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Abstract

A homemade Plasma-Enhanced Chemical Vapor Deposition (PECVD) system was developed to synthesize a graphene-diamond hybrid material
using Radio Frequency Capacitively Coupled Plasma (RF-CCP) under high-pressure discharge conditions. This study stands out by operating
RF-CCP at elevated pressures (200 and 700 mbar), an unconventional regime for this type of plasma, leading to unique dynamics in methane
dissociation and reactive species formation. Optical Emission Spectroscopy (OES) identified key plasma species and predicted critical chemical
pathways governing hybrid material growth. The high-energy plasma environment effectively dissociated methane, breaking its strong
molecular bonds and generating reactive species such as CH and C», which facilitated the simultaneous deposition of sp?-hybridized graphene
and sp3-hybridized diamond structures.

This study demonstrates the synthesis of a graphene-diamond hybrid material using RF-CCP at high pressure, Enabling precise control over its
formation. Structural characterization via X-ray Diffraction (XRD), Raman spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR),
and Transmission Electron Microscopy (TEM) confirmed the coexistence of graphene and diamond phases. The findings suggest that CH and
C: species played a crucial role in material formation, offering a new strategy for designing hybrid carbon materials.

Keywords: Graphene-diamond hybrid; Optical emission Spectroscopy; Plasma-Enhanced Chemical Vapor Deposition; Plasma chemistry;
Raman spectroscopy.

1. Introduction

The synthesis of carbon-based materials, such as carbon nanomaterial, diamond, graphene, graphene oxide, and hybrid
material has gained more attention due to their potential for a wide range of industrial and medical applications[1]. Among those
materials' graphene, a single layer of carbon atoms arranged in a honeycomb lattice has garnered the most attention due to its
diverse range of potential industrial applications. Its exceptional electrical and optical properties, such as atomic thickness,
outstanding electrical and thermal conductivity, charge carrier mobility, superior chemical stability, high aspect ratio, and sharp
edges, render it a promising material for various applications, including field electron emission and others[2,3]. In contrast,
diamond boasts exceptional properties, including low compressibility, high thermal conductivity, and high strength, this makes
it an ideal material for intense applications, including cutting tools, electronic devices, and magnetic disk coatings. [4].
Graphene-diamond hybrids have been attracting researcher's interest. Experiments have shown that adding diamonds to
graphene converts graphene into a semiconductor with a finite band gap and stimulates the formation of electronic spin [5,6] .
In addition, diamond is an ideal material to combine with graphene due to its high mechanicals' strength, efficient heat removal,
and high optical phonon energy. These properties allow graphene-diamond hybrids to withstand extreme operating conditions
without degrading the main characteristics of graphene, such as its linear band dispersion [7]. Graphene-diamond hybrids are
promising for high-performance electronic applications in extreme conditions, particularly in the aerospace and defence
industries. By hybridizing diamond with graphene, a groundbreaking approach to diamond electronics emerges. This process
leverages the unique strengths of both materials, combining graphene's exceptional electronic mobility and mechanical strength
with diamond's superior thermal conductivity and robustness. As a result, advanced electronic devices can be developed to
operate reliably under extreme conditions. These breakthroughs highlight the need for continued research into synthesizing and
applying graphene-diamond hybrid materials, paving the way for a future where these materials revolutionize the next
generation of electronic technologies[8,9].
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Graphene, diamond film, and graphene-diamond hybrid film are synthesized using thermal chemical vapor deposition
(CVD)[10,11]. In CVD, a substrate (copper) induced is exposed to high temperature (~1000 °C) to enable thermal
decomposition of hydrocarbon gaseous precursors such as CH4 or C2H2 mixing mostly with Hz, or Ar-Hz This process results
in the deposition of the desired product on the substrate surface. However, high-temperature deposition is often impractical or
undesirable for certain applications. Plasma-enhanced chemical vapor deposition (PECVD) offers an alternative approach,
facilitating reaction and deposition at lower temperatures and within shorter processing time [12]. Inelastic collisions between
electrons and gas molecules occur in the plasma chamber during the PECVD process, resulting in the formation of reactive
species like (electrons, ions, excited atoms, etc.). Solid products are produced and deposited on the substrate surface as a result
of a chemical reaction between the reactive species and the substrate. PECVD has proven effective for the low-temperature
synthesis of graphene, diamond, diamond-like carbon, graphene oxide, and carbon nanotubes (CNTS). It is anticipated that
graphene could emerge during the first stage of CNT formation [13]. Additionally, PECVD's ability to modify the growth rate
of diamond and graphene enables the creation of hybrid structures with tailored morphologies, enhancing their applicability in
specific industrial sectors, particularly those demanding materials that can perform under extreme stress or high
temperatures[14]. PECVD is likely the most effective method for synthesizing high-quality, large-area graphene at a low cost,
making it a highly promising technique.[15]. PECVD utilizes various plasma excitation methods, including radio-frequency
(RF) discharge, direct current (DC) discharge, and microwave (MW) plasma, enabling large-area growth of graphene and
diamond at relatively low substrate temperatures. [16] The PECVD process is instrumental in the simultaneous synthesis of
diamonds and graphene, holding great promise for the production of high-quality hybrid materials. By enhancing the efficiency
and precision of both graphene and diamond synthesis, this technique also allows for precise control over deposition conditions
through the adjustment of parameters such as pressure, gas mixture, and power. Furthermore, PECVD facilitates the
simultaneous growth of graphene and diamonds, enabling independent control over their formation. This level of precision is
crucial for developing graphene-diamond hybrid structures with tailored properties that cater to the demands of high-
performance applications. By effectively utilizing the PECVD process, it is possible to create advanced materials in a single
step, effectively combining graphene's exceptional conductivity with diamond's mechanical strength and thermal stability [17].

Among the various plasma excitation methods used in PECVD, Radio Frequency Capacitively Coupled Plasma (RF-
CCP) has become a cornerstone technique in thin-film deposition, particularly for carbon-based materials, due to its ability to
generate stable, low-temperature plasmas. RF-CCP is widely utilized in the microelectronics industry for the preparation of
functional thin films and the etching of insulated layers in semiconductor devices. The simplicity and low maintenance
requirements of RF-CCP equipment make it a popular choice for these application[18,19]. However operating RF-CCP at high
pressures introduces notable challenges due to variations in electron temperature and density, which directly influence plasma
stability and film quality. At elevated pressures, the mean electron temperature and electron density initially decrease, followed
by complex behavior influenced by the applied frequency. These dynamics significantly affect discharge characteristics, making
precise control essential for maintaining consistent film deposition [20,21].

Methane (CH4) plays a crucial role in materials science, particularly in the deposition of different carbon-based
materials. Compared to other hydrocarbon gases like ethylene (CzHa) and acetylene (C-H:), methane is preferred for its ability
to produce high-quality films with higher sp® content. This makes methane an excellent choice for applications requiring superior
mechanical, optical, and electrical properties, highlighting its importance in advancing materials science [22,23]

In the current work, we present the results of fast deposition of graphene-diamond hybrid structures on a copper
substrate using 13.56 MHz homemade asymmetric capacitively coupled RF discharge (as enhanced chemical vapor deposition
(PECVD) system operated with an argon-methane mixture at pressures of 200 mbar, and 700 mbar while keeping the discharge
power at 100 watts). Optical emission spectra of the discharge conditions were acquired and analyzed to identify the species
in the discharge. The deposited material structures were characterized using X-ray diffraction (XRD), Raman spectroscopy,
Transmission Electronics Microscopy (TEM), and Fourier Transform Infrared (FTIR) characterization techniques.

2. Experimental Procedure

2.1 Experimental Setup

The experimental setup is shown in Figure 1, the details of the setup are described elsewhere [24]. The most salient feature is
described here. The discharge was produced between two circle-bare copper electrodes. The upper electrode was 1cm in
diameter and water-cooled while the lower electrode was 6 cm in diameter. The upper electrode was connected to a 13.56 MHz
RF power supply via a homemade & type matching network, which consisted of an inductor and two manually adjusted variable
capacitors. The lower electrode was connected to the ground. The reflected power was minimized by adjusting the capacitances
of the matching network. Both electrodes were enclosed in a stainless-steel vacuum chamber and the chamber was connected
to the ground. The gap between the two electrodes was fixed at 5mm. The chamber was evacuated using a mechanical rotary
pump reaching an ultimate base pressure of 2mbar. The chamber was filled with an argon-methane mixture. The discharge was

ignited using RF power of 100 watts for argon-methane gas mixture pressures of 200 mbar, and 700 mbar.

2.2 Characterization Technigues

Optical emission spectroscopy (OES), of the discharge region, was monitored using a UV/visible spectrometer (model
AvaSpec-Mini40) to assign the discharge species. The morphology and structure of the deposited material in the current work
were examined using several characterization techniques. Transmission electron microscope (TEM) images were acquired by
JEOL transmission electron microscope model JEM-2100 PLUS working with an accelerating voltage of 200k. Raman spectra
were recorded using a single excitation laser wavelength of 532 nm. The Raman scattered light was collected, dispersed, and
analyzed using HORIBA XploRA PLUS Raman microscope. Raman light was collected with the microscope’s objective
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magnification of 10 and the focused spot size was 10 mm. The Raman microscope was calibrated using a crystalline silicon
band at a Raman shift of 520 cm. The crystal structure was investigated using Empyrean X-ray diffraction with Cu Ka of 1.54
A radiation source operated at 40 kV & 30 mA. A small incident angle scan mode was used where the step size was fixed at
0.013° and scan step time of 2.5s in the scan range of 5°<20<90°. The deposited material was characterized by Fourier transform

infrared spectroscopy (FTIR). The spectra of FTIR were acquired using Thermo Fisher Fourier transform infrared

spectrophotometer model Thermo FTIR CSI 370 where the spectra were recorded in the range of 400 - 4000 cmL,
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Figure 1: Experimental Setup

3. Results & Discussion

Methane (CHa) has a unique tetrahedral molecular structure, one of the strongest bonds in all hydrocarbons, necessitating a
large amount of energy to break the carbon-hydrogen bonds.[25]. The strong C-H bond in methane needs high energy to break
around 434kl/mol (4.50ev). Moreover, the weak polarization of methane's C-H bonds and its symmetrical tetrahedral shape
results in weak acidity (pKa = 40), making it more resistant to various reaction processes.[26]. A non-equilibrium plasma was
generated in an argon-methane mixture due to the high electric field produced by the RF source. The high-electric field
accelerates the electrons gaining high energy to break the C-H bond. Under the impact of high energy electrons, molecular
dissociation and ionization in the system produced various radicals (O, N, H, C2, CHx, etc.,...)[27]. Argon plays a crucial role
in methane discharge and deposition processes. It significantly enhances plasma stability, increases electron density, and
facilitates the dissociation of methane. However, achieving a stable plasma using methane alone is challenging due to its high
ionization energy and propensity to form complex hydrocarbons, which can lead to recombination and quenching effects.[28].
The addition of argon, which has a lower ionization energy than methane, alters critical plasma parameters such as electron
density and temperature. This process enhances methane dissociation, accelerates chemical reactions, and creates a more
reactive plasma environment [29]. Furthermore, argon promotes ionization processes and helps sustain stable discharge
conditions, which are essential for efficient plasma-based synthesis and material processing.[30].

3.1 Optical Emission Spectroscopy

The time-averaged optical emission spectrum was collected from the center of the discharge to identify the species generated.
The emission spectrum of the argon-methane discharges is depicted in Figure 2. It should be noted that the discharge was
generated using 100-watt RF power and argon-methane mixture pressure of 200 mbar.

Figure 2 (a) shows the measured spectrum’s UV region (350 nm — 400 nm). The emission spectra of argon-methane
discharge. Figure 2 (a) reveals the presence of nitrogen second positive system (SPS: N2[C 31Tu] — Nz[B 3IIg]) emission bands,
CN violet system (B2X* — X2x*) emission bands, and nitrogen first negative system (FNS: N2* [B3[Ig] — N2* [ASZ*])
emission bands [31]. The assigned dominant emission bands in the UV region of the measured spectra are (0,1), (1,3), & (0,2)
of SPS with band heads located at 357.8, 375, and 380nm respectively, while the assigned dominant emission bands of CN
violet band system are (2,2), (1,1), & (0,0) with band heads located at 385.9, 387.1and 388.3, nm respectively, and only one
assigned dominant emission band of FNS, namely (0,0) band, with band head located 391.4 nm. The formation of the CN band
is due to the reaction of residual N2 in the chamber with hydrocarbon species in the plasma [32]. However, it should be noted
that there are at least two different paths to producing CN bands in the discharge, both starting with interactions between active
nitrogen and carbon-containing molecules. Free CN radicals form immediately from chemical interaction between these species
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in one of the paths. In the other path, an intermediate stable compound with a C-N bond is formed first, followed by the
formation of the CN [33]. The reactions listed below represent the most likely path to produce a CN band in the discharge[34]
N,+e—>2N*"+e )
N,+e—-2N+e 2)
2CH,+N — CH + CN + H + 3H, 3)
CHy;+N; >CN+N+H,+H,+e (4

The measured spectra of the visible region (400 nm-700 nm) are shown in Figure 2 (b). Most of the emissions in this region are
from molecular species (N2, CN, Cz, CH, & H) in addition to a few weak atomic & ionic emission lines (Ar, Ar*, & H). In this
region, the strong emissions are the emission SPS with band heads located at 405 nm , and the emission of CN violet system
bands (0,1), (1,2), (2,3), & (3,4) with band heads located at 416.6,420.01,423.6 and 427.7nm respectively. Moderate emissions
of this region are assigned as the emission of the C> Swan system (4311, — X*IT,,) bands (3,2), (2,1), (1,0), (1,1), (0,0), (2,3),
(1,2), & (0,1) with band heads located at 468.1, 469.6, 471.4, 473.4,512.5, 516.8, 553.1, 557.9, and 563.8 nm respectively. The
weak emission in this region is assigned as, (0,0) band emission of CH 4300 Angstrom system (A2A — X211) which is located
at 431.4 nm, The CH band formed in methane discharge due to the H abstraction of CHx, most likely as a result of electron
impact dissociation. Additionally, the CH radical can also be produced by the dissociation of methane by highly excited states
of nitrogen as shown in reaction (3) [35]. Due to the rich nitrogen plasma, the intensity of the CH is very low during the
experiments [36]. The notably moderate emission of Ca, in contrast to the relatively weaker emission from the CH band,
suggests that the distribution of CHx species generated from CH4 through electron impact processes tends to favor the formation
of atomic carbon species [37]. Hydrogen Balmer-alpha line Hq. at 656.3 nm, and argon atomic lines located at 667.6 nm. The
reactions listed below represent the most likely path to produce hydrogen, carbon, and CH band from methane [38].

CHs+e— CH+Hz + H+e )
CHs+e—>C+e+2H: (6)
C+C—>C: @)

It is widely recognized with methane molecules, that when electrons collide it results in the production of CH and C, as
demonstrated in Equations (5 and 6) with dissociation energies of 12.5 and 14 eV, respectively [39].

The formation of graphene-diamond hybrid films is significantly influenced by the crucial roles of C2 and CH species.
Specifically, C2 species facilitate the growth of graphene by enabling the formation of sp? hybridized carbon networks, a
structural necessity for graphene. In contrast, CH radicals exhibit a dual functionality, not only contributing to the formation of
diamond through sp® hybridization but also supporting the growth of graphene. The delicate balance between these species
within the plasma environment gives rise to the simultaneous deposition of both materials. Here, C2 species predominantly favor
graphene growth, while CH species exert an influence on the development of both graphene and diamond, ultimately yielding
a hybrid structure characterized by its unique properties[40]

Figure 3 (c) shows the measured spectra in the near-infrared region. The emissions in this region are assigned as argon
atomic lines with only one very weak oxygen atomic line located at 777.2 nm.
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Figure 2:The emission spectra of argon-methane discharg a) UV region b) Vis region c) IR region

Egypt. J. Chem. 68, No. 11 (2025)



SYNTHESIS OF GRAPHENE-DIAMOND HYBRID USING PLASMA-ENHANCED CHEMICAL.... 157

3-2 Structural Characterization

During the discharge of argon-methane mixtures, a black material was deposited from the gas phase. This black material was
deposited on commercial copper substrates with a thickness of 25 um and impurities listed in Table 1. The impurities are
detected by elemental analysis XRF before cleaning substrates with ethanol or using sonication. The most abundant impurity is
silicon, which might be attributed to the sandpaper that adjusts the surface's roughness

Table 1:Impurities of copper substrate

Cu 99.8
Al 0.015
Si 0.11
Pb 0.040
Zn 0.0032
Ni 0.0178
Fe 0.014

3.2.1 TEM:

Figure 3 shows TEM images captured at different locations to represent the morphology of the material deposited during
the discharge operated at argon-methane pressures of 200 mbar, and 700 mbar. The images in Figure 6 showed deposited hybrid
structures where nanoparticles (cubic diamond & hexagonal diamond phases as confirmed from XRD and Raman spectroscopic
data) were deposited over flat and crumpled transparent sheets and nanotubes. The wrinkled structure of the flake is notably
like thin films made using graphene sheets, consistent with earlier observations[41]. Regarding the discharge of argon-methane
pressures of 200 mbar and 700 mbar cases, some images in Figure 3 showed that some nanotubes were rolled up in shredded
sheets. TEM images of Figure 3 showed deposition of wrinkled and folded long sheets with a few tens of mm in length. The
sheets in the TEM images could be graphene, or graphene oxide, or copper sheets or a combination of them., since the material
used during the deposition is hydrocarbon and copper substrate.

200 mbar

700 mbar

Figure 3: TEM images of deposited material obtained from the discharge of argon-
methane mixture operated at pressures of 200 mbar & 700 mbar.
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3.2.2 FTIR:

Figure 4 shows FTIR spectra of deposited material obtained from the discharge of argon-methane mixture
operated at pressures of 200 mbar & 700 mbar. The assignments of the FTIR spectra shown in Figure 4 was
performed, based on literature and the free online database 'INSTA NANO FTIR "[42]. The assignments represent
possible functional groups and compounds of the material deposited in argon-methane discharge operated at 200 mbar
and 700 mbar pressures. The O-H band at 3434.5 cm is notably narrow, and the absence of the carbonyl group
(C=0) at 1717 cm-1 provides strong evidence that the deposited film is not graphene oxide[43,44]. The peak at 2924
.7 and 2857.4 cm showed sp® C-H stretching vibrations bonding. The dips in FTIR spectra in the 2950-2857 cm!
range are due to symmetric and asymmetric vibration frequencies of sp® and sp? stretching modes. The peak at 1627
cm is assigned to the C=C bond stretching. The presence of C=C bonds indicates that the films contain multilayer
graphene sheets, environmental CO2 was observed around 2349 cm™.[45].
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Figure 4 : FTIR spectra of deposited material obtained from the discharge of argon-methane mixture operated at pressures of 200 mbar & 700
mbar.

3.2.3 Raman Spectroscopy .

Raman spectroscopy is a powerful characterization technique to study the structure of different carbon allotropes. These
spectra represent the structures of the deposited material since the laser beam is focused on the surface to avoid any contribution
of the substrate material. The D, G, and 2D bands are the most prominent in the Raman spectra of graphitic carbon-based
materials. The Raman bands 1200-1450, 1500-1600, and 2600-2900 cm are the D, G, and 2D bands respectively. The G band
highlights the optical E2q phonons at the Brillouin zone center induced by sp? carbon bond stretching. The D band represents
the aromatic ring breathing mode caused by the sample defect. The 2D band is attributed to double resonance transitions, which
result in the creation of two phonons with opposite momentum, and this band is proportional to the number of graphene layers.
The 2D band is a Raman scattering peak of particular interest because it can be used to determine the number of graphene layers
in a material. In single-layer graphene, the 2D band is a single, narrow peak that a Lorentzian function can fit. Bilayer graphene
has a much broader and up-shifted 2D band than single-layer graphene due to its special electronic structure, which consists of
two conduction bands and two valence bands. However, for multi-layer samples, the 2D feature becomes significantly broader
and asymmetric.[46]

Figure 5 shows measured Raman spectra of deposited material at argon-methane mixture pressures of 200 mbar, and 700
mbar. The deconvolutions of the measured Raman spectra are performed using Lorentz fitting, also shown in Figure 5. The
deconvolution reveals many underlying peaks with incomparable widths corresponding to D, G, and 2D bands.

The deconvolution of the measured Raman spectrum of the discharge condition operated at an argon-methane pressure of
200 mbar as shown in Figure 5a, showed many peaks Raman peaks observed at 1064.7,1120 and 1443cm™ are attributed to
carbon-carbon (C-C) stretching and CH2 and CHs deformation respectively[47]. The peak at 1331.2 cm is attributed to the
formation of cubic diamond [48], D and G bands that appeared at 1372, and 1562 cm respectively are attributed to the disorder
induced in sp? in carbon bond. In the 2500 - 3000 cm! range, multiple fittings were observed within the 2D region, with peaks
appearing at 2672 cm-?, suggesting the presence of multi-layered graphene in the material.

The deconvolution of the measured Raman spectrum of the material deposited during the discharge of argon-methane
mixture at a pressure of 700 mbar as shown in Figure 5b, showed a Raman peak at 1331 cm™ which is attributed to the formation
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of the cubic diamond. Raman peaks that appeared at 1361, 1566, and 2793 cm™ are identified as D, G, and 2D bands
respectively of graphene sheets [49]. Additionally, 2D band is broader and the ratio of I2o/lc is less than 1 for all the discharge
conditions which confirms the deposition of a few layers of graphene [50]. The Raman data supports the finding of TEM images
of the deposition of hybrid sheets with nanoparticles namely graphene-diamond hybrid, where a cubic and hexagonal diamonds
are deposited over a few layers of graphene sheets. The Raman data also supports the FTIR findings of the absence of graphene

oxide in the deposited material which indicated the deposition of graphene.
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Figure 5 : Raman spectra of deposited material obtained from the discharge of argon-methane mixture operated at pressures a) 200 mbar &
b)700 mbar.
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3.2.4 XRD:

X-ray diffraction (XRD) is a valuable technique for characterizing the crystalline properties of materials. By utilizing XRD,
we can thoroughly analyze the characteristics of deposited materials. The peaks in an XRD pattern play a crucial role in
identifying the phases and properties of particles. Notably, the width of these peaks serves as an indicator of the average
crystalline size of nanoparticles. Specifically, sharp peaks indicate a larger crystalline size, whereas broader peaks suggest
asmaller crystal size. This distinction is significant for understanding the material's structure and potential applications[51].
Samples of the deposited material on the copper substrate were carefully placed in the XRD device, ensuring no scraping
or alteration occurred. The XRD patterns of the deposited material during the discharge of an argon-methane mixture at
pressures of 200 mbar, and 700 mbar are depicted in Figure 6. The key data, including the 26 values, the identified
compounds, and the card number are listed in Table 2, based on the elemental analysis of the copper substrate and possible
carbon allotropes and compounds that could form within the discharge. Notably, broad peaks in Figure 6 suggest that the
deposited material is a nanomaterial. The card numbers associated with each material are in agreement with the

Crystallographic Open Database(COD) Card Numbers [52].
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Figure 6: XRD of the deposited materials obtained from the discharge of argon-methane mixture operated at pressures

of a) 200 mbar & b) 700 mbar.

Table 2: The 26 position for diamond and copper deposits at different pressures

10(

Pressure 26 Deposited material Card number
200 mbar 42.7,43.9, Hexagonal diamond 96-901-2591

42.6,49.6,72.7 Copper 96-901-3021
700 mbar 43.9,75.2 Cubic diamond 96-901-2290

Graphene-related XRD peaks were not seen in Figures 6 while it was confirmed by TEM images and Raman spectra shown in Figures 3 and 5
respectively. The absence of graphene-related peaks of XRD patterns shown in Figure 6 can be ascribed to one of the following two reasons:

i: The low diffraction intensity and graphene concentration [53].

ii: Because of graphene is a two-dimensional material that does not exhibit X-ray diffraction[54].
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Conclusion

In this study, for the first time (to our knowledge), a graphene-diamond hybrid material was successfully deposited on a copper
substrate at relatively low temperatures using a homemade (PECVD) system with an asymmetric capacitively coupled RF
discharge. The process was conducted over a wide range of argon-methane mixture pressures (200 mbar to 700 mbar) while
maintaining a constant RF discharge power of 100 watts. Optical emission spectroscopy (OES) revealed that methane molecules
were primarily decomposed via electron impact, producing carbon, hydrogen, and CH radicals, which were critical to the hybrid
material's formation.

TEM images confirmed that the deposited material exhibited a hybrid structure comprising graphene sheets and diamond. These
findings were supported by Raman spectroscopy, which verified the formation of a few-layer graphene-diamond hybrid. XRD
analysis further confirmed the presence of cubic and hexagonal diamond phases within the material. Additionally, FTIR
identified functional groups such as, O-H, and C=C, while the absence of carbonyl groups ruled out the presence of graphene
oxide in the deposited material. This study provides new insights into the low-temperature synthesis of graphene-diamond
hybrid materials using PECVD, emphasizing the critical role of plasma chemistry and reactive species in determining the

material's structural properties.
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