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Abstract: Carbon nanowalls (CNWs), which are used as electrodes for secondary batteries in energy
storage systems (ESSs), have the widest reaction surface area among the carbon-based nanomaterials,
but their application is rare due to their low adhesion with substrates. Indium tin oxide (ITO), a
representative transparent conducting oxide (TCO) material, is widely used as the electrode for
displays, solar cells, etc. Titanium nitride (TiN) is a well-used material as an interlayer for improving
the adhesion between two materials. In this study, ITO or TiN thin films were used as an interlayer to
improve the adhesion between a CNW and a substrate. The interlayer was deposited on the substrate
using a radio frequency (RF) magnetron sputtering system with a four-inch TiN or ITO target. CNWs
were grown on the interlayer-coated substrate using a microwave-plasma-enhanced chemical vapor
deposition (MPECVD) system with a mixture of methane (CH,) and hydrogen (H;) gases. The
adhesion of the CNW/interlayer/substrate structure was observed through ultrasonic cleaning.

Keywords: carbon nanomaterials; carbon nanowall; adhesion; energy storage system

1. Introduction

Many studies on energy storage systems (ESSs) are under way for the development of renewable
energy for buildings [1-3]. Among ESSs, the battery is the main element, and carbon is often used
as the secondary electrode of the battery [4,5]. Carbon nanowalls (CNWs) are wall-shaped graphite
nanomaterials with graphene sheets standing vertically in a lamellar structure and connected to one
another [6-8]. Therefore, three-dimensional graphene sheets have the largest reaction area among all
the graphite nanomaterials. In addition, while graphene [9] and carbon nanotubes (CNTs) [10] need
catalysts to grow, CNWs can grow directly on a substrate, without catalysts, making them relatively
cheaper to grow than graphene and CNTs, which is a huge advantage from an engineering standpoint.
In addition, CNWs can be grown through various chemical vapor deposition (CVD) methods with
effectual field emission characteristics [11-15].

The disadvantage of CNWs, however, is their low adhesion to the substrate. The walls easily
break down under very small stresses, and the substrate and CNW can be separated from each other.
Low-adhesion materials, of course, have limited application. Among the photolithography processes
commonly used as a semiconductor process [16,17], the lift-off process is a process of removing a
photoresist (PR) layer, in which a sample is submerged in acetone and ultrasonic cleaning is performed
for a predetermined time to leave only the desired material. A CNW grown directly on a substrate
dissociates from the acetone, like the PR layer, when the lift-off process is performed. Therefore, the
desired sample cannot be obtained and cannot be used in the desired application.
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In this study, an intermediate layer (interlayer) was inserted between the CNW and the substrate
to increase the adhesion of the former to the latter. Indium tin oxide (ITO) and titanium nitride (TiN)
were used as the intermediate layer. ITO is a typical transparent conducting oxide (TCO) and is
intensively studied for displays and liquid crystal panels [18-20], among others, while TiN is a typical
interlayer [21,22] with excellent thermal stability and chemical safety, and with high fine hardness.
These two widely used materials were deposited to a thickness of about 150 nm using a four-inch
ITO or TiN target, with a radio frequency (RF) magnetron sputtering system. The CNW was grown
by injecting a mixture of hydrogen (H;) and methane (CHy) gases into the interlayer deposited in a
microwave-plasma-enhanced chemical vapor deposition (MPECVD) chamber. After the sample was
submerged in acetone, its surface properties before and after ultrasonic cleaning were confirmed via
field emission scanning electron microscopy (FESEM), and the chemical compositions of the dissociated
and undissolved parts were examined via energy-dispersive X-ray spectroscopy (EDS). The Raman
spectra were used to observe the structural characteristics of the CNW grown on the interlayer and
of the CNW grown directly on the substrate. X-ray photoelectron spectrometry (XPS) confirmed the
chemical bonding of the CNW grown on the interlayer. The electrical properties of the CNW grown
directly on the substrate were compared with those of the CNW grown on the interlayer before and
after ultrasonic cleaning, using Hall measurement.

2. Experiment

2.1. Interlayer Deposition

The prepared 2 X 2 cm? p-type silicon (Si) wafers (100) were cleaned with trichlorethylene
(TCE), acetone, methanol, and deionized water to remove any foreign substances, and then they
were ultrasonically cleaned for 10 min, in that order [23]. The washed Si wafers were then dried
with nitrogen (N) gas. The cleaned Si wafers were then placed in a radio frequency (RF) magnetron
sputtering system (Figure 1a) chamber, and the base vacuum was kept at below 10~ Torr. Four-inch
TiN and ITO targets were used. The ITO target was sputtered for 10 min at 100 W RF power and
1.0 x 1072 Torr working vacuum while the TiN target was sputtered for 45 min at 150 W RF power and
1.5 x 1072 Torr working vacuum. Then, 40 sccm argon gas was added to both at room temperature,
and each was attached to a substrate via spinning at 1700 rph during deposition.

(Microwave |
Generator
2.45GHz |,
Substrate] --..-‘——f_-w'-":
[Moving stage
13.56 MHz | controller

Figure 1. Schematic of the (a) RF magnetron sputtering system and (b) MPECVD.

2.2. Carbon Nanowall Growth

After a 5 x 5 mm? mask was placed on the ITO- and TiN-deposited Si wafers in the MPECVD
chamber (ASTeX-type MPECVD, Woosin CryoVac, 2.45 GHz microwave) in Figure 1b, the base vacuum
was maintained at 10-4 Torr. A mixture of H; gas (25 sccm) and CHy gas (55 sccm), to be used as a
plasma ball above the substrate, was added to grow a CNW on the interlayer-coated substrate for
10 min. At a 700 °C holder temperature, the working vacuum was fixed at 5.5 x 1072 Torr, and the
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microwave power was 1300 W through quartz, which was parallel to the holder. After the growth
completion, the vacuum in the chamber was kept at 2 x 10~2 Torr until the temperature slowly dropped
to room temperature. Then, the sample was removed from the chamber.

2.3. Analysis of the Samples

The properties of the samples that were ultrasonically cleaned in acetone for a certain period of time
(in the same way as the lift-off process), and of those that were not were compared, and the structural,
chemical, and electrical characteristics were confirmed. The samples that were ultrasonically cleaned
were naturally dried at room temperature and in the absence of sunlight. The surface characteristics of
the samples that were prepared using FESEM (HITACHI, S-4800) at a 10-15 kV accelerating voltage
and an 8.3-15 mm distance were investigated. The structural characteristics were determined using
Raman spectroscopy (NOST, FEX; excitation wavelength: ~531 nm; excitation power: ~0.3, ~2.9 mW).
The chemical components of the samples were analyzed via EDS, and chemical binding was confirmed
via XPS (ThermoFisher Scientific, K-Alpha+). In addition, the chemical properties of the dissociated
CNW/TiN, whose surface and structural properties were clearly changed by ultrasonic cleaning, were
observed. After the samples were submerged in acetone and ultrasonically cleaned for a certain period
of time, their electrical charge was examined using Hall measurement (ECOPIA, HMS-3000).

3. Results and Discussion

3.1. Structural Characteristics

The CNWs that were directly grown on Si wafers were dissociated immediately after sonication
in acetone. Figure 2a shows the FESEM images of the surface and cross-section of the CNW that was
grown directly on a Si wafer. From the cross-section, the height of the CNW was about 800 nm. In
addition, the minor particles that were visible on the surface were from the platinum (Pt) coating
that was done to achieve a high resolution prior to FESEM shooting. Among the other samples, only
those shown in Figure 2b were Pt-coated because a high resolution can be obtained without Pt coating.
Figure 2b shows an image of the dissociated CNW/Si wafer, where only the Si wafer can be seen. In
Figure 2¢, both the CNW grown on the ITO and the catalyst islands (height: about 3 um) can be seen.
The heights of the CNWs grown on the catalyst islands (about 850 nm) and of the CNWs in other parts
(about 1 um) differed from each other by more than about 100 nm. Figure 2d shows the CNW/ITO
after ultrasonic cleaning in acetone for 10 min and reveals that compared with its image shown in
Figure 2c, there was no change on the surface and in height. Figure 2e shows the growth of the CNWs
over TiN; the distance between the walls was narrower than that between the CNWs directly grown
on Si wafers shown in Figure 2a. Moreover, the height of the CNW grown on TiN (layer thickness:
150 nm) was about 1.15 um, about 100 nm higher than that of the CNW grown on ITO. Figure 2f shows
the CNW grown on TiN, which was submerged in acetone and ultrasonically cleaned for 5 min. In
Figure 2f, partial dissociation can be observed. The right part of this figure is an enlarged image of the
dissociated and excavated part of the CNW, and the rest of the lower-height CNW was confirmed.
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Figure 2. FESEM surface (left) and cross-section (right) images of the carbon nanowall (CNW) directly
grown on an Si wafer (a) before and (b) after ultrasonic cleaning in acetone; the CNW grown on ITO (c)
before and (d) after ultrasonic cleaning in acetone; and the CNW grown on TiN (e) before and (f) after
ultrasonic cleaning in acetone.
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The Raman spectrum showed the thickness and defects of graphene through the D and D’ peaks
(1350-1380 cm™!), indicating the defect and edge of the graphite nanomaterial; the G peak (1580-1600
cm™!), indicating the sp? structure; and the 2D peak (around 2680 cm™!), indicating the double
resonance of the pie bond [24]. In Figure 3a, the structural characteristics are shown by the Raman
spectrum of the CNW along the substrate. The Raman spectra of the as-grown CNW and CNW/TiN
are similar, but the peaks of CNW/ITO are different; especially, the D and D’ peaks are lower than the
other peaks. The peaks of D and D’ are shown by the same phenomenon, and it can be inferred that the
defects and edges of graphene sheets are reduced due to the stable growth of the CNW. Stable growth
also causes an increase in adhesion. Figure 3b, on the other hand, shows the Raman spectrum of the
CNW/TiN structure when it was submerged in acetone and ultrasonically cleaned for five minutes.
When these are compared with Figure 2f, it will be seen that this was the graphite nanomaterial that
was dissociated and that remained. In addition, the dissociation from the CNW/TiN structure was very
similar to the graphene oxide peak [25]. Figure 3¢ shows the Ip/Ig ratio, which is the intensity of the D
peak divided by that of the G peak, and the I,p/I; value, which is the intensity of the 2D peak divided
by that of the G peak, to identify the defect and thickness of each sample [26,27]. The CNW’s Ip/Ig
ratio was greater than 1. It can be seen, however, that the G peak, which increased in proportion to the
thickness of the graphene layer of CNW/ITO, was larger than the D peak of the defects. This ratio is
similar to the Ip/Ig ratio of CNTs [28]. All the samples are multi-layer graphene because the Ip/Ig
ratio of the graphene layer thickness indicates a monolayer when it is larger than 2, a few layers when
it is larger than 1 and smaller than 2, and a multi-layer when it is smaller than 1.
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Figure 3. Raman spectra of the (a) as-grown, CNW/ITO, CNW/TiN, and (b) dissociated CNW/TiN, and
of the (¢) Ip/Ig and Ip/Ig ratios of the samples.

3.2. Chemical Properties

Figure 4a shows the XPS survey and Cl1s results of the CNW directly grown on a Si wafer. In the
survey results, the Cls, Ols, and Si2p peaks can be seen. The Ols peak here appears to have been
attached to the CNW due to its exposure to air. Indeed, if the stickiness was caused by the activity of
the functional group, the shoulder peak should have been released [29,30], but no significant change
in the C1s peak was observed. The peaks of the sp® and sp? structures were confirmed by the CNW
mechanism. When a CNW grows on a substrate, it first forms a buffer layer (or a few graphene layers)
and then partially develops defects, causing graphene to grow vertically [6-8,14,31]. Therefore, it
becomes a lamellar structure, and when analyzed via XPS, which receives and analyzes the energy at
1-10 nm from the surface, the energy from the flat part (graphene layer) between the walls can be seen
on the substrate where the CNW was grown [31]. As such, Figure 4b, which presents the XPS survey
results and the C1s peak of CNW/ITO without surface and structural variation even after ultrasonic
cleaning, shows the CNW sample grown on ITO, with some In3d and Sn3d peaks. Compared with
Figure 4a, the Cls peak decreased, and the O1s peak increased. Cls in the CNW/ITO structure showed
some bonds between the oxygen atoms. This was due to the combination of the CNW and the oxygen
atoms of ITO, as well as exposure to air. Figure 4c shows the XPS survey results and the Cl1s peak of
CNW/TiN, with the C1s similar to that of the as-grown CNW in Figure 4a. In the survey results, the
Ti2p and N1s peaks can be seen, with the same reason for the release of the In3d and Sn3d peaks of
CNW/ITO. In Figure 4d, which presents the XPS survey results and the Cls peak of the dissociated
CNW/TiN (dis-CNW/TiN), the Ti-C peak after ultrasonic cleaning can be seen, until the CNW had a
completely dis-CNW/TiN structure. In the XPS survey, the Ols peak was observed more than the C1s
peak, and the Ti2p and N1s peaks increased (compared to the CNW/TiN structure in Figure 4c). The
Si2p peak was also observed. Although the peak of the sp? structure was higher than that of the sp®
structure, the peak of the sp® structure increased compared to that of the as-grown sample (Figure 4a).
The C=0 bonding in acetone also increased, indicating that acetone was adsorbed on the CNW.
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Figure 4. XPS survey results and Cls spectra of the (a) as-grown CNW, (b) CNW/ITO, (c) CNW/TiN,
and (d) dissociated CNW/TiN.

Figure 5a shows the Si2p region of CNW/ITO, and it can be seen in the figure that the chemical
bond of the Si2p peak in CNW/ITO was Si-C. In addition, the Si2p peak can be more clearly seen than
the CNW grown on TiN in Figure 4c. The CNW’s bonding to the Si wafer indicates that it was bonded
to C, which drilled ITO, and to the Si atoms during the CNW growth via MPECVD. Therefore, ITO
becomes a metal with a rough surface (in which the oxygen atoms are carried away, and only indium
and tin remain), thereby increasing adhesion [32]. From the O1s peak of dis-CNW/TiN in Figure 5b,
the carbonyl group (=O) was found to be larger than the other functional group, and metal carbonate
was also observed due to the combination of Ti, C, and O atoms. Figure 5¢, which is the Ti2p peak of
dis-CNW/TiN, shows Ti atoms combining with O and N atoms. This means that the position of the
dissociated carbon was dug, and that it bonded with O atoms. Therefore, it can be said that when
the CNW/TiN structure is submerged in acetone and subjected to ultrasonic cleaning, the CNW is
dissociated, and ketone attaches to the multi-graphene layer formed by the CNW mechanism, resulting
in the formation of graphene oxide with a selectively carbonyl group.

Table 1 shows the FESEM images confirming the chemical components via EDS analysis. All the
measurements were examined using 10 K magnification, a 15 mm diameter, and a 15 kV accelerating
voltage. In the EDS analysis of the catalyst island in Figure 2c, ITO and CNW components were
detected. Furthermore, as the Si atoms were smaller than the other chemical components, the catalyst
islands can be inferred from the combination of carbon and ITO. In the other parts of the catalyst islands,
however, only small amounts of ITO components were detected. When ITO is hydrogen-plasma-treated
at a certain (or higher) temperature, In,O3, a component of ITO, is reduced, and the crystals are
destroyed [33,34]. In CNW growth, the Hy-CH, mixture plasma is used, and the growth is made to
proceed at a high temperature, so the ITO becomes partially destroyed. Figure 4a,b therefore shows
why the Si2p and Si-C peaks were observed. No (or a negligible amount of) O atoms were detected in
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the CNW/TiN structure, but CNW/TiN, which was submerged in acetone and ultrasonically cleaned,
produced a relatively large amount of O atoms. O atoms were not detected before the ultrasonic
cleaning in acetone, but they were subsequently detected, indicating that they were attached to the
dissociated CNW/TiN structure.
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Figure 5. XPS Si2p peak of (a) CNW/ITO, and (b) Ols and (c) Ti2p peaks of the dissociated CNW/TiN.

Table 1. Chemical components of the samples determined via EDS analysis (atomic %).

Samples C N (0] Si In Sn Ti

Catalyst island of CNW/ITO 56.71 - 8.24 9.23 1781  8.02 -

Other parts of CNW/ITO 53.69 - 074 4538 0.03 0.16 -
CNW/TIiN 7444 294 - 22.03 - - 0.57
Dissociated CNW/TiN 16.69  1.50 8.00 7237 - - 1.44

3.3. Electrical Characteristics

Hall measurement supplying 1 mA current to the samples was conducted to determine the
electrical characteristics of each sample at different ultrasonic cleaning times (0, 1, 10, 20, 30, 50, and
90 min). For greater accuracy, a total of five measurements were made to come up with an average
value. The non-changing electrical properties can be inferred from the increased adhesion between the
CNW and the substrate under the influence of the interlayer. The CNW that was grown directly on a
Si wafer was dissociated immediately after the ultrasonic cleaning, leaving only the Si wafer, which
could not be measured by supplying a 1 mA current. When the CNW was grown on the Si wafer,
the resistivity was about 1.2 X 1072 )-cm by Hall measurement. Therefore, the electrical properties
of the grown CNW on the interlayer were increased (CNW/ITO: 4.95x107% Q-cm; CNW/TiN: 7.43 x
1073 O-cm). Furthermore, the performance of the battery for ESS can be improved by reducing the
resistivity, which affects the efficiency [35]. Figure 6a shows the electrical characteristics of the CNW
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that was grown on ITO after its ultrasonic cleaning in acetone. When only ITO was deposited on the
Si wafer, the carrier concentration was 2.741 x 10?0 cm=3, and the resistivity was 1.734 x 1072 Q-cm.
When CNW was grown on ITO, the electrical characteristics were improved even if ITO was etched
with Hy plasma. Even when ultrasonic cleaning was done for 90 min, the electrical characteristics did
not significantly change in the CNW/ITO structure. In addition, the FESEM images obtained after
ultrasonic cleaning were the same as those in Figure 2d. Figure 6b shows the electrical characteristics of
TiN when it was used as an interlayer. In the case where TiN was deposited on a Si wafer, the electrical
characteristics could not be analyzed, only those of the Si wafer. The electrical characteristics were
measured, however, after CNW was grown on TiN. TiN has a lower relative dielectric constant than
ITO because ITO undergoes spontaneous polarization due to TiN doping, and it can be inferred that
ITO has greater adhesive force [36]. The CNW began to dissociate from the moment of its sonication
in acetone, was partially dissociated after 1-min ultrasonic cleaning, and was completely dissociated
after 10-min ultrasonic cleaning. The area that grew to the size of the 5 x 5 mm? mask was darkened,
however, and the FESEM result was as shown in Figure 2f. In addition, even after a 90-min ultrasonic
cleaning, the electrical characteristics were shown, and after the complete dissociation following 10-min
ultrasonic cleaning, the electrical characteristics of all the samples were in a similar range. From the
complete dissociation after 10-min ultrasonic cleaning, the TiN and graphene oxide layers were not
easily decomposed by 90-min ultrasonic cleaning due to their strong bonding.
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Figure 6. Electrical characteristics of (a) CNW/ITO and (b) CNW/TiN after ultrasonic cleaning in
acetone for a certain period of time, obtained via Hall measurement.

4. Conclusions

In this study, to improve the adhesion and electrical properties of carbon nanowalls (CNWs),
which are used as the secondary electrode of batteries for energy storage systems (ESSs), CNWs were
grown on deposited metal oxide and nitride. An interlayer (indium tin oxide [ITO], titanium nitride
[TiN]) was deposited between a CNW and a substrate (Si wafer) to increase their adhesion to each other;
the adhesion would be weak if a CNW would be immediately grown on a Si wafer. This is because Si
wafers are semiconductors, and ITO and TiN have metal conductivity with better electron sharing
or difference in dielectric relative permittivity. Furthermore, ITO loses O atoms and becomes rough
due to Hy plasma during CNW growth on ITO, thereby increasing the adhesion between the CNW
and the substrate. The adhesion between the CNW and the substrate was examined after ultrasonic
cleaning for a certain period of time following the submergence of the sample in acetone, in the same
way as in the lift-off process used in the photolithography process. After the deposition of about
150 nm TiN and ITO on the Si wafer via radio frequency (RF) magnetron sputtering, a CNW was
grown via microwave-plasma-enhanced chemical vapor deposition (MPECVD), using a mixture of the
methane (CH,4) and hydrogen (H;) gases. The structural, chemical, and electrical characteristics of the
samples were determined before and after ultrasonic cleaning. In the case of CNW/ITO, in which the
O atoms of ITO were reduced by H, plasma during the CNW growth, the CNW was strongly coupled
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with ITO, where the bonding was weakened, and it was not affected by ultrasonic cleaning. In the
case of CNW/TiN, the walls were dissociated in a short time by ultrasonic cleaning, but the buffer
layer (or graphene layer) formed during the CNW growth remained, combining with the carbonyl
group of acetone to produce graphene oxide. After the growth of CNW on ITO, not only the electrical
properties increased, but the adhesion increased as well. Thus, CNW/ITO can be utilized for the
electrode of secondary batteries through the use of various processes, such as photolithography. On
the other hand, it was shown in this study that after the growth of CNW on TiN, the wall is dissociated
through ultrasonic cleaning, which reduces the electrical properties, but this may be useful for studies
of batteries or other applications using selectively attached functional groups.
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