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Abstract

Graphene was directly grown on SiO2/Si substrates using microwave plasma-enhanced
chemical vapor deposition (PECVD) to investigate how synthesis-driven variations in struc-
ture and doping influence carrier transport. The effects of synthesis temperature, plasma
power, deposition time, gas flow, and pressure on graphene’s structure and electronic
properties were systematically studied. Raman spectroscopy revealed non-monotonic
changes in layer number, defect density, and doping levels, reflecting the complex interplay
between growth, etching, and self-doping mechanisms. The surface morphology and
conductivity were assessed by atomic force microscopy (AFM). Charge carrier mobility,
extracted from graphene-based field-effect transistors, showed strong correlations with
Raman features, including the intensity ratios and positions of the Two-dimension (2D)
and G peaks. Importantly, mobility did not correlate with defect density but was linked
to reduced self-doping and a weaker graphene–substrate interaction rather than intrin-
sic structural disorder. These findings suggest that charge transport in PECVD-grown
graphene is predominantly limited by interfacial and doping effects. This study offers
valuable insights into the synthesis–structure–property relationship, which is crucial for
optimizing graphene for electronic and sensing applications.

Keywords: direct synthesis of graphene; FET; PECVD; Raman; self-doping; mobility

1. Introduction
Graphene is a 2D carbon allotrope with a highly ordered hexagonal architecture [1].

Its remarkable electronic, optical, and mechanical characteristics, including exceptionally
high carrier mobility [1], easily adjustable electrical properties [1–4], and Young’s modulus
approaching 1 TPa [5], have established graphene as a highly versatile material for a wide
range of electronic and sensing applications [6–12].

Conventional synthesis approaches, such as mechanical exfoliation and catalytic CVD
with metal transfer, can yield high-quality graphene layers but suffer from scalability,
contamination, and integration challenges [13–15].

A different strategy for graphene fabrication involves growing it directly on dielectric
or semiconducting surfaces via plasma-enhanced chemical vapor deposition (PECVD).
This method eliminates the need for metal catalysts and avoids the post-growth trans-
fer step, thereby reducing related processing challenges. It also offers enhanced control
over graphene morphology and doping, helping to preserve the material’s inherent elec-
tronic properties, which is crucial for biosensing and electronic device applications [16–18].
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Although direct graphene synthesis on dielectric substrates presents clear advantages
over transferred graphene, systematic studies explicitly linking synthesis conditions,
graphene structure, doping mechanisms, and resulting electronic properties, particularly
for graphene-based FET applications, remain limited. Importantly, most prior studies have
reported only one charge carrier mobility value for directly synthesized graphene, typically
grown using a single set of conditions, without systematically exploring the effects of
deposition parameters, graphene structure and self-doping, i.e., unintentional graphene
doping arising from interactions with the substrate and/or surface adsorbates [19–22].

In this study, we investigated the direct synthesis of graphene on SiO2 films grown by
thermal oxidation using microwave plasma-enhanced chemical vapor deposition (PECVD),
with a focus on the relationship between synthesis conditions, graphene structure, and
charge transport behavior. Although PECVD is a promising route for scalable, transfer-free
graphene growth, factors limiting charge carrier transport in graphene remain insufficiently
understood. Directly synthesized graphene is usually nanocrystalline and contains nu-
merous grain boundary defects. These defects are widely believed to limit its electronic
performance. However, this assumption remains insufficiently examined in the context of
graphene films directly grown on dielectric substrates. Notably, our results demonstrate
that substrate-induced self-doping, rather than structural defects, is the dominant factor
limiting charge transport in PECVD-grown graphene. These insights offer a deeper un-
derstanding of the mobility–defect paradox and highlight the importance of controlling
doping and substrate interactions when optimizing graphene for device applications.

2. Materials and Methods
Experiments were conducted on silicon substrates coated with a 300 nm SiO2 layer,

grown by thermal oxidation of single-crystal Si(100) wafers (Sil’tronix, Archamps, France).
Graphene was synthesized using the Cyrannus microwave PECVD system (Iplas GmbH,
Troisdorf, Germany). More details on the microwave plasma source used are provided
in [23–26]. The microwave plasma frequency was 2.45 GHz. The unit was equipped by
the manufacturer with a mechanical pump DUO5M (Pfeiffer, Vantaa, Finland) and an
automatic pressure control valve. The base pressure was ~2·10−2 mBar. Graphene was
grown using a gas mixture of methane (CH4) and hydrogen (H2).

No wet chemical cleaning was performed; substrates were pretreated with hydrogen
plasma. Plasma pretreatment was carried out at 1 kW power, 700 ◦C, 200 sccm H2 flow, and
10 mBar pressure for 10 min. After pretreatment, methane flow was initiated, and hydrogen
flow was reduced to commence graphene deposition. To prevent direct plasma exposure
and unwanted etching, a non-magnetic steel enclosure was employed. All experiments
used an H2 to CH4 flow ratio of 3:1, following our previous research [27,28]. In most cases,
gas flows were set to 75 sccm H2 and 25 sccm CH4. In one test, the gas flow was doubled
to 150 sccm H2 and 50 sccm CH4 to study the effects of precursor supply. The growth
temperature ranged from 650 ◦C to 800 ◦C, with plasma power set between 0.7 kW and
1.0 kW. Deposition pressure varied from 5 mbar to 30 mbar. Growth durations ranged from
40 to 100 min, with 60 min used most frequently. Synthesis parameters are summarized in
Table 1.

To study the electrical properties of the samples, graphene-based field-effect transistors
were fabricated. The electrodes consisted of Cr- and Cu-based bilayers deposited on
the graphene by thermal evaporation through the mask. Dimensions of each contact
were 1.6 mm × 0.4 mm, and the distance between the neighboring contacts was 0.4 mm
(Figure S1). A back-gate contact was created by chemically etching the SiO2 from the back of
the sample to expose the Si surface and depositing an Al film by electron beam evaporation.
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Table 1. Summary of the parameters used during the synthesis.

No. T (◦C) P (kW) H2 (sccm) CH4 (sccm) p (mBar) t (min)

1 700 0.7 75 25 10 60
2 700 0.7 75 25 20 60
3 700 0.7 75 25 30 60
4 700 0.7 75 25 25 60
5 700 0.7 75 25 5 60
6 700 0.8 75 25 10 60
7 700 0.9 75 25 10 60
8 700 1 75 25 10 60
9 650 0.7 75 25 10 60

10 750 0.7 75 25 10 60
11 800 0.7 75 25 10 60
12 700 0.7 150 50 10 60
13 700 0.7 75 25 10 40
14 700 0.7 75 25 10 80
15 700 0.7 75 25 10 100

The structural properties of the graphene samples were analyzed using a Renishaw
inVia Raman spectrometer (Renishaw, Wotton-under-Edge, UK), with excitation provided
by a 532 nm laser. Peak deconvolution of the recorded Raman spectra was carried out
using XPSPeak 4.1 software. Lorentzian functions were employed to fit the D, G, D’, and
2D bands. The Raman spectra were measured at five points of each sample. Average values
of the key Raman spectral parameters are provided in Table S1, while descriptions of these
parameters can be found in Table S2.

Atomic force microscopy (AFM) was used for surface morphology and contact current
investigations (NanoWizard®3, Bruker Nano GmbH, Berlin, Germany). AFM measure-
ments were carried out based on previous research [27]. Notably, an ANSCM-PT silicon tip
probe with a Pt/Ir film of 25 ± 5 nm thickness (App-Nano, Mountain View, CA, USA) was
used. The tetrahedral tip probe had a spring constant of 1.6 N/m, a radius of curvature
(ROC) of 30 nm, a height of 14–16 µm, a scan frequency of 61 kHz, and the applied load
was 4 nN. The bias amplitude used for conductivity mapping was ±10 mV. The AFM
measurements were carried out in at least three different locations within the sample. A
representative image was selected for further analysis.

Electrical properties were studied using a picoammeter/voltage source, a Keithley
6487, to measure the characteristics of the ten FETs in each sample. The average mobility
value and standard deviation were calculated to quantify the variability in the electrical
properties. This statistical analysis ensured that the reported trends reflect reproducible
differences between synthesis conditions rather than random device-to-device variations.
The electrodes at the top of graphene were used as source and drain contacts. The common
bottom contact was used as a gate electrode.

The direct transconductance method was used to calculate charge carrier mobilities [29]:

µ = gm
L

WVdsCg
(1)

where gm = dIds/dVg is the transconductance, Ids is the drain–source current, Vg is the gate
voltage, L and W are the channel length and width, respectively, Vds is the voltage between
drain and source electrodes, and Cg is the gate capacitance. The gate capacitance was
estimated using the equation Cg = εε0/tox. Here, the thermal silicon dioxide dielectric
permittivity (ε) was 3.9 [30], the oxide layer thickness (tox) was 300 nm, and the ε0 was
the vacuum permittivity. The drain–source voltage (Vds) was set to 0.2 V, as previously
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suggested [31]. Mobility values were extracted using the direct transconductance method,
which inherently includes any contribution from the graphene/metal contact resistance.
Since all devices were fabricated with identical geometry and contact metallization, this
contribution is expected to be similar across samples, allowing for a reliable comparison
of mobility trends. Typical transfer curves used for mobility estimation are presented in
Figure S2.

3. Results and Discussion
3.1. Synthesis Conditions Effects on Graphene Structure

The Raman scattering spectra of the samples are presented in Figure 1. The G and
2D peaks are typical for graphene. The defect-related D peak is visible. Additionally, the
D’ peak, another indicator of graphene defects, was observed as a shoulder of the G peak.
A substrate-induced peak found in the 940–990 cm−1 range is related to the two-phonon
overtones [32]. The most intense substrate-associated peak, attributed to the optical phonon
vibrations [32], was observed at ~520 cm−1.

 

Figure 1. Typical Raman scattering spectra of the graphene. Number in the top right of each Raman
spectrum corresponds to sample number.
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It is evident that increasing the synthesis temperature and duration reduces the number
of graphene layers, as indicated by the rise in the I(2D)/I(G) intensity ratio (Figure 2). The
I(D)/I(G) intensity ratio of graphene also increases with extended growth time (Figure 2)
and higher methane flow rates (Figure S3). The peak (G) shifts to the lower wavenumber
with increased deposition time. Additionally, the tendency of Pos(G) to downshift with
increasing synthesis power and temperature is evident. In contrast, Pos(2D) upshifts with
graphene growth power, temperature, and time. A non-monotonic dependence of Pos(2D)
on synthesis pressure can be seen in Figure S4. A downshift of Pos(2D) was observed
at pressures below 10 mBar and above 20 mBar. At the same time, the I(2D)/I(G) ratio
decreases, and Pos(G) shifts upward with increasing process pressure (Figure S4).

The ratio of the D to D′ peak intensities (I(D)/I(D′)) shows a non-monotonic depen-
dence on the synthesis parameters (Figure S5). The I(D)/I(D′) values indicate that the main
defects are boundary defects or a combination of boundary and on-site defects, typically as-
sociated with hydrogen bonding to graphene (see Table S2 and Figure S5). This observation
is consistent with the nanocrystalline structure of directly synthesized graphene [32]. Such
features are common for graphene grown on semiconducting or dielectric substrates, unless
specific substrates, such as hexagonal boron nitride, are chosen or a prolonged, complex
two-step growth method is used [32]. The results presented in Figure S5 demonstrate the
complex interactions between the dissociation of reactive species, graphene nanocrystal
growth, C–H bond incorporation, hydrogen adsorption, and graphene etching during
PECVD synthesis.

 

Figure 2. I(2D)/I(G) (red) (a,e,i), I(D)/I(G) (orange) (b,f,j), Pos(2D) (violet) (c,g,k) and Pos(G) (blue)
(d,h,l) dependence on graphene synthesis power (circles) (a–d), temperature (triangles) (e–h) and
time (diamonds) (i–l). Error bars correspond to Raman parameters dispersion observed within the
same graphene specimen. Dashed lines are a guide for the eye.

3.2. Raman Spectroscopy and AFM Results

Surface topography and local electrical conductivity of selected samples were charac-
terized using conductive atomic force microscopy (C-AFM). AFM analysis of the pristine
SiO2/Si substrate confirmed its ultra-smooth surface morphology, as shown in Figure
S6. To assess the morphology, the maximum height of graphene surface features (Z) was
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recorded. The apparent thickness of the graphene, which correlates with the number of
layers, was approximated both from AFM measurements and evaluation of the intensity
ratio of the 2D and G peaks in the Raman spectra, according to the methodologies in [33]
and [34], respectively. Figure 3 illustrates that the Raman-based 2D-to-G peak ratio varies
non-monotonically with feature height. Initially, the ratio decreases as the feature height
increases, suggesting a higher number of graphene layers, as determined by both Raman
analysis and surface profiling. However, at higher feature heights, the I(2D)/I(G) ratio
shows an upward trend. This can be explained by the presence of non-planar graphene
areas similar to those reported in [28]. These non-planar features are clearly visible in the
AFM micrographs (Figure 4). The graphene surface conductivity increases markedly with
the graphene feature height, indicating its dependence on the presence of non-planar flakes
and the number of graphene layers (Figure 3b).

 

Figure 3. I(2D)/I(G) vs. maximum graphene feature height (red) and maximum current measured by
conductivity probe vs. maximum graphene feature height plots (black) (a); graphene layer number
estimated using I(2D)/I(G) ratio vs. graphene layer number estimated using AFM measurement
results (b). Dashed lines are visual trends.

The graphene layer number was estimated using two methods. First, graphene thick-
ness was estimated from AFM topography using a monolayer thickness of 0.41 nm, as
reported in [34]. Second, the layer number was determined using the I(2D)/I(G) ratio, as
proposed in [33]. While both methods provided generally consistent trends, direct numer-
ical agreement was not always observed. Raman-based estimates sometimes indicated
higher layer numbers than AFM-derived values. This may be influenced by factors other
than actual thickness. For instance, local variations in doping can significantly modify
the I(2D)/I(G) ratio, leading to apparent discrepancies between the two methods [35].
Furthermore, the AFM-derived thickness may be overestimated in the presence of the
non-planar graphene features [28], as the tip follows the surface topography rather than
the actual layer thickness, reducing the precision of absolute values for ultrathin films.
Therefore, AFM and Raman results should be regarded as complementary indicators rather
than direct substitutes for determining the layer number.

Overall, the combined AFM and Raman analysis revealed that graphene morphology,
layer number, and surface conductivity are closely interrelated, with non-planarity and
doping effects contributing to variations in its structural and electronic properties.
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Figure 4. Typical graphene AFM and conductive AFM images. The sample synthesis (plasma power,
0.7 kW) conditions: (a) hydrogen flow, 75 sccm; methane flow, 25 sccm; pressure, 10 sccm; synthesis
temperature, 700 ◦C; growth time, 60 min; (b) hydrogen flow, 75 sccm; methane flow, 25 sccm;
pressure, 10 sccm; synthesis temperature, 650 ◦C; growth time, 60 min; (c) hydrogen flow, 150 sccm;
methane flow, 50 sccm; pressure, 10 mBar; temperature, 700 ◦C; time, 60 min; (d) hydrogen flow,
75 sccm; methane flow, 25 sccm; pressure, 10 mBar; temperature, 700 ◦C; time, 40 min.

3.3. Synthesis Conditions Effects on Graphene Electrical Properties

The effects of deposition conditions on graphene mobility were investigated. Mobility
was found to generally increase with synthesis power, temperature, and time (Figure 5),
although a slight decrease occurred at the highest temperature (800 ◦C) and longest growth
time (100 min). This deviation from the main trend is discussed in Section 3.4. An increase
in methane flow from 25 to 50 sccm also promoted the growth of the graphene, resulting
in higher charge carrier mobility (Figure S7). The results show that the work pressure
must be carefully adjusted to raise mobility (Figure S7). At shorter graphene synthesis
times, the charge carrier mobility was substantially lower. These results demonstrate
that graphene charge carrier mobility is highly sensitive to deposition conditions, with
optimal mobility achieved through careful tuning of synthesis power, temperature, gas
flow, pressure, and time.

It is also worth noting that the charge carrier mobility values reported in this research
(3–30 cm2 V−1 s−1) are lower than those in some previous studies on directly synthesized
graphene, mainly due to the larger FET channel dimensions used here. For example,
mobilities of 147 cm2 V−1 s−1 and 707 cm2 V−1 s−1 were reported for directly grown
graphene FETs with channel sizes of 20 × 30 µm [21] and 10 µm × 10 µm [20], respectively.
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Such FET geometry effects have also been observed for transferred graphene grown by
CVD on a catalytic foil: a six-fold mobility increase occurred when the channel width was
narrowed from 20.7 µm to a few micrometers [36]. It should be noted that the CVD graphene
transferred onto the SiO2 typically shows higher mobilities, e.g., ~1350 cm2 V−1 s−1 [37],
700–3000 cm2 V−1 s−1 [38], and 1000–6000 cm2 V−1 s−1 [39], although values as low as
89 cm2 V−1 s−1 have also been reported [40]. Larger channels are more susceptible to
extrinsic scattering from charged impurities and surface inhomogeneities (see Section 3.4),
which degrades the effective mobility [36]. In the present study, we chose large-channel,
lithography-free FETs to minimize resist contamination and enable fast, high-throughput
fabrication across various synthesis conditions. Reducing channel size in future devices
could substantially increase mobility values.

 

Figure 5. Charge carrier mobility dependence on graphene synthesis power (a), temperature (b) and
time (c). Error bars correspond to Raman parameters dispersion observed within the same graphene
specimen. Dashed lines are a guide for the eye.

3.4. Charge Carrier Mobility in Graphene and Raman Scattering Spectra Parameters

The relationship between graphene charge carrier mobility and Raman scattering
parameters was investigated to elucidate how synthesis conditions influence electronic
properties. Additional regression analysis of mobility against defect-sensitive Raman
ratios (I(D)/I(G) and I(D)/I(D′)) revealed no significant correlation with defect density or
prevailing defect type (Figure S8). This indicates that factors other than structural defects
govern mobility behavior. An increase in mobility was associated with a higher I(2D)/I(G)
ratio, a Pos(2D) upshift, and a Pos(G) downshift (Figure 6). Additionally, the combination
of a Pos(2D) downshift with a Pos(G) upshift (Figure S9) is characteristic of n-type doping
in graphene, where higher doping levels promote the Pos(2D) downshift [35,41]. In this



Nanomaterials 2025, 15, 1315 9 of 16

work, the n-type doping is attributed to unintentional self-doping arising from interactions
with the underlying substrate [27,28]. Such substrate-induced doping occurs when charged
impurities at the interface transfer electrons to the graphene, shifting its Fermi level and
altering its Raman spectral features [27,28]. These impurities act as long-range Coulomb
scattering centers, impairing carrier transport in the two-dimensional lattice and thereby
lowering mobility [42]. Overall, the results indicate that substrate-induced self-doping,
rather than intrinsic defect scattering, is the primary factor limiting mobility in the directly
grown graphene samples.

 

Figure 6. Charge carrier mobility dependence on graphene Raman scattering spectra parameters:
I(2D)/I(G) ratio (a), Pos(G) (b), Pos(2D) (c). Shaded area corresponds to a 95% confidence bound.
Squares with dot in colors in figures are experimental data.

Beyond charge transfer, shifts in Pos(G) and Pos(2D) also reflect a strain component.
The Pos(G) and Pos(2D) values are upshifted compared to typical values for undoped
and unstrained graphene (Figure S9), indicating the presence of compressive stress in
all graphene samples studied. The slope of the Pos(2D) vs. Pos(G) plot is steeper than
expected from pure doping effects (Figure S9), suggesting a combined influence of doping
and strain. According to [43], this can be explained by a reduction in compressive stress,
combined with increased graphene self-doping. In our samples, such strain differences
likely arise from partial detachment of graphene flakes (wrinkles/vertical flakes) due to
partial relaxation of the thermal compressive strain [28,44,45] and simultaneous weakening
of electrostatic coupling to the substrate [28]. The presence of non-planar graphene in
our samples, as revealed by AFM (Figures 3 and 4), supports this interpretation. This
strain–doping coupling provides a consistent link between the Raman trends and the
mobility changes discussed below [43,46].
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The decrease in mobility with increasing graphene layer number observed in the
present study initially aligns with prior studies [22,39,47], which attributed this trend
primarily to interlayer scattering. However, an increase in graphene’s n-type self-doping
with increasing thickness is also observed in our data, as indicated by the Pos(G) downshift
and Pos(2D) upshift with the I(2D)/I(G) ratio (Figure S10). Therefore, although interlayer
scattering explains part of the mobility trend, additional mechanisms must be involved.
The charge transfer from the substrate is strongest for layers closest to the interface and
decreases with distance [48]. At the same time, the total capacitance of a multilayer system
increases with the number of layers [41]. This larger capacitance corresponds to a higher
total density of states [41], enabling the graphene stack to accommodate more transferred
charge carriers. In monolayer graphene, the limited density of states near the Dirac point
restricts the amount of charge that can be induced [41]. In contrast, in thicker stacks, the
injected charge is distributed among more layers, allowing the total doping level to increase,
even though the per-layer doping in the uppermost sheets may be lower.

It should be noted that in [37], graphene synthesized via chemical vapor deposition
(CVD) and subsequently transferred onto SiO2 substrates exhibited decreased mobility
with increasing defect density. This was attributed to graphene–SiO2 coupling due to
defects, which caused a significant rise in charged impurity scattering and a corresponding
reduction in mobility [49]. In contrast, directly grown nanocrystalline graphene with
a high defect density exhibited substantially higher charge carrier mobility compared
to transferred graphene containing few defects [40]. This discrepancy underscores the
dominant influence of substrate interactions and doping over defect-related effects.

A decrease in graphene’s mobility with increasing charged impurity density has been
reported in numerous studies [50]. As shown in [51], charge carrier mobility in graphene on
SiO2 is primarily determined by charge-donating impurities from the substrate. Charged
impurities located near the graphene layer can severely impair carrier mobility by inducing
long-range Coulomb scattering, which disrupts electron and hole transport within the
two-dimensional lattice [42]. Therefore, CVD graphene films transferred to substrates with
minimal charged impurities exhibit higher carrier mobility [38].

Our experimental data also showed that mobility increased with synthesis temperature
and time (Figure 5), while the graphene layer number decreased, as indicated by the
I(2D)/I(G) analysis (Figures 2 and 6). This trend is attributed to competing mechanisms,
where hydrogen etching dominates at extended durations and increased carbon desorption
occurs at high temperatures [52]. The synthesis–structure–mobility relationship described
above is summarized in Figure 7.

Graphene self-doping reduction with increasing temperature and time may also be
linked to thermal stress-induced partial detachment of graphene flakes from the sub-
strate [44,45] (Figure 8). Plasma power-induced self-doping suppression is consistent with
previous observations of ion bombardment and electric field effects [53,54]. As reported
earlier [28], higher synthesis power, longer growth time, and elevated temperature also
promote the formation of the vertical graphene structures, which may increase graphene
substrate separation and reduce doping [55]. However, this effect comes at the cost of
greater non-planarity and defect formation, such as wrinkles and vertical flakes, which can
introduce additional scattering centers and thereby degrade mobility [56].

Pressure effects can be explained by the competition between two processes. Increased
pressure reduces the plasma power density per molecule, resulting in a lower dissociation
rate and a subsequent decline in the flow of carbon-containing active species and hydrogen
atoms [43]. At the same time, it shortens electron mean-free paths and lowers electron
temperatures [44]. These factors decrease the gas ionization rate and ion bombardment [44].
Notably, the increase in graphene layer number with process pressure can be explained
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by the reduced gas ionization [44], resulting in lower ion etching. The non-monotonic
behavior of Pos(2D) with pressure likely stems from the interplay of the aforementioned
layer number changes and the promotion or suppression of graphene detachment due to
altered ion bombardment, as suggested in [44]. Such changes can impact strain and doping
levels, shifting Pos(2D) in opposite directions at different pressure ranges and producing
the observed trend.

Figure 7. The relationship between the graphene synthesis conditions, graphene structural features
and charge carrier mobility in graphene.

 

Figure 8. Influence of doping, thickness, defect density or type, and interface effects (substrate
engineering) on charge carrier mobility in graphene.
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Thus, while instructive, self-doping suppression through partial detachment is not
ideal for applications requiring high structural quality. Substrate engineering offers a
promising pathway to address this trade-off. Replacing SiO2 with hexagonal boron nitride
(h-BN) can significantly reduce charged impurity scattering and enhance mobility [57].
Alternatively, modifying SiO2 surface polarity—Si-polar surfaces promoting n-type dop-
ing and O-polar favoring p-type or neutral doping—can tailor graphene’s behavior [58].
Surface treatments, such as hydrogen plasma exposure, controlled annealing, or chemical
passivation, may help minimize doping effects while preserving graphene quality.

Altogether, our findings indicate that in directly synthesized graphene, substrate-
induced doping and interfacial effects are the dominant factors influencing charge carrier
mobility, whereas intrinsic defects play a secondary role. Careful control of synthesis
parameters, together with substrate engineering, is essential to achieve high-mobility
graphene for advanced device applications.

4. Conclusions
In conclusion, graphene was successfully synthesized directly on thermally oxidized

SiO2 using microwave PECVD without the need for transfer or catalytic layers. Raman
spectroscopy analysis revealed that the graphene structure and doping levels are suscep-
tible to synthesis conditions. The number of graphene layers and defect-related Raman
features showed clear correlations with growth time, plasma power, and methane con-
centration, indicating a balance between carbon supply, etching, and ion bombardment
effects. It was found that increased surface roughness correlates with variations in layer
number and vertical graphene formation, which in turn affects surface conductivity. Carrier
mobility, extracted from graphene FET electrical characteristic measurements, exhibited
a strong dependence on Raman parameters such as I(2D)/I(G), Pos(G), and Pos(2D). De-
spite the presence of grain boundary defects typical of directly grown nanocrystalline
graphene, the dominant factor limiting mobility was identified as substrate-induced self-
doping, influenced by graphene–SiO2 interactions. Increased mobility was observed under
conditions that reduced this interaction, likely due to partial delamination or vertical
growth. These findings emphasize that optimizing graphene electronic properties via
PECVD requires structural control and careful management of substrate-induced doping.
Substrate engineering and doping mitigation strategies may further enhance performance
in device applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano15171315/s1, Table S1: Graphene Raman scattering spectra
parameters (average values); Figure S1: Top view of the sample. D refers to the drain and S refers
to the source; Table S2: The dependence of the graphene Raman scattering spectra parameters on
the graphene layers number, stress, doping and defects; Figure S2: Typical transfer curves of the
graphene-based FETs used for estimation of the mobility. Graphene‘s synthesis conditions were
1—synthesis temperature 700 ◦C, plasma power 0.7 kW, H2 flow 75 sccm, CH4 flow 25 sccm, pressure
10 mBar, growth time 60 min; 7—synthesis temperature 700 ◦C, plasma power 0.9 kW, H2 flow
75 sccm, CH4 flow 25 sccm, pressure 10 mBar, growth time 60 min; 10—synthesis temperature
750 ◦C, plasma power 0.7 kW, H2 flow 75 sccm, CH4 flow 25 sccm, pressure 10 mBar, growth time
60 min; 14—synthesis temperature 700 ◦C, plasma power 0.7 kW, H2 flow 75 sccm, CH4 flow 25 sccm,
pressure 10 mBar, growth time 80 min; Figure S3: I(D)/I(G) ratio (a), I(2D)/I(G) ratio (b), Pos(G) (c)
and Pos(2D) vs. methane gas flow (d); Figure S4: I(2D)/I(G) ratio (a), I(D)/I(G) ratio (b), Pos(G) (c)
and Pos(2D) (d) vs. work pressure. Error bars correspond to Raman parameter dispersion observed
within the same graphene specimen; Figure S5: I(D)/I(D‘) ratio vs. plasma power (a), deposition
time (b), synthesis temperature (c), methane gas flow (d). Error bars correspond to Raman parameter
dispersion observed within the same graphene specimen; Figure S6: AFM image of the pristine
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SiO2 surface; Figure S7: Charge carrier mobility vs. work pressure (a) and methane gas flow (b).
Error bars correspond to Raman parameter dispersion observed within the same graphene specimen;
Figure S8: Mobility vs. I(D)/I(G) (a) and I(D)/I(D’) (b) ratios. Error bars correspond to Raman
parameter dispersion observed within the same graphene specimen. The estimated R2 values are
significantly below the weak dependence threshold (0.25), and the p-values are much higher than 0.05
threshold of statistical significance. These results suggest that the presence and type of defects are not
the major contributors to mobility; Figure S9: Pos(2D) vs. Pos(G) plots. Shaded area in the bottom
picture corresponds to a 95% confidence bound; Figure S10: Pos(G) vs. I(2D)/I(G) (a) and Pos(2D) vs.
I(2D)/I(G) (b). Shaded area corresponds to a 95% confidence bound. References [33,43,59–74] are
cited in the supplementary materials.
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