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ABSTRACT

This work presents the synthesis of multilayer graphene domains on copper substrates by
thermal chemical vapor deposition (CVD). A detailed description of the CVD reactor system is
provided, including the use of argon as a cooling medium and methane as the carbon precursor.
Optimal process parameters temperature regimes, gas flow rates, working pressure, and cooling
profiles were experimentally determined. Surface morphology was examined using optical and
field-emission scanning electron microscopy, revealing discrete rectangular graphene domains
with heterogeneous orientations. Raman spectroscopy confirmed the multilayer nature of the
domains, the presence of structural defects, and variations in crystallinity. PMMA-assisted
transfer of graphene onto SiO2/Si substrates was also investigated; microscopy revealed the
presence of polymer residues, wrinkles, and surface contamination. These findings demonstrate
both the effectiveness of thermal CVD for producing domain-structured multilayer graphene
and the limitations of polymer-mediated transfer. The results contribute to improving synthesis
and transfer strategies for advanced graphene-based electronic, sensing, and energy devices.
Keywords: Multilayer graphene domains, CVD, copper foil, silicon substrate.

INTRODUCTION

Graphene, owing to its unique properties high electrical and thermal conductivity, optical
transparency, and mechanical strength has attracted significant interest for a wide range of
applications. Since the first experiments on the synthesis of multilayer graphene [1,2],
numerous studies have been published addressing its properties and production technologies.
This innovative material is now widely utilized across various fields of science and engineering
[3-10]. In particular, it is employed in photovoltaics [11-13] as a component of solar cells due
to its transparency and conductivity; in field-effect transistors [14,16] due to the high mobility
of charge carriers; in flexible transparent electrodes [17-19]; in gas sensors [20—24] owing to
its high sensitivity to gas molecules; as well as in magnetic and optical systems [25-28].
Moreover, graphene holds considerable promise for advances in catalysis and hydrogen energy
technologies [29-35], where it can serve as a modified structure for efficient catalysts and
hydrogen storage systems. Various techniques for graphene synthesis based on different
equipment and technological approaches have been developed. The most well-known among
them include mechanical exfoliation of graphite [36,37]; epitaxial synthesis based on thermal
graphitization of monocrystalline silicon carbide surfaces [38,39]; and chemical routes
involving the synthesis of graphene oxide dispersed in solution, followed by hydrazine
reduction [40,41]. The chemical vapor deposition (CVD) method on metal surfaces is
considered the most promising approach for the industrial-scale fabrication of large-area
graphene samples due to its cost-effectiveness, efficiency, and high material quality [41-47].
The aim of the present study is to develop a technology for obtaining discrete graphene domains
on a copper substrate using chemical vapor deposition, followed by analysis of the surface
morphology and structural characteristics of the synthesized samples.



METHODOLOGY

Chemical vapor deposition (CVD) is one of the key technologies for producing high-
quality thin films, including graphene a single- or few-layer carbon material possessing
exceptional electrical and mechanical properties. Thermal Chemical VVapor Deposition (thermal
CVD) stands out among other methods due to its reliance on substrate heating to initiate
chemical reactions, making it particularly suitable for graphene synthesis, especially on copper
substrates. This type of equipment is also widely used in the semiconductor industry, in the
fabrication of optical components, solar cells, nanostructures (such as graphene and carbon
nanotubes), and protective coatings. Figure 1 shows a thermal CVD system, which consists of
seven components. The central element of the system is a horizontal thermal reactor (1),
comprising a heating furnace where the deposition process takes place. Positioned beneath the
reactor is a programmable control unit (2), which enables full automation of the process by
regulating heating and cooling temperatures, pressure, and gas flow rates to optimize the
synthesis conditions (see in figure 1).

D

Figure 1. Schematic representation of the thermal CVD (Thermal Chemical
Vapor Deposition) system with indication of the main components: 1-
Horizontal thermal reactor; 2 - Programmable control unit of the thermal
reactor; 3 - Cylindrical quartz tube; 4 - Valve for vacuum pumping and
substrate loading; 5 - Gas precursor delivery system; 6 - Vacuum system; 7 -
Chiller (cooling system).

Inside the reactor, a cylindrical quartz tube (3) surrounded by a heating element is
installed, providing uniform heating of the substrates to temperatures between 300 °C and 1200
°C, which are required for homogeneous deposition. The quartz tube is resistant to high
temperatures and chemical exposure, preventing contamination of the substrates. One end of
the tube is connected to a valve for vacuum pumping and substrate loading (4), which ensures
system sealing and allows substrates to be loaded or unloaded while maintaining either vacuum
or atmospheric pressure, depending on the operating mode. To initiate the reaction of gaseous
precursors, a gas precursor delivery system (5) is employed; it regulates the introduction of
gases such as argon (Ar), hydrogen (Hz), and methane (CHa4) from cylinders through pressure
regulators and mass flow controllers, ensuring precise control of the gas mixture. On the
opposite side of the reactor, a vacuum system (6) equipped with a pump maintains low pressure
(0.1-10 Torr for CVD), removing by-products and residual air. The entire gas delivery and
reactor control system is cooled using a chiller (cooling system) (7), which prevents overheating
of components and extends the service life of the equipment. Characterization of the
microstructure and surface features of the obtained samples was performed using a Nikon L150
optical microscope equipped with a Nikon Digital Sight DS-U digital camera; a field-emission



scanning electron microscope (FESEM, JSM-6500F, Japan); and Raman spectroscopy using a
confocal Raman microscope System 1000 (Raman Microscope, Renishaw plc, UK). Raman
spectra were acquired at room temperature using excitation wavelengths of 514 nm and 785 nm
from iodine lasers. The spatial resolution was better than <1 nm, and the laser spot size ranged
between 0 and 250 nm. Spectra were recorded from the graphene surface in the range of 100
3000 cm™, and each analyzed area was simultaneously imaged with an optical microscope.

RESULTS

The morphology of initial copper foil before CVD treatment measured by scanning
electron microscope and optical microscope images illustrated in Figure 2 (a) and (b).
According to the images of SEM, the surface of the cleaned copper foil is uniform. In spite of
metallic surface of the sample polished and cleaned by ultrasound, but at the same time had
small residual strips of rolled metal. There are small longitudinal strips are observed on surface
(before polishing) caused by rotation, elongation and pressure of the rolling shafts (see image
b,d). In general, the morphology of the sample is identical over the entire surface Figure 2 (a,c).
Local elemental analysis of the surface of the samples shown in right upper corner of Figure 2
(a). It was observed that following ratio of the starting components consist from copper having
an atomic weight of up to 97 percent, while the oxygen content reaches up to 3 atomic percent
before thermal treatment in CVD chamber Figure 2 (a).

Figure 2. SEM images of cleaned initial copper surfaces (a,b) and optical image of
cleaned copper foil before electrochemical anodizing (local elemental composition
in the right upper corner of (a)).

Figure 3 presents the XRD patterns of initial copper foil. The XRD patterns were analyzed
using the HighScore software and compared with the PDF-2 database (2013 edition). The
diffraction peaks are sharp and narrow, indicating a high degree of crystallinity metallic copper
phases of initial copper foil. This copper foil primarily consists of metallic copper,



corresponding to the (PDF-2 database pattern 03-065-9743), along with a minor presence of
copper oxide (PDF-2 database 01-077-7716).

N2_ishodnaya Cu N2_ishodnaya Cu

: (a) (b) I, Copper cnide €0

Figure 3. XRD patterns of initial copper foil: (a)- distribution peaks among 5-
90 degree; (b)- patterns were analyzed using the HighScore software and
compared with the PDF-2 database.

Graphene synthesis was carried out by chemical vapor deposition (CVD) on a copper
substrate. For this purpose, copper foil (99.99%) with a thickness of 1 mm and cut into 4 X 6
cm pieces was used as the substrate. The choice of copper is attributed to the fact that, under
specific orientations and technological conditions of vapor-phase deposition, graphene is
formed with a structure that depends on the crystalline orientation of copper [43-45]. Prior to
loading into the reactor, the substrate underwent sequential cleaning in acetone, isopropyl
alcohol, and distilled water. This was followed by purging with an argon gas flow and drying
at 80 °C for 60 minutes. After the cleaning procedure, the copper substrate was placed into the
horizontal reactor of the CVD system. The reactor consists of a heating furnace with thermal
insulation composite material and a metallic housing, inside which a horizontally positioned
quartz cylindrical tube with a length of up to 150 cm and a diameter of approximately 20 cm is
installed. On one side of the horizontal reactor, feeds for the precursor and cooling gas were
introduced, and a thermocouple rod was mounted such that its tip was located directly above
the substrate. On the opposite side, a vacuum pump was connected, and a loading valve for
introducing samples was installed.

During operation of the CVD system, three thermal zones are formed inside the reactor,
with the highest temperature located in the central region. Temperature control of the heating
zone was maintained using a temperature regulator operating in the range of 10-1200 °C with
an accuracy of 0.5 °C. Graphene growth in the CVD setup was performed according to the
scheme shown in Figure 4. The copper substrate was placed horizontally in the center of the
reaction chamber, followed by preliminary pumping using a fore-vacuum pump. After reaching
a pressure of 1-4 Torr and achieving the required heating temperature, graphene synthesis was
initiated, consisting of five stages:

1. Heating the reactor to 300 °C under preliminary vacuum.

2. Introduction of hydrogen gas (Hz, 2030 sccm) followed by thermal heating to 500 °C
(as shown in Figure 4) to remove the oxide layer from the surface of the copper substrate.
Hydrogen molecules in the reaction medium facilitate the removal of copper oxidation by-
products and contribute to the stabilization of graphene growth. The thermal treatment was
carried out for one hour.



3. Further increase of temperature to 990 °C. Upon reaching the optimal temperature, the
system parameters (temperature and pressure) were stabilized, followed by annealing of the
copper substrate. During annealing at 990 °C under a hydrogen flow of 20-30 sccm and a
pressure of up to 5 mTorr, improvement in the crystalline quality and enlargement of the copper
grain size occur.
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Figure 4. Schematic representation of the graphene growth process on a
copper substrate.
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7. After thermal annealing in a hydrogen flow, methane gas (CH., 20—40 sccm) was
introduced into the reactor as a precursor for 30 minutes at a pressure of 1-5 mTorr. At this
stage, graphene films were formed on the grains of the copper substrate. Literature sources
report the use of various precursor solutions for the synthesis of graphene films [46].

8. Upon completion of graphene domain growth, the methane flow was switched off and
an argon flow was introduced to optimize the cooling rate. In this case, the temperature
decreased exponentially to 200 °C within 25-30 minutes. This is due to the fact that slow
cooling alters the structure of the graphene film and degrades its crystallinity [44-45].

As the graphene layer grows, it acts as a barrier preventing further carbon deposition,
leading to the formation of predominantly monolayer graphene. This property makes copper a
unique substrate compared to other metals such as nickel or cobalt. The mechanism of graphene
growth on a copper substrate can be explained by considering the catalytic properties of copper
and the kinetics of the process. Figure 5 illustrates four key stages of the mechanism of graphene
domain growth on a copper substrate, each of which is described below. In the initial stage, the
copper substrate is typically covered with a thin oxide layer (Cu2O or CuO), formed through
interaction with the ambient environment. This oxide layer can hinder graphene adhesion and
deteriorate the crystalline quality. Preliminary thermal treatment is performed at 200-300 °C in
a hydrogen (H:) flow, which effectively reduces the oxide to metallic copper. In Figure 5
(transition 1-2), this stage is shown as a substrate with a bluish oxide layer that is removed,
exposing a clean copper surface with a roughened texture.

Subsequent treatment at 500 °C in hydrogen further improves the crystalline structure and
increases the grain size of the copper substrate. At this stage, shown in Figure 5 (transition 1-
2), thermal annealing enhances the crystalline structure of copper by enlarging grain size and
reducing defects such as grain boundaries and dislocations. Increasing the copper grain size



promotes the formation of larger and more uniform graphene domains in the subsequent stages
of growth.

Figure 5. Mechanism of graphene domain growth on a copper substrate
1 - Preliminary thermal treatment; 2 - Annealing at 990 °C in a hydrogen
flow; 3 - Catalytic decomposition of methane followed by carbon deposition
onto the heated copper surface; 4 - Formation of crystalline graphene domains.

After the oxide layer is removed and the crystal grains are enlarged, the substrate
undergoes annealing at high temperature (approximately 990 °C) in a hydrogen (H:)
atmosphere. In Figure 5 (transition 2-3), the substrate is shown with a more pronounced texture,
reflecting the reorganization of the copper crystal lattice under the influence of high temperature
and hydrogen. Hydrogen plays a dual role. First, it reduces copper oxide and prevents re-
oxidation during annealing. Second, it acts as an etchant, removing excess amorphous carbon
and promoting the growth of crystalline graphene domains. The optimal Ho/CHa ratio (typically
1:5-1:15) is critical for controlling the film thickness. The next stage involves the catalytic
decomposition of methane followed by carbon deposition onto the heated copper surface, as
illustrated in Figure 5 (transition 3—4). At this stage, methane (CH.) is introduced into the
reactor as the carbon source at 990 °C. Copper acts as a catalyst, facilitating methane
decomposition CHa(g) — C(graphene) + 2Hz(g) on its surface. The released carbon atoms
diffuse along the surface and begin to aggregate as graphene islands. Hydrogen present in the
gas mixture prevents excessive deposition of amorphous carbon and promotes the formation of
crystalline structures. In this case, carbon atoms are liberated, diffuse across the surface, and
recrystallize into a graphene structure. Thus, in Figure 5, the copper surface is depicted as being
covered with methane molecules that decompose and deposit carbon atoms through catalytic
dissociation of methane at the copper interface. In the final stage, carbon atoms deposited onto
the copper surface self-assemble into hexagonal as well as rectangular graphene domains. The
process is self-limiting: the low solubility of carbon in copper restricts its diffusion into the
bulk, resulting in the formation of predominantly domain-structured graphene. The size and
shape of the domains depend on temperature, gas ratios, and exposure time. In Figure 5
(transition 3-4), the copper substrate is shown with well-defined hexagonal patterns
representing graphene domains.

Figure 6 presents the results of microstructural analysis of the copper substrate surface
obtained by optical microscopy and scanning electron microscopy (SEM) after processing in
the chemical vapor deposition reactor. The optical microscopy image (scale 100 um) and the
SEM image (scale 10 um) in Figure 6(a) show individual darkened discrete regions of varying
orientation on the copper substrate, corresponding to multilayer graphene domains. Further
magnification in the SEM images at scales of 10 um and 1 um (see inset in the upper right
corner of Figure 6(a), (b)) identifies continuous domains of multilayer graphene with



heterogeneous growth directions. The enlarged inset in Figure 7(b) reveals that most domains
exhibit quasi-rectangular morphology. The dimensions of multilayer graphene domains vary
within the range of 10 -100 um. It is evident that the degree of orientation and clustering of
graphene domains depends on the crystallographic orientation of the copper substrate.

Figure 6. Surface image of the copper substrate obtained using optical
microscopy (a) and scanning electron microscopy (b) after processing in the
chemical vapor deposition reactor under precursor gas flow.

Figure 7 shows the elemental composition spectrum and the image of the selected local
region. Analysis of the composition in the local area corresponding to spectrum 4 on the surface
of the copper plate revealed an elemental composition in which carbon accounts for more than
16 at.% and copper for 84 at.%.
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Figure 7. Elemental composition at a local region on the surface of the
copper substrate after graphene growth in the chemical vapor deposition
reactor under precursor gas flow.



Raman spectroscopy (RS) is a powerful tool for characterizing the structural properties of
graphene, including defect density and the number of layers, as reported in previous studies of
carbon-based materials. The Raman spectra of the copper substrate on which graphene domains
were grown by chemical vapor deposition are presented in Figure 8. For graphene, three
characteristic bands are typically observed in Raman spectra: the G band, the D band, and the
2D band [2, 4, 43-45].
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Figure 8. Raman spectroscopy of graphene at different regions of the copper
substrate surface.

The inset image within the graph shows the appearance of the graphene sample surface
obtained using optical microscopy, which provides contextual visualization of the analyzed
regions. In addition, the presence of a weak D peak (1350 cm™) in the Raman spectra, as well
as its broadening, indicates the presence of defects within the graphene domains, arising from
structural disorder formed during high-temperature thermal treatment in a methane atmosphere
in the chemical vapor deposition reactor. Furthermore, a pronounced G band (1582 cm™) is
observed, which is attributed to a high degree of crystallization in localized areas, as well as to
the in-plane vibrational mode of sp?-bonded carbon atoms, which is a characteristic feature of
carbon-based materials. The 2D band (2700 cm™) appears broader and asymmetric, indicating
the formation of multilayer graphene in the investigated material. The intensity ratio of the D
and G bands, Ip/lc, is approximately equal to one, which further confirms the presence of a
heterogeneous structure with non-uniformly oriented graphene domains [45]. This is due to the
fact that the 2D band near 2700 cm™ represents the second overtone of the D band and is
extremely sensitive to the number of graphene layers, making it a key indicator of layer
thickness.

Transfer graphene domains to silicon substrate. In order to transfer graphene onto a
silicon substrate, a technological process was used involving the deposition of polymethyl
methacrylate (PMMA), etching of the copper substrate, and removal of the organic coating,
followed by transfer onto the silicon substrate. The stages of this process are schematically
shown in Figure 9 and will be discussed in more detail below. The study of the growth of non-
uniform domains on the surface of the copper substrate is an important process in the formation



of graphene films on copper. At the same time, the transfer onto a solid substrate is of great
importance in the fabrication technology. In this work, we consider the process of transferring
graphene domains using organic binding materials. Therefore, for further investigation of the
grown graphene, a transfer process onto a separate substrate must be carried out. In such cases,
polymer adhesive films are usually used, which are applied to the substrates on which graphene
is grown. After that, the substrate itself is removed, resulting in a polymer film attached to the
graphene [44-45]. This structure can be transferred onto the desired substrate for further study.
The schematic of this technological process is shown in Figure 9.
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Figure 9. Schematic illustration of the sequence of the graphene domain
transfer process onto a solid substrate.

To study the functional features of the synthesized graphene, a transfer process onto an
1solated Si0./Si substrate was carried out by applying an adhesive agent and etching the
substrate. A polymer film made of polymethyl methacrylate (PMMA) was used for the coating,
enabling the capture of individual multilayer graphene domains after etching of the copper
substrate. The polymer coating was applied by spin-coating at speeds up to 2500 rpm followed
by drying in an oven. Once the surface of the sample was uniformly covered with a polymer
film about ~0.5 mm thick, the original substrate was etched in a nickel etchant solution. The
etching of the copper took 30-60 minutes, and the PMMA film with graphene freely floated on
the surface of the etchant. The separated polymer film with graphene was washed in distilled
water and transferred onto an SiO-/Si substrate. Then the SiO»/Si—graphene—-PMMA structure
was dried in an oven at 50 °C for 3 hours. This method allowed complete transfer of the
synthesized graphene onto a separate insulating substrate. Afterwards, the PMMA was removed
in a solution of dichlorobenzene (Sigma-Aldrich), followed by drying at 150 °C for 30 minutes
in air. Then, the morphology of the obtained graphene film on the isolated Si0./Si substrate
was examined. Figure 10 shows images of the sample surface obtained by optical and scanning
electron microscopy before dissolving the PMMA film in dichlorobenzene, and Figure 10
shows the images after dissolution.



Figure 10. Morphology obtained by optical and scanning electron
microscopy of graphene domain films after transfer onto an isolated
SiO:/Si substrate before PMMA dissolution (a) and (c¢), and after
dissolution (b) and (d) in dichlorobenzene.

As seen in Figures 11(a) and 11(b), despite the spin-coating process used for applying the
polymer coating, heterogeneous wrinkles and irregularities of the films are observed on the
surface, as well as some blistering after drying. This indicates that the thin polymer coating

Figure 11. Morphology obtained by optical and scanning electron microscopy of
graphene domain films after transfer onto an isolated SiO./Si substrate before
PMMA dissolution (a) and (c), and after dissolution (b) and (d) in
dichlorobenzene.



significantly affects the cleanliness of the graphene domain transfer: the wrinkles and
accumulations of organic film formed after application and drying contaminate the surface and
have a detrimental effect on the original properties of the films.

As a result, after removing the PMMA film with dichlorobenzene, islands and residues
of undissolved PMMA organic film were observed at locations where wrinkles and
irregularities had formed (see Figure 11 (a -d)). This, in turn, contaminates the surface of the
material under study and leads to deterioration of its functional characteristics, which is critical
in nano- and microelectronics. Therefore, it is necessary to explore methods for direct graphene
transfer without using any polymer coatings.

CONCLUSIONS

In the present work, a synthesis technology for discrete multilayer graphene domains on
a copper substrate using chemical vapor deposition (CVD) has been developed. The optimal
process parameters were experimentally determined, including temperature regimes
(preheating to 300 °C, annealing at 500 °C and 990 °C, and growth at 990 °C), gas flow rates
(H2 at 20-30 sccm for oxide removal and annealing, CHa4 at 20—40 sccm as a precursor),
pressure (1-5 mTorr), and cooling rate using argon (down to 200 °C within 25-30 minutes).
Surface morphology studies conducted by optical and scanning electron microscopy revealed
the formation of rectangular graphene domains sized 10-100 pm with heterogeneous
orientations dependent on the crystalline structure of the copper substrate. Raman spectroscopy
confirmed the multilayer nature of the graphene (broad asymmetric 2D band near 2700 cm™,
In/lc = 1), the presence of defects (weak D band around 1350 cm™), and a high degree of
crystallinity (G band near 1582 cm™). Elemental analysis showed a carbon content of
approximately 16 at.% on the surface. The obtained results demonstrate the efficiency of the
CVD method for large-area graphene synthesis on copper substrates, highlighting its potential
applications in electronics, sensors, and energy-related technologies. To study the functional
features of the synthesized sample, graphene was transferred onto an isolated SiO2/Si substrate.
A controlled CVD process for synthesizing discrete multilayer graphene domains on copper
substrates has been developed and optimized. Surface characterization confirmed the formation
of rectangular graphene domains with heterogeneous orientation dictated by the copper
crystallography. Raman spectroscopy verified the multilayer nature and defectiveness of the
domains. For this purpose, a polymer film of polymethyl methacrylate was applied to the
surface of the copper substrate with graphene domains by the spin-coating method, followed
by etching of the copper substrate in an etchant solution. Then, the PMMA-—graphene structure
was transferred onto the Si0./Si substrate, after which the polymer film was dissolved in a
dichlorobenzene solution. The results of optical and scanning microscopy showed that the
surface of the graphene—SiO-/Si structure is contaminated with discontinuous wrinkles and
islands of organic matter, formed as residues of the undissolved polymer film. In this regard,
when synthesizing graphene films by chemical vapor deposition, the use of polymer coatings
should be avoided, and the process of transferring graphene onto an isolated substrate should
be carried out directlyFuture studies may focus on defect minimization and optimization of
graphene transfer onto alternative substrates. PMMA-assisted transfer to SiO/Si introduced
structural distortions and organic contamination, underscoring the limitations of polymer-based
transfer methods. Future work will focus on developing direct, residue-free transfer strategies
and improving the uniformity of graphene growth for applications in electronic, sensing, and
energy devices.

The research results were obtained within the framework of the dissertation work of O.M.
Tursunkulov. This work was supported by the Korea International Cooperation Agency
(KOICA) within the framework of a joint project with the Korea Research Institute of Chemical
Technology (KRICT) and the Center for Advanced Technologies (CAT).
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