gee materials by

Article

Catalyst-Less and Transfer-Less Synthesis of
Graphene on Si(100) Using Direct Microwave Plasma
Enhanced Chemical Vapor Deposition and

Protective Enclosures

Rimantas Gudaitis, Algirdas Lazauskas”, Sariinas Jankauskas and Sariinas Meskinis *

Institute of Materials Science, Kaunas University of Technology, K. Barsausko St. 59, LT-51423 Kaunas, Lithuania;
rimantas.gudaitis@ktu.lt (R.G.); algirdas.lazauskas@ktu.edu (A.L.); sarunas.jankauskas@ktu.lt (5J.)
* Correspondence: sarunas.meskinis@ktu.lt

check for
Received: 30 October 2020; Accepted: 8 December 2020; Published: 10 December 2020 updates

Abstract: In this study, graphene was synthesized on the Si(100) substrates via the use of direct
microwave plasma-enhanced chemical vapor deposition (PECVD). Protective enclosures were applied
to prevent excessive plasma etching of the growing graphene. The properties of synthesized graphene
were investigated using Raman scattering spectroscopy and atomic force microscopy. Synthesis time,
methane and hydrogen gas flow ratio, temperature, and plasma power effects were considered.
The synthesized graphene exhibited n-type self-doping due to the charge transfer from Si(100).
The presence of compressive stress was revealed in the synthesized graphene. It was presumed that
induction of thermal stress took place during the synthesis process due to the large lattice mismatch
between the growing graphene and the substrate. Importantly, it was demonstrated that continuous
horizontal graphene layers can be directly grown on the Si(100) substrates if appropriate configuration
of the protective enclosure is used in the microwave PECVD process.

Keywords: graphene; direct plasma synthesis; microwave plasma enhanced chemical
vapor deposition

1. Introduction

Graphene is a monolayer or several layers of hexagonally shaped carbon atoms [1]. This 2D
carbon nanomaterial has achieved considerable interest due to the huge mobility of electrons and holes,
optical transparency, flexibility, and chemical inertness [1-3]. Graphene is already considered to
be a new transparent conductor [4,5], a monolayer alternative to the Schottky contact metals [6,7],
and even an active layer of semiconductor devices [8-12]. Graphene-based transistors [8], diodes [6,7],
photodetectors [9-11], and solar cells [12-14] are also meaningful in this context.

A complicated graphene transfer process is one of the main limitations preventing the broader
use of graphene in semiconductor device technology. In this instance, graphene is grown on
the copper of nickel catalytic foils [15]; followed by the complicated graphene transfer onto the
required dielectric or semiconductor substrates. During the transfer process, different adsorbates can
contaminate graphene [16]. Additionally, the transfer process can cause wrinkled or rippled surface
morphology of graphene [17]. In this case, the control of the graphene film or graphene-semiconductor
interface properties becomes a tricky task. Graphene can be synthesized on a silicon carbide (SiC)
substrate if appropriate vacuum heating conditions are used [18]. No catalytic metals are necessary
in this case [18]. However, the present use of SiC as a semiconductor is mainly limited by some
segments of high-power electronics [19]. SiC apart, it was shown recently that direct graphene
synthesis on the semiconductor or dielectric surfaces is possible via the use of plasma-enhanced
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chemical vapor deposition (PECVD) [20]. In this case, plasma activation of the chemical vapor
deposition is mandatory. It ensures enhanced dissociation of the plasma species during the graphene
synthesis process. However, plasma-related ion and electron bombardment of the growing graphene
surface is detrimental. It results in the creation of defects and may even make the etching process
prevail over the graphene growth [21]. Therefore, remote plasma is used for direct graphene synthesis.

Nevertheless, remote plasma mode is unavailable in the most conventional microwave and
inductively coupled plasma-based PECVD units. However, there are few studies on catalyst-less
and transfer-less horizontal graphene synthesis using direct PECVD. In this process, the growing
graphene film is additionally protected by some plasma shielding. Notably, the [21] sample was
enclosed in a metal cage with a honeycomb mesh shield, while in [22], a copper-foam-based Faraday
cage was applied. Direct graphene synthesis on insulating substrates such as glass [22], sapphire [21],
quartz [21] plates, as well as thermally deposited SiO, Al,O3, MnO,, HfO,, and TiO; films [21]
was demonstrated. However, for many devices, graphene synthesis on semiconductor substrates
is necessary. Monocrystalline Si(100) is still the most often used substrate for the fabrication of
microelectronic devices, solar cells, and different photodiodes. Therefore, catalyst-less and transfer-less
graphene synthesis on Si(100) using a direct microwave plasma system was considered in the
present study.

In this paper, the samples were protected from direct plasma action using several different
configurations of protective enclosures. The enclosures’ design was varied, taking into account two
processes: eliminating the unwanted direct plasma effects and flow of the reactive carbon, hydrocarbon,
and hydrogen species towards the substrate. The protective enclosure should screen the substrate
from direct plasma. At the same time, gas flows are changed due to the presence of the enclosure.
Herein, we wanted to know to what extent we can further suppress excessive direct plasma action by
reducing the enclosure’s top hole size or removing the top holes above a substrate, and to what extent
we can reduce protective enclosure design complexity. Synthesis parameters and their influence on the
graphene structure were analyzed thoroughly. We have shown that graphene can be synthesized on
the Si(100) substrate in a one-step process using a combination of the direct plasma and differently
shaped enclosures. It was revealed that even a very simple enclosure design consisting of a single
rectangular steel sheet without holes could be used as protective shielding.

2. Materials and Methods

The direct transfer-less synthesis of graphene was performed by the microwave PECVD system
Cyrannus (Innovative Plasma Systems (Iplas) GmbH, Troisdorf, Germany). A methane and hydrogen
gas mixture was used as a source of carbon and hydrogen. The hydrogen plasma was ignited until the
heater reached the target temperature. Hydrogen gas flow and plasma power were the same as in the
graphene growth process (Table 1). Methane gas was introduced when the temperature necessary for
graphene synthesis was reached. The growth process was conducted in one-step without a separate
nucleation stage.

Monocrystalline Si(100) (UniversityWafer Inc., South Boston, MA, USA) was applied as a substrate
for the direct synthesis of graphene. No additional wet chemical cleaning of the substrate was performed.
Special enclosures protected the sample from excessive plasma action. Four steel enclosures of different
designs were used (Figure 1) to protect the sample from excessive plasma action. Three circular
enclosures (1st-3rd) had holes of different diameters and pattern arrangements on the top. The 4th
enclosure had a much simpler design and consisted of a rectangular steel sheet folded in two places.
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Figure 1. Protective enclosures used for direct synthesis of the graphene on Si(100): the first (1st)
enclosure (top hole size 3.5 mm) (a), the second (2nd) enclosure (top hole size 2 mm) (b), the third (3rd)
enclosure (top hole size 3.5 mm, no holes at the center) (c), the fourth (4th) enclosure (enclosure height
5 mm) (d).

Technological parameters such as plasma power, CHy/H; gas flow ratio, pressure, temperature,
and time were varied. The graphene direct synthesis conditions can be found in Table 1.

Raman scattering spectra of the synthesized samples were acquired using the Raman spectrometer
inVia (Renishaw, Wotton-under-Edge, UK). The excitation wavelength was 532 nm. The excitation laser
beam power was 1.5 mW. The ratio of 2D and G peak intensities (I,p/Ig ratio) was estimated to evaluate
the number of graphene layers [23]. The Ip/Ig peak intensity ratio was calculated to estimate the defect
density of graphene [24,25]. Additionally, the positions of G and 2D peaks (Pos(G) and Pos(2D)) were
also taken into account. Table S1 shows the possible relations between the Raman scattering spectra
parameters mentioned above and the number of graphene layers, stress, doping, and defect density.
The spectra were measured in several different places on the sample. The average values and standard
deviation of the different Raman scattering spectra parameters were calculated for each sample.

The surface morphology of the selected graphene layers was investigated using atomic force
microscopy (AFM) at several different places on a sample. The measurements were done at
room temperature in ambient air. The NanoWizardIII atomic force microscope (JPK Instruments,
Bruker Nano GmbH, Berlin, Germany) was used. A v-shaped silicon cantilever operating in a
contact mode was applied, as this mode is less sensitive to the possible presence of adsorbed species.
The cantilever’s spring constant was 3 N/m, the tip curvature radius was 10.0 nm, and the cone
angle was 20°. A 2 um X 2 um AFM scan area was chosen to reveal small graphene layer features.
The SurfaceXplorer and JPKSPM Data Processing software (version spm-4.3.13, JPK Instruments) were
applied for data analysis.
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Table 1. Graphene synthesis conditions used in the present study.

Sample  Enclosure P, kW H;,scem CHg, sccm  p, mBar t, °C t, min

No. No.

2E1 1 1.2 150 50 30 900 30
3E1 1 1.2 180 20 30 900 30
4F1 1 1.2 120 80 30 900 30
5E1 1 1.2 150 50 30 900 15
6E1 1 1.2 150 50 30 900 45
7E1 1 1.2 150 50 30 700 30
8E1 1 1.2 150 50 30 800 30
9E1 1 0.8 150 50 30 900 30
10E1 1 1.0 150 50 30 900 30
1E2 2 1.2 150 50 30 800 30
2E2 2 1.2 150 50 30 700 30
3E2 2 1.2 150 50 30 900 30
4E2 2 1.2 180 20 30 900 30
5E2 2 1.2 120 80 30 900 30
6E2 2 1.0 150 50 30 900 30
7E2 2 0.8 150 50 30 900 30
3E3 3 1.2 150 50 30 900 30
4E3 3 1.2 180 20 30 900 30
5E3 3 1.2 120 80 30 900 30
6E3 3 0.8 150 50 30 900 30
7E3 3 1.0 150 50 30 900 30
1E4 4 1.2 150 50 30 800 30
2E4 4 1.2 150 50 22 700 30
3E4 4 1.2 150 50 22 800 30
4E4 4 1.2 150 50 22 900 30

3. Results

3.1. Raman Spectra of Directly Synthesized Graphene

In the present study, graphene was synthesized on the Si(100) substrates using microwave PECVD.
Firstly, it is important to note that the direct synthesis of graphene on the Si(100) was not possible
when the protective enclosure was not used in the plasma discharge zone during the microwave
PECVD process. In this case, only the direct plasma interacting with the substrate was obtainable,
which suppressed the graphene’s growth.

In another instance, the sample was protected by the enclosure to prevent excessive direct plasma
interaction with the substrate. Protective enclosures with several different designs were used as plasma
shielding (Figure 1). In this case, the direct synthesis of graphene on the Si(100) substrate was successful.
The recorded Raman scattering spectra of the samples were typical for graphene (Figure 2) [23-43].
Characteristic G and 2D peaks as well as defects related peaks (D peak as well as less intensive D+D”
and D+D’ bands [39,40]) were observed. No separate D’ peak at ~1620 cm™~! was observed in all cases.
It is noteworthy that, in the Raman spectra of directly synthesized graphene, the D peak is always
observed [20-22]. That is the main difference from the graphene synthesized by chemical vapor
deposition (CVD) on catalytic foil and afterwards transferred onto the target substrate. This difference
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is mainly related to the presence of many grain boundary defects related to the nanocrystalline nature
of directly synthesized graphene.
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Figure 2. Typical Raman scattering spectra of graphene directly synthesized on Si(100).

3.2. Effect of Synthesis Conditions and Enclosure Design on the Graphene Structure

The influence of the several key technological synthesis parameters (i.e., protective enclosure
design, plasma power, methane and hydrogen gas flow ratio, pressure, temperature, and synthesis
time) on the growth and structure of synthesized graphene was investigated. The 1st enclosure had
3.5 mm size holes on the top, while for the 2nd enclosure, the hole size was decreased to 2 mm. The 3rd
enclosure had 3.5 mm size holes on the top, but no holes at the center (Figure 1).

Firstly, the effect of the synthesis time was considered (Figure 3). The graphene was already formed
after 15 min of the microwave PECVD process. It was determined that after this time mark graphene
gets thinner, and more defects are promptly introduced into the graphene structure: the increase in
Lp/Ig from ~0.72 to ~0.93 (Figure 3a) and the increase in Ip/Ig from ~1.8 to ~2.1 (Figure 3b). The other
experiments’ synthesis time was chosen by taking into account these results (30 min).
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Figure 3. Irp/Ig (a) and Ip/Ig (b) ratios of graphene synthesized at different process time (15 min,
30 min, 45 min). In all cases, every other process parameter is kept constant (H; gas flow 150 sccm scem,
CH, gas flow 50 scem, power 1.2 kW, pressure 30 mBar, temperature 900 °C). The 1st enclosure

was used.
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Figure 4 shows the Ip/Ig and Ip/Ig ratios of graphene synthesized using different plasma power
and enclosures. As it can be seen in Figure 4a, plasma power effect varies for different enclosures.
The I,p/Ig ratio of graphene synthesized using the 1st enclosure increases with plasma power. This result
implies that the number of graphene layers is reduced with an increase in plasma power. No clear
dependence was observed for the 2nd and the 3rd enclosure. However, in all cases, the I,p/Ig ratio
of the graphene synthesized using 1.2 kW power was higher than the Iop/Ig ratio of the graphene
synthesized using 0.8 kW power. The Ip/Ig ratio increased with plasma power for the 1st and the
3rd enclosure (Figure 4b). No clear dependence of the Ip/Ig ratio on plasma power was observed for
graphene synthesized using the 2nd enclosure.

10 [l 1" enclosure|
-UI' [ 2™ enclosurg
I 3 enclosure

*’l(a)

0.6 0.8 1.0 1.2 14 1'%.6 0.8 1.0 1.2 1.4
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Figure 4. I,p/I; (a) and Ip/I; (b) ratios of graphene synthesized using different plasma power (0.8 kW,
1.0 kW, 1.2 kW) and enclosures. In all cases, every other process parameter is kept constant (H, gas
flow 150 sccm scem, CHy gas flow 50 scem, pressure 30 mBar, temperature 900 °C, time 30 min).

Figure 5 shows the I,p/Ig and Ip/Ig ratios of graphene synthesized using different CHy4/H; gas
flow ratio mixtures and enclosures. A too low CH,/H; gas flow ratio (i.e., 0.11) was not sufficient to
initiate the growth of graphene on the Si(100) substrate. The further increase in the methane flow and
decrease in the hydrogen flow resulted in the increase in the number of graphene layers, as evident
from the I,p/Ig ratio decrease (Figure 5a). It was also found that the Ip/Ig ratio decreased with the
increase in the CHy/H, gas flow ratio for the 1st and the 2nd enclosure (Figure 5b).
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Figure 5. I,p/I; (a) and Ip/I (b) ratios of graphene synthesized using different flow ratio (0.11, 0.33, 0.67)
CH,4/H; mixture of gas and enclosures. In all cases, every other process parameter is kept constant
(power 1.2 kW, pressure 30 mBar, temperature 900 °C, time 30 min).
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Figure 6 shows the I,p/Ig and Ip/Ig ratios of graphene synthesized using different temperatures
and enclosures. It is important to note that no graphene growth was observed at 600 °C. As it can
be seen in Figure 6a, the I,p/Ig ratio increases with the process temperature. Thus, the number of
graphene layers grown decreases with the increase in temperature when the microwave PECVD
process is performed in the range of 700-900 °C. For graphene synthesized using the 1st enclosure,
the Ip/Ig ratio increases with temperature (Figure 6b). However, the highest density of defects was
observed for the graphene synthesized using the 2nd enclosure at 700 °C.
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Figure 6. I,p/I; (a) and Ip/I; (b) ratios of graphene synthesized using different temperatures (700 °C,
800 °C, 900 °C) and several enclosures. In all cases, every other process parameter is kept constant
(H; gas flow 150 scem scem, CHy gas flow 50 scem, power 1.2 kW, pressure 30 mBar, time 30 min).

Altogether, it was revealed that the most crucial graphene direct synthesis parameter in our case is
the CHy/H, gas flow ratio. A too low ratio results in no graphene synthesis. The number of graphene
layers increases with methane flow when the ratio is substantially large for graphene synthesis. At the
same time, defect density decreases. This is valid for all studied enclosures. When the temperature
is too low, graphene does not grow. Subsequently, the temperature increase results in the decrease
in graphene layer thickness. However, no typical behavior regarding defect density can be found.
The plasma power effects are the least clear. The possible physical mechanisms hidden behind these
results will be considered in Sections 4.2 and 4.3.

3.3. The Number of Graphene Layers and Defect Density

Figure 7 shows the I,p/Ig vs. Ip/Ig ratio plot for all investigated samples (Table 1). It is considered
that the Iop/Ig vs. Ip/lg ratio change for the 1st and the 3rd enclosure followed linear distribution
pattern as the Ip/Ig increased with Ip/Ig ratio. Such an outcome contradicts the results reported
by [24] (Table S1), where I,p/Ig decreased as a result of oxygen ion etching. It can be explained by the
different nature of the defects in our study and [24] (boundary defects vs. irradiation defects).

No clear dependence of the I,p/Ig ratio on the enclosure configuration was found (Figure 7).
The lowest Ip/I; ratios were observed for graphene synthesized using the 3rd enclosure, while for
graphene samples synthesized using the 1st enclosure, the range of Ip/Ig ratio values was the broadest.
Almost all Ip/Ig ratio values of the graphene synthesized using the 2nd enclosure were within
the range typical for graphene grown using the 1st enclosure. Additionally, comparing the Ip/Ig
ratios of the graphene samples synthesized using the 1st and the 2nd enclosures and the same other
synthesis conditions, one can see that in some cases larger Ip/I ratio values were found for the 1st
enclosure, and in other cases for the 3rd enclosure (Figures 4-6).
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Figure 7. Ipp/Ig vs. Ip/Ig plot for all investigated samples. Dash lines represent the observed

linear distributions.

The enclosure design was simplified even more, considering the results described above,
though less graphene synthesis experiments were performed using the 3rd enclosure. No holes at the
protective enclosure’s center resulted in a decrease in the Ip/Ig ratio (see Figure 7). Therefore, holes were
removed from the enclosure’s entire surface to suppress the direct plasma effects further. The modified
enclosure shape was simply a rectangular steel sheet folded in two places (Figure 1d). Graphene was
synthesized at the temperature of 700 °C using a protective sheath of such a simple structure. The I,p/Ig
and Ip/Ig ratios of these graphene samples were within the typical values for the 3rd envelope,
although no additional optimization of the deposition conditions was performed. Further detailed
research on graphene synthesized using simplified enclosures is in progress.

3.4. Dopant Density and Stress

The 2D peak position dependence on the G peak position can provide information about the
graphene’s doping and stresses in graphene layers. This was shown in numerous studies investigating
single-layer graphene synthesized by CVD on catalytic copper foil and transferred to the target
substrate [28-33]. Some studies on multilayer transferred graphene have also been carried out [30].
The reported results from different authors follow similar dependencies. However, in directly
synthesized graphene, the defect density is usually higher [20]. Therefore, the D peak is visible in the
directly synthesized graphene’s Raman scattering spectrum [20-22,38]. This makes the situation more
complicated. Hence, an additional analysis was carried out regarding the possible influence of defects
on other Raman scattering spectrum parameters. It should be noted that the I,p/Ig ratio depends on
the defect density, concentration of dopants, and the number of graphene layers. It was shown that the
Lp/IG ratio decreases with the appearance of the defect-related D peak in the Raman spectrum and the
subsequent increase in defect density [41]. Graphene doping also leads to a reduced I,p/Ig ratio [41].
However, in our case, opposite dependence was found (Figure 7).

Another structural parameter that can influence the analysis of graphene doping and stress level
is the different number of graphene layers. Both the 2D and G peak positions depend on the number
of graphene layers (Table S1). In some studies, the upshift of the 2D peak position has been shown
for few-layer graphene [30]. Following the latter research work, Raman spectra of the transferred
graphene and the relationship between Pos(2D) vs. Pos(G) plots and stress as well as doping were
analyzed [30].

Figure S1 shows a shift from Pos(2D) to the higher wavenumbers with increasing Iop/Ig ratio.
However, Pos(2D) should shift to the lower wavenumbers with increasing I,p/Ig ratio due to the
decrease in the number of graphene layers [39]. In our case, no clear dependence of the I,p/I; ratio
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on the G peak position was found (Figure S2). Thus, the Pos(2D) upshift should not be related to the
increased number of graphene layers.

The dependence of Pos(2D) on Pos(G) is shown in Figure 8. Both the 2D and the G peak positions
are shifted to the higher wavenumbers than the values typical for single-layer defect-free graphene.
A vector analysis of the plot was performed according to the methodology presented in [28-33].
It can be seen that the 2D peak position is significantly shifted to the higher wavenumbers
(by ~25-35cm™!) compared to a value typical for defect-free, undoped, transferred single-layer graphene.
The graphene samples synthesized in the present study were determined to be in the range
of 24 layers thick, according to the analysis of the I)p/Ig ratio (see Figure 7 and Figure S3,
for calculation method, see [23] and Table S1). However, the 2D peak position values are also shifted
upwards compared to the position typical for two-layer defect-free undoped transferred graphene.
Thus, itis considered that compressive stress was present in the investigated graphene samples
(according to [28-33] and Table S1), in agreement with [42].
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Figure 8. Pos(2D) vs. Pos(G) plot. The black dash-dot line refers to the undoped strained graphene
(plotted according to the method [28]). The black dot line refers to the p-type doped strained graphene
(constant hole concentration and different stress levels) (plotted according to [28]). The red dash-dot line
refers to the unstrained p-type graphene (plotted according to [28]). The red dot line refers to the p-type
doped strained graphene (constant stress level and different hole concentrations) (plotted according to
the method [28]). The blue dash line refers to the strained n-type doped graphene (plotted according
to [30], taking into account graphene layer number related shift of 2D peak position). The navy and
white colored rhombus symbol refers to the unstrained and undoped graphene [28].

The analysis of the plot (Figure 8, Figure 54) regarding possible doping of the graphene revealed a
less convenient picture. It should be emphasized that p-type graphene was investigated in most of the
studies mentioned above [28-31,33]. The results reported in [28] revealed unintentional p-type doping
of the graphene. However, the overall dependence of Pos(2D) on Pos(G) does not follow the vectors
typical for p-type doped graphene (Figure 8, Figure S4). This behavior is rather typical for the n-type
doped and strained graphene [30].

3.5. AFM Study

Several graphene samples synthesized using the 4th protective enclosure were studied by AFM to
determine the number of the graphene layers as well as to evaluate the continuity of the graphene.
AFM topographical images of the samples are presented in Figures S5-57. The graphene samples’
surface morphology is very different from silicon substrate morphology (Figure S8). In all cases,
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AFM images revealed continuous horizontal graphene layers (Figures S5-57). Similar AFM images
were reported for directly synthesized graphene by other authors (e.g., [20,21,44,45]). One can notice
some black features corresponding to the lowest surface points. It can be interpreted as holes in the
graphene [46].

Previous studies [47-49] reported that step height of a single-layer graphene was found to be in
the range of ~0.35-0.4 nm. The graphene AFM height profile was analyzed. Approximate graphene
thickness was calculated by measuring the height from the zero points corresponding to the graphene
holes to the profile maxima. A mixture of the single-layer and two-layer graphene was found for
samples 1E4 and 2E4 (Figures S5-57). In the case of the sample 3E4, up to three graphene layers can
be found. An alternative graphene thickness evaluation method by using the AFM measurement
data was performed following the histogram method [46,48]. Hence, the influence of the adsorbed
contaminants can be minimized. According to the histogram method, the thickness of the graphene was
between one and two layers for samples 1E4 and 3E4, while the thickness of sample 2E4 corresponded
to single-layer graphene (Table S2, and Figures S5b, S6b, S7b and S8b). Thus, the average graphene
thickness was found to be between one and two layers. In this case, graphene thickness evaluated via
the use of AFM measurement data is in good agreement with graphene thickness calculated from the
Ip/Ig ratio according to [23] (Figure S3).

4. Discussion

4.1. Effect of the Deposition Conditions. Comparison with Results Reported Elsewhere

Our obtained results were further compared with previous studies. In most of the studies
regarding direct graphene synthesis, graphene was grown on different dielectric substrates. There are
substantially less studies reporting direct graphene synthesis on silicon. Therefore, graphene’s direct
growth on different substrates was considered in this comparison.

It must be pointed out that in [38], no clear dependence of the I,p/Ig ratio on the process time was
found for graphene directly synthesized on dielectric SiO,, quartz, and sapphire substrates from a
CHa/Hj/Ar gas mixture. Nevertheless, an Ip/Ig ratio increase with the process time was observed,
in good agreement with the present research.

There are few studies on the effects of the hydrocarbon gas and hydrogen flow ratios on the
structural properties of directly synthesized graphene. Analogously to our research, the I,p/Ig and
Ip/Ig ratios decreased with increasing CoHy/Hj flow ratio for graphene directly synthesized on fused
silica and quartz by electron cyclotron resonance (ECR) PECVD [44]. A similar tendency was found
in [45], where direct graphene synthesis on quartz via the CVD process was performed. Following the
latter work, a too low methane flow resulted in no graphene growth, in agreement with our results.
However, the Ip/Ig ratio increased with the increase in CH4/H, flow ratio [45].

Similarly to the graphene synthesized using the 1st enclosure, the I,p/Ig ratio increased with
plasma power for graphene directly synthesized via PECVD on 5iO; [50]. However, the Ip/Ig ratio in
that study decreased with plasma power [50].

Likewise to the graphene synthesized in our study using the 1st and the 2nd enclosure, the I,p/Ig
ratio increased with process temperature for graphene synthesized on Si(100) and glass from a C;H,/Ar
gas mixture via microwave PECVD [51]. An opposite result was reported for graphene grown on
quartz and fused silica substrates from a CoH;/H; gas mixture via ECR PECVD [44]. In in [50] and [21],
Ip/Ig ratio dependence on temperature was rather non-monotonic. The I,p/Ig ratio was highest [21]
or lowest [50] at the specific temperature range used for the synthesis of graphene. Similarly to
the graphene synthesized using the 1st enclosure, the Ip/Ig ratio increased with temperature in [50].
A decrease in the Ip/Ig ratio with temperature was reported in [21,44,51], similar to the case of the
graphene synthesized using the 2nd enclosure.
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Thus, the different effects of the gas flow ratio, plasma power, and temperature on the graphene
structure were found in various studies. The discrepancy of the results reported by other authors was
more considerable than the results reported in the present study.

4.2. Effect of the Deposition Conditions. Physical and Chemical Phenomena Involved

The graphene structure’s dependence on the technological synthesis process conditions found in
the present research can be explained by considering the main graphene growth-related physical and
chemical processes.

Notably, the decrease in the number of graphene layers with increasing process time can be
explained by the hydrogen etching prevailing over the growth of additional graphene layers as it was
reported in [52].

The increase in the graphene Lp/Ig ratio with plasma power (Figure 4) can be related to
the dependence of the methane and hydrogen dissociation rate on plasma power [50]. It can be
considered that, in the case of graphene grown using the 1st enclosure, carbon-containing reactive
species concentration increased with plasma power slower than hydrogen atoms and ion concentration,
while in other cases, changes in that concentration with plasma power were non-monotonic. It seems
that graphene defect density increased with plasma due to the decrease in the graphene crystallite size
or the enhanced irradiation by ions and electrons.

The decrease in the number of graphene layers with increased CH4/H; gas flow ratio was observed
in Figure 5. It can be explained by competition between two processes: graphene growth due to the
carbon-containing active species flux towards the surface [50,53] and etching of the carbon-carbon
bonds by hydrogen [44,54,55]. If the CHy4/H, ratio is too low, the etching reaction is much faster than
the growth of the graphene layers [56]. This is the reason why no graphene growth was observed
for samples 3E1, 4E2, and 4E3. The increase in the methane to hydrogen gas flow ratio resulted in a
suppression of graphene growth over the etching. In this case, a further increase in the active flux of
CHy and C species towards the substrate and the reduced amount of hydrogen atoms will result in
the increase in the number of graphene layers. The increasing size of graphene nanocrystals cannot
explain the reduction in the Ip/Ig ratio with the increasing CH,/H); ratio presented in Figure 5. It is
because the increase in graphene nucleus density with decreased H, content due to the hydrogen
etching resulted in a smaller graphene grain size [44]. Thus, the possible lowering of the hydrogen
plasma-induced defect density with decreased hydrogen gas flow should be considered [57].

Several phenomena should be taken into account to explain the lowering of the number of
graphene layers with increased process temperature (Figure 6). It was reported in [44] that the rate
of the graphene etching by hydrogen decreases with temperature [44]. Therefore, it should instead
result in a decrease in the I,p/Ig ratio with temperature. On the other hand, the desorption rate of
carbon atoms increases with temperature, as reported in [52]. This can be a cause of the decrease in the
number of graphene layers with increased deposition temperature.

4.3. Effect of Protective Enclosure Design

A few studies could be considered while analyzing the protective enclosure design’s influence on
the graphene structure. Notably, a study on graphene synthesized on glass using a copper foam-based
protective Faraday cage revealed a tendency that a smaller aperture hole size can result in a better
electric field shielding effect [22]. Thus, it can be considered that in our case, the lower Ip/Ig ratios
for graphene synthesized using the 3rd protective enclosure can be explained by better suppression
of the electric field due to the absence of the holes at the enclosure’s center. On the other hand,
no apparent difference between the Ip/Ig ratios of the graphene synthesized using the 1st and the 2nd
protective enclosures is in good accordance with [22], where reduced protective cage hole size resulted
in no further apparent decrease in electric field strength.
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4.4. Mechanisms Responsible to the N-Type Self Doping of Graphene and Induction of Compressive Stress

According to Figure 8 and Figure S4, unintentional n-type doping was found for directly
synthesized graphene. It is worth noting that self-induced doping was already observed for graphene
directly synthesized on Ge(111) by CVD [58]. Possible sources of such behavior would be adsorbates or
substrate-induced effects. Atmospheric adsorbates (oxygen, water) usually result in p-type doping of
the graphene [59-61]. P-type self-doping for graphene transferred onto the SiO, substrate occurred due
to various surface treatments and residual charges created on the substrate [62]. Unintentional graphene
n-type doping was reported for epitaxial graphene directly synthesized on SiC via high-temperature
annealing in a vacuum or inert ambient gas [63,64]. It was explained by the substrate-to-graphene
charge transfer [64]. A study of the graphene transferred onto different substrates revealed that p-type
self-doping, n-type self-doping, and no doping could be achieved via selection of the appropriate
substrate [58,65]. Simulations revealed that when graphene is put onto 5iOy, the graphene’s electronic
structure strongly depends on the interface geometry and surface polarity [66]. In the case of the O-polar
Si02 surface with dangling bonds, graphene’s p-type doping takes place [66]. Graphene placing on the
Si-polar surface with dangling bonds results in graphene’s n-type self-doping [66]. Considering the
studies mentioned above, it is supposed in our case that charge transfer from the Si(100) substrate to
the graphene took place during the microwave PECVD process. It resulted in the n-type self-doping of
the graphene, similar to the cases of SiC and Si-polar S5iO; substrates.

One can see in Figure 8 that directly synthesized graphene in the present study is found to
be stressed. This stress is compressive in nature. It should be mentioned that, in the case of the
exfoliated graphene transferred onto SiO,, pristine graphene sheets may exhibit both compressive
and tensile strain [28]. This native strain becomes compressive due to the annealing at 100 °C or
higher temperatures [28]. Similar effects of the annealing were reported for CVD synthesized graphene
transferred onto the SiO; substrate [67]. On the other hand, epitaxial graphene directly grown on
SiC above 1100 °C exhibited substrate-induced compressive strain [28]. Compressive stress may
be present in graphene directly synthesized on Si(100) [42], quartz [44], Ge(110) [58], and SiO; [68].
Thus, our results are in good agreement with the studies mentioned above. It is considered that,
in our case, compressive stress was induced during a direct graphene synthesis as thermal stress due
to the large lattice mismatch between graphene and Si, as was suggested in [20,69].

5. Conclusions

In conclusion, the transfer-less and catalyst-less synthesis of graphene on Si(100) substrates
via a combination of direct microwave plasma-enhanced chemical vapor deposition and protective
enclosures was performed.

A study of the effect of the CH4/H, gas flow ratio, temperature, and plasma power on graphene
structure revealed that the most significant technological parameter used in the present study was
methane and hydrogen gas flow ratio. Plasma power effects were the least pronounced. It seems
that if a temperature is sufficiently high for graphene synthesis, the crucial process is a competition
between plasma etching by hydrogen and carbon-containing active species influx towards the surface.
If hydrogen flow is too high and/or methane flow is too low, etching prevails against growth and no
graphene is formed. Afterwards, the number of graphene layers increases with carbon species flow
and/or with decreased hydrogen flow. Hydrogen species density is a much more critical etching factor
than increased plasma power. The thermally stimulated desorption of carbon atoms is important,
while the formation of the plasma-induced radiation defects has less influence on graphene growth
and defect density.

A study of the enclosure effects revealed no top hole size effects for investigated enclosures.
The absence of top holes in the middle of the enclosure reduced the plasma effect on the growing
graphene and decreased defect density. The graphene was successfully synthesized using just
a rectangular steel sheet folded in two places as a simplified protective enclosure, considering
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these results. Graphene was grown at a temperature of 700 °C using a protective sheath with such a
simple structure.

Analysis of the positions of 2D and G peaks revealed unintentional n-type doping of the graphene.
It was explained by charge transfer from the Si(100) substrate to the graphene. The presence of
compressive stress was found in graphene. It was supposed that the large lattice mismatch between
the growing graphene and the silicon induced thermal stress.

An atomic force microscopy study confirmed the growth of continuous horizontal graphene layers.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/24/5630/s1,
Table S1: Possible relations of the Raman scatterings spectra parameters mentioned above the number of
graphene layers, stress, doping and defect density, Table S2: Graphene samples and silicon substrate surface
roughness histogram peak maximums and graphene thickness values according to the histogram method,
Figure S1: Pos(2D) Vs I2D/IG plot, Figure S2: 12D/IG Vs Pos(G) plot, Figure S3: 12D/IG ratio of samples 4E1,
4E2, 4E3 and number of the graphene layers calculated according to [23], Figure S4: Pos(2D) vs. Pos(G) plot for
sample 1E4, Figure S5: AFM image (a), height distribution histogram (b) and height profile (c) of the graphene
sample No 1E4, Figure S6: AFM image (a), height distribution histogram (b) and height profile (c) of the graphene
sample No 2E4, Figure S7: AFM image (a), height distribution histogram (b) and height profile (c) of the graphene
sample No 3E4.

Author Contributions: Conceptualization, R.G. and SM.; investigation, R.G., A.L. and SI; writing—original
draft preparation, SM. AL. and SJ; writing—review and editing, SM.; visualization, SM. and SJ;
project administration, SM.; funding acquisition, S.M. All authors have read and agreed to the published
version of the manuscript.

Funding: The research project No. 09.3.3-LMT-K-712-01-0183 is funded under the European Social Fund measure
“Strengthening the Skills and Capacities of Public Sector Researchers for Engaging in High Level R&D Activities”
administered by the Research Council of Lithuania.

Acknowledgments: The authors acknowledge other participants of the research project No. 09.3.3-LMT-K-
712-01-0183—A. Vasiliauskas, A. Guobiené, K. glapikas, V. Stankus, D. Peckus, E. Rajackaité, T. Tamulevi¢ius,
A. Jurkeviciate, and F. Kalyk.

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

References

1.  Sattar, T. Current Review on Synthesis, Composites and Multifunctional Properties of Graphene.
Top. Curr. Chem. 2019, 377, 10. [CrossRef]

2. Banszerus, L.; Schmitz, M.; Engels, S.; Dauber, J.; Oellers, M.; Haupt, F.; Stampfer, C. Ultrahigh-mobility
graphene devices from chemical vapor deposition on reusable copper. Sci. Adv. 2015, 1, €1500222. [CrossRef]
[PubMed]

3. Tielrooij, K.J.; Song,].C.W.; Jensen, S.A.; Centeno, A.; Pesquera, A.; Zurutuza Elorza, A.; Bonn, M.; Levitov, L.S.;
Koppens, EH.L. Photoexcitation cascade and multiple hot-carrier generation in graphene. Nat. Phys. 2013,
9, 248-252. [CrossRef]

4. Song, Y.; Fang, W.; Brenes, R.; Kong, J. Challenges and opportunities for graphene as transparent conductors
in optoelectronics. Nano Today 2015, 10, 681-700. [CrossRef]

5. Nayak, PK. Pulsed-grown graphene for flexible transparent conductors. Nanoscale Adv. 2019, 1, 1215-1223.
[CrossRef]

6. Song, L. Yu, X,; Yang, D. A review on graphene-silicon Schottky junction interface. J. Alloys Compd. 2019,
806, 63-70. [CrossRef]

7. Di Bartolomeo, A. Graphene Schottky diodes: An experimental review of the rectifying graphene/
semiconductor heterojunction. Phys. Rep. 2016, 606, 1-58. [CrossRef]

8.  Donnelly, M.; Mao, D.; Park, J.; Xu, G. Graphene field-effect transistors: The road to bioelectronics.
J. Phys. D. Appl. Phys. 2018, 51, 493001. [CrossRef]

9. Geng, H,; Yuan, D,; Yang, Z,; Tang, Z.; Zhang, X.; Yang, G.; Su, Y. Graphene van der Waals heterostructures
for high-performance photodetectors. J. Mater. Chem. C 2019, 7, 11056-11067. [CrossRef]

10. Rogalski, A. Graphene-based materials in the infrared and terahertz detector families: A tutorial.
Adv. Opt. Photon. 2019, 11, 314-379. [CrossRef]


http://www.mdpi.com/1996-1944/13/24/5630/s1
http://dx.doi.org/10.1007/s41061-019-0235-6
http://dx.doi.org/10.1126/sciadv.1500222
http://www.ncbi.nlm.nih.gov/pubmed/26601221
http://dx.doi.org/10.1038/nphys2564
http://dx.doi.org/10.1016/j.nantod.2015.11.005
http://dx.doi.org/10.1039/C8NA00181B
http://dx.doi.org/10.1016/j.jallcom.2019.07.259
http://dx.doi.org/10.1016/j.physrep.2015.10.003
http://dx.doi.org/10.1088/1361-6463/aadcca
http://dx.doi.org/10.1039/C9TC03213D
http://dx.doi.org/10.1364/AOP.11.000314

Materials 2020, 13, 5630 14 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shin, D.; Choi, S.-H. Graphene-Based Semiconductor Heterostructures for Photodetectors. Micromachines
2018, 9, 350. [CrossRef] [PubMed]

Kong, X.; Zhang, L.; Liu, B.; Gao, H.; Zhang, Y.; Yan, H.; Song, X. Graphene/Si Schottky solar cells: A review
of recent advances and prospects. RSC. Adv. 2019, 9, 863-877. [CrossRef]

Patil, K.; Rashidi, S.; Wang, H.; Wei, W. Recent Progress of Graphene-Based Photoelectrode Materials for
Dye-Sensitized Solar Cells. Int. J. Photoenergy 2019, 2019, 1-16. [CrossRef]

Igbal, M.Z.; Rehman, A.-U. Recent progress in graphene incorporated solar cell devices. Sol. Energy 2018,
169, 634-647. [CrossRef]

Zhang, Y.; Zhang, L.; Zhou, C. Review of Chemical Vapor Deposition of Graphene and Related Applications.
Acc. Chem. Res. 2013, 46, 2329-2339. [CrossRef] [PubMed]

Haigh, S.J.; Gholinia, A.; Jalil, R.; Romani, S.; Britnell, L.; Elias, D.C.; Novoselov, K.S.; Ponomarenko, L.A.;
Geim, AK,; Gorbachev, R. Cross-sectional Imaging of Individual Layers and Buried Interfaces of
Graphene-Based Heterostructures and Superlattices. Nat. Mater. 2012, 11, 764-767. [CrossRef]

Deng, S.; Berry, V. Wrinkled, rippled and crumpled graphene: An overview of formation mechanism,
electronic properties, and applications. Mater. Today 2016, 19, 197-212. [CrossRef]

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

She, X.; Huang, A.Q.; Lucia, O.; Ozpineci, B. Review of Silicon Carbide Power Devices and Their Applications.
IEEE Trans. Ind. Electron. 2017, 64, 8193-8205. [CrossRef]

Khan, A,; Islam, S.M.; Ahmed, S.; Kumar, R.R.; Habib, M.R.; Huang, K.; Hu, M,; Yu, X;; Yang, D. Direct CVD
Growth of Graphene on Technologically Important Dielectric and Semiconducting Substrates. Adv. Sci. 2018,
5,1800050. [CrossRef]

Zheng, S.; Zhong, G.; Wu, X.; D’Arsig, L.; Robertson, ]. Metal-catalyst-free growth of graphene on insulating
substrates by ammonia-assisted microwave plasma-enhanced chemical vapor deposition. RSC Adv. 2017,
7,33185-33193. [CrossRef]

Qi, Y;; Deng, B.; Guo, X.; Chen, S.; Gao, J.; Li, T.; Dou, Z.; Ci, H.; Sun, ].; Chen, Z.; et al. Switching Vertical
to Horizontal Graphene Growth Using Faraday Cage-Assisted PECVD Approach for High-Performance
Transparent Heating Device. Adv. Mater. 2018, 30, 1704839. [CrossRef]

Hwang, ].-S.; Lin, Y.-H.; Hwang, ].-Y.; Chang, R.; Chattopadhyay, S.; Chen, C.-].; Chen, P.; Chiang, H.-P;
Tsai, T.-R.; Chen, L.-C. Imaging layer number and stacking order through formulating Raman fingerprints
obtained from hexagonal single crystals of few layer graphene. Nanotechnology 2012, 24, 015702. [CrossRef]
Childres, I.; Jauregui, L.A.; Tian, J.; Chen, Y.P. Effect of oxygen plasma etching on graphene studied using
Raman spectroscopy and electronic transport measurements. New J. Phys. 2011, 13, 025008. [CrossRef]
Dresselhaus, M.S.; Jorio, A.; Souza Filho, A.G.; Saito, R. Defect characterization in graphene and carbon
nanotubes using Raman spectroscopy. Philos. Trans. R. Soc. A 2010, 368, 5355-5377. [CrossRef] [PubMed]
Zhao, W.; Tan, PH.; Liu, J; Ferrari, A.C. Intercalation of Few-Layer Graphite Flakes with FeCls:
Raman Determination of Fermi Level, Layer by Layer Decoupling, and Stability. J. Am. Chem. Soc.
2011, 133, 5941-5946. [CrossRef] [PubMed]

Szirmai, P.; Markus, B.G.; Chacén-Torres, J.C.; Eckerlein, P.; Edelthalhammer, K.; Englert, ] M.; Mundloch, U.;
Hirsch, A.; Hauke, F; Nafradi, B.; et al. Characterizing the maximum number of layers in chemically
exfoliated graphene. Sci. Rep. 2019, 9, 19480. [CrossRef] [PubMed]

Lee, J.E.; Ahn, G.; Shim, J.; Lee, Y.S.; Ryu, S. Optical separation of mechanical strain from charge doping
in graphene. Nat. Commun. 2012, 3, 1024. [CrossRef]

Sakavitius, A.; Astromskas, G.; Bukauskas, V.; Kamarauskas, M.; Luksa, A.; Nargeliené, V.; Niaura, G.;
Ignatjev, L; Treideris, M.; Setkus, A. Long distance distortions in the graphene near the edge of planar metal
contacts. Thin Solid Films 2020, 698, 137850. [CrossRef]

Kim, S.; Ryu, S. Thickness-dependent native strain in graphene membranes visualized by Raman spectroscopy.
Carbon 2016, 100, 283-290. [CrossRef]

Armano, A.; Buscarino, G.; Cannas, M.; Gelardi, EM.; Giannazzo, F.; Schiliro, E.; Agnello, S. Monolayer
graphene doping and strain dynamics induced by thermal treatments in controlled atmosphere. Carbon
2018, 127,270-279. [CrossRef]


http://dx.doi.org/10.3390/mi9070350
http://www.ncbi.nlm.nih.gov/pubmed/30424283
http://dx.doi.org/10.1039/C8RA08035F
http://dx.doi.org/10.1155/2019/1812879
http://dx.doi.org/10.1016/j.solener.2018.04.041
http://dx.doi.org/10.1021/ar300203n
http://www.ncbi.nlm.nih.gov/pubmed/23480816
http://dx.doi.org/10.1038/nmat3386
http://dx.doi.org/10.1016/j.mattod.2015.10.002
http://dx.doi.org/10.1088/0268-1242/31/11/113004
http://dx.doi.org/10.1109/TIE.2017.2652401
http://dx.doi.org/10.1002/advs.201800050
http://dx.doi.org/10.1039/C7RA04162D
http://dx.doi.org/10.1002/adma.201704839
http://dx.doi.org/10.1088/0957-4484/24/1/015702
http://dx.doi.org/10.1088/1367-2630/13/2/025008
http://dx.doi.org/10.1098/rsta.2010.0213
http://www.ncbi.nlm.nih.gov/pubmed/21041218
http://dx.doi.org/10.1021/ja110939a
http://www.ncbi.nlm.nih.gov/pubmed/21434632
http://dx.doi.org/10.1038/s41598-019-55784-6
http://www.ncbi.nlm.nih.gov/pubmed/31862907
http://dx.doi.org/10.1038/ncomms2022
http://dx.doi.org/10.1016/j.tsf.2020.137850
http://dx.doi.org/10.1016/j.carbon.2016.01.001
http://dx.doi.org/10.1016/j.carbon.2017.11.008

Materials 2020, 13, 5630 15 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Neumann, C.; Reichardt, S.; Venezuela, P.; Drogeler, M.; Banszerus, L.; Schmitz, M.; Watanabe, K.; Taniguchi, T.;
Mauri, E; Beschoten, B.; et al. Raman spectroscopy as probe of nanometre-scale strain variations in graphene.
Nat. Commun. 2015, 6, 8429. [CrossRef] [PubMed]

Lee, U.;Han, Y.; Lee, S.; Kim, J.S.; Lee, Y.H.; Kim, U.].; Son, H. Time Evolution Studies on Strain and Doping of
Graphene Grown on a Copper Substrate Using Raman Spectroscopy. ACS Nano 2020, 14, 919-926. [CrossRef]
[PubMed]

Wu, ].-B.; Lin, M.-L.; Cong, X.; Liu, H.-N.; Tan, P-H. Raman spectroscopy of graphene-based materials and
its applications in related devices. Chem. Soc. Rev. 2018, 47, 1822-1873. [CrossRef] [PubMed]
Zeng,Y.;Lo,C.-L.; Zhang, S.; Chen, Z.; Marconnet, A. Dynamically tunable thermal transport in polycrystalline
graphene by strain engineering. Carbon 2020, 158, 63-68. [CrossRef]

Mohiuddin, T.M.G.; Lombardo, A.; Nair, R.R.; Bonetti, A.; Savini, G.; Jalil, R.; Bonini, N.; Basko, D.M.;
Galiotis, C.; Marzari, N.; et al. Uniaxial strain in graphene by Raman spectroscopy: G peak splitting,
Griineisen parameters, and sample orientation. Phys. Rev. B 2009, 79, 205433. [CrossRef]

Ni, ZH,; Yu, T,; Lu, Y.H.; Wang, Y.Y.; Feng, Y.P; Shen, Z.X. Uniaxial Strain on Graphene: Raman Spectroscopy
Study and Band-Gap Opening. ACS Nano 2008, 2, 2301-2305. [CrossRef]

Chugh, S.; Mehta, R.; Lu, N.; Dios, ED.; Kim, M.].; Chen, Z. Comparison of graphene growth on arbitrary
non-catalytic substrates using low-temperature. Carbon 2015, 93, 393-399. [CrossRef]

Merlen, A.; Buijnsters, J.; Pardanaud, C. A Guide to and Review of the Use of Multiwavelength Raman
Spectroscopy for Characterizing Defective Aromatic Carbon Solids: From Graphene to Amorphous Carbons.
Coatings 2017, 7, 153. [CrossRef]

Thomsen, C.; Reich, S. Double Resonant Raman Scattering in Graphite. Phys. Rev. Lett. 2000, 85, 5214-5217.
[CrossRef]

Zafar, Z.; Ni, ZH.; Wu, X,; Shi, Z.X.; Nan, H.Y,; Bai, J.; Sun, L.T. Evolution of Raman spectra in nitrogen
doped graphene. Carbon 2013, 61, 57. [CrossRef]

Soin, N.; Roy, S.S.; O'Kane, C.; McLaughlin, ].A.D.; Lim, T.H.; Hetherington, C.J.D. Exploring the fundamental
effects of deposition time on the microstructure of graphene nanoflakes by Raman scattering and X-ray
diffraction. Cryst. Engl. Commun. 2011, 13, 312-318. [CrossRef]

Ferrari, A.C.; Meyer, J.C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, E; Piscanec, S.; Jiang, D.;
Novoselov, K.S.; Roth, S.; et al. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 2006,
97,187401. [CrossRef] [PubMed]

Muiioz, R.; Munuera, C.; Martinez, ].I.; Azpeitia, J.; Gémez-Aleixandre, C.; Garcia-Hernandez, M.
Low temperature metal free growth of graphene on insulating substrates by plasma assisted chemical
vapor deposition. 2D Mater. 2017, 4, 015009. [CrossRef] [PubMed]

Xu, S.; Man, B; Jiang, S.; Yue, W.; Yang, C.; Liu, M.; Chen, C.; Zhang, C. Direct growth of graphene on quartz
substrates for label-free detection of adenosine triphosphate. Nanotechnology 2014, 25, 165702. [CrossRef]
[PubMed]

Zhou, L.; Fox, L.; Wlodek, M.; Islas, L.; Slastanova, A.; Robles, E.; Bikondo, O.; Harniman, R.; Fox, N.;
Cattelan, M.; et al. Surface structure of few layer graphene. Carbon 2018, 136, 255-261. [CrossRef]
Nemes-Incze, P.; Osvath, Z.; Kamaras, K.; Bir6, L.P. Anomalies in thickness measurements of graphene and
few layer graphite crystals by tapping mode atomic force microscopy. Carbon 2008, 46, 1435-1442. [CrossRef]
Yaxuan, Y.; Lingling, R.; Sitian, G.; Shi, L. Histogram method for reliable thickness measurements of graphene
films using atomic force microscopy (AFM). J. Mater. Sci. Technol. 2017, 33, 815-820. [CrossRef]

Shearer, C.J.; Slattery, A.D.; Stapleton, A.J.; Shapter, ].G.; Gibson, C.T. Accurate thickness measurement of
graphene. Nanotechnology 2016, 27, 125704. [CrossRef]

Kim, Y.S; Joo, K,; Jerng, S.-K,; Lee, ].H.; Yoon, E.; Chun, S.-H. Direct growth of patterned graphene on SiO,
substrates without the use of catalysts or Lithography. Nanoscale 2014, 6, 10100. [CrossRef]

Kalita, G.; Kayastha, M.S.; Uchida, H.; Wakita, K.; Umeno, M. Direct growth of nanographene films by
surface wave plasma chemical vapor deposition and their application in photovoltaic devices. RSC Adv.
2012, 2, 3225-3230. [CrossRef]

Chaitoglou, S.; Bertran, E. Effect of temperature on graphene grown by chemical vapor deposition. J. Mater. Sci.
2017, 52, 8348-8356. [CrossRef]


http://dx.doi.org/10.1038/ncomms9429
http://www.ncbi.nlm.nih.gov/pubmed/26416349
http://dx.doi.org/10.1021/acsnano.9b08205
http://www.ncbi.nlm.nih.gov/pubmed/31841304
http://dx.doi.org/10.1039/C6CS00915H
http://www.ncbi.nlm.nih.gov/pubmed/29368764
http://dx.doi.org/10.1016/j.carbon.2019.11.060
http://dx.doi.org/10.1103/PhysRevB.79.205433
http://dx.doi.org/10.1021/nn800459e
http://dx.doi.org/10.1016/j.carbon.2015.05.035
http://dx.doi.org/10.3390/coatings7100153
http://dx.doi.org/10.1103/PhysRevLett.85.5214
http://dx.doi.org/10.1016/j.carbon.2013.04.065
http://dx.doi.org/10.1039/C0CE00285B
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://www.ncbi.nlm.nih.gov/pubmed/17155573
http://dx.doi.org/10.1088/2053-1583/4/1/015009
http://www.ncbi.nlm.nih.gov/pubmed/28070341
http://dx.doi.org/10.1088/0957-4484/25/16/165702
http://www.ncbi.nlm.nih.gov/pubmed/24671026
http://dx.doi.org/10.1016/j.carbon.2018.04.089
http://dx.doi.org/10.1016/j.carbon.2008.06.022
http://dx.doi.org/10.1016/j.jmst.2016.07.020
http://dx.doi.org/10.1088/0957-4484/27/12/125704
http://dx.doi.org/10.1039/C4NR02001D
http://dx.doi.org/10.1039/c2ra01024k
http://dx.doi.org/10.1007/s10853-017-1054-1

Materials 2020, 13, 5630 16 of 16

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Scaparro, A.M.; Miseikis, V.; Coletti, C.; Notargiacomo, A.; Pea, M.; De Seta, M.; Di Gaspare, L. Investigating
the CVD Synthesis of Graphene on Ge(100): Toward Layer-by-Layer Growth. ACS Appl. Mater. Interfaces
2016, 8, 33083-33090. [CrossRef] [PubMed]

Kim, Y.S,; Lee, ].H.; Kim, Y.D.; Jerng, S.-K.; Joo, K.; Kim, E.; Jung, J.; Yoon, E.; Park, Y.D.; Seo, S.; et al. Methane
as an effective hydrogen source for single-layer graphene synthesis on Cu foil by plasma enhanced chemical
vapor deposition. Nanoscale 2013, 5, 1221-1226. [CrossRef]

Kaur, G.; Kavitha, K.; Lahiri, I. Transfer-Free Graphene Growth on Dielectric Substrates: A Review of the
Growth Mechanism. Crit. Rev. Solid State Mater. Sci. 2019, 44, 157-209. [CrossRef]

Park, H.J.; Meyer, ].; Roth, S.; Skdkalova, V. Growth and properties of few-layer graphene prepared by
chemical vapor deposition. Carbon 2010, 48, 1088-1094. [CrossRef]

Hug, D.; Zihlmann, S.; Rehmann, M.K,; Kalyoncu, Y.B.; Camenzind, T.N.; Marot, L.; Watanabe, K.;
Taniguchi, T.; Zumbiihl, D.M. Anisotropic etching of graphite and graphene in a remote hydrogen plasma.
NPJ 2D Mater. Appl. 2017, 1, 1-6. [CrossRef]

Kiraly, B.; Jacobberger, RM.; Mannix, A.].; Campbell, G.P.; Bedzyk, M.].; Arnold, M.S.; Hersam, M.C.;
Guisinger, N.P. Electronic and Mechanical Properties of Graphene—Germanium Interfaces Grown by
Chemical Vapor Deposition. Nano Lett. 2015, 15, 7414-7420. [CrossRef]

Ryu, S.; Liu, L.; Berciaud, S.; Yu, Y.-J.; Liu, H.; Kim, P,; Flynn, G.W.,; Brus, L.E. Atmospheric Oxygen Binding
and Hole Doping in Deformed Graphene on a SiO; Substrate. Nano Lett. 2010, 10, 4944—4951. [CrossRef]
Casiraghi, C.; Pisana, S.; Novoselov, K.S.; Geim, A K; Ferrari, A.C. Raman fingerprint of charged impurities
in graphene. Appl. Phys. Lett. 2007, 91, 233108. [CrossRef]

Kolesov, E.A.; Tivanov, M.S.; Korolik, O.V.; Kapitanova, O.O.; Fu, X.; Cho, H.D.; Kang, TW.; Panin, G.N.
The effect of atmospheric doping on pressure-dependent Raman scattering in supported graphene.
Beilstein ]. Nanotechnol. 2018, 9, 704-710. [CrossRef] [PubMed]

Goniszewski, S.; Adabi, M.; Shaforost, O.; Hanham, S.M.; Hao, L.; Klein, N. Correlation of p-doping in CVD
Graphene with Substrate Surface Charges. Sci. Rep. 2016, 6, 22858. [CrossRef] [PubMed]

Eriksson, J.; Puglisi, D.; Vasiliauskas, R.; Lloyd Spetz, A.; Yakimova, R. Thickness uniformity and electron
doping in epitaxial graphene on SiC. Mater. Sci. Forum 2013, 740, 153-156. [CrossRef]

Jee, H.-g.; Jin, K.-H.; Han, ].-H.; Hwang, H.-N; Jhi, S.-H.; Kim, Y.D.; Hwang, C.-C. Controlling the self-doping
of epitaxial graphene on SiC via Ar ion treatment. Phys. Rev. B 2011, 84, 075457. [CrossRef]

Banszerus, L.; Janssen, H.; Otto, M.; Epping, A.; Taniguchi, T.; Watanabe, K.; Beschoten, B.; Neumaier, D.;
Stampfer, C. Identifying suitable substrates for high-quality graphene-based heterostructures. 2D Mater.
2017, 4, 025030. [CrossRef]

Kang, Y.-J.; Kang, J.; Chang, K.J. Electronic structure of graphene and doping effect on SiO,. Phys. Rev. B.
2008, 78, 115404. [CrossRef]

Armano, A.; Buscarino, G.; Cannas, M.; Gelardi, EM.; Giannazzo, F,; Schiliro, E.; Lo Nigro, R.; Agnello, S.
Graphene-5i0, Interaction from Composites to Doping. Phys. Status Solidif. 2019, 216, 1800540. [CrossRef]
Barbosa, A.N.; Ptak, F.; Mendoza, C.D.; Maia da Costa, M.E.H.; Freire, FEL., Jr. Direct synthesis of bilayer
graphene on silicon dioxide substrates. Diam. Relat. Mater. 2019, 95, 71-76. [CrossRef]

Chen, Z; Qi, Y.; Chen, X.; Zhang, Y.; Liu, Z. Direct CVD Growth of Graphene on Traditional Glass: Methods
and Mechanisms. Adv. Mater. 2018, 31, 1803639. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acsami.6b11701
http://www.ncbi.nlm.nih.gov/pubmed/27934132
http://dx.doi.org/10.1039/c2nr33034b
http://dx.doi.org/10.1080/10408436.2018.1433630
http://dx.doi.org/10.1016/j.carbon.2009.11.030
http://dx.doi.org/10.1038/s41699-017-0021-7
http://dx.doi.org/10.1021/acs.nanolett.5b02833
http://dx.doi.org/10.1021/nl1029607
http://dx.doi.org/10.1063/1.2818692
http://dx.doi.org/10.3762/bjnano.9.65
http://www.ncbi.nlm.nih.gov/pubmed/29527444
http://dx.doi.org/10.1038/srep22858
http://www.ncbi.nlm.nih.gov/pubmed/26956096
http://dx.doi.org/10.4028/www.scientific.net/MSF.740-742.153
http://dx.doi.org/10.1103/PhysRevB.84.075457
http://dx.doi.org/10.1088/2053-1583/aa5b0f
http://dx.doi.org/10.1103/PhysRevB.78.115404
http://dx.doi.org/10.1002/pssa.201800540
http://dx.doi.org/10.1016/j.diamond.2019.04.006
http://dx.doi.org/10.1002/adma.201803639
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Raman Spectra of Directly Synthesized Graphene 
	Effect of Synthesis Conditions and Enclosure Design on the Graphene Structure 
	The Number of Graphene Layers and Defect Density 
	Dopant Density and Stress 
	AFM Study 

	Discussion 
	Effect of the Deposition Conditions. Comparison with Results Reported Elsewhere 
	Effect of the Deposition Conditions. Physical and Chemical Phenomena Involved 
	Effect of Protective Enclosure Design 
	Mechanisms Responsible to the N-Type Self Doping of Graphene and Induction of Compressive Stress 

	Conclusions 
	References

