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FOREWORD

We are thrilled to present the third installment of The Great World of
Nanotechnology, a volume dedicated to exploring the cutting edge of nanotechnology
applications, from the fundamental science of materials to their tangible impact on health,
industry, and the environment. This book is meticulously structured into four thematic
blocks, designed to guide the reader through the latest innovations that seek to solve
crucial challenges in modern society.

The first pillar of this volume, Fundamentals of Nanomaterial Manufacturing
and Characterization, delves into the critical methodologies for creating high-quality
nanostructures. Chapter 1 offers systematic research on the Effects of the Transfer
Process on the Structure of Graphene Synthesized by Chemical Vapor Deposition.
Complementing this, Chapter 2 examines Polymer Nanofibers via Airbrushing.

In Nanomaterials for Surface Engineering and Smart Sensors, the chapters
explore how these nanostructures can be applied in functional devices and material
protection. Chapter 3 presents advances in the development of sensors based on graphene
functionalized with nanoparticles. Similarly, Chapter 4 addresses the electrodeposition of
nanostructured metal coatings.

Nanotechnology in Biomedical and Pharmaceutical Applications brings three
chapters focusing on the use of nanotechnology to improve human health. Chapter 5
evaluates the Cytotoxic Effect of Nanoemulsion with Pumpkin Seed Oil on Breast Cancer
Cell Lines. In the field of tissue engineering, Chapter 6 describes the development of
Alginate/Collagen Structures Enhanced with Conductive Nanoparticles (PEDOT) for
the Regeneration of Small-Diameter Blood Vessels. Finally, Chapter 7 discusses the
development of an antiseptic gel based on bioactive compounds encapsulated in
nanoparticles.

Concluding our exploration, Nanotechnological Solutions for Environmental
Remediation addresses the water pollution crisis. The final chapter describes the
Removal of Arsenic from Groundwater Using Recycled Iron Nanoparticles through the
development of a low-cost filter that uses iron nanoparticles.

We invite you to immerse yourself in reading The Great World of Nanotechnology.
Vol. lll, where science on the smallest scale translates into large-scale solutions. We
sincerely hope that this compilation of advanced research will not only be of utmost
interest to you, but also inspire new directions of study and application in this infinitely
promising field.

Emilio Castro Otero



PROLOGO

E com grande entusiasmo que apresentamos a terceira edicdo de The Great
World of Nanotechnology, um volume dedicado a explorar a vanguarda das aplicagdes
nanotecnolégicas, desde a ciéncia fundamental dos materiais até o seu impacto tangivel
na saude, na industria e no ambiente. Este livro esta meticulosamente estruturado
em quatro eixos tematicos, concebidos para guiar o leitor através das mais recentes
inovacdes que procuram resolver desafios cruciais na sociedade moderna.

O primeiro eixo deste volume, Fundamentos da Fabricacio e Caracterizacao de
Nanomateriais, aprofunda as metodologias criticas para a criagdo de nanoestruturas de
alta qualidade. O Capitulo 1 oferece uma investigagdo sistematica sobre os Efeitos do
Processo de Transferéncia na Estrutura do Grafeno Sintetizado por Deposicédo Quimica
de Vapor e o segundo capitulo examina as Nanofibras Poliméricas via Aerografia.

Em seguida, o eixo Nanomateriais para Engenharia de Superficies e Sensores
Inteligentes, explora como essas nanoestruturas podem ser aplicadas em dispositivos
funcionais e protecdo de materiais. O Capitulo 3 apresenta os avangos no desenvolvimento
de Sensores Baseados em Grafeno Funcionalizado com Nanoparticulas. Paralelamente,
e o Capitulo 4 aborda a Eletrodeposicéo de Revestimentos Metalicos Nanoestruturados.

O eixo Nanotecnologia em Aplicac6es Biomédicas e Farmacéuticas, centra-se
na utilizacdo da nanotecnologia para melhorar a saiude humana. O Capitulo 5 avalia o
Efeito Citotéxico da Nanoemulsdo com Oleo de Semente de Abdbora em Linhagens de
Células de Cancro da Mama. No campo da engenharia de tecidos, o Capitulo 6 descreve
o desenvolvimento de Estruturas de Alginato/Colagénio Melhoradas com Nanoparticulas
Condutoras (PEDQOT) para a regeneracéo de Vasos Sanguineos de Pequeno Diametro.
Finalmente, o Capitulo 7 expde a Elaboragcdo de um Gel Antisséptico Baseado em
Compostos Bioativos Encapsulados em Nanoparticulas.

Concluindo a nossa exploracdo, o eixo Solucées Nanotecnoldgicas para
Remédios Ambientais, aborda a crise da contaminacdo da agua. Este ultimo capitulo
descreve a Eliminacdo de Arsénico das Aguas Subterraneas Usando Nanoparticulas
de Ferro Reciclado, através do desenvolvimento de um filtro de baixo custo que utiliza
nanoparticulas de ferro.

Convidamo-lo a mergulhar na leitura de The Great World of Nanotechnology Vol.
lll, onde a ciéncia na escala mais pequena se traduz em solugbes em grande escala.
Esperamos sinceramente que esta compilagcido de pesquisas avancadas ndo so6 seja do
seu interesse, mas também inspire novos rumos de estudo e aplicagdo neste campo
infinitamente promissor.

Emilio Castro Otero
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ABSTRACT: In this chapter, a systematic
investigation about the synthesis and transfer
of graphene through the chemical vapor
deposition (CVD) of methane (CH,) and
acetylene (C,H,) as the carbon precursors
onto copper substrates is provided. Raman
spectroscopy enabled the characterization
of the number of layers, the level of disorder
and the structural changes created by the
transfer process to the silicon substrates. The
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findings indicate that CH, has more favorable
effect on the growth of graphene films with
reduced defect density and higher control of
thickness than C,H,. Also, it was found out
that the transfer creates effective reduction
in the number of layers and changes in the
relative intensities of the D, G and 2D bands,
which is due to strain effects, interaction with
the support polymer, and support polymer
residues. These findings aid in shedding
light on the processes that influence the
mechanism of maintaining structural integrity
of graphene in its processing and give a
guideline to the manufacturing production of
high-quality films to be used in electronic and
photoelectrocatalytic tasks.

KEYWORDS: graphene; chemical vapor
deposition; raman spectroscopy; graphene
transfer.

1. INTRODUCTION

Graphene is a two-dimensional
allotrope of carbon, formed by atoms arranged
in a hexagonal network of only one atom in
thickness. Since its isolation by Geim and
Novoselov in 2004, research related to this
material has increased drastically, and its
relevance was recognized with the Nobel Prize
in Physics in 2010. The electronic, thermal, and
mechanical properties of graphene make it a

material of high scientific and technological
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interest. It stands out for its exceptional electrical conductivity (Martini et al., 2019), derived
from its structure of sp? covalent bonds and delocalized = electrons, and for its high thermal
conductivity, estimated between 3000 and 5000 W-m"-K (Ghosh et al., 2010), values that
suggest that graphene conducts heat better than carbon nanotubes (Balandin et al., 2008).
Its elastic modulus reaches 42 N-m™, with a mechanical deformation of approximately 25%
before breaking (Lee et al., 2008). Other significant properties are its large surface area
(Liu et al., 2019) and its transparency (Nair et al., 2008). However, all these properties can
vary significantly depending on the synthesis technique and the precursor used.

The techniques for obtaining graphene are divided into two main categories
(Olabi et al., 2021). The first category includes methods in which graphite is used as the
raw material. This category is called “top-down,” which means “from top to bottom”. In
this category three methods can be distinguished, which are mechanical exfoliation (Gao
et al,, 2018), chemical exfoliation (Kamedulski et al., 2019), and chemical synthesis (Liu
et al., 2008), the latter including the reduction of graphene oxide. From the exfoliation of
graphite, a powder composed of graphene flakes is obtained, which is very convenient
for experimental use in laboratories and for large-scale applications. The general
limitation of these methods is that it is very difficult to obtain large-area material. In
general, exfoliation methods starting from graphite are the simplest; however, during
the process many defects are generated in the graphene sheets. Although defects can
serve as active sites for electrochemical reactions, they also considerably decrease the
performance of graphene’s most notable properties, which are electrical and thermal
conduction. The second category includes all methods in which a carbon source is used
as a molecular or atomic precursor to generate graphene growth. This category is called
“bottom-up,” which means “from bottom to top,” in the sense that graphene is built from
atoms or small molecular fragments. The methods included in this section are pyrolysis
(Karu et al., 1966), epitaxial growth (First et al., 2010), and CVD (Wei et al., 2009). Through
epitaxial growth on SiC, high-quality graphene can be obtained. The two main drawbacks
of this method are the high cost of SiC wafers and the high synthesis temperatures
above 1000 °C. On the other hand, graphene synthesized by pyrolysis has a low cost
and a highly pure material can be obtained. However, the number of defects observed in
the graphene is high, so the properties of the material are not optimal. Finally, the CVD
technique is the most convenient in terms of quality and price (Novoselov et al., 2012).

It is important to highlight that in the CVD technique any carbon source in solid,
liquid, or gaseous state can be used as a synthesis precursor. But the most significant

advantage compared to other techniques is that it allows controlling the number of
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graphene layers by adjusting parameters such as temperature and synthesis time, and
the amount of precursor. The number of graphene layers is one of the most important
characteristics of this material, since, as mentioned earlier, the properties vary significantly
between a monolayer and multilayer graphene. In addition, the presence of H, also plays
an important role in the synthesis. Graphene can grow without H,; however, this molecule
has a catalytic effect that affects the growth mechanism (Qi et al., 2013).

On the other hand, the synthesis substrate plays a fundamental role in graphene
growth. The most used substrates are transition metals such as nickel (Ni) (Yu et al,,
2008), platinum (Pt), palladium (Pd) (Kwon et al., 2009), iridium (Ir) (Coraux et al., 2009),
and copper (Cu) (Song et al., 2014). The disadvantage of Ni is the high percentage of
carbon solubility. The solubility of carbon in the substrate must be optimal so that it is not
difficult to transfer it to another substrate later. In addition, Ni is limited by its small grain
size. This is important because, with larger grain size, the synthesized graphene exhibits
larger areas without boundaries that can act as defects. On the other hand, substrates
such as Pt, Pd, and Ir are quite costly. Cu is the best option currently because it has lower
carbon solubility compared to Ni and a much lower cost than other transition metals
(Zhang et al., 2011). In addition, its grain size can be increased through an annealing
process. These characteristics make it possible to transfer graphene more easily from
Cu than from other substrates (Li et al., 2009).

Finally, the synthesis precursor is very important, since the decomposition
mechanism and subsequent formation of graphene vary depending on the chosen precursor
molecule. The most used precursor is methane (CH,). The decomposition mechanism
of this molecule to form graphene has been described as successive dehydrogenation
stages (Zhang et al., 2011). Another carbon source that can be used is acetylene (C,H,).
This precursor is promising because it produces rapid graphene growth. In addition, it
is possible to control the number of layers by adjusting the injection time with the CVD
technique (Song et al., 2014). Graphene can grow without H,; however, some authors
indicate that it promotes the process with a catalytic effect. The properties of graphene
and its atomic structure make it an ideal platform for synthesizing other carbon materials
or materials of different nature. Graphene could improve the efficiency and durability of

many applications. However, it is necessary to critically address its current limitations.

2. GRAPHENE SYNTHESIS AND TRANSFER

Graphene was synthesized on copper foils of 2.25 cm? (MTI, purity > 99.99%,
thickness 25 pm), previously cleaned by ultrasound in ethanol and acetone for 5 min with
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each solvent (Song et al.,, 2014; Segura et al., 2016). The CVD process was carried out in
three stages. First, the substrate was annealed at the synthesis temperature for 20 min
under a flow of 200 sccm of Ar/H2 to increase the grain size of the Cu. Then, in the growth
stage, the carbon precursor (CH, or C_H,) was injected with a constant flow of 2 sccm for
variable intervals of 1 to 30 min, maintaining 200 sccm of Ar and adjusting the amount of
H, between 0 and 100 sccm. Finally, the system was cooled to room temperature under Ar
flow. To optimize the synthesis conditions, four fundamental parameters were evaluated:
(i) deposition time (1-30 min), (i) temperature (950, 1000, and 1050 °C), (iii) H, flow (O,
5, and 20 sccm), and (iv) precursor flow (1-10 sccm). The comparison between methane
and acetylene allowed establishing their influence on the quality, number of layers, and
uniformity of the graphene.

Subsequently, the graphene was transferred from the copper to the final substrate
using a method assisted by polymethyl methacrylate (PMMA) (Suk et al., 2011). A total of
90 uL of a PMMA solution (20 mg/mL in chlorobenzene) was applied by spin-coating at
500 rpm for 10 s and 1500 rpm for 50 s, followed by curing at 120 °C for 5 min. The Cu
was dissolved in an aqueous solution of Fe(NO,), 1 M until complete removal, and the
PMMA/graphene film was washed three times with distilled water. It was then transferred
onto the new substrate and dried under vacuum for 2 h, followed by heating at 180 °C for
30 min. The polymer was removed by successive immersion in acetone (40 °C, 3 min) and
2-propanol (3 min), finishing with a thermal treatment at 400 °C under Ar/H, flow. The
complete transfer procedure is shown schematically in Figure 1.

Figure 1. Schematic of the graphene transfer process.
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3. RESULTS

The synthesis of graphene on copper was optimized by CVD using two carbon
precursors, acetylene and methane. For both, four main parameters were evaluated: (i)
deposition time (1-30 min), (ii) temperature (950, 1000, and 1050 °C), (iii) hydrogen flow
(0100 sccm), and (iv) precursor flow (2-10 sccm).

The samples were characterized by Raman spectroscopy using a Renishaw
inVia spectrometer with a 532 nm laser, to determine the number of layers and the
degree of structural disorder. A 25x objective was used, and the laser intensity was
kept at 5%. Ten spectra were collected from different regions of each sample and
averaged, providing statistically representative data and minimizing the influence
of local inhomogeneities or measurement artifacts. This technique is widely used to
evaluate the quality of graphene, since it allows rapid and non-destructive identification
of the number of layers, defects, and strain in the lattice (Saito et al., 2011; Pimenta et al.,
2008). In the Raman spectra of graphene, the main bands distinguished are the D band
(~1350 cm”), G band (~1580 cm), and 2D band (~2690 cm), occasionally accompanied
by secondary signals such as D’ (1620 cm™), G* (2450 cm), and D+G (2940 cm”). The
D band is associated with defects or grain boundaries and does not appear in pristine
graphene. lts intensity increases with the defect density. The G band, originating from
an in-plane vibrational mode (iTO and LO), is present in all types of graphene and its
position is sensitive to strain or doping. The 2D band, corresponding to a second-order
double-resonance process, is particularly useful for determining the number of layers:
its shape and intensity change systematically with interlayer interaction (Malard et al.,
2009). As the number of layers increases, the 2D band broadens and loses intensity,
while the G band undergoes a slight shift to lower frequencies. In single-layer graphene,
the 2D band is intense, symmetric, and narrow, with an I2D/IG intensity ratio > 2; in
bilayers and few-layer graphene this value decreases progressively. Therefore, the 1,/
I; ratio constitutes a direct criterion to estimate the number of layers and the structural
quality of the material. The appearance and shape of the defect-induced bands (D, D’,
and D+Q) also allow evaluation of the degree of crystalline order. In highly defective
materials the D band increases notably, while in high-quality graphene this band is
weak or absent. Raman spectroscopy offers an unequivocal, rapid, and non-destructive
identification of single-layer, bilayer, and multilayer graphene, and is currently the most
widely used method to characterize graphene (Ferrari et al., 2006; Ni et al., 2008). In

this study, correlating the Raman response with the synthesis parameters enabled the
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determination of optimal conditions for producing few-layer, low-defect graphene on

copper. The following section presents the results obtained from this optimization.

31. EFFECT OF SYNTHESIS TIME

To analyze the effect caused by the precursor injection time, all fabrication
parameters were kept constant while varying the time between 1 and 30 minutes, for
the two proposed carbon sources (CH, and C_H,). The synthesis temperature used was
1000 °C, the precursor flow 2 sccm, and the hydrogen flow 5 sccm. In Figure 2a, the
Raman spectra for the samples prepared with CH, are presented. In this case, the ratio
between the intensities of the 2D and G bands (l,,/l,) varies between 0.70 and 0.80,
which corresponds approximately to 3 or 4 layers of graphene (Song et al., 2014). Despite
increasing the time from 1 to 30 minutes, no significant difference is observed in the
number of layers. Where a difference can be noticed is in the intensity of the D band.
As the synthesis time increases, the intensity of this band decreases, which indicates
a decrease in the number of defects. It is possible that by increasing the synthesis
time, the molecules manage to form larger areas of material, and therefore the sample
presents fewer grain boundaries and better-finished hexagonal structures. Therefore, in
this case it is favorable to increase the synthesis time and obtain graphene sheets with
better crystalline properties. On the other hand, in Figure 2b it can be noticed that in
comparison with the syntheses performed with CH,, the samples prepared with C_H, do
show an important difference when modifying the synthesis time. The 1-minute synthesis
presents an |/l ratio of 0.81, which corresponds approximately to 3 layers of graphene.
Meanwhile, the 3- and 10-minute syntheses present ratios of 0.22 and 0.02 respectively,
values that correspond to the formation of graphite.

Figure 2. Raman spectra for the graphene syntheses carried out by varying the precursor injection time a) methane
and b) acetylene.
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The difference observed between both precursors can be explained based on
the molecular structure. It had previously been reported that C,H, is a promising raw
material because it produces a rapid growth of the graphene layers (Song et al., 2014).
This makes sense if we consider that the CH, molecule has only one carbon atom, so
it must join with another 5 carbon atoms to form a hexagon and break 4 C-H bonds
to form the graphitic structure. On the other hand, C,H, has two carbon atoms in its
structure, so from 3 molecules a graphene hexagon can be formed. Under this context
it is coherent that when increasing the synthesis time with CH, from 1 to 30 minutes
practically the same number of layers is formed, while when using C,H, the number of

layers increases drastically.

3.2. EFFECT OF SYNTHESIS TEMPERATURE

In this section the effect of temperature on the synthesis of graphene was
analyzed, keeping constant the other three parameters studied, which are the time,
precursor flow, and hydrogen flow, for both CH, and C_H,. The synthesis time selected
was 1 minute, and the precursor and hydrogen flow used was 3 and 5 sccm respectively.
In Figure 3a the Raman spectra is presented for the samples prepared using CH,. In
this case, graphene of 4, 3, and 2 layers were obtained when the synthesis was carried
out at 950 °C, 1000 °C, and 1050 °C respectively. That is, when increasing the synthesis
temperature, the number of graphene layers decreases under the mentioned conditions.
On the contrary, as can be seen in Figure 3b, when the synthesis is carried out with
C,H,, the number of graphene layers increases when the temperature increases.
Graphene of 3 and 5 layers was obtained when the synthesis temperature increased
from 950 to 1000 °C.

Figure 3. Raman spectra for the graphene syntheses carried out with a) methane and b) acetylene for different
synthesis temperatures.
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Again, in this section completely opposite phenomena are observed when
comparing the two precursors. When increasing the synthesis temperature, the number
of layers decreases if CH, is used and increases if C,H, is used. It can also be observed
that in the syntheses carried out with acetylene the intensity of the D band is higher, which

indicates that the graphene sheets have more defects.

3.3. EFFECT OF PRECURSOR FLOW

To understand how the amount of precursor (CH, and C,H,) added in the
synthesis of graphene affects the material, the synthesis time, temperature, and amount
of hydrogen were kept constant. In Figure 4a the Raman spectra is presented for the
samples synthesized with CH,. For this precursor the injection flows selected were 3, 5,
and 10 sccm. In the 3 spectra the ratio between the intensities of the I/, bands varies
around 0.60, which corresponds to approximately 5 or 6 layers of graphene. That is, when
increasing the amount of precursor between 3 and 10 sccm it is not possible to notice a
substantial difference in the number of layers. The D band also does not show significant
changes in its intensity, and the presence of the other two disorder-related bands (D' and
D+QG) is not appreciated. On the contrary, when using C,H, as precursor a drastic variation
occurs when increasing its injection flow. As can be seen in Figure 4b, when increasing
the flow from 2 to 3 sccm only, the 1/l ratio varies from 0.81to 0.71, that is, it increases
from 3 to 4 layers with only 1 sccm difference. The above indicates that it is much more
difficult to control the growth of this material using acetylene. On the other hand, it is
also observed at first sight that the D band is much more intense in comparison with the
spectra of the samples prepared with methane. In addition, the presence of another band
produced by disorder, which is the D+G band, is observed. This indicates that the samples
prepared with C,H, present a greater number of defects than those prepared with CH,. It
is worth noting that the G+ band also appears to the left of the 2D band. However, in the

literature there is still no clear consensus about the appearance of this band.

Figure 4. Raman spectra for the graphene syntheses with different amounts of flow of: a) methane and b) acetylene.
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3.4. EFFECT OF HYDROGEN FLOW

In this section the effect of the hydrogen present in the synthesis of graphene was
analyzed. The time, temperature, and precursor flow were kept constant. When analyzing
how the amount of hydrogen affects the syntheses carried out with CH,, it was found
that with a lower amount of hydrogen a lower number of graphene layers is generated.
As can be seen in Figure 5a, the synthesis prepared with 20 sccm of H, presents an
/1, ratio of 0.50, which corresponds to more than 8 layers. Meanwhile, the graphene
synthesized without H, presents approximately 3 layers. In this case, if the objective is to
obtain few-layer graphene, the most appropriate is to prepare it without H,. However, it is
probable that this graphene has a greater number of small grains. Hydrogen performs at
least two functions in this synthesis (Vlassiouk et al., 2011). First, it acts as a catalyst for
the activation of carbon through the dehydrogenation of methane and also participates in
the control of grain size. This means that the presence of hydrogen allows the formation
of larger grains, which improves the conductive properties of the material.

Similar to the synthesis carried out with CH,, the syntheses carried out with C,H,
present a lower number of layers when decreasing the amount of hydrogen injected
(Figure 5b). When adding 20 sccm of H,, an |/l ratio of 0.68 was obtained. Meanwhile,
when adding 5 sccm of H, the 1/l ratio increases to 0.81 and consequently the number

of layers decreases.

Figure 5. Raman spectra of graphene obtained using a) methane and b) acetylene with different amounts of

hydrogen.
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3.5. GRAPHENE TRANSFER AND SELECTION OF SYNTHESIS PARAMETERS

In this section the results obtained for the optimization of the transfer of graphene
from the synthesis substrate (copper) to a new substrate are presented. For this study

silicon was used as the transfer substrate and the procedure described previously
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was employed. The analysis revealed that, when transferring the graphene samples,
they undergo a kind of exfoliation during the process, as a result of the adhesion and
release of the sheet on different surfaces until its final deposition. For this reason, when
comparing the Raman spectra of graphene on copper and then on silicon, an increase
in the /1, ratio is observed, indicating a decrease in the number of layers (Figure 6). It
is worth noting that, after the study of the synthesis of graphene, the optimal precursor
and parameters were selected to facilitate the transfer and preserve its properties. As
the optimal precursor CH, was chosen, since with C,H, it is much more difficult to control
the number of layers: small variations in its parameters completely modify the results.
In contrast, with methane it is easier to maintain precise control of the thickness and
reduce the number of structural defects. With respect to the synthesis parameters, these
were selected considering the decrease in the number of layers that is produced by the
exfoliation that the samples mentioned previously undergo. It was observed that, if in the
synthesis graphene between 4 and 6 layers is obtained, which corresponds to an I,/1;
ratio between 0.60 and 0.70, then after the transfer the graphene presents 2 layers, as
can be seen in Figure 6. Figure 6 shows 3 spectra of graphene synthesized on copper
(black line) and also 3 spectra of the same graphene samples after the transfer onto
silicon (red line). In Figure 6a the Raman spectra can be observed for a sample prepared
for 3 minutes at 1000 °C. This sample on copper presented an /I, ratio of 0.71 and then
on silicon a ratio of 118. Initially the synthesized sample presented approximately 4 layers
and after the transfer presents 2 layers. It is worth noting that when the | /I ; ratio is close
to 1, this corresponds to a graphene bilayer since both bands are equal. Meanwhile, in a
spectrum of a monolayer of graphene the 2D band can be between 2 and 4 times larger
than the G band. That is, the ratio between the intensities of these bands can also be
between 2 and 4. In Figure 6b something very similar is observed. The graphene sample
was prepared for 3 minutes at 950 °C. In this case the ratio between the intensities of
the 1./l bands varies from 0.60 to 0.94. In number of layers these values correspond to
4-5 layers synthesized and 2 layers after the transfer. Then, in Figure 6¢ the spectrum
can be observed for a sample prepared for 10 minutes at 950 °C. The ratio between
the /1, bands is 0.62 in the synthesis and 117 in the transfer. As in Figures 6a and 6b,
in the synthesis approximately 5 layers are observed and then the transferred material
corresponds to a graphene bilayer. An important difference observed when comparing all
the spectra of the synthesized graphene with the transferred graphene is the increase of
the G* band, which as mentioned previously appears at approximately 2450 cm (Shimada
et al,, 2005). The origin of this band has been explained from different hypotheses by

various authors which have been refuted over the years (Malard et al., 2009). Currently
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there is still controversy about the assignment of this band (Saito et al., 2011). The reason
is that there are different Raman DR (double resonance) components that occur at the
same frequency, and it is still not clear which of them is responsible for the formation
of this peak. On the contrary, the relative intensity of the Raman features associated
with defects (for example, the D band) depends directly on the number of defects. In
this case, however, the relative intensity of the bands associated with the Raman DR
components varies from one sample to another. This band has also been studied in other
sp? carbon materials such as carbon nanotubes (Shimada et al., 2005). Based on what
was observed in this work, it could be inferred that the intensity of this band is affected
by the transfer process, which could have to do with the substrate change or with the
increase of the defects of the material. However, experimental and theoretical support is
still needed to be able to correctly predict its behavior. Finally, it is important to highlight
that the most recent bibliographic review studies on Raman spectroscopy of graphene
do not mention anything about this peak, even though in the spectra they include, it does
appear (Nanda et al., 2016).

Figure 6. Raman spectra of three graphene samples synthesized at different conditions on copper (black line) and
then transferred to silicon (red line).
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In general, to synthesize graphene with 4 to 6 layers it was possible to narrow
the values for the 4 parameters studied in the synthesis. It is advisable to use the lowest
possible precursor flow since the objective is to obtain few layers of material. This value
is restricted by the minimum flow that the mass flow controller allows to be programmed.
In this case the minimum value that can be programmed is 3 sccm. When adding a flow
lower than 3 sccm the device error increases significantly. For this reason, 3 sccm
was chosen as the optimal CH, flow. On the other hand, with respect to the H, flow, by
consensus between the results obtained and the information found in the literature it was
concluded that it is possible to synthesize graphene in the absence of H,. However, the
most advisable is to add a small amount so that the synthesized material presents better

structural properties, lower number of defects, and grains of larger area. Therefore, it was
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decided to add 5 sccm of hydrogen in all the syntheses. With respect to the synthesis
time, the best results were obtained with 3 and 10 minutes. However, it was decided
that the most adequate synthesis time is 10 minutes since the number of layers formed
is the same as when using 3 minutes, but the sheets may be better finished and with
fewer defects. Finally, as synthesis temperature 950 °C or 1000 °C can be used. With
both temperatures in combination with the parameters mentioned previously graphene
between 4 and 6 layers can be obtained to subsequently transfer it. Lastly, it is important
to highlight again that to achieve an efficient transfer of 1 to 2 layers of graphene it is

advisable to prepare a sample that presents 4 to 6 layers on the original substrate.

4. CONCLUSIONS

In this work the synthesis of graphene by CVD on copper was systematically
investigated employing two carbon precursors (CH, and C,H,) and varying synthesis
time, temperature, precursor flow, and hydrogen. It was found that methane (CH,) allows
a more reproducible control of the number of layers and leads to sheets with a lower
density of defects in comparison with acetylene (C,H,), which favors rapid growth but is
difficult to control and presents greater structural disorder. The transfer process (PMMA
+ Cu etch) induces an effective reduction of the number of layers (4-6 layers on Cu —
1-2 layers after transfer) and modifies Raman characteristics associated with double
resonances, which suggests that partial exfoliation, the effect of the substrate, and PMMA
residues influence the observed spectroscopy. From the optimizations, the recommended
working condition is: CH, at 950-1000 °C, minimum compatible precursor flow (3 sccm
in the system used), 5 sccm of H,, and a time of 10 min to obtain transferable sheets of
1-2 layers after transfer. Finally, to strengthen the results and move toward applications,
it is necessary to complement this study with TEM/AFM characterization of edges, and a

post-transfer cleaning protocol that reduces PMMA residues and process variability.
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