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ABSTRACT:

There has been considerable interest in graphene as a transparent electrode material because of its extraordinary features,
such as high optical transmittance, high electrical conductivity, excellent thermal conductivity, exceptional mechanical
strength, and remarkable electrochemical capacity. In addition, transparent conductors’ graphene thin films have been
considered a promising candidate to replace currently utilized indium tin oxide films, which are unlikely to meet future
demands because of their rising cost. In this study, a vacuum filtration process along with isopropyl alcohol (IPA)-assisted
with direct transfer (IDT) technique is used to prepare wide-area highly conductive graphene thin films on different
substrates including (glass, and PET). The graphene thin films' optical, structural, and electrical properties are studied. The
graphene sheets are deposited homogeneously on the substrate, and the distribution of small graphene sheets is observed in
SEM images. XPS analysis revealed that the amount of oxygen in graphene decreases significantly with annealing at 500°C
and treated with HNO3. Furthermore, the graphene transparent conductive films prepared by the adjusted vacuum filtration
method show low sheet resistances of 12.2, 1.41, 1.18, and 0.8 kQ/sq with transmittances of 81%, 70%, 64.3%, and 46.4%
respectively after being annealing at 500°C and treated with HNO3.

KEYWORD: Graphene Thin Film, Vacuum Filtration, IPA-assisted Direct Transfer, Electrical Resistivity, Optical

Transparency.

1. INTRODUCTION

One of the biggest challenges in the field of organic
electronics is to develop reliable techniques for manufacturing
highly conductive, flexible, and transparent electrodes (Southard
et al., 2009). Indium tin oxide (ITO) is the most commonly
employed transparent electrode due to its optical transparency,
exceeding 80% in the visible light spectrum. It also possesses a
low sheet resistance ranging from 10 to 30 Q/sq and a favorable
work function of around 4.8 eV (Wang et al., 2008)(Kim et al.,
2007).

However, Indium Tin Oxide (ITO) has certain drawbacks,
including sensitivity to basic and acidic conditions, elevated
surface roughness, and rising costs caused by the lack of indium.
Furthermore, ITO exhibits brittleness, leading to micro-cracks
formation when subjected to bending stress and a dramatic
reduction in conductivity. During the previous decade, extensive
research was concentrated on developing modern kinds of
flexible electrode materials to substitute the conventional ITO
(Parvez et al., 2013). The search for new electrode materials has
yielded several significant results, including the discovery of
graphene, metal gratings, random networks of metallic
nanowires, and carbon nanotubes (CNTs) (Kumar & Zhou,
2010)(De et al., 2009).

Graphene is a widely recognized type of two-dimensional
carbon monolayer that consists of all sp2-hybridized carbons (W.
Zhang et al., 2020). It has fascinating properties, such as being
lightweight, having high thermal and electrical conductivity,
exhibiting a highly tunable surface area close to 2675 m?g~,
having strong mechanical strength close to 1TPa, and showing
chemical stability(J. Xia et al., 2009)(Lee et al., 2008). Its
remarkable and outstanding properties make it an excellent,
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promising candidate for electronics, performance structural
nanocomposites, and advanced environmental protection and
energy devices, which include both storage and energy
generation(J. Liang et al., 2009) (Pumera, 2010). The outstanding
physical and chemical properties of graphene material also make
it highly attractive for sustainable energy generation and
electrochemical energy storage(Olabi et al., 2021). It is used in
Li-ion batteries, super capacitors, fuel cells, photovoltaic, solar
cells, and triboelectric nanogenerators (TENG) (Simon &
Gogotsi, 2008).

Lately, there has been extensive exploration of numerous
strategies based on bottom-up or top-down synthesis methods to
obtain graphene sheets (Gutiérrez-Cruz et al., 2022). Bottom-up
approaches are utilized to efficiently synthesize high-quality
graphene that utilizes surface-assisted coupling of precisely
selected molecular precursors on high-quality metal catalyst
substrates by using chemical vapor deposition and epitaxial
growth techniques on the wafer scale.(Bae et al., 2010)(Z. Xia et
al., 2016).

The creation of graphene on a large scale through the
methods mentioned above is impeded by several challenges,
including difficulties in achieving high-temperature control over
the cooling rate, the requirement for high-quality substrate
materials, and managing the pressure (Vasanthi et al., 2020). The
top-down approaches have enabled direct natural or synthetic
graphite exfoliation into single or few-layer graphene in the
liquid phase. A variety of effective top-down methods, including
high-shear ~ mixing, liquid sonication, electrochemical
exfoliation, and reduction of graphite oxide, were employed for
the mass production of high-quality graphene sheets at the gram
and even at kilogram scales(Yang et al., 2016)(Z. Y. Xia et al.,
2014).
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Graphene is widely considered a highly promising option
for flexible electronics because it has a remarkably tunable
bandgap and a large surface area with unique 2D structures due
to its atomic thickness(Nair et al., 2008)(Bae et al., 2010). The
arrangement of graphene sheets mainly creates extensive thin
films, which are ideal for integrating and designing flexible
devices. A variety of techniques have been utilized in the past to
create graphene thin films, for example, Langmuir—Blodgett
(LB) assembly, layer-by-layer (LbL) assembly, dip coating, drop
casting, spin coating, rapid freezing via spraying, dry/ solution-
based transfer techniques, as well as inkjet, screen, and gravure
printing(Han et al., 2013)(Eda, Fanchini, et al., 2008b).

However, leaving residual dispersion agents on the surface
of graphene thin films made by the LbL and LB assemblies
technique is a common problem that causes a significant increase
in contact resistances and affects the electrical properties of
graphene thin film. The graphene thin films made by drop
casting, spin coating, and dip coating techniques also suffer from
uncontrollable thickness, low efficiency, and inhomogeneity.
Additionally, gravure printing and Ink-jet screen methods
necessitate the use of additives like polymers to regulate the level
of viscosity, which can have negative influences on the optical
and electrical properties of graphene thin films.(Baptista-Pires et
al., 2016).

These methods also necessitate high-temperature to anneal
the films and remove the additives, which is not appropriate with
flexible substrates such as paper, plastic, PET, and textiles
(Baptista-Pires et al., 2016). Therefore, it is essential to create
methods for depositing graphene films on a particular substrate
without the use of additives. The technique of vacuum filtration
is widely used for making highly flexible and durable wearable
electronics, and it is also extensively used for the successful
deposition of high-quality films composed of versatile and
exceptional materials such as carbon nanotubes and graphene(Su
et al., 2011). It is a considerably simple technique that has the
capability of controlling the thickness and number of layers in a
thin film, as well as achieving a significantly homogeneous
surface of the thin film(Eda, Fanchini, et al., 2008a).

A novel method for transferring graphene film filtration
membrane using an IPA-assisted direct transfer process was
developed. This process allows for easy transfer of Graphene
films to various substrates, including paper, fibers, polymeric
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sheets, Si, PET, and glass substrates for further use. The
homogeneous transparent conductive graphene films have been
fabricated through vacuum filtration technique and subsequent
transfer to the desired substrates with low sheet resistances of
12.2,1.41, 1.18, and 0.8 kQ/sq and transmittances of 81%, 70 %,
64.3%, and 46.4% respectively, after being annealed at 500°C
and treated with HNOs.

2.EXPERIMENTAL SECTION

2-1 Materials

Pure graphene (ca. 98%) powders were bought from
Nanjing XFNANO Materials Tech Co., Ltd. Additionally, N, N-
Dimethylformamide DMF (Sigma Aldrich, 99%) was utilized as
a solvent. Moreover, isopropyl alcohol IPA (99.8%, Sigma-
Aldrich) was used to separate the graphene thin film from the
membrane. Furthermore, acetone ACE (99.9%, Sigma-Aldrich)
was employed to clean tools. Additionally, nitric acid HNO3
(Sigma Aldrich, 99.5%) was used to treat graphene thin films.
Lastly, polytetrafluoroethylene PTFE (47 mm, 25nm) was
bought from Beijing Shenghe Tech Co., Ltd.

2-2 Graphene Thin Film Formation

Initially, 2.5 mg of graphene powder was added to 100 mL
of N, N-Dimethylformamide (DMF) solution. An ultrasonic path
was used to mix the solution with graphene powders at room
temperature for 4 h. Graphene aggregation was removed by
centrifuging the suspended solution at 8000 rpm for 10 min. The
well-dispersed graphene suspension had a 0.025 mg/mL
concentration, as illustrated in Figure (1). Next, graphene
solutions of numerous volumes (4, 8, 16, and 24 mL of 0.025
mg/mL) were first filtered through a polytetrafluoroethylene
(Teflon PTFE) 25nm porous membrane with a (diameter of
47mm) to create filtered graphene films. The filtered graphene
film was dipped several times in deionized water to remove any
residual DMF and graphene fragments. The filtered graphene
film had strong interlayered interactions of graphene. It retained
the original circular shape, which was the same size as the
filtration membrane (d = 47 mm). The filtered graphene film was
invulnerable to surface tension and could be transferred to any
target substrate for further applications and device construction.

Remove
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Figure 1: Demonstration steps of preparing graphene thin film .

2-3 Transferring process of graphene thin film to substrate
Filtered graphene film on hydrophilic polytetrafluoroethylene

(PTFE) membrane has been transferred on different cleaned
substrates (referred to as (M/G/IPA/Sub"). The steps of
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transferring the filtered graphene film are illustrated in Fig (2).
Fig (3(a, b)) reveals the filtered graphene films on the PTFE
membrane and filter paper substrates respectively. Fig (3(c, d))

G/membrane (M)

:I||II

IPA and G/M

Figure 2:

(a)

shows the transferred filtered graphene films onto PTE and
glass substrates respectively.
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Figure 3: Filtered graphene films on a) PTFE membrane, b) filter paper. Transferred graphene film on a variety of substrates such as,
such as c) glass, d) PET.

2-4 Annealed process and nitric acid treatment

The grown graphene thin films versus transmittance curves
were analyzed under different processing conditions. This
included natural drying, vacuum drying at 200°C, and annealing
at 500°C following vacuum drying at 200°C. Furthermore, the
effects of treating the annealed films at 500°C with HNO3s were
examined.

2-5 Characterization

X-ray diffraction (XRD) measurements were carried out
using a PAN analytical X’ Pert PRO (Cu Ka = 1.5406 A) to
identify the crystallographic structure. The structure and
morphology of the graphene thin films were also examined with
a scanning electron microscope (SEM) (Quanta 450).
Additionally, X-ray photoelectron spectroscopy (XPS,
ESCALAB 250) was used to analyze the surface chemical
components of as prepared graphene thin films and treated with
HNO;s graphene thin films. The chemical composition of the
graphene powder and as prepared graphene thin films was
measured by EDX (Energy Dispersive X-ray Spectroscope)
performed in SEM. Furthermore, the sheet resistances and
transmittance of graphene thin film were measured by
Keithly2450 four-point probe and 6850 UV spectrophotometer,
respectively.

3-RESULTS AND DISCUSSION

3-1 Structural Properties and Morphology

The XRD pattern of graphene thin film with 70 %
transparency is shown in Figure (4). The X-ray diffraction peak

16

of thin graphene film is obtained at 26.3°, corresponding to the
plane (002), which is typical of the hexagonal crystal
structure(Chen et al., 2011). The graphene thin film
corresponding inter-planar distance (d) obtained from XRD
information is 3.39 A. Comparatively, the inter-planar distance
of the graphene thin film is slightly larger than that of the
standard graphite powder 3.35 A, with a difference of 0.04
A(Siberian et al., 2018). This difference in the inter-planar
distance of the thin graphene film from that of graphite powder
shows that the vacuum filtration method effectively prevents the
re-aggregation of graphene into graphite during the preparation
of the thin film from the exfoliated graphene dispersion. High
intensity and sharp diffraction peaks show that the graphene
crystalline thin films have high quality.

(002)

Intensity (a.u)

30 35

T
15 20 25 40

20(dcgrce)

Figure 4: The XRD pattern of a graphene thin film
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In Figure (5), Scanning electron microscope (SEM) was
used to analyze the microstructure of the as-prepared graphene
thin films. The typical SEM images of graphene thin films
observed that the graphene nanosheets were stacked and
overlapped to shape a conducting platform with the continuous
graphene thin film for the movement of charge carriers. The
scanning electron microscope (SEM) images depict the graphene
thin film on a glass substrate at various locations, demonstrating
that the graphene nanosheets uniformly homogenously coat the
entire surface of the glass substrate. The continuous and uniform
homogenously coating graphene thin film suits applications
requiring effective conductivity, such as electronic devices or
etal., 2015).

Figure 5: Images of the graphene thin film (a, b) Obtained by
SEM.

From the SEM images, it is also observed that there are no
cracks or crashes on the surface of the film. The absence of cracks
demonstrates that the film sustains its structural integrity, making
it acceptable for several applications when solidity is
fundamental. Additionally, cracks can impair the mechanical
durability of a substance and direct to failure under
stress(Hwangbo et al., 2014). For that reason, the absence of
cracks illustrates that the graphene thin film has good mechanical
strength(Rafiee et al., 2010)(P. Zhang et al., 2014). Furthermore,
graphene is famous for having excellent electrical conductivity,
but cracks on the surface can damage the inflow of electrons,
decreasing total conductivity. Hence, a crack-free graphene thin
film possesses a more significant opportunity to conserve its
electrical conductivity, which is beneficial for optoelectronic and

3-3 Elementary Composition and Electrical properties

Figure (7a) reveals the EDX analysis of pure graphene
powder used in this work. It has been shown that graphene is

Cps/eV
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Energy(eV)

electronic devices. Moreover, the absence of cracks reveals a
smooth surface, which gives better adhesion, contact, and
interconnect  interaction  with  other  materials  or
devices(Kholmanov et al., 2012)(X. Liang et al., 2011). Also, it
can provide developed optical properties, for example, decreased
scattering or improved light transmission. In total, noticing a
crack-free graphene thin film shows the successful
manufacturing of high-quality material, ensuring reliable and
consistent performance, which is essential for research fields and
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industries depending on graphene for various applications(Cai et

al., 2016).

Figure 6: Transmittance spectra of graphene thin films obtained
with 4mL,8 mL,16 mL, 24 mL graphene dispersion.

3-2 Optical Properties

UV spectrophotometer has been used to measure the optical
properties of graphene thin films. Figure (6) illustrates the optical
transmittance spectra (T) (300-1100 nm range) of graphene thin
films deposited in glass substrates. Transmittance measurements
were carried out on films fabricated from various volumes of
graphene dispersions, particularly 4mL, 8mL, 16 mL, and 24 mL.
With these volumes, transmittance values of 81%, 70%, 64.3%,
and 46.4% were obtained at a wavelength of 550 nm,
respectively. There was a decrease in the transmittance of the
resulting films as the volume of the graphene dispersion
increased. Thick films tend to absorb, reflect and scatter more
light, which reduces the quantity of light that can flow through
the graphene thin films(Jo et al., 2012).
composed of 100% carbon and no oxygen. In addition, Figure
(7b) illustrates EDX mapping images of the carbon, which
indicates the absence of oxygen.

Figure 7: a) EDX of graphene powder. b) EDX mopping analysis of graphene.
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EDX element composition. From the Figure, one can notice
a peak of oxygen with a high percentage appearing. The
contained oxygen comes from the alkaline chemicals used to
prepare the thin film. However, some oxygen might have come
from the atmosphere during graphene thin film preparation as it

Cpslev

3 4 5 ] 7
Energy(KeV)

Figure 8: The EDX of as prepared graphene thin films.
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is chemically approved that the carbon and oxygen have an
excellent electronic affinity(lto et al., 2008)(Kadhim &
Mohammed, 2022).

Keithely 2450 four probes have been used to measure the
electrical resistance of graphene thin films. Resistance
measurements were carried out on as prepared graphene thin
films fabricated from various volumes of graphene dispersions,
particularly 4mL, 8mL, 16 mL, and 24 mL. With these volumes,
resistance values of 1000 kQ/sq, 200 kQ/sq, 90.5 kQ/sq, and
21.12 kQ/sq were obtained, respectively, as demonstrated in
Table (1). This high resistance may be due to the presence of
residual N_N demathyleformide solvent(Shi et al., 2015).
Another reason observed is coming from the results of the XPS
technique, as shown in Figure (9a), which informs that a bond
between the carbon and oxygen (C-O) appeared at 285.9 eV
when fabricating the graphene thin film. The amount of O is high,
about 23% (wt) weight percent, and C is about 77% (wt) weight
percent as shown in Figure (10)(Li et al., 2016).

Table (1
Volume of Transmittance of Resistance of as (Re)sistance of Resistance of Resistance of
graphene graphene thin prepared graphene thin graphene thin graphene thin
dispersion films graphene thin films vacuum films annealed films treated with
films dried at 200°C at500°C after HNO3 after
dried at 200°C annealed at 500°C
4mL 81% 1000 kQ/sq 420 kQ/sq 55 kQ/sq 12.2 kQ/sq
8mL 70% 200 kQ/sq 80.1 kQ/sq 10.3 kQ/sq 1.41 kQ/sq
16mL 64.3% 90.5 kQ/sq 20.4 kQ/sq 3.5 kQ/sq 1.18 kQ/sq
24mL 46.4% 21.12 kQ/sq 14 kQ/sq 1.6 kQ/sq 0.8 kQ/sq

The thin films, after being dried at 200°C under vacuum
conditions, the residual of N_N demathyleformide solvent was
eliminated, resulting in lower sheet resistance values of 420
kQ/sq, 80.1 kQ/sq,20.4 kQ/sq, and 14 kQ/sq, respectively as
shown in Table (1)(Su etal., 2011). Then, the graphene thin films
were annealed at a temperature of 500°C, and the resistance of

1@ C-C
As prepared thin film

1 C=77%

. 0=23%
—_ o
= =
= )
E: T >
= £
3 5
E ] E

T T T T
280 285 290 295

Binding energy(eV)

the thin films significantly decreased to (55 kQ/sq , 10.3 kQ/sq,
3.5 kQ/sq, 1.6 kQ/sq) respectively, as shown in Table
(1)(Xueshen et al., 2013). This significant decrease in sheet
resistance may be due to a dramatic reduction in the C-O bond
and other chemical defects(Eda, Lin, et al., 2008)

(b) c-c
Treated with HNO, after 500 °C annealed
C=99.04%
0=0.96%

T T
290 295

Binding energy (eV)

T T
280 285

Figure 9: a C1 XPS spectra of as prepared graphene thin film b) C1 XPS spectra of graphene thin film treated with HNO3 after
500°C annealed.
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Figure 10: The full-scale XPS spectra of as prepared graphene thin film and graphene thin film treated with HNOs after 500°C
annealed.

However, the graphene thin films that have been annealed
still show a high sheet resistance, making them unsuitable for
many technologies. To further reduce graphene thin film
resistance, they were treated with HNOs to increase the carbon
structure's carrier concentration and conductivity; as a result, the
graphene thin films treated with HNO3 have less O because of
the vigorous oxidation by HNOs (Kasry et al., 2010)(Zheng et al.,
2011). The sheet resistance of the graphene thin film treated with
HNOs is 12.2 kQ/sq, 1.41 kQ/sq, 1.18 kQ/sq, and 0.8 kQ/sq,
respectively, as illustrated in Table (1). The XPS spectra of
annealed and treated HNOs graphene thin film are shown in
Figure (9b). The C1 peak of C—C bond emerges at 284.8 eV, and
a weak peak C—O bond emerges at 285.9 eV. In general, the as
prepared sample examined in XPS shows a broad peak, but the
annealed and treated by HNOz acid gives shape and a narrow
peak relative to the peak of the as prepared one. The sharp peak
means that the annealed and treated HNO3s graphene thin film has
a high-intensity C-C bond and a less-intensity C-O bond (Su et
al., 2011).

Figure (10) shows that the oxygen peak of annealed and
treated HNO3 graphene thin film is tiny compared to the peak of
the as prepared film. In addition, the oxygen content of annealed
and HNOz-treated graphene thin film is only 0.96%, which is
lower than that of the as prepared graphene thin film measured
by the original software(Li et al., 2016)(Zheng et al., 2014).

4-CONCLUSIONS

This research has indicated that an industrially friendly and
environmentally scalable manufacturing of transparent conductor
graphene thin films can be grown by an adjusted vacuum
filtration process. With a newly improved IDT technique,
graphene nanosheets can be transformed easily onto specific
substrates such as (glass, and PET). The graphene thin films
obtained at the wafer scale exhibited significant quality features,
like low sheet resistance, uniform electric conductivity, high
excellent transparency, and homogeneity of structure. Various
graphene solutions have been used during the process to control
the thickness of graphene thin films. SEM images showed that
graphene nanosheets are overlapped and stacked to form a
conductive platform that allows charge carriers to move. They
also illustrated that the graphene nanosheets homogenously
deposited without cracks over the entire surface of the graphene
nanosheets. The XRD pattern of graphene thin film revealed a
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diffraction peak at 26.3° and (002) plane, expressing a hexagonal
crystal structure of graphene thin film. The graphene thin film's
inter-planar distance was slightly bigger (3.39 A) than that of
standard graphite powder (3.35 A), indicating that re-aggregation
had been successfully avoided during thin film fabrication. The
sharp diffraction peaks and high intensity confirmed the graphene
thin film's crystalline nature and high quality.

A graphene thin film on a glass substrate has a variable
transmittance depending on the film thickness. A thicker film
with a larger volume of graphene dispersions has a lower
transmittance since it absorbs, reflects, and scatters light more
intensely. It was found that graphene thin films had
transmittances of 81%, 70.6%, 64.3%, and 46.4% at 550nm, with
81% being the maximum. The resistance of as prepared graphene
thin films measured by Keithley 2450 four probes were high,
about 1000 kQ/sq, 200 kQ/sq, 90.5 kQ/sq, and 21.12 kQ/sq due
to residual solvent and amount of 23% oxygen as XPS analyzes
showed. After drying at 500C and treatment with HNOs, the sheet
resistance values decreased significantly. According to XPS
analysis, the oxygen content of the HNOgs-treated graphene thin
film is only 0.96%, which is lower than that of the as prepared
graphene thin film measured by the original software. The
minimum electrical sheet resistance is 0.8 k€/sq. The treated and
annealed films had sheet resistance values of 12.2 kQ/sq 1.41
kQ/sq, 1.18 kQ/sq, and 0.8 kQ/sq.
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