu, F.; Zhao, X. A new direct growth method of graphene on
Si-face of 6H-SiC by synergy of the inner and external carbon sources. Appl. Surface Sci. 2018, 436, 511–518. [CrossRef]

62. Camara, N.; Rius, G.; Huntzinger, J.R.; Tiberj, A.; Magaud, L.; Mestres, N.; Godignon, P.; Camassel, J. Early stage formation of
graphene on the C face of 6H-SiC. Appl. Phys. Lett. 2008, 93, 263102. [CrossRef]

63. Luxmi; Fisher, P.J.; Srivastava, N.; Feenstra, R.M.; Sun, Y.; Kedzierski, J.; Healey, P.; Gu, G. Morphology of graphene on SiC
(0001¯) surfaces. Appl. Phys. Lett. 2009, 95, 073101. [CrossRef]

64. Ramachandrana, V.; Bradya, M.F.; Smith, A.R.; Feenstraa, R.M.; Greve, D.W. Preparation of atomically flat surfaces on silicon
carbide using hydrogen etching. J. Electron. Mater. 1998, 27, 308. [CrossRef]

65. Shtepliuk, I.; Khranovskyy, V.; Yakimova, R. Combining graphene with silicon carbide: Synthesis and properties—A review.
Semicond. Sci. Technol. 2016, 31, 113004. [CrossRef]

http://doi.org/10.1039/C9RA05758G
http://www.ncbi.nlm.nih.gov/pubmed/35530756
http://doi.org/10.1557/adv.2016.369
http://doi.org/10.1021/nl300901a
http://www.ncbi.nlm.nih.gov/pubmed/22764888
http://doi.org/10.1063/1.1674108
http://doi.org/10.1016/j.jallcom.2020.156699
http://doi.org/10.1038/nnano.2013.46
http://doi.org/10.1063/1.2196057
http://doi.org/10.1002/pssb.201000247
http://doi.org/10.1002/smll.201101827
http://doi.org/10.1038/s41598-018-23206-8
http://doi.org/10.1039/C6CS00915H
http://doi.org/10.1038/srep00682
http://www.ncbi.nlm.nih.gov/pubmed/23002423
http://doi.org/10.1021/nn901248j
http://www.ncbi.nlm.nih.gov/pubmed/20000439
http://doi.org/10.1039/C5RA11735F
http://doi.org/10.1021/ja9053465
http://doi.org/10.1016/j.susc.2013.04.006
http://doi.org/10.1002/pssa.200982412
http://doi.org/10.1016/j.phpro.2012.03.524
http://doi.org/10.1088/2053-1583/ab9695
http://doi.org/10.1016/j.apsusc.2017.11.252
http://doi.org/10.1063/1.3056655
http://doi.org/10.1063/1.3207757
http://doi.org/10.1007/s11664-998-0406-7
http://doi.org/10.1088/0268-1242/31/11/113004

	Introduction 
	Materials and Methods 
	Substrate Preparation 
	Graphene Synthesis 
	Characterization 

	Results 
	Raman Analysis 
	Raman Mapping 
	SEM Analysis 
	AFM Analysis 
	EDS Analysis 
	XPS Analysis 

	Growth Mechanism 
	Conclusions 
	References

