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Abstract

Contamination-free graphene presents vast potential in diverse energy applications, encompassing storage, conversion,
harvesting, and catalysis. Ongoing endeavors to ensure graphene’s purity are poised to unlock fresh prospects for advancing
sustainable and efficient energy technologies. Despite the chemical vapor deposition (CVD) method’s promise in deliver-
ing large-area, high-crystallinity graphene with unique properties, industrial-scale production remains a challenge. Issues
surrounding the uniformity and reproducibility of graphene films persist, particularly when synthesized in quartz furnaces,
leading to unintended particle contamination that alters growth processes and graphene properties. This study delves into
the formation and origins of these contaminants during growth. The authors propose modifying quartz furnace layouts to
mitigate sample contamination and achieve clean, uniform graphene films across large areas. Evaluation using scanning
electron microscopy (SEM), x-ray photoelectron spectroscopy (XPS), and Raman spectrometry elucidated the characteristics

of both as-grown and transferred graphene films.
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Introduction

Contamination-free graphene, a one-atom-thin carbon
nanosheet renowned for its exceptional properties, holds
enormous potential across diverse energy applications and
industries. Recognized as a “miracle material,” graphene
exhibits remarkable attributes, including optical transpar-
ency, flexibility, large surface area, outstanding electrical
conductivity, ultra-lightweight nature, and chemical inert-
ness. Its eco-friendly and renewable characteristics position
graphene as a transformative element for future industries. !
In electronics, it enables the fabrication of faster and more
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efficient devices such as field-effect transistors (FETs),
solar generators, high-performance wind turbines, ultra-
fast computers, and flexible electronic displays. Graphene’s
large surface area and light-transmitting capabilities make
it promising for solar cells. In energy storage, graphene-
based batteries and supercapacitors could revolutionize the
sector by providing durable and effective solutions.? The
medical field benefits from graphene’s biocompatibility and
high surface area, making it an excellent candidate for drug
delivery systems and biosensors. Its mechanical strength,
flexibility, and impermeability contribute to applications in
aircraft manufacturing, space vehicles, water filtration, and
sports equipment.”

However, realizing graphene’s potential on a large scale
demands cost-effective, contamination-free production on
substrates compatible with electronic devices.* Challenges
such as scalability, integration, bandgap engineering, and
environmental impact need to be addressed.’ Prioritiz-
ing optimization in synthesis and transfer methodologies
is essential for enhancing efficiency and control, ensuring
graphene’s widespread utilization in various substrates and
industries.®’
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Some recent work has been done on improving the quality
of graphene. Zhaoninh et al. achieved scalable production
of large-area graphene films on metal foils and introduced a
crack-free and clean transfer of graphene wafers onto silicon
wafers.® Haina et al. demonstrated direct growth of graphene
on Si-wafer by optimizing H, dosage and methanol to reduce
the graphene-substrate interaction and fabricated high-per-
formance graphene-based FETs.’ Bingzhi et al. reported
large-area and direct graphene synthesis over fused quartz
as a functional substrate via chemical vapor deposition. '
Bei et al. reported the successful growth of wrinkle-free,
ultra-flat graphene on a glass substrate.!! Additionally, Li
et al. presented a wafer-scale synthesis of graphene on a sap-
phire substrate for application in nanoelectronic devices.'?

Graphene Growth (CVD Technique and the Variables
Affecting Growth)

In 2004, Professors Andre Geim and Konstantin Novoselov’s
groundbreaking discovery of high-quality monolayer gra-
phene using the Scotch tape method marked the beginning
of extensive research on this remarkable material.'* Awarded
the 2010 Nobel Prize in Physics, their work ushered in a
new era of technological exploration.'* Various graphene
synthesis methods, including mechanical and electrochem-
ical exfoliation, epitaxial growth, and arc discharge, each
have distinct advantages and drawbacks. While mechanical
exfoliation offers high quality at a low cost, it lacks scal-
ability.!> Chemical and electrochemical methods are scal-
able but introduce structural defects.!® Epitaxial growth
produces high quality but restricts substrate choice and
increases costs.!” To overcome these limitations, researchers
are actively exploring chemical vapor deposition (CVD) due
to its versatility, scalability, and economic viability. Despite
some drawbacks, CVD stands out as the most promising
large-scale graphene processing method, continually evolv-
ing to achieve high-quality graphene.'® In the CVD process,
gaseous species react at high temperatures in the presence
of metallic catalysts, influencing graphene growth on met-
als through factors like substrate, carbon solubility, crys-
tal structure, gas composition, and thermodynamics.'*?
Contamination sources and extent can vary, necessitating a
thorough understanding and implementation of mitigation
strategies for high-quality graphene films.?!

To study the surface morphology and growth mechanisms
of graphene, numerous metal catalytic substrates have been
explored to date, including Ni, Cu, Pt, Pd, Au, and Ru.??
Among metal catalytic substrates, Cu is preferred for its
catalytic properties, lattice structure resembling graphene,
availability, and cost efficiency. It promotes graphene nucle-
ation, allowing clean transfer for device integration.*>**

The choice of a carbon precursor is crucial, and etha-
nol emerges as an effective option, surpassing methane in

efficiency, safety, affordability, and ease of treatment. Etha-
nol’s weak oxidizing nature contributes to rapid growth and
allows continuous graphene layer formation, unlike methane.
Ethanol’s oxygen content enhances graphene quality.?>’

Hydrogen’s role in CVD involves cleaning the metallic
substrate and tuning graphene film thickness, crystallinity,
and quality by optimizing flow rate and pressure. Higher
hydrogen flow rates promote highly crystalline monolayer
graphene.”®

Temperature significantly influences graphene synthe-
sis, impacting film quality, structure, and growth kinetics.
Higher temperatures accelerate growth rates and reduce sub-
strate surface roughness, enhancing mobility and lowering
defect density in the graphene film.>’

In conclusion, the synthesis of high-quality graphene
involves a complex interplay of various parameters and
methodologies, with CVD emerging as a leading contender
for large-scale production. Ongoing research aims to refine
and optimize these processes to unlock the full potential of
graphene in diverse applications.

Potential Sources of Contaminants during the CVD
Growth Process

While chemical vapor deposition (CVD) is a widely
employed technique for growing high-quality, defect-free
graphene, achieving continuous and monolayer films across
large areas poses challenges. Even slight fluctuations in
temperature, pressure, and gas flow can lead to uneven
growth and defects in graphene layers.° Additionally, pre-
cursor gases undergo chemical reactions producing toxic
byproducts that can impact the environment. Contaminants
are identified when synthesizing graphene on copper foil,
especially at extremely high temperatures below copper’s
melting point using hot-wall or cold-wall metal reactors.>!
During high-temperature growth, the quartz tube material
may experience significant strain, potentially contaminat-
ing graphene, especially in the presence of oxidants.*> The
transition from a-quartz to -quartz during the growth pro-
cess facilitates the migration of Cu atoms within the quartz
material, impacting density and allowing carbon and copper
to permeate throughout the tube. The practical implications
of this phenomenon in graphene production highlight the
potential complications in terms of cost and reproducibility,
particularly related to quartz tube and vessel aging.*>~>> The
current paper addresses contamination issues in graphene
production, proposing a solution using a quartz reactor and
a vessel with an advanced design. The authors present a
quick, annealing-free, and chemical etching-free method for
transferring high-quality CVD graphene onto flexible sur-
faces. The graphene films, both as-grown and transferred,
undergo analysis using spectroscopic methods such as
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x-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and Raman spectroscopy.

Methodology

Low-pressure CVD was used to synthesize graphene on
a polycrystalline Cu foil with a thickness of 25 pm and a
purity of 99.95%. The formation of homogeneous graphene
film over Cu requires a clean substrate, and therefore, anti-
corrosive treatment is applied to the Cu foil surface to avoid
oxidation. Even the foil that is resistant to corrosion has
a thin layer of Cu oxide on its surface. To ensure that the
growth of graphene is of high grade, these Cu oxide layers
have been removed from the surface by cleaning Cu foils
ultrasonically at room temperature (RT) in acetone and etha-
nol for around 15 min before graphene formation (see Fig
la). After substrate cleaning, a quartz sample holder con-
taining Cu foils is inserted within the chemical vapor depo-
sition chamber, thereafter annealing for 20 min at 1000°C
with Ar (20 sccm) and H, (20 sccm). It can be seen that
annealing at higher temperatures increases the crystallite
size and removes native oxide from the copper surface (see
Fig. 1b). After that, ethanol (C,H;OH), a gaseous carbon
which had been diluted in Ar (0.1% in 20 sccm of Ar) and
then added to the tube with hydrogen gas (100 sccm) for
30 min to grow graphene. Eventually, the film was taken
out of the heated area and allowed to cool under an Ar flow
before further inspection. Figure 2a schematically shows the
temperature—time profile during the CVD growth process
and Fig. 2b summarizes the graphene growth mechanism
on Cu foil by the CVD method.

SEM, Raman spectroscopy, and XPS are used to char-
acterize graphene quality, microstructure, number of lay-
ers, and defects. Mg-Ka radiations were used for XPS

measurements in a vacuum greater than 1.33 x 107'° kPa.
For a survey, the instrument pass energy was 50 eV, and for
a thorough scan, it was 20 eV. To maximize surface sen-
sitivity, all XPS spectra are taken at 30° with 15 A depth
analysis. A Zeiss (formerly LEO) 1530 field emission scan-
ning electron microscope was used to look for contaminants
and determine the surface morphology of both as-grown and
transferred samples. Using a refractive index (RI) confocal
Raman microscope, an excitation line of 532 nm (2.33 eV),
a 20X objective lens, and an incident power of 1 mW, spectra
of graphene transferred to Si/SiO, substrates were obtained.

Results and Discussion

The inset of Fig. 3 depicts a high-resolution SEM image
of a graphene film developed at a temperature of 1000°C
for 30 min using a conventional old quartz tube. During
graphene growth, the authors noticed widespread micro-
scopic white sphere-shaped spots contaminating the entire
Cu surface. Similar characteristics are frequently observed
in many published research articles to varying degrees,***’
but they fail to explain the nature of the same. This kind
of contamination appears in typical CVD-grown graphene
sheets produced in traditional quartz tube furnaces, and it is
frequently associated with oxidizing precursors. The inset
of Fig. 3 also displays an image depicting the regularly
used old quartz tube. The center of the tube is extensively
contaminated with copper (Cu) atoms. The varying colors
observed at different sections of the tube can be attributed
to the distinct temperatures experienced in those specific
regions during the growth process. However, when the film
was developed using a newly assembled, sterile quartz tube,
there was no evidence of surface contamination (see Fig. 5
inset). The nature of these traits when using methane has

(@
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Fig. 1 (a) Optical micrographs of pretreated (left) and (b) annealed copper foil at 1000°C (right).
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Fig.3 XPS survey scan of graphene film/Cu deposited using a regu-
larly used old quartz tube (inset shows the SEM image of the corre-
sponding contaminated film).

been described and discussed by Ruiz et al. The impurities
are identified by the authors as SiO, clusters, which originate
from the quartz walls when Cu atoms diffuse inside the tube
walls and in the boat supporting the Cu foil at the phase
transition temperature between o and p quartz.>* Since this

is a slow process, the effect is thus connected to the degrada-
tion of the quartz tube vessel; nevertheless, our experimental
results show that the effect is greatly reduced when a new
tube is utilized.

X-ray photoelectron spectroscopy (XPS) studies were car-
ried out to identify the white, sphere-like impurities. The full
scan of the corresponding surfaces is shown in Fig. 3, which
reveals a lack of the anticipated prominent peaks associated
with carbon (C) and copper (Cu) in the sample. However,
it is noteworthy that the spectrum does exhibit unexpect-
edly prominent peaks of SiO, and oxygen (O), indicating
the presence of significant surface contaminants. Upon the
initiation of growth, the surface becomes entirely coated
with silica, as evidenced by the SEM image. The binding
energy versus intensity plot in Fig. 3 rules out the possibility
of Cu,0 on the surface of the sample and demonstrates that
the contamination is predominantly from SiO,, and these
findings are in agreement with the findings published by
Ruiz et al.*

Improved, Contamination-Free Growth

To mitigate and prevent the introduction of quartz impuri-
ties during the growth process, modifications were made
to the existing CVD setup. These modifications involved
the incorporation of an alumina screen tube, as shown in
Fig. 4, and the use of a sample holder made of alumina.
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Fig.5 XPS scan of graphene/Cu foil (the SEM image of freshly-
deposited, uncontaminated graphene film is shown in the inset).

According to previous studies, alumina ceramic has a
significantly higher melting temperature than quartz and
exhibits superior thermochemical stability.**° In con-
trast, alumina tubes exhibit higher thermal conductivity,
facilitating improved heat transfer along the tube. How-
ever, this increased thermal conductivity renders them
more vulnerable to thermal shocks, thereby increasing
their susceptibility to failure in comparison to quartz
tubes. The author resolved the issue by using a wider
quartz vessel in conjunction with a smaller coaxial alu-
mina tube that connects the two cooler ends of the reactor.
This arrangement serves as a barrier to direct the SiO,
vapors toward the growth of the samples. Due to the rapid
condensation of SiO, vapors on the cooler surfaces of
alumina tubes, their migration from the walls of the high-
temperature quartz vessel to the hot samples is impeded.
In addition, Cu atoms have little chance of penetrating
alumina, and there should be no diffusional effects.? The
gas precursors are managed by digitally controlled flow
meters, while the pressure is adjusted by a needle valve
on the opposite end of the tube. Ethanol is stored at 3
bars of pressure in an Ar-pressurized steel jar kept at 0°C
(about 15 mbar of equilibrium pressure). It then enters
the system by controlling the flow of argon gas. The
alumina substrate holder is inserted and extracted from
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Fig.6 (a) Core level and (b) C-KLL Auger spectra of graphene.

the high-temperature zone by use of a linear magnetic
feedthrough (LMF) while the chamber is under vacuum.

After the growth, an XPS scan is performed to validate
the cleanliness of the film. The resultant XPS survey spec-
trum of the graphene/Cu foil surface is displayed in Fig. 5.
The spectrum shows no major peaks other than copper and
carbon, indicating the deposited film is of high quality and
free of contaminants. Figure 6a shows a core-level spectrum
of C s, which allows us to identify the types of bonds that
were present in the material. These spectrum characteris-
tics may be assigned to distinct carbon-containing groups
since they depend on the chemical environment of carbon
atoms. The core level C 1s peak was de-convoluted, and it
was found to be best fit by two peaks: one of these peaks
belongs to graphitic C—C species centered at 284.5 eV, and
the second small peak (C=0) at 285.5 eV.
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It is always a difficult task to differentiate between sp?/sp’
hybridized carbons, since their binding energies are nearly
overlapping. Therefore, the sp?/sp> hybridization ratio is cal-
culated differently. The carbon (C-KLL) Auger peak’s width,
which appears at a kinetic energy of 260 eV, is analyzed, and
a metric known as the “D-parameter” is derived by finding
the maxima and minima of the first derivative of the spec-
trum (as shown in Fig. 6b). According to the findings of
Loscovich and colleagues, the D-parameter for sp> hybrid-
ized carbon is around 22 eV, whereas the D-parameter for
sp hybridized carbon is 13 eV.*’ In our particular instance,
D-parameter and full width at half maximum (FWHM) val-
ues are 19.5 eV and 1.32 eV, respectively, and they follow
the reported values of sp hybridized carbon, demonstrating
that the deposited layer on Cu is pure graphene.

Improved Transfer Process

The first and most crucial stage in the creation of CVD-
grown graphene devices is the transfer of the as-prepared
film from the growth substrate to the device-compatible
target. It is, thus, critically important to maintain film qual-
ity throughout the transfer process, ensuring that the film
remains free from contaminants, uniform, and unbroken.
Graphene is typically protected with a temporary coating
before being wet transferred onto a target substrate, etched,
dried, and then the protective layer is removed as part of the
normal wet chemical transfer process.'® Various types of
polymers, including poly(methyl methacrylate) (PMMA),
polydimethylsiloxane (PDMS), and thermal release tapes,
have been identified as supportive layers for the transfer
of CVD graphene.*'**> Among these options, the PMMA
method has gained significant popularity and is commonly
employed for this purpose. In the PMMA-based process, a
layer of PMMA is applied through spin-coating onto a pre-
existing graphene film, after which the metal component is
subsequently removed via etching. Subsequently, the resid-
ual PMMA/graphene layer is transferred onto the designated
substrate and subsequently eliminated using appropriate sol-
vents. Additional processing steps have been implemented
to enhance the efficiency of the transfer procedure.*’ The
PMMA-assisted wet chemical transfer process, while being
straightforward and efficient, presents significant concerns.
Firstly, the utilization of solvents for PMMA removal poses
a notable challenge. Secondly, the complete elimination
of PMMA necessitates additional heat treatments, which
can potentially compromise the quality of both the devices
and the graphene film. Lastly, these processing steps are
not compatible with a wide range of appropriate polymeric
substrates. Therefore, to manufacture graphene-based prod-
ucts, it is imperative to develop a novel and sophisticated
technique that is free of impurities, exhibits non-toxic

characteristics, and effectively maintains the inherent prop-
erties of graphene.

In the given context, a notable prerequisite is to set up a
transfer mechanism that is characterized by its simplicity,
effectiveness, and ability to preserve the original character-
istics of graphene sheets. Cyclododecane (CDD), a cyclic
hydrocarbon, has the potential to serve as a viable substi-
tute for various polymers such as PMMA and PDMS. The
substance exhibits a high degree of hydrophobicity, display-
ing limited solubility in polar solvents such as water. It is
characterized by its colorless and translucent appearance
and is notable for its exceptional ability to form films. At
standard ambient conditions, this organic compound, which
is both non-toxic and environmentally friendly, exists in a
solid state. Due to its specific characteristics, CDD exhibits
complete sublimation upon exposure to air, rendering it a
favored material for supporting and facilitating the transfer
of graphene films.**

Figure 7 illustrates the graphene film synthesis and trans-
fer mechanism, which is an eight-step process as discussed
below:

Step 1- In the CVD process, the primary chemical reac-
tion for graphene synthesis is the thermal decomposition
of hydrocarbon (i.e., ethanol) in the presence of a carrier
gas (H,) at 1000°C. The carrier gas or reducing gas is
used to ensure that no oxidation is taking place.

Step 2- This step involves the transport of carbon species
to the substrate (adsorption), followed by surface migra-
tion and finally the formation of graphene film (nuclea-
tion and growth process).

Step 3- An oxygen plasma treatment is used to remove
graphene from the back of the Cu substrate.

Step 4- Next, a thin layer of CDD diluted in ethyl ether is
spin-coated onto the surface of graphene. By controlling
the dilution and the number of drops, one may deposit
homogeneous layers of CDD and achieve the optimal
crystallite size.

Step 5- Subsequently, Cu is then etched with a 50 g/L
solution of aqueous ammonium per-sulphate. The 25
pm-thick Cu foil is entirely etched away in less than 3
h at RT.

Step 6- The Graphene/CDD film is then thoroughly rinsed
with DI water to get rid of any remaining residue from the
manufacturing process.

Step 7- The Graphene/CDD stack is then transferred to
a hydrophilic SiO, (300 nm)/Si target substrate that has
been treated with oxygen plasma. The CDD/graphene/
Si0, (300nm) is then heated to 70°C in the air to remove
any remaining CDD and interfacial water trapped beneath
the graphene. Since CDD melts at about 63°C, it should
lower the surface tension at this last stage, making trans-
fer easier and better.
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Fig.7 Schematic of chemical vapor synthesis and transfer of monolayer graphene.

Step 8- Finally, high-quality graphene film is transferred
to the SiO,/Si substrate as shown in Fig. 7.

To ensure that the cleaning and transfer process did not
compromise the quality of the graphene film, the samples
were thoroughly characterized by Raman spectroscopy,
which is one of the most effective, nondestructive, and
widely used techniques for determining the structural prop-
erties, types of bonding, level of disorder, thickness, and

@ Springer

number of stacked graphene sheets in layered graphene-like
materials.*>*® The spectral features of graphene exhibited
three distinct peaks (D, G, and 2D), whose positions, widths,
and heights can be used to quantify the various properties
of the substance.*’

Figure 8 illustrates the Raman spectra of CDD-trans-
ferred, contaminated, and clean graphene films after Cu
etching using a 532 nm (2.33 eV) laser line. The spectrum
of contaminated graphene film is dominated by two narrow
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Fig.8 Raman spectra of CDD-transferred contaminated and clean
graphene films after Cu etching. Inset shows the SEM image of a
clean graphene film transferred onto Si/SiO,

peaks, D and G, centered at 1344 cm~! and 1580 cm™!,
respectively. In addition to these peaks, the spectrum dis-
plays a broad, low-intensity peak at 2690.4 cm™!, which cor-
responds to the 2D band. In contrast, the spectrum of clean
graphene differs significantly from that of a contaminated
graphene film. Here, the intensity of the 2D peak increases
significantly to its maximum, while the intensity of the D
peak decreases to its minimum. It is worth mentioning that
the G and 2D band peaks of a clean graphene film are found
to be quite close to those of a micromechanically exfoliated
graphene film, indicating that the film synthesized by the
modified assembly provides the desired result. This is an
extremely important finding when dealing with graphene
transferred using a supporting layer, as residues of the sup-
porting material (such as PMMA) are always left behind
after the transfer process, which significantly affects the gra-
phene and device characteristics. Furthermore, the intensity
ratio (I,p/I;) from the Raman spectrum may be used not only
to assess the quality of graphene film but also to estimate
the number of layers. A high (Z,,/I;) ratio and a relatively
small amplitude of the D peak indicate that graphene of
high quality has been synthesized.*® Table I shows the data
obtained from the Raman spectrum for estimating the num-
ber of layers of graphene on a Si/SiO, substrate. The ratio of
(I,p/1;) 15 0.61 for contaminated graphene film and 1.15 for
clean graphene film, as shown in Table I. Intensity ratio> 1
implies that the modified CVD system is successfully able to
produce high-quality few layers of graphene film. Addition-
ally, the intensity ratio (I/I;) can be used for characterizing
the defect quantity in graphene and also as an indicator of
the film’s crystalline quality. Here, the (/1) ratio is found
to be ~0.815 for contaminated and ~0.23 for clean graphene
film, indicating that the sample produced via the modified

Table | Data obtained from Raman spectrum for estimating the num-
ber of layers of graphene on SiO,/Si substrate

Graphene on SiO,/Si Ip/lg Lp/l; La, nm
Contaminated 0.81 0.61 23.59
Clean 0.23 1.15 83.58

setup contains few defects. These defects may be the result
of irregularities, edges, charged impurities, the presence of
domain boundaries, or molecular folding.

The graphene domain size is estimated using the follow-
ing equation:

I -1
— —10\4 4 D
L,(nm) = 2.4x 10700 <E> ,

where 1=1aser is the wavelength of the excitation laser. The
above formula is based on the Tuinstra—Koenig relation to
calculate the crystallite size using Raman spectroscopy.*’
The large grain size of graphene ~83.58 nm suggests that
the high-quality graphene film was successfully transferred
onto a SiO,/Si substrate by the wet chemical etching process,
synthesized via a modified CVD system.

The inset of Fig. § also shows the SEM image of a cor-
responding transferred graphene film. There are fewer con-
taminants on the surface of the film, and it looks more con-
tinuous except for a few wrinkles and folds that form when
the film cools down after synthesis because graphene and
copper have different thermal expansion coefficients. These
results further imply that this approach is capable of produc-
ing a much cleaner, continuous graphene film transfer with
just a small amount of solvents being required during the
spin coating process.

Conclusions

In summary, contamination-free graphene presents substan-
tial potential across a spectrum of energy applications, span-
ning from storage and conversion to harvesting and catalysis.
However, the commercial fabrication of high-grade gra-
phene sheets for a range of applications has proven to be a
significant barrier for makers, despite the undeniable prom-
ise of graphene’s potential. In the present work, the authors
presented a potential solution, which is demonstrated by
the implementation of a quartz reactor and a vessel with an
improved design. Moreover, the authors presented a rapid,
annealing, and chemical etching-free method for transferring
high-quality CVD graphene onto desirable surfaces. Raman,
SEM, and XPS techniques were used to ensure the quality
of the grown graphene film.
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