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Several chemical vapor deposition (CVD) methods have been extensively used in the semiconductor industries for
bulk crystal growth, thin film deposition, and nanomaterials synthesis. The MW-SWP CVD system consisting of a
waveguide, slot antenna, and dielectric windows is significant for generating high-density plasma with low electron
temperature, enabling low-temperature growth of materials without damaging the surface of base substrates. The
synthesis of graphene and hexagonal boron nitride (hBN) films has been achieved on metals, semiconductors,
insulators, and dielectric substrates for application in photovoltaics, sensors, batteries, supercapacitors, fuel cells,

and various other electronic devices.

surface wave plasma chemical vapor deposition graphene

| 1. Introduction

The discovery of graphene, an atomically thin sheet of sp? hybridized carbon atoms has revolutionized the field of
research in physics, chemistry, materials science, and engineering 2 The band structure of two-dimensional
(2D) graphene lattice is unique in comparison to all other bulk semiconductor materials, as the massless Dirac
fermions in graphene moves at ballistic speed in submicron length, close to relativistic speeds [“IBIE The
exceptional electrical properties of graphene have triggered significant interest for application in next-generation
electronic devices WBIEIL Fyrthermore, several studies have demonstrated the unigue optical, mechanical,
thermal, and chemical properties of 2D graphene sheets, which are significant to develop advanced material
systems for a wide range of applications 11211811141 Sypsequently, various other 2D materials were discovered
considering the similar layered structured materials, most notably, insulating hexagonal boron nitride (hBN) layers
and semiconducting transition metal dichalcogenide (TMDCs) layers SIISIATII8] Al of these discoveries have
opened a new frontier in material science to take the advances of diverse properties of 2D materials. This has also
enabled the realization of other new classes of 2D layered materials, such as heteroatom incorporated layers,

twisted layered structures, and atomically thin heterostructures 1[20][21122]

Most of the intrinsic properties of 2D layered materials have been explored by mechanical exfoliation from bulk
crystals, which is becoming a unique technology for 2D material systems. Mechanically exfoliated 2D materials
have also been explored to fabricate the assembly of twisted layers and heterostructures 23124251 |n another
aspect, a graphene oxide layer, dichalcogenide layers, metal oxide layers, and MXenes were chemically exfoliated
for application as functional materials in energy storage and conversion devices [28l271128] The mechanical
exfoliation of 2D materials is significant to fabricate electronic devices preserving the intrinsic properties, whereas

chemical exfoliation is a versatile technique to derive 2D materials in large quantities for energy storage/conversion
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device applications. In contrast to the exfoliation process, the growth of 2D materials on a suitable substrate with
control growth orientation can be significant for device applications [22BYBLI32] |n 3 growth technique, synthesis of
2D layered materials can be achieved with control layer numbers, shape, and size of single crystals 331(34135](36]
Furthermore, edge structures, vacancies, heteroatom doping, and adatom incorporation can be controlled in the 2D
crystals in a growth technique, thereby controlling or introducing new functionalities BA[B8I3AME  Among several
growth techniques, the chemical vapor deposition (CVD) method has been widely accepted for the growth of 2D
materials. The thermal CVD process is one of the simplest techniques for the growth of graphene, hBN, and
TMDCs layered materials, using various kinds of precursor materials 41421431441 The main drawback of the
thermal CVD process is the requirement of high temperature (>1000 °C) and catalytic substrates for the synthesis
of graphene and hBN. In contrast to the thermal CVD process, it has been demonstrated that a plasma CVD
method can be more effective for the growth of graphene-based materials at a lower temperature on both the
catalytic and noncatalytic substrates 42[46147148] Synthesis of graphene, hBN, and TMDCs-based 2D materials
has been demonstrated by the plasma CVD method 2BAB1 Table 1 presents a comparison of plasma CVD and

various other growth techniques for the growth of graphene and related 2D layered materials [B2I531[54](55](56]

Table 1. A comparison of various growth techniques of graphene and related 2D layered materials (hBN and

TMDCs).

Hexagonal Boron Nitride

Transition Metal

Methods Graphene (hBN) Dichalcogenides (TMDCs)
Layers
Pulsed- . ! .
Laser Monolayer/Bilayer/Fewlayers Monolayer/Fewlayers (Catalytic Fewlayers/Multilayers
Denosition (Catalytic growth; & noncatalytic growth; (Noncatalytic growth;
(FILLD) Temperature: 300~1200 °C) Temperature: 200~1000 °C) Temperature: 300~800 °C)
Monolayer/Fewlayers(Catalytic ~ Fewlayers/Multilayers (Catalytic Monolayer/Fewlayers
Magnetron ) ) . ) . ]
Sputtering growth; Temperature: growth & noncatalytic growth; (Noncatalytic growth;
300~1000 °C) Temperature: 400~1000 °C) Temperature: 300~800 °C)
M;I:;umlar Monolayer/Bilayer/Fewlayers Monolayer/Bilayer/Fewlayers Monolayer/Fewlayers
Epitax (Catalytic growth; (Catalytic growth; Temperature: (Noncatalytic growth;
(II\O/lBE)y Temperature: 500~1000 °C) 400~1000 °C) Temperature: 600~1000 °C)
Thermal
Chemical Monolayer/Bilayer/Fewlayers Monolayer/Bilayer/Fewlayers Monolayer/Bilayer/Fewlayers
Vapor (Catalytic growth; (Catalytic growth; Temperature: (Noncatalytic growth;
Deposition Temperature: >1000 °C) >1000 °C) Temperature: 600~1000 °C)
(CVvD)
Plasma Monolayer/Bilayer/Fewlayers
Chemical yer Y Y Monolayer/Fewlayers/Multilayers ~ Monolayer/Fewlayers/Multilayers
(Catalytic & noncatalytic . . ] . )
Vapor ’ (Catalytic & noncatalytic growth; (Noncatalytic growth; Low-
Iy growth; Low-temperature
Deposition Low-temperature growth) temperature growth)
(CVD) growth)

https://encyclopedia.pub/entry/27108

2/18



Graphene and 2D Materials | Encyclopedia.pub

Among various plasma CVD processes, the microwave-excited surface wave plasma CVD (MW-SWP CVD)

process is an exceptional technique to synthesize graphene and other related 2D materials BZI58I591[60],

| 2. Growth of Graphene and 2D Materials

Growth of graphene by the plasma CVD process can be achieved on various substrates, such as metals,
insulators, and semiconductors, at a significantly lower temperature than the thermal CVD process [ELI621[63](64]
Moreover, the synthesis of 2D materials, such as hBN, has been achieved by the plasma CVD technique 3,
Synthesis of graphene and hBN films have mostly been investigated on transition metal catalysts (such as Cu, Ni,
Mo, etc.) or their alloy substrates (e.g., NiCu, NiMo, CuSn, etc.) in a CVD process [28I3738]66] The graphene
synthesis on Cu substrate is significantly investigated due to their low carbon solubility and surface-mediated
catalytic growth of graphene layers. In another prospect, graphene films can be directly grown on a noncatalytic
substrate by the plasma CVD techniques, considering the decomposition of precursor gas molecules in the plasma

and forming plasma radicals for graphene growth at a considerably lower temperature 71,

2.1. Growth of Graphene Films on Catalytic Substrates

Synthesis of a monolayer graphene film by the microwave plasma CVD (MWP CVD) process has been
demonstrated on Ni foil at a temperature of 450 °C 88, Subsequently, graphene synthesis by the MW-SWP CVD
technigue was developed, considering the advantage of large-scale growth at a significantly lower temperature
(300-400 °C) 63, Synthesis of a few-layer graphene film on the Cu foil was achieved by the developed MW-SWP
CVD process. The graphene film with excellent transparency and electrical conductivity is demonstrated for
transparent electrode applications, which can be used in optoelectronics and nanoelectronics devices. The
synthesized graphene on Cu and Al foil by the MW-SWP CVD process was analyzed by Raman spectroscopy. It
was obtained that the synthesized graphene films were of few-layer structures. The intensity of the 2D peak is
significantly higher than the G peak, which significantly differs from the monolayer graphene synthesized by the
thermal CVD process. Similarly, Raman analysis confirms graphene film growth on the Al foil by the MW-SWP CVD
technique. The spatial distribution of sheet resistance for the transferred graphene film was analyzed, which was
found to be in the range of 1.0 to 4.1 kQ/Sq over the area of 23 x 20 cm? 62,

Synthesis of graphene films by a similar MW-SWP CVD system was demonstrated by the group using gaseous
and solid precursors at a lower substrate temperature L7172l Graphene growth was achieved on Cu foil without
any pretreatment at a gas composition pressure of 45 Pa, microwave power of 1.2 kW, and growth duration of 2—4
min. Figure 1a shows the Raman spectra of the graphene films deposited at a substrate temperature of 400 and
500 °C. Further, Figure 1b shows the Raman spectra at a substrate temperature of 240, 270, and 300 °C,
indicating the presence of a 2D peak and the formation of a few layers of graphene film. As presented in the figure,
a disorder-induced D band is observed at approximately 1348 cm™, indicating phonon scattering at defect sites
and impurities. An intense graphitic G band is also observed at approximately 1574 cm™, attributed to the sp?
phonon vibrations. Three other peaks were observed at approximately 2685, 2914, and 3210 cm™, corresponding

to 2D, G + D, and 2G second-order Raman spectra, respectively. The presence of a 2D and a 2G peak indicates

https://encyclopedia.pub/entry/27108 3/18



Graphene and 2D Materials | Encyclopedia.pub

good agreement of the graphene structure formation in the carbon film. The Raman characteristic for the graphene

film deposited at 400 and 500 °C is almost identical, having a similar G and 2D peak intensity. The D and D + G

peaks presented defect-related structures in the sp? hybridized graphene film [Z9,
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Figure 1. Raman spectra of the graphene film deposited on Cu foil at low temperature by the MW-SWP CVD

method. Raman spectra of a graphene film at (a) lower and higher Raman shifts, deposited at a substrate

temperature of 400 and 500 °C. (b) Raman spectra of a graphene film at lower and higher Raman shifts, deposited

at a substrate temperature of 240, 270, and 300 °C, indicating the presence of a 2D peak and formation of a few

layers of graphene.

The synthesized graphene films were analyzed by XPS and SEM to determine the chemical and the morphological

structures. Figure 2a,b shows the wide XPS spectra and Cls spectra for different substrate temperatures. The

XPS analysis shows a small oxygen (O1s) peak along with the dominant C1s peak. No other difference in chemical
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composition was observed for all the graphene samples. Figure 2c shows the SEM images of the as-synthesized
graphene film on Cu foil at 240 °C, presenting graphene grain and Cu steps. Figure 2d shows the SEM image of
transferred graphene film on a plastic substrate presenting wrinkle formation, which is a common feature of the

transferred graphene film 2,
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Figure 2. XPS analysis of the synthesized graphene film on Cu foil by the MW-SWP CVD method. (a) Wide XPS
spectra and (b) Cls XPS spectra at different substrate temperatures. SEM images of (¢) as grown graphene film

on Cu foil at 240 °C and (d) transferred graphene film on a plastic substrate presenting wrinkle formation.

Figure 3 shows the schematic presentation of the MW-SWP CVD method for graphene synthesis using camphor
as a solid precursor [ In this approach, solid camphor powder was directly inserted in the MW-SWP CVD
chamber as a carbon precursor. The camphor powder is easily evaporated inside the CVD chamber and diluted
with Ar gas to generate plasma. Figure 3a shows the Raman spectra of the synthesized graphene films on Cu foil
at temperatures of 500 and 560 °C. Figure 3b shows the optical microscope image of graphene film transferred on
a plastic substrate. A continuous film with high transparency and conductivity was obtained on the plastic substrate.
Figure 3c shows the SEM image of the as-synthesized graphene film on the Cu foil, where domain-like structures
of the graphene film can be observed. Figure 3d shows the SEM image of the transferred graphene film. The
formation of wrinkles in the graphene film can be observed from the SEM analysis. The formation of such wrinkles
in the transferred graphene film is consistent for the MW-SWP CVD synthesized samples, which is also the case
for other CVD synthesized transferred graphene films 1. Further, PMMA has been used as a precursor coated on
Cu foil for graphene synthesis by the MW-SWP CVD method. The formation of graphene was confirmed at a

substrate temperature as low as 280 °C. The Raman peak obtained at various positions of the sample was almost
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similar considering the uniform growth of the few-layer graphene with homogenous distribution of plasma 2.
Synthesis of the bilayer graphene using PMMA and CH, as precursors has been demonstrated by the MW-SWP
CVD at a significantly lower temperature. It has been observed that carrier mobility of 740 cm? V™1 s71 can be
obtained for the bilayer graphene synthesized by the MW-SWP CVD method 3. Ichimura et al. have
demonstrated obtaining maximum Hall mobility of approximately 625 cm? V-1 s71 for the synthesized thin graphitic
film by the MW-SWP CVD method 4. Further, Hall mobility of approximately 398 cm? V! s~ has been obtained
for a carbon dot-doped graphene film synthesized by the MW-SWP CVD method 21, |t has been obtained that low
carbon precursor concentration can be ideal for controlling the graphene domain growth with particular layer
numbers. Although few-layer graphene film can be synthesized on the metal catalytic substrate by the MW-SWP
CVD method at a significantly lower substrate temperature, control growth of monolayer graphene still remains a
significant challenge. These studies gave a detailed overview of graphene synthesis by the MW-SWP CVD process
for graphene growth on a catalytic metal substrate using the gaseous, solid, and other precursors. The graphene
growth in the MW-SWP CVD technique can be further investigated for control layer growth with larger grain size on
metal catalytic substrates. In this prospect, the effect of plasma interaction with the substrate surface can be

critical, where the plasma radicals play a dominant role in graphene nucleation and growth.
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Figure 3. (a) Schematic presentation of the MW-SWP CVD method for graphene synthesis using camphor as a
solid precursor. (b) Raman spectra of the synthesized graphene films on Cu foil at temperatures 500 and 560 °C.
(c) Optical microscope image of graphene film transferred on a plastic substrate. SEM image of (d) as-synthesized

and (e) transferred graphene films.

2.2. Direct Growth of Graphene on Arbitrary Substrates

Synthesis of graphene film directly on semiconducting, insulating, and dielectric substrates by the plasma CVD
process is of great interest to avoid the transfer process and enable direct integration in electronic devices.
Synthesis of the graphene film on an arbitrary substrate by the MW-SWP CVD technique was demonstrated by the
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group 8. The graphene film was synthesized using a gas mixture of C,H, and Ar with a gas composition pressure
of 45 Pa and growth duration of 70-120 s. Figure 4 shows the Raman spectra of graphene films deposited on
glass and silicon substrates at 400, 500, and 560 °C by the developed MW-SWP CVD method. Figure 4a shows
the Raman studies of the carbon films deposited on glass substrates at different temperatures. The Raman spectra
showed a strong and sharp graphitic G band at approximately 1568 cm™!, representing the crystalline sp?
hybridized carbon atoms for the nanographene domains. A disorder-induced D band is observed at 1339 cm™; the
high intensity of the D peak originates from either the small crystallite sizes or an abundance of edges in the
nanographene structures. Three other peaks are observed at 2669, 2915, and 3214 cm™, corresponding to 2D, G
+ D, and 2G second-order Raman peaks. The presence of a distinct 2D peak confirmed the presence of a
graphene structure in the synthesized carbon films. Similarly, Figure 4b shows the Raman studies of the carbon
films deposited on silicon substrates, presenting the D, G, and 2D peaks at approximately 1341, 1566, and 2665
cm™, respectively. The Raman studies showed that the structure of the nanographene film is similar and
independent of the Si or SiO, substrates. The graphene film deposited at 560 °C showed a greatly enhanced 2D
peak, and a more suppressed D + G peak compared to those of the low temperature deposited films, indicating a
more ordered graphene structure. These studies presented that the CVD process can be used for direct deposition
of nanographene films on different substrates without using a metal catalytic layer. The deposition of a graphene
film on a noncatalytic substrate is due to the formation of carbon radicals with hydrogen termination in the
microwave plasma, which plays a key role in the nucleation and growth process on the metal-free substrate
surfaces. The carbon radicals of the plasma absorb onto the substrate surface and bond to other such radicals by
a diffusion process to form sp? carbon 28],
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Figure 4. Raman spectra of graphene film deposited on glass and silicon substrates by the developed MW-SWP
CVD method. Raman spectra of the nanographene films were deposited at 400, 500, and 560 °C on (a) glass and

(b) n-silicon substrates.

The synthesized graphene films were characterized by transmittance and electrical conductivity analysis. The
graphene films were highly transparent to visible light as it was synthesized for a very short duration. Figure 5a
shows the transmittance of the nanographene films deposited at 560 °C for different durations compared to indium
tin oxide (the inset of the figure shows a photograph of nanographene film deposited on the SiO, substrate). The
transmittance of the graphene film deposited for the shortest duration was 82% at a wavelength of 550 nm. Figure
5b shows the J-V characteristics of the fabricated devices with nanographene films deposited for different
durations. As the thickness of the deposited graphene film increased with an increase in growth time, the
conductivity of the graphene film increased. The graphene films obtained on the glass and silicon substrates can

be significant for various device applications. Further, the developed process paves the way to deposit graphene
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film on an arbitrary substrate depending on the application in optoelectronic and nanoelectronic devices. In the
following, researchers discuss the fabrication of a graphene/silicon Schottky junction solar cell for a deposited
nanographene film directly on a silicon substrate. A photovoltaic device was configured with the directly grown
nanographene film on the n-silicon substrate. Figure 5c shows a schematic diagram of the fabricated
nanographene/n-silicon heterojunction device. The incident light in the device can transmit through the transparent
graphene film and absorbed in the n-silicon to generate photo-exciton. Figure 5d shows an energy band diagram
of the nanographene/n-silicon photovoltaic device in thermal equilibrium. Due to the metallic nature of the
graphene film, a Schottky junction can be formed with the n-silicon substrate. Several studies have shown that a
thermal CVD synthesized graphene film can be transferred on the silicon substrate to form a Schottky junction
device, creating a large built-in field (V;, 0.55-0.75 V) 4. Due to the presence of a large built-in field in the
graphene/n-silicon junction, there can be efficient charge separation and transportation. Figure 5e shows a log
scale plot for the dark J-V characteristics of the fabricated nanographene/n-silicon device. A device ideality factor of
2.44 was calculated from the J-V log plot as in the inset of Figure 5e. The fabricated device was characterized
under the illumination of white light with an intensity of 100 mW/cm?. Figure 5f shows the J-V characteristics of the
graphene/silicon Schottky junction, presenting a photovoltaic action with a conversion efficiency of 2.1%. Recently,
it has been demonstrated that solar cell conversion efficiency can be achieved by more than 6% for the directly
grown graphene film by the MW-SWP CVD on silicon substrate /8 Further, the synthesis of graphene on
catalytic/noncatalytic substrates has been investigated using LASER irradiation on the substrate surface in the
MW-SWP CVD method. It has been observed that graphene growth can be achieved under LASER irradiation,
whereas graphene growth was not observed only with the plasma process for the particular growth conditions 2,
These studies are significant for the direct growth of graphene structures on noncatalytic semiconducting,
insulating, and dielectric substrates for potential applications in optoelectronic, sensor, solar cells, and
heterojunction devices. Further, the synthesis of graphene with control growth orientation can be a significant

aspect to utilize the graphene surface for application in energy storage and conversation devices.
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Figure 5. (a) The transmittance of the nanographene films deposited at 560 °C for different durations compared to
indium tin oxide coated glass (inset of the figure: a photograph of nanographene film deposited on glass). (b) J-V
characteristics of the fabricated devices with nanographene films deposited for different durations. (¢) Schematic
diagram of fabricated graphene/n-silicon Schottky junction device. (d) Energy-band diagram of the fabricated
device. (e) J-V curve as a log plot under dark conditions (inset fitting plot of In(l)-V in forward bias). (f) J-V
characteristics for the dark and light irradiation (100 mW/cm?2) conditions.

3. Future Prospects of MW-SWP CVD for 2D Materials
Synthesis

The MW-SWP CVD method has been successfully established as a versatile CVD technique to grow graphene film
on metals, semiconductors, insulators, and dielectric substrates independent of their catalytic and noncatalytic
properties. However, controlling the crystalline quality and layer numbers for the synthesized graphene film is a
significant challenge for the developed MW-SWP CVD method. Again, the electrical properties of the graphene film

deposited by the plasma CVD method is not as good as the thermal CVD method as discussed above due to
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higher defects and smaller grain sizes, nevertheless, application in various electronic devices can be explored
considering the possibility of direct growth and thereby overcoming the influence of interface trap states due to
impurities. Furthermore, controlling the vertically-aligned graphene sheet synthesis process can be significant,
where the spacing of graphene sheets, length, and adhesibility with substrate surface are key aspects for various
prospective applications. The MW-SWP CVD method has been used to synthesize wafer-scale hBN film on the
catalytic and noncatalytic substrates. The thickness of hBN film can be controlled and a much thicker film can be
synthesized on a wafer scale compared to the thermal CVD process, as the monolayer and the few-layer hBN
growth are limited by the catalytic growth nature of the substrate in a thermal CVD process. Further, graphene-like
BCN structures and other 2D layered materials can be synthesized by the developed process as a gaseous and
solid precursor can be introduced in the growth chamber. Synthesis of graphene/hBN heterostructures and other
heterostructures of 2D layered materials can be interesting prospects for future studies in MW-SWP CVD methods.
Sulfurization of metal films and use of metal-organic precursors can be interesting prospects for low-temperature
synthesis of TMDCs layers by the MW-SWP CVD method. The MW-SWP can be also an important technique for
processing graphene oxide, MXenes, oxide layered materials, and other nanomaterials. Recently, researchers
demonstrated the near-room temperature reduction of graphene oxide films and doping of nitrogen atoms [79].
Interestingly, graphene oxide films coated on flexible polymer substrates can be processed by MW-SWP, opening
possibilities for the reduction and incorporation of doping elements in graphene oxide films on various soft
substrates. In other prospects, the MW-SWP process can be used for functionalizing, surface processing,

encapsulation, and incorporation of doping elements, thereby expanding the application of plasma methods.
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