We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists

6,100

167,000

185M

Open access books available

International authors and editors

Downloads

Our authors are among the

154

TOP 1%

12.2%

Countries delivered to

most cited scientists

Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Chapter 11

Applications of Carbon Nanotubes to Flexible
Transparent Conductive Electrodes
Bu-Jong Kim and Jin-Seok Park

Bu-Jong
Kim and Jin-Seok Park
Additional information is available at the end of the chapter
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/intechopen.72002

Abstract
Transparent conductive electrodes (TCEs) have attracted great interest because of their
wide range of applications in solar cells, liquid crystal displays (LCDs), organic lightemitting diodes (OLEDs), and touch screen panels (TSPs). Indium-tin-oxide (ITO) thin
films as TCEs possess exceptional optoelectronic properties, but they have several disadvantages such as a brittle nature due to their low fracture strain and lack of flexibility, a
high processing temperature that damages the flexible substrates, low adhesion to polymeric materials, and relative rarity on Earth, which makes their price unstable. This has
motivated several research studies of late for developing alternative materials to replace
ITO such as metal meshes, metal nanowires, conductive polymers, graphene, and carbon nanotubes (CNTs). Out of the abovementioned candidates, CNTs have advantages in
chemical stability, thermal conductivity, mechanical strength, and flexibility. However,
there are still several problems yet to be solved for achieving CNT-based flexible TCEs
with excellent characteristics and high stability. In this chapter, the properties of CNTs
and their applications especially for flexible TCEs are presented, including the preparation details of CNTs based on solution processes, the surface modification of flexible
substrates, and the various types of hybrid TCEs based on CNTs.
Keywords: carbon nanotubes, flexible transparent conductive electrodes, solution
processes, hybrid-type electrodes, PEDOT:PSS, metal meshes, transmittance,
reflectance, color properties

1. Introduction
Transparent conductive electrodes (TCEs) are thin films of optically transparent and electrically conductive materials. Indium tin oxide (ITO) has been the most widely used TCEs
in rigid electronics due to its exceptional electrical and optical properties. Recently, flexible
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TCEs fabricated by solution processes, which have some advantages such as simple and continuous process and relatively low costs, have attracted enormous interest because of their
wide range of applications in flexible devices such as displays, touch screen panels (TSPs),
sensors, film heaters that can attach to the skin, fabrics, and papers [1, 2]. However, ITO has
disadvantages in the application fields where flexibility is ensured due to its brittle nature
because of its low fracture strain and absence of flexibility, a high processing temperature that
damages the flexible substrates, low adhesion to polymeric materials, and their relative rarity
on Earth, which makes their price unstable [3]. Therefore, this has recently motivated various
researches to discover alternative materials to replace ITO films, which include metal meshes,
silver nanowires, conductive polymers, graphene, and carbon nanotubes (CNTs) [4, 5]. Also,
for the flexible applications, the TCEs are required to be deposited on polymer substrates such
as polyethylene terephthalate (PET), polypropylene (PP), and polydimethylsiloxane (PDMS).
Metal meshes and nanowires have excellent electrical properties, but they also have some
problems such as visibility due to the reflectivity of metals and reliability for oxidation of
metals [6]. Additionally, for metal nanowires, high contact resistances between individual
nanowires have critical issues [7]. The conductive polymers, graphene, and CNTs have great
advantages such as high mechanical flexibility and low processing costs because they can
utilize solution processes [8]. Conductive polymers, however, are generally known to be not
good enough at stability in an ambient atmosphere. Also, the poly(3, 4-ethylene-dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), which may be the most widely used conductive
polymers, is tinged with the color blue, which may cause the problem of patterns of electrodes
being revealed in TSPs [9]. Graphene has also been reported to be synthesized using solution
processes such as the chemical reduction of exfoliated graphite oxide [10]. However, a thermal treatment at high temperature is needed for achieving high transparency and conductivity of graphene, which may restrict the use of flexible substrates.
CNTs, which have potential in chemical stability, thermal and electrical conductivity, mechanical strength, and flexibility, may be the best alternative material for applications in flexible
TCEs. Actually, CNTs in some applications, which have low conductivity regardless of transmittance, are being commercialized. The rough surface of CNT films due to their tubular
structures brings about a serious problem in the application of organic light-emitting diodes
(OLEDs) [11]. In CNTs, furthermore, a relatively high contact resistance of the tube-tube junction may lead to insufficient sheet resistance [12]. Regarding this issue, the separation method
of metallic and semiconducting components in CNTs by controlling the diameter and chirality of CNTs has been introduced in the literature [13]. The perfect separation technology,
however, has not been realized yet as such a process is very complex. In addition, the chemical doping technology that lowers the sheet resistance has been introduced [14], but effectively controlling the defects in the CNTs is still difficult. As another method of improving
the electric characteristics of CNTs, studies on the manufacturing of hybrid-type transparent
electrodes have been attempted by several research groups.
In this chapter, the properties of CNTs and their applications especially for flexible TCEs
are presented. First, the preparation details of CNTs based on solution processes are introduced, including purification and dispersion of CNT suspension, spray coating of CNTs,
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and posttreatment of CNTs. Then, the surface modification of flexible substrates for enhancing the adhesion between CNTs and flexible substrates, which can eventually improve the
flexibility of CNT-based TCEs, is discussed. Also, the effects of PEDOT:PSS coating on the
electrical characteristics and color properties (e.g., redness, yellowness) of CNT-based TCEs
are described, where the various methods for PEDOT:PSS coating, such as spin coating and
electrophoretic deposition (EPD), are introduced and compared. Finally, the hybrid-type
TCEs, which are fabricated by coating metal meshes with CNTs, are presented along with
their characteristics as flexible TCEs.

2. Preparation of CNTs
2.1. Purification and dispersion of CNT suspension
Figure 1(a) shows the procedures for production of CNT suspension, including purification
and dispersion processes. The synthesized CNTs necessarily contain metal catalyst and carbonaceous substances, including amorphous carbon, fullerenes, and graphite particles [15].
Therefore, to obtain high purity CNTs, the purification processes have to be conducted prior
to the deposition of CNTs. Here, the chemical method induces the oxygenated functional
group on CNTs, which causes damage to the surface of CNTs and eventually leads to an
increase in the sheet resistance of CNTs. This indicates that it is important to determine the
appropriate purification time when the chemical method is used.
After purification, the CNTs have to be properly dispersed since the van der Waals attraction
forces between CNTs and the poor solubility of CNTs result in the formation of bundles and
agglomerates [16]. There are several approaches for the dispersing of CNTs such as chemical
modification (i.e., covalent approach), mechanical treatment, using of surfactants (i.e., noncovalent approach), and so on [17]. The chemical modification improves the solubility of CNTs

Figure 1. (a) The procedures for production of CNT suspension, including purification and dispersion processes and
(b) the zeta potential measured from the prepared CNT suspension.
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in solvent by attaching the various moieties and functional groups. However, the chemical
method may also affect the electrical properties of CNTs. For the mechanical treatment, the
applied high power can effectively separate CNTs, but it can also cause shortening of the CNTs.
In contrast to the chemical and mechanical approaches, the use of surfactants is based on the
adsorption of chemical moieties onto the CNTs’ surface without damaging the inherent properties of CNTs. Here, the dispersion method for achieving the stable CNT suspension using
surfactant is introduced. The purified CNTs are filtered out using the vacuum filtering system,
and the dispersion process is carried out for about 30 min in the ultrasonic generator after
adding the anionic surfactant of sodium dodecyl sulfate (SDS, NaC12H25SO4, 40 mg) together
with deionized water (50 ml). Finally, only the dispersed supernatant is extracted by using
the centrifugal separator with the speed of 4000 rpm for 30 min. The actual photo of the CNT
suspension produced in this manner is also shown in Figure 1(a). To confirm that the CNT
suspension is well dispersed, the zeta potential of the CNT suspension is measured. Generally,
the stable state of CNT suspension has a zeta potential of ±40 mV or higher. Figure 1(b) shows
the zeta potential measured with the CNT suspension of Figure 1(a) and it was about 47.7 mV,
indicating that the CNT suspension was well dispersed.
2.2. Solution-based deposition of CNTs
Recently, solution-based processes have been increasingly adopted in the deposition of thin
films since they have several advantages over the vacuum deposition system such as low
fabrication cost, simple process, and massive scalability. To deposit CNTs on the flexible
substrates, various methods have been developed, including spray coating, dip coating, bar
coating, and inkjet printing [18, 19]. Among them, the spray coating method has the advantage that the thickness of deposited CNTs can be controlled precisely. Here, the CNT-TCEs,
fabricated by depositing the CNTs on the polyethylene terephthalate (PET) substrates via
spray coating, are presented. The process conditions are controlled by varying the spraying
time from 10 to 80 s and by fixing the other process variables such as the injection pressure of
0.2 MPa, the injection amount of 2 ml/min, and the hotplate temperature of 100°C. Figure 2(a)
indicates the schematic of the spray coating system used in this study and Figure 2(b) shows
the photo of the surface morphology of CNTs, deposited on the PET substrate via spray coating, obtained using the field-emission scanning electron microscope (FE-SEM).
2.3. Posttreatment of CNTs
After the deposition of CNTs, the surfactant (e.g., SDS) may still remain in the CNTs and
serves as an insulating layer, which may disturb the effective electrical contact of the CNTs.
Therefore, the posttreatment for removing the remaining surfactant has to be conducted.
Several posttreatment methods have been adopted to remove surfactants [20]. Here, the posttreatment of CNTs using nitric acid (HNO3) is introduced. Figure 3(a) compares the sheet
resistances and transmittances of CNTs before and after the HNO3 posttreatment. After the
HNO3 posttreatment, the sheet resistance of CNTs was decreased. This was because the surfactant was removed. Figure 3(b) shows the change in the relative percentage of the chemical
components incorporated in the CNTs due to the HNO3 posttreatment, which was estimated
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Figure 2. (a) The schematic of the spray coating system and (b) the FE-SEM image indicating the surface morphology of
CNTs deposited on the PET substrate via spray coating.

Figure 3. (a) The sheet resistances and transmittances of CNTs before and after HNO3 posttreatment and (b) the EDS
results indicating the change of the chemical components incorporated in the CNTs due to the HNO3 posttreatment.

by using the energy dispersive X-ray spectroscopy (EDXS). The amount of sulfur (S) element in the CNTs was decreased after the HNO3 posttreatment, which was resulted from the
removal of the surfactant. Meanwhile, the transmittance of the CNTs slightly increased after
the HNO3 posttreatment, as also shown in Figure 3(a). This was because some of the CNTs
together with the surfactant were peeled off during the HNO3 posttreatment.

3. CNT-TCEs fabricated on corona-treated flexible substrates
For depositing CNTs on flexible substrates, various solution-based methods have been utilized. However, these methods have common problems regarding the weak adhesion between
the flexible substrates and the CNTs. Generally, the most widely used method is surface modification of substrate to improve the adhesion by using plasma treatment [21, 22]. This method
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is a chemical modification that can be formed on polar groups on the surface of substrate
before film deposition and also includes the physical changes, which can increase the surface
area by generating nanoscratches. However, most of these methods have several problems
such as low working pressures, long treatment times, and high processing temperatures.
Therefore, corona pretreatment has also been suggested because it can be carried out at atmospheric pressure and room temperature. During the corona treatment, corona energy breaks
molecular bonds on the surface of nonpolar substrates, and the broken bonds then recombine
with free radicals in the corona environment to form polar groups on the film surface [23].
Namely, the surface of flexible substrate can be changed from hydrophobic to hydrophilic
through the corona treatment.
In Section 3, the experimental results that regard the surface modification of PET substrates
through corona treatment before the deposition of CNTs and the effects of such surface modification on the properties of the CNTs as flexible TCEs are presented. The changes in the
surface roughness, contact angle, and surface energy of the PET substrates due to the corona
treatment are characterized in terms of the applied corona energies, PET feeding directions,
and treatment times.
3.1. Surface modification of PET substrates via corona treatment
For surface modification, the PET substrates were treated using corona discharge prior to the
deposition of CNTs. Figure 4(a) shows the schematic of the corona discharge system. Figure 4(b)
and (c) illustrates the corona treatment methods, including the feeding directions of the PET substrates and the numbers of treatment (e.g., 2-times and 4-times for the single-directional treatment
and [1 + 1]-times and [2 + 2]-times for the mutually vertical bidirectional treatment). The corona
discharge was generated by applying 8 kV voltage to the corona electrode. The PET substrate was
fed between the two electrodes (i.e., the corona electrode and the grounded electrode) at the various feeding speeds. The corona energy densities (Ecor) were controlled to be increased from 149 to
5263 kJ/m2 by decreasing the PET feeding speed from 17 to 0.5 m/min.
The surface images and roughness of PET substrates were measured by atomic force microscope (AFM) as shown in Figures 5(a), (b), and (c) for nontreated, 4-times single-directionally corona treated, and [2 + 2]-times bidirectionally corona treated, respectively. The

Figure 4. (a) The schematic diagram of the corona discharge system used in this study. The corona treatment methods
such as (b) 4-times single-directionally corona treated and (c) [2 + 2]-times bidirectionally corona treated.
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Figure 5. The AFM measurement data such as surface images and roughness for the various PET substrates:
(a) nontreated, (b) 4-times corona treated, and (c) [2 + 2]-times corona treated. (d) The surface roughness indicated for
three different corona energy densities in terms of feeding directions and the numbers of treatment.

root-mean-square surface roughness (σrms) was estimated, which is plotted in Figure 5(d),
in terms of the substrate feeding directions and the numbers of corona treatment. When the
surface modification was performed at the low Ecor (149 kJ/m2), the change in σrms of the PET
substrates appeared to have been negligibly small, regardless of the treatment manner. In
contrast, when the PET substrates were treated at the higher Ecor (2195 or 5263 kJ/m2), the
σrms values significantly increased as the treatment number increased. Also, the degree of
the increase in σrms value due to the corona treatment was seen to have been bigger in the
cases of the bidirectional treatment than in the cases of the single-directional treatment. For
instance, the PET substrate that was bidirectionally [2 + 2]-times treated showed the σrms value
of approximately 8.82 nm, whereas the PET substrate that was single-directionally treated
4-times yielded the σrms value of approximately 5.58 nm. This indicates that the bidirectionally
treated method can effectively increase the surface area.
The contact angles (θc) of the PET substrates were measured from liquid drop images and
compared in Figure 6, according to feeding directions and the numbers of treatment. In the θc
measurement, two kinds of liquids were used such as water as a polar liquid (Figure 6(a)–(d))
and diiodomethane as a nonpolar or dispersive liquid (Figure 6(e)–(h)). As the number of
corona treatment increased, the θc values based on water monotonically decreased, but the θc
values based on diiodomethane continuously increased.
From the estimated θc results, the surface energies of the PET substrates were also calculated
using the formula in the Owens-Wendt model [24]. Figure 6(i) shows the polar components
(EP) calculated from the water-based θc values, the dispersive components (ED) obtained from
the diiodomethane-based θc values, and the total surface energy (ES) obtained from the sum
of the EP and ED. The ES value was observed to have increased as the number of the corona
treatment increased in the single-direction (i.e., once and 4-times corona treated). Also, the
higher ES value was observed for the PET substrate that was [2 + 2]-times treated, compared
with the PET substrate that was 4-times treated. These results indicate that the changes in the
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Figure 6. [(a)–(h)] The liquid drop images pictured from the PET substrates: (a) and (e) for nontreated, (b) and (f) for once
corona treated, (c) and (g) for 4-times corona treated, (d) and (h) for [2 + 2]-times corona treated, and (i) the estimated ES
along with EP and ED components in terms of the PET feeding directions and the numbers of treatment.

ES values of the PET substrates due to the corona treatment may cause the change of surface
chemistries. Also, the results may confirm that the ES of the PET substrates is closely related
to the surface roughness.
It is known that the electrons, ions, and activated neutrons and protons produced from
corona discharge react with the oxygen in the air to produce functional groups that contain
oxygen, such as the COH and C═O groups, on the PET substrate surface [25]. The X-ray
photoelectron spectroscopy (XPS) spectra of the carbon (C) 1s–state were measured for both
nontreated and corona-treated PET substrates to investigate the changes in the surface chemistries of the PET substrates due to the corona treatment. For the nontreated PET substrate,
three distinguishable peaks were observed and assigned to the aromatic hydrocarbons
(284.7 eV), aliphatic esters (CH2O, 286.3 eV), and carboxyl component (C–O–C═O, 288.7 eV)
[26], as shown in Figure 7. In contrast, additional oxygen polar groups [27], such as phenolicOH (286.5 eV), C═O (287.5 eV), and carboxyl acid (COOH, 289.2 eV), were observed for the
corona-treated PET substrates. The relative contributions of each chemical group in the XPS
spectra are summarized in Table 1, according to the corona treatment conditions. The relative contents of the oxygen polar groups increased by increasing the number of repetitions
of the corona treatment and were larger especially for the bidirectionally corona-treated PET
substrates.
It was also discovered that the PET’s surface chemistry was changed from a hydrophobic
nature to a hydrophilic nature after the corona treatment. It has been known that CNTs
refined using acids such as HNO3 may possess oxygen-related functional groups (e.g., carboxyl groups) on their outer walls [28], and also on the corona-treated PET substrate via a
hydrogen bond [29]. This indicates that the adhesive force between the PET substrate and the
CNTs can be enhanced by corona treatment of the PET substrate.
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Figure 7. The XPS spectra for carbon (C 1s-state) measured for the nontreated and corona-treated PET substrates.

Assignment

Binding energy (eV)

Content (%)
Nontreated

Corona treated
4-times

[2 + 2]-times

Aromatic C–C

284.70

53.98

12.31

7.72

CH2O

285.82–286.68

24.65

18.53

18.71

Phenolic-OH

288.34–288.93

21.37

19.59

18.11

C═O

286.50

—

11.23

10.64

C–O–C═O

287.51–287.67

—

20.11

22.10

COOH

288.88–289.03

—

18.23

22.72

Table 1. The binding energies and relative contents of the chemical bonds observed in the XPS spectra for the nontreated
and corona-treated PET substrates.

3.2. The effect of corona treatment on the flexibility of CNT-TCEs
The effect of corona treatment of PET substrates on the flexibility CNT-TCEs has been
investigated by measuring the changes in the CNTs’ sheet resistance (R□) due to repetitive
bending. Two bending tests such as outer bending and inner bending were carried out with
a bending radius of 12 mm and a bending speed of 40 mm/s at an ambient temperature and
pressure, as displayed in the insets of Figure 8(a) and (b), respectively. For all of the PET
substrates that were nontreated or corona treated, the average R□ value of the CNTs was
observed to have been approximately 350 ± 10 Ω/□ before the bending test was conducted.
As shown in Figure 8(a), the R□ value of the CNTs deposited on the nontreated PET substrate significantly increased as the bending times increased, such that the R□ value after
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Figure 8. The changes in R□ of CNTs during bending: (a) for outer bending and (b) for inner bending. [(c)–(f)] The
comparison of FE-SEM images for the CNTs before and after bending. The photos (c) and (d) indicate the CNTs deposited
on the nontreated PET substrates. The photos (e) and (f) indicate the CNTs deposited on the [2+2]-times corona-treated
PET substrates.

16,000 times bending was almost more than 300% larger than the initial R□ value before the
bending. The increase in the CNTs’ R□ value due to bending may be attributed to the weak
adhesion between the CNTs and the PET substrate. In contrast, the increase in the R□ due to
bending was observed to have been substantially alleviated for the CNTs that were deposited on the corona-treated PET substrates. As shown in Figure 8(b), the similar results were
observed in the case of the inner bending test. For both bending tests, the increase in R□
after 16,000 bending repetitions was observed to have been minimal when the CNTs were
deposited on the PET substrates that were [2 + 2]-times corona treated. Accordingly, the
results shown in Figure 8 confirm that the corona pretreatment improved the adhesion of
the CNTs to the PET substrate.
Figure 8(c) and (e) shows the FE-SEM surface morphologies of the CNTs before they were
bent, and Figure 8(d) and (f) displays the surface morphologies of the CNTs after they underwent bending. As shown in Figure 8(d), the repetitive bending caused the marked reduction
in the CNTs’ density for the CNTs deposited on the untreated PET substrate. In contrast, as
shown in Figure 8(f), the CNTs deposited on the [2 + 2]-times corona-treated PET substrate
revealed insignificant changes in the surface morphology even after the bending of 16,000
times. As a result, the higher surface roughness, the greater contact angles, and the higher surface energies, which the corona-treated PET substrates revealed, indicated that the surfaces
of the PET substrates became hydrophilic from hydrophobic and thereby led to the improvement of adhesion between the CNTs and the PET substrates.
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4. CNT-TCEs coated with PEDOT:PSS
Of the aforementioned in Section 1, CNTs have potential advantages such as chemical stability, thermal and electrical conductivity, mechanical strength, flexibility, solution processability, and low cost production. CNTs, however, still do not satisfy the electrical characteristics
required for TCEs due to the uniform coating caused by their tubular structure and the large
contact resistance at their tube-tube junction. To improve the electrical characteristics of
CNTs, it was recently reported [30] that hybrid-type electrodes were introduced by combining
CNTs with polymers via solution processes such as spray coating and spin coating. Adding
the conductive polymers to the CNTs led to the decrease in the sheet resistance of CNTs; however, the electrical properties of the hybrid-type electrodes were sensitive to the deposition
methods and combination conditions used to produce the electrodes. Furthermore, for the
application of some devices such as display and TSPs, a neutral color of electrodes is required
to prevent the distortion of the image color. However, the conductive polymer material is
generally known to be tinged with the color blue, which may cause the problem that patterns
of electrodes are revealed. Therefore, there is a necessity of studying how the chromaticity
characteristic of CNTs changes or can be effectively adjusted according to the mixture with
other materials (e.g., conductive polymers) for producing the hybrid-type electrodes.
In this section, hybrid-type transparent electrodes with characteristics desirable for flexible
TCEs are introduced by coating CNTs with PEDOT:PSS via various methods such as spin
coating, electrophoretic deposition (EPD), and electropolymerization. Their surface morphologies, sheet resistances, visible transmittances, and color properties have been characterized as functions of their preparation conditions. Also, to identify the flexible capabilities of
the PEDOT:PSS-coated hybrid-type CNT-TCEs, the changes in their sheet resistances due to
repetitive bending (up to 30,000 times) have been measured and compared with the results
measured from the CNT-TCEs.
4.1. PEDOT:PSS coating via spin coating
For manufacturing hybrid-type CNT-TCEs, the CNTs were deposited on the PET substrates
via spray coating by varying the spraying time from 10 to 80 s. Then, PEDOT:PSS layers were
deposited on the CNTs via spin coating (for 1 min) by changing the spin speed within the
range of 200–1500 rpm. The PEDOT:PSS-coated CNTs were dried in the oven for 5 min at
100°C and atmospheric pressure. The hybrid-type CNT-TCEs with various thickness combinations of CNTs and PEDOT:PSS layers were manufactured by controlling the spray time (for
CNTs) and the spin speed (for PEDOT:PSS).
Figure 9(a) and (c) displays the electrical sheet resistances (R□) and visible range transmittances (Tvis) for CNTs (Cx) according to the increased spray time from 20 (C1) to 80 s (C7) and
for PEDOT:PSS films (Py) according to the decreased spin speed from 1500 (P1) to 200 rpm
(P7), respectively. For the CNTs, both R□ and Tvis monotonically decreased (e.g., R□ from 3035
to 379 Ω/□ and Tvis from 93.2 to 80.4%) as the spray time increased. Therefore, there is a tradeoff between R□ and Tvis. For the PEDOT:PSS films, the similar trends in R□ and Tvis appeared
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Figure 9. The sheet resistance and transmittance measured from the (a) CNTs and (c) PEDOT:PSS according to deposition
thickness. The FE-SEM images (b) and (d) indicate the cross-sectional morphology of the CNTs specimen of C7 and
PETOD:PSS specimen of P7.

(e.g., R□ from 330 to 90 Ω/□ and Tvis from 97.5 to 89.2%) as the spin speed decreased. Also, the
FE-SEM cross-sectional morphology of the CNTs and PEDOT:PSS electrodes are displayed
in the inset of Figure 9(b) and (d). The thickness of CNTs increased from 40.5 to 112 nm by
increasing the spraying time from 20 to 80 s and the thickness of PEDOT:PSS films increased
from 28.4 to 111 nm by decreasing the spinning speed from 1500 to 200 rpm. Accordingly, the
decrease of Tvis as shown in Figure 9(a) and (c) was attributed to the increase in the thicknesses
of CNTs and PEDOT:PSS layers.
For the hybrid electrodes (Sz), the R□ and Tvis were also measured and the results are shown
in Figure 10(a). Here, the hybrid electrodes were fabricated by depositing the CNTs via spray
coating under the same condition as the specimen C3 and coating them with PEDOT:PSS by
decreasing the spinning speed from 1500 (S1) to 200 rpm (S5) via spin coating. For the hybridtype specimens (Sz), both R□ and Tvis decreased (e.g., R□ from 298 to 73.49 Ω/□ and Tvis from
87.52 to 78.84%) as the spinning speed decreased because the thickness of the PEDOT:PSS
films increased from 28.4 to 114.9 nm with a decrease in the spinning speed from 1500 to
200 rpm. It was observed that the decrease in the Tvis due to the coating of the PEDOT:PSS films
was trivial, while the R□ of CNTs was substantially reduced by the coating of PEDOT:PSS. For
instance, the hybrid electrode of S1, which was fabricated by coating the CNTs (C3) with the
PEDOT:PSS film at the spinning speed of 1500 rpm, had an R□ of approximately 298 Ω/□ and
a Tvis of 87.52%, whereas the CNTs (C3) showed a much higher R□ (959.3 Ω/□) and a slightly
higher Tvis (88.80%). This was because the PEDOT:PSS particles filled up the voids between
the tubes in the CNTs as shown in Figure 10(e) and thereby formed a conduction bridge for
electron transfer, inducing a decrease in the tube-tube junction resistance and the percolation
threshold, eventually enhancing the conductivity of the hybrid electrodes [31].
In addition to low electric sheet resistance and high transmittance, TCEs should also satisfy
the chromatic characteristics approaching no color. Generally, the chromaticity of a TCE can
be determined by using the three-dimensional color space (namely, L*, a*, and b*) where each
coordinate axis expresses specific color components [32], as shown in Figure 11(a). Here, L*
means brightness having the numerical value between 0 (lowest) and 100 (highest). The a*
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Figure 10. (a) The sheet resistance and average transmittance measured from the PEDOT:PSS-coated CNTs hybrid
electrodes as a function of the spinning speed used to coat the PEDOT:PSS films via spin coating. The FE-SEM surface
and cross-sectional images: (b) and (c) for CNTs, (d) and (e) for PEDOT:PSS-coated CNTs.

(redness) value is the positive definiteness (+) that is close to the color red as it increases and it
is close to the color green as it increases with the negative definiteness (−). Also, the b* (yellowness) value is close to yellow color as it increases with the positive definiteness and it appears
to be blue color as it increases with the negative definiteness.
Figure 11(b)–(d) shows the measured results of chromaticity characteristics for three kinds of
TCEs such as (b) CNTs, (c) PEDOT:PSS, and (d) PEDOT:PSS-coated CNTs. For the CNTs, the
b* gradually increased in the negative direction of sign from about 0.58 to 1.58 as the spraying time increased, whereas the a* showed neighboring zero regardless of the spraying time.
For the PEDOT:PSS films, both a* and b* monotonically increased in the negative direction of

Figure 11. (a) Color space (L*, a*, and b*). [(b)–(d)] The measured chromatic parameters (a* and b*) for various electrodes:
(b) for CNTs (Cx), (c) for PEDOT:PSS (Py), and (d) for PEDOT:PSS-coated CNTs (CxPy).
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sign as the spinning speed decreased (e.g., the a* from −0.31 to −1.09 and the b* from −0.24 to
−2.05). Namely, increasing the thicknesses of CNTs and PEDOT:PSS layers led to the decrease
in their sheet resistances, but it resulted in the deterioration of their chromaticity characteristics, especially for the yellowness. Here, it should be noted that the b* values of the CNTs
and PEDOT:PSS layers changed in the mutually opposite directions of sign according to the
thicknesses of CNTs and PEDOT:PSS layers. Figure 11(d) displays the measured results of
characteristic values of a* and b* of the PEDOT:PSS-coated CNTs manufactured by variously
combining the deposition conditions of CNTs (i.e., the spraying times) and the coating conditions of PEDOT:PSS (i.e., the spinning speeds). For the C3P5 specimen, the a* value of −0.28
was located between those of CNTs and PEDOT:PSS (i.e., −0.08 for C3 and −0.64 for P5) and the
b* value of 0.57 was also between those of CNTs and PEDOT:PSS (i.e., 0.96 for C3 and −1.22
for P5). This indicates that hybrid-type electrodes with CNTs and PEDOT:PSS combined) can
possess the better color properties compared with those of single electrodes (e.g., CNTs or
PEDOT:PSS) due to their complementary color relation.
4.2. PEDOT:PSS coating via electrophoretic deposition (EPD)
The coating of CNTs with PEDOT:PSS films via EPD was performed using a mixed solution
of PEDOT:PSS (5 ml) and isopropyl alcohol (IPA, 100 ml). In the EPD process, the PEDOT:PSS
films were deposited on the anode electrode where the spacing between the anode (i.e., CNTs)
and the cathode (i.e., Cu) was kept at 10 mm and the DC bias voltage of 100 V was applied
during the changing of the process time within the range of 20–40 s.
For the hybrid electrodes (Ez) which were fabricated by coating the CNTs (C3) with the
PEDOT:PSS films via the EPD method, the R□ and Tvis were measured. The results are shown
in Figure 12(a), according to the increase in the EPD time from 20 (E1) to 40 s (E5). Figure 12(a)
shows the relationships between the R□ and Tvis measured from the two different hybrid electrodes such as the Sz specimens fabricated by coating the CNTs (C3) with the PEDOT:PSS films

Figure 12. (a) The sheet resistances and average transmittances of the hybrid electrodes, where the PEDOT:PSS films
were coated on the CNTs via spin coating (i.e., the specimens denoted as Sz) or EPD (i.e., the specimens denoted as Ez),
along with the FE-SEM images of the S1 and E1 specimens. [(b)–(e)] The surface morphologies of the specimens (b) S1,
(c) E1, (d) S3, and (e) E3.
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via spin coating and the Ez specimens fabricated by coating the CNTs (C3) with the PEDOT:PSS
films via EPD. For the hybrid electrodes Ez (i.e., using EPD), the changes in the R□ and Tvis
were observed to have been similar to those of the hybrid electrodes Sz (i.e., using spin coating). Here, it may be noted that the Tvis of the hybrid electrode E3 was measured as 85.52%,
slightly higher than that (84.36%) of the hybrid electrode S3, whereas both hybrid electrodes
had almost the same R□ values such as approximately 114.4 Ω/□ for E3 and 110.5 Ω/□ for S3. The
similar trend was also observed for the hybrid electrodes of S1 and E1.
Generally, the film deposition via EPD is generally achieved by the motion of the charged
particles that are dispersed in a suitable solvent toward an electrode under an applied electric
field [33]. Accordingly, the results of Figure 12(a) can be explained by comparing the surface
morphologies of the hybrid electrodes, which are shown in Figure 12(b)–(e). It was observed
from the surface images of Figure 12(b) and (d) (i.e., the hybrid electrodes of S1 and S3) that
the PEDOT:PSS layer was deposited not only on the region where the CNTs existed but also
on the region where no CNTs existed. On the other hand, the surface images of Figure 12(c)
and (e) (i.e., the hybrid electrodes of E1 and E3) showed that most of the PEDOT:PSS layer covered the area near the CNTs. Therefore, the observation that the sample E1 (or E3) displayed
the higher transmittance as compared to the sample S1 (or S3) was because there were regions
where the PEDOT:PSS films were hardly coated.
To compare the flexibility of the CNTs and the hybrid electrodes (i.e., PEDOT:PSS-coated
CNTs either using EPD (Ez) or spin coating (Sz)), the bending tests were analyzed, and the
results are shown in Figure 13(a) as functions of the number of bending tests (up to 30,000). In
the case of the CNTs, the R□ increased continuously as the number of bending times increased
and appeared to almost have doubled after the completion of the bending test. On the contrary, the increase in the R□ was mitigated for the hybrid electrodes, indicating an improvement in flexibility. The flexibility-enhancement effect was higher by increasing the thickness
of the coated PEDOT:PSS layer (i.e., from S1 to S3 or from E1 to E3). This may be because the
PEDOT:PSS film induced the physical gripping of the CNTs to enable them to adhere better
to the underlying PET substrate [34]. This may also be due to the chemical bonds between the
PEDOT:PSS film and the corona-treated PET substrate or between the PEDOT:PSS film and
the acid-treated CNTs [35].
Figure 13(b)–(g) shows the changes of FE-SEM surface morphologies due to bending, measured from the electrodes of CNTs (C3) and hybrids (S3 and E3). Figure 13(b), (c), and (d)
indicates their images measured before bending and Figure 13(e), (f), and (g) shows images
measured after bending of 30,000 times. For the C3 electrode (CNTs), the density of the CNTs
was significantly decreased from about 1.97 to 1.52 tubes/μm2 after bending. On the contrary,
the density of the CNTs in the S3 and E3 electrodes (hybrid) hardly changed after bending.
This may confirm that the hybrid electrodes have more potential in flexibility as compared
to the CNTs. In addition, the hybrid electrode fabricated via spin coating showed less change
in resistance than the hybrid electrode fabricated via EPD. The deposition of PEDOT:PSS
occurs mainly on the surface of the CNTs in EPD, whereas in spin coating, the deposition
of PEDOT:PSS occurs not only on the CNTs’ surface but also on the PET substrate where no
CNTs exist. In the case of the EPD-produced hybrid electrodes, accordingly, if the CNTs are

223

224

Carbon Nanotubes - Recent Progress

Figure 13. (a) The changes in the sheet resistances due to bending tests (up to 30,000 times), measured from the various
electrodes such as CNTs (i.e., C3 and C7) and PEDOT:PSS-coated CNTs (i.e., S1, S3, E1, and E3). [(b)–(g)] The changes of
FE-SEM surface morphologies due to bending, measured from the electrodes of CNTs (C3) and hybrids (S3 and E3). Here,
(b), (c), and (d) indicate their images obtained before bending (left photos), and (e), (f), and (g) obtained after bending
(right photos) of 30,000 times.

detached during the bending test, then the PEDOT:PSS layer on the CNTs is also detached
and thus, the resistance of the electrodes will inevitably increase. In contrast, in the case of
the hybrid electrodes fabricated via spin coating, the increase in resistance may be insignificant even if they experience the detachment of CNTs due to bending because the conductive
PEDOT:PSS layers still remain.

5. Effects of CNT-coating and washing on properties of copper
meshes
Metal meshes have been developed as the alternative transparent electrodes to replace the
conventional ITO due to their low electric sheet resistance and high visible transmittance.
However, metal meshes have a relatively high reflectance generated by metals, and several
metals, such as gold (Au) and copper (Cu), are generally tinged with specific colors, leading
to a visibility problem. The most commonly used materials for the metal-based TCEs are
silver (Ag) and Cu. Compared with Ag, Cu is more abundant and less expensive, but it has
higher resistivity. Also, Cu is generally tinged with a red-orange color [36], requiring it to be
coated with black materials capable of absorbing light effectively. CNTs are known as excellent absorbers of visible light [37] and have advantages in terms of chemical stability, thermal
and electric conductivity, mechanical strength, and flexibility. To improve the visibility of
metal mesh electrodes, the authors recently introduced hybrid-type TCEs fabricated via the
combination of metal meshes with CNTs [38].
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Cu films were deposited on glass substrates (Corning, Eagle 2000, 3 × 3 cm2) at room temperature via RF sputtering at 80 W power and 30 mTorr working pressure. Cu meshes were
formed via lithography to produce a 200 μm line spacing and a 10 μm line width. Singlewalled CNT powder (NanoAmor 1284YJ, 15 mg) was placed in a mixture of H2SO4 (20 ml) and
HNO3 (10 ml) at a 2:1 volume ratio and was ultrasonicated for 30 min to eliminate the impurities such as the metal catalysts and amorphous carbons. The CNT solution was dispersed
for 15 min using an ultrasonic generator after adding a dispersant of magnesium nitrate
(Mg(NO3)26H2O, 15 mg) and isopropyl alcohol (IPA, 100 ml). CNTs were deposited on the Cu
meshes via the EPD process, conditions of which were previously reported in the authors’
recent paper. The thickness of the CNTs was controlled by varying the EPD time from 5 to
15 s. Finally, for post-washing, the CNT-coated Cu meshes were dipped in deionized water
by varying the post-washing time from 0 to 30 s.
Figure 14(a) and (b) displays the FE-SEM photos of the fabricated Cu mesh and the CNTcoated Cu mesh along with the enlarged photo of the surface morphology of the CNT coating
layer, respectively. It can be clearly seen that CNTs were used to selectively coat only the surfaces where the Cu mesh patterns had been formed. The thickness profiles of the CNT-coated
Cu meshes measured before and after post-washing are shown in the inset of Figure 14(c). The
thickness of the Cu mesh was approximately 106 nm, and it was increased to approximately
913 nm after the Cu mesh was coated with CNTs via the 15 s EPD process. Meanwhile, the
thickness of the CNT-coated Cu mesh was considerably decreased as the post-washing process
progressed, and it was approximately 237 nm after 30 s post-washing, as shown in Figure 14(c).
This was because some of the CNTs were detached from the Cu mesh during the washing process. All of the Cu mesh specimens considered in this study are summarized in Table 2.

Figure 14. [(a) and (b)] The FE-SEM photos for a pristine Cu mesh with a 200 μm line spacing and a 10 μm line width
and a CNT-coated Cu mesh including the surface morphology of the CNT coating layer. (c) The change in the thickness
of the CNT-coated Cu mesh as a function of the post-washing time and the thickness profiles (inset) of the CNT-coated
Cu meshes measured before and after post-washing (30 s).
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Sample

EPD time (min)

Washing time (s)

Thickness of
CNTs (nm)

Tvis (%)

Rvis (%)

a*

Cu(p)

—

—

106.3

90.71

11.83

1.91

1.92

CCu-1

5

—

323.6

90.24

8.91

1.54

1.88

CCu-2

10

—

546.2

89.80

8.44

1.15

1.61

CCu-3

15

—

807.0

89.79

7.89

0.88

1.13

W-CCu-1

5

30

95.6

90.18

8.51

1.44

1.51

W-CCu-2

10

30

110.9

89.98

7.79

0.96

0.58

W-CCu-3

15

30

130.7

89.83

7.37

0.16

−0.55

b*

Table 2. The sample ID’s considered in this study, along with their preparation conditions and the summary of measured
quantities.

Figure 15. (Left) The results of: (a) sheet resistance, (b) transmittance, and (c) reflectance, measured from pristine Cu
mesh (denoted by “p-Cu”), and CNT-coated Cu-meshes before washing and after 30 s post-washing (denoted by “CCux” and “W-CCu-x” (“x” = 1, 2, and 3), respectively), in terms of the CNT’s thicknesses.
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Figure 16. (Right) (a) The reflectance spectra of primitive Cu-mesh (p-Cu), and CNT-coated Cu meshes before washing
(CCu-3) and after washing (W-CCu-3). (b) The estimated chromatic parameters of redness (a*) and yellowness (b*) for
all the specimens fabricated in this study.

Figure 15(a)–(c) shows the results of the sheet resistance, transmittance, and reflectance measured from the pristine Cu mesh and the CNT-coated Cu meshes before and after post-washing,
in terms of the CNT’s thicknesses. The sheet resistance and transmittance of the Cu meshes were
hardly affected by the CNT coating and the CNT’s thickness, and was also marginally changed
by post-washing. For all of the specimens, their sheet resistance and transmittance values were
in the range of 20.2–21.5 Ω/□ and 89.8–90.7%, respectively. On the other hand, the reflectance of
the Cu mesh was significantly reduced by the CNT coating. This indicated that the CNT coating
layer played the role of suppressing the visible light reflected from the Cu mesh. In Figure 15(c),
it is noted that the reflectance of the CNT-coated Cu mesh was further reduced after it underwent post-washing (e.g., 7.89% for C-Cu-3 and 7.37% for W-CCu-3, respectively).
Generally, the color property of a metal mesh is closely related to its reflectance spectrum,
from which the chromatic parameters, redness (a*) and yellowness (b*), can be determined.
Both the a* and b* components being closer to zero indicate that the metal mesh appears
nearly colorless. Figure 16(a) shows the reflectance spectra measured from the p-Cu, CCu-3,
and W-CCu-3 specimens, and Figure 16(b) shows the redness and yellowness values estimated from all of the specimens. The pristine Cu mesh revealed a stair-like spectrum where
the level of reflectance was demarcated at a wavelength of around 560 nm, and its redness
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and yellowness values were approximately 1.91 and 1.92, respectively. This may be the cause
of the red-orange tint of the pristine Cu mesh. In contrast, such disparity in reflectance nearly
disappeared when the Cu meshes were coated with CNTs, and the flat-type spectra with
much lower reflectance levels were observed for the CNT-coated Cu meshes. Both a* and b*
values considerably decreased as the CNT’s thickness was increased, and further decreased
when the CNT-coated Cu meshes underwent post-washing. For instance, the a* and b* values
of the CCu-3 mesh were approximately 0.88 and 1.13, respectively, and those of the W-CCu-3
mesh were approximately 0.16 and −0.55, respectively.
In order to discover why the CNT-coated Cu meshes exhibited such lower reflectance and
smaller a* and b* after they underwent post-washing, the changes in their atomic components and surface chemistry were investigated. Figure 17(a) and (b) shows the Auger electron spectroscopy (AES) measurement results, which indicate the relative atomic contents
of C, O, Mg, and Cu for the CNT-coated Cu meshes before and after post-washing, respectively, as a function of the sputtering time (0–25 min) used for the AES analysis. For the
CCu-3 specimen as shown in Figure 17(a), the C atom content was always greater than the
Cu atom content, while for the W-CCu-3 specimen as shown in Figure 17(b), the Cu atom
content exceeded the C atom content as the sputtering time was around 15 min, indicating
that the layer was changed from a CNT region to a Cu mesh region. This was attributed to
the decrease in the Cu mesh’s thickness due to the detachment of the CNTs after post-washing. It was also observed that the CCu-3 specimen contained the Mg atoms with an atomic
content higher than about 10%. This was because magnesium nitrate (Mg(NO3)26H2O) was

Figure 17. The relative atomic contents (measured by AES) of C, O, Mg, and Cu incorporated in the CNT-coated Cu mesh:
(a) before washing (CCu-3) and (b) after washing (W-CCu-3). (c) The XPS Mg 2p spectra for CCu-3 and W-CCu-3 specimens.
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used as the dispersant for the CNT suspension. On the other hand, it was discovered that
the Mg content was almost negligible in the W-CCu-3 specimen, indicating that most of
the Mg atoms were removed by post-washing. Figure 17(c) compares the XPS Mg 2p spectra of the CCu-3 and W-CCu-3 specimens. The XPS peak corresponding to Mg-O/OH [39]
was observed at around 49 eV, and the peak intensity of the W-CuC-3 specimen was much
smaller than that of the CuC-3 specimen, indicating that the Mg component was removed
by post-washing. Accordingly, it was suggested that the lower reflectance and the smaller
chromatic parameters, which were observed when the CNT-coated Cu meshes underwent
post-washing, resulted from the removal of the residual Mg element.

6. Conclusion
CNTs have excellent chemical stability, thermal and electrical conductivity (high intrinsic
conductivity), mechanical strength, flexibility, solution processability, and potential for
production at a low cost. Based on these advantages, the CNT-based TCEs are presented.
In Section 3, it was illustrated that the adhesion of the CNTs was remarkably improved
after the surface modification via corona pretreatment of the PET substrates. Then, in
Sections 4 and 5, the hybrid-type TCEs, which can be commercialized in various applications, were fabricated and their characteristics were demonstrated. In particular, the studies
about improving the electrical conductivity and transmittance of CNTs-TCEs may warrant increased interest. Finally, in Section 5, the metal-based TCEs coated with CNTs were
considered as an effective structure to resolve the high reflectance generated by the intrinsic properties of metals. Until now, the TCEs fabricated using only CNTs had insufficient
properties for applications to electronic devices. Various hybrid-types of CNT-based TCEs,
however, could have potential in the application to next-generation flexible and stretchable
electronics to overcome various issues.
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