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Abstract

This study deals with the process of developing and optimizing the spray coating method for large-area deposition
of carbon nanotubes. Carbon nanotubes have excellent electrical and thermal properties and strength, so they are
used in various fields of application. However, existing deposition methods have limitations. In this study, the possibil-
ity of the spray coating method for large-area deposition of carbon nanotubes is presented, and additional conditions
for this are introduced. A spray coating solution was prepared using dichlorobenzene as a solvent for 3 mg carbon
nanotubes. By controlling the spray coating speed, the spray coating conditions were optimized by analyzing the sur-
face shape, structure, and resistance of the deposited carbon nanotubes. As a result, we confirmed the possibility

of depositing carbon nanotubes on a large area through the spray coating method, and it is expected to contribute
to increasing the application possibilities in industrial and scientific fields.
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Introduction

Semiconductor technology has developed rapidly since
semiconductors were first invented in the 1940s and inte-
grated semiconductors were first commercialized in the
1960s. Gordon Moore, a co-founder of Intel and a semi-
conductor scientist, announced ‘Moore’s Law, which
states that semiconductor performance doubles every 1
year and 6 months. Over the past 50 years, advances in
technology such as miniaturization have resulted in suc-
cessful commercial products that benefit everyone’s daily
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life. For example, Hyundai Microelectronics Co., Ltd. has
continuously reduced device size as predicted by Moore’s
Law [1]. Originating from Hyundai Microelectronics
Co., Ltd., the field of micro electromechanical systems
(MEMS) has seen continuous development over the past
few decades, with mature commercial products such
as silicon pressure sensors, micro accelerometers, and
micro gyroscopes widely used in automobiles, mobile
phones, and video games [2—4].

However, process miniaturization technology is gradu-
ally slowing down. For example, a new 14 nm class prod-
uct that should have been released in 2014 was released
in early 2015, and a 10 nm class model that should have
been released in 2016 was released in 2017. As a result,
an atmosphere was created in the academic world that
could no longer keep up with the speed suggested by
Moore’s Law. Research to overcome this is being con-
ducted concurrently. There are three major research
directions. As in the past, the first is to further refine the
process, and the second is to improve the design method
(architecture) instead of increasing the degree of inte-
gration. The third method is to use other materials to
replace silicon, the main material of semiconductors.
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Of these, new materials such as carbon nanotubes, gra-
phene, molybdenum disulfide, and black phosphorus are
noteworthy. Among them, carbon nanotubes are materi-
als that are close to commercialization, as researchers at
Stanford University in the US applied carbon nanotube-
based transistors to computers in 2013 [5].

Carbon nanotubes have unique electrical, chemical and
mechanical properties such as high electrocatalytic activ-
ity [6-8], large surface area [9, 10], and ability to mitigate
surface contamination [11, 12]. These properties lead to
high chemical stability, effective electron transfer, high
sensitivity, low detection limit and improved signal-to-
noise ratio. Because of these wonderful properties, they
have been applied to many devices. Their high conductiv-
ity and aspect ratio enable them to deliver high current
densities up to 10" A/cm? at low voltages. Due to these
field-emission characteristics they are used in low-volt-
age cold-cathode lighting sources, electron microscope
sources and lightning arrestors [13]. With their excellent
electrical conductivity, extremely high surface area and
thermal conductivity, carbon nanotubes are the preferred
material for use as electrodes in capacitors and batteries
because of their very easy access to electrolytes. Stud-
ies have demonstrated that carbon nanotubes have the
highest reversible capacity among carbon materials for
use in lithium-ion batteries [14]. The anisotropic ther-
mal conductivity of carbon nanotubes is routinely used in
electronic products exceeding 100 °C [15]. The biocom-
patibility of carbon nanotubes demonstrated through
several papers and the functionalization of their excellent
sidewalls helped them to be applied to biosensors [16,
17].

Furthermore, when existing electronic devices reach
their limits, carbon nanotubes offer the possibility of
exceeding those limits. The existing devices presented so
far had limitations in terms of flexibility and lightness in
terms of materials and design. Due to these shortcom-
ings, it has been difficult to break away from the mold
of large electronic devices such as existing laptops and
smartphones, but carbon nanotubes offer the potential
to greatly improve the design of electronic devices due to
their flexibility and durability.

There is an increasing demand to develop new viable
manufacturing technologies capable of large-area car-
bon nanotubes at low cost, low temperature, and high
throughput while maintaining excellent properties in
the device being developed. carbon nanotube large-area
technologies such as inkjet printing, gravure printing,
screen printing, and microcontact printing have high
throughput and are inexpensive, but have poor lateral
resolution and electrical properties [18]. Another intro-
duced technique has high lateral resolution, but has
the disadvantages of high cost, slow throughput, and
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difficulty in modifying carbon nanotubes [19]. Among
them, carbon nanotube spray coating is a technology that
can achieve large-area size in a relatively simple and effi-
cient way. After dispersing carbon nanotubes in a fluid,
large-area coverage can be achieved by coating the dis-
persed nanotubes on a suitable substrate by spraying.
This method is relatively simple in process and can be
applied to a large area, which is advantageous for mass
production.

This paper deals with the stable large-area technology
of carbon nanotubes through spray coating. First, the
resistance of carbon nanotubes according to the spray
coating speed is examined, and the optimal spray coat-
ing parameters for this are introduced. It is hoped that
the experimental results will provide indicators for new
applications or improvement of existing technologies.

Materials

Figure 1 shows the process of making a carbon nanotube
dispersion solution for spray coating. Carbon nanotubes
synthesized by the arc discharge method using iron as
a catalyst were purchased from Hanwha Nanotech Co.
(Korea). (Containing more than 70 wt% of carbon nano-
tubes and less than 30% of impurities) 3 mg of purchased
carbon nanotubes in 150 mL of dichlorobenzene was
tip sonicated for 20 min to obtain a uniform suspen-
sion. Then, a uniformly dispersed carbon nanotube solu-
tion for spray coating is obtained by ultracentrifugation
(20,000 g, 20 min, 4 °C). A 20 mL portion of the super-
natant obtained after centrifugation was sprayed on the
glass substrate four times in room temperature environ-
ment, and simultaneously dried at 190 °C.

Results and discussion

Surface and thickness change of carbon nanotubes
according to spray coating speed

Figure 2a, the homemade spray coating device. In order
to examine the various changes of carbon nanotubes
according to the spray coating speed, other spray condi-
tions were fixed, and only the spray rate was varied such
as 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 mL cm™
Carbon nanotubes were deposited on the target surface
while controlling the coating speed, which was confirmed
using Atomic Force Microscopes (AFM). As shown
in Fig. 2b, it was confirmed that the number of carbon
nanotubes coated on the surface increased as the spray
coating speed increased. It can be seen that when a
velocity of 0.1 mL cm™? or higher is secured, the carbon
nanotubes form a network-type layer. However, if the
velocity is greater than 5 mL cm™?, the carbon nanotubes
are entangled with each other during the spraying pro-
cess, making it difficult to form a network surface. It is
assumed that this is because too many carbon nanotubes
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Fig. 1 Process of making carbon nanotube dispersion solution for spray coating
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Spray coating speed

Fig. 2 aThe illustrations and b photos of the homemade spray coating device, and ¢ carbon nanotube surface morphology according to spray
coating speed using AFM (scan size: 1 um)
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are sprayed so that the sprayed carbon nanotubes are
uniformly located on the target surface.

Additionally, the carbon nanotube coating thickness
according to the spray rate was confirmed through AFM.
At each speed, the spray-coated carbon nanotubes were
protected with photoresist in a defined area using lithog-
raphy, and the remaining areas of the carbon nanotubes
were etched with a 50 W oxygen plasma treatment for
300 s (Fig. 3a). An AFM scan was performed between
the protected and etched areas to determine the carbon
nanotube coating thickness according to the spray rate
(Fig. 3b), and each data was calculated as an average of
10 samples. As shown in Fig. 3c, the carbon nanotube
thicknesses derived from AFM line profiles were about
85 nm at 1 mL cm™2, 155 nm at 2 mL cm™?, and 350 nm
at 5 mL cm~2 Carbon nanotubes coated at a rate of
0.1 mL cm™ or less were unable to measure the thickness
because a perfect film was not formed. And it was impos-
sible to define the thickness of the carbon nanotubes
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coated at a speed of 5 mL cm ™2 or more because the film
thickness varied greatly due to the entanglement of the
carbon nanotubes during the deposition process.

Change in resistance of carbon nanotubes according

to spray coating speed

According to Fig. 3d, a clear relationship was observed
between the spray coating rate and the resistance of the
carbon nanotubes. The resistance of the coated carbon
nanotube film was measured using a digital multimeter
(Keysight 34461A) using a 2-point measurement method.
To measure only the resistance of carbon nanotubes, pal-
ladium electrodes were deposited at 4 mm intervals on
the coated carbon nanotubes at each spray speed, and
the electrode width was 2 mm. The measured resistance
values include line resistance, contact resistance and
resistance of the carbon nanotube film. However, since
the measurement environment is controlled as much as
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Fig. 3 aThe lithography process to check the thickness of the carbon nanotube, b AFM line profiles and thickness of the patterned carbon

nanotube by coating at 1 mL cm™

coating speed

,and the change in the ¢ thickness and d electrical resistance of carbon nanotubes according to the spray
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possible, it can be assumed that the line resistance and
the contact resistance are the same, and for this rea-
son, there is no problem in confirming the tendency of
the resistance change of the carbon nanotubes accord-
ing to the spray coating speed. As shown in Fig. 2c, d,
at low coating rates, the dispersion of the carbon nano-
tubes was insufficient, leading to uneven coating on the
surface, resulting in a relatively high resistivity. On the
other hand, at a high coating rate, the carbon nanotubes
were excessively stacked, resulting in a large amount of
carbon nanotubes on the same surface, which led to a
smooth charge flow and reduced resistance. Looking
more closely, as the thickness of the carbon nanotube
film increased, the carbon nanotube resistance rap-
idly decreased, followed by a very gradual decrease at
t>80 nm. Thinner films exhibited higher resistivity as in
previous reports [20].

Optimal spray coating speed
Several experimental results were analyzed to determine
the optimal coating speed. From the experimental results,
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it was confirmed that the resistance of the carbon nano-
tubes decreased as the coating speed increased within
a certain range. However, at an excessive coating speed,
it tends to be difficult to form a network layer of carbon
nanotubes because the stacking of the carbon nanotubes
becomes non-uniform. Based on this, when the carbon
nanotubes are spray-coated according to the proposed
method, it means that a spray speed of 1 mL cm™2 or
more is required to secure a stable resistance value of
the carbon nanotube network layer. Furthermore, a spray
rate of less than 5 mL cm™2 is required to obtain a net-
work-type layer. Therefore, the optimal spray coating rate
is shown to be 1 or 2 mL cm ™2,

Chemical stability of spray-coated carbon nanotubes

The chemical stability of the carbon nanotube spray coat-
ing process was evaluated through X-ray Photoelectron
Spectroscopy (XPS) analysis. XPS analysis has been used
as a useful tool to investigate the surface chemical com-
position of carbon nanotubes and the oxidation state of
elements. As shown in Fig. 4a, from the results of the Cls
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Fig.4 a C1s deconvolution and b full scale XPS spectra of carbon nanotube deposited by spray coating and other methods
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deconvolution analysis, it was observed that the surface
chemical composition of the spray-coated carbon nano-
tubes did not change significantly. As a result of analyz-
ing the full-scale XPS spectra of Cls, Ols, and Nl1s, there
was no significant difference in the peak position and
shape of the carbon (C) element, which is the main chem-
ical component of the spray-coated carbon nanotubes,
before and after coating (Fig. 4b). This suggests that the
chemical stability of the carbon nanotubes was main-
tained during the spray coating process. XPS analysis was
also utilized to determine the presence of oxidized car-
bon or attached impurities. In the experimental results,
almost no change in the characteristic XPS peak of oxy-
gen oxide (O) or other impurities formed on the surface
of the spray-coated carbon nanotubes was detected. This
suggests that there was little or no oxidation or impurity
formation during the spray coating process.

By confirming that the chemical stability of the spray-
coated carbon nanotubes was maintained through XPS
analysis, it was proved that the coating process pro-
ceeded stably without damaging the basic chemical prop-
erties of the carbon nanotubes. This emphasizes that it is
an important factor that can increase the applicability of
carbon nanotubes while performing large-area structur-
ing through spray coating.

Conclusion

There is an increasing demand to develop new viable
manufacturing technologies capable of large-area car-
bon nanotubes at low cost, low temperature, and high
throughput while maintaining excellent properties in the
device being developed. As a result of examining the sta-
ble large-area technology of carbon nanotubes through
spray coating, it was proved that the proposed technol-
ogy is suitable for large-area. When spray coating car-
bon nanotubes according to the proposed method, in
order to secure a stable resistance value of the carbon
nanotube network layer, a spray rate of 1 mL cm™ or
higher is required. A spray rate of less than 5 mL cm ™2
is required. As we have seen, the optimum spray coat-
ing rate is shown to be 1 or 2 mL cm™ In addition, by
confirming that the chemical stability of the spray-coated
carbon nanotubes was maintained through XPS analysis,
it was proved that the coating process proceeded stably
without damaging the basic chemical properties of the
carbon nanotubes. It is expected that the experimental
results will provide indicators for new application fields
or improvement of existing technologies.
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