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The effects of single-walled carbon nanotube (SWCNT) structures on the transparent conductivity of their network films have been
investigated. SWCNTs with different average tube diameters of 1.3 nm, 1.7 nm, and 2.0 nm were processed at the same conditions.
Then unit structure characterization was performed by determining the tube diameter, length, bundle thickness, and so on, before
the fabrication of SWCNT network films by the filtration and transfer method using the dispersions. The result of the transparent
conductivity measurements clearly showed better performance with a decrease in the tube diameter: that is, narrower SWCNTs
form narrow bundles, and their dense network results in an increase in the total length of conduction pathways in the SWCNT
network films with high transparency. Furthermore, the figure of merit and the percolation exponent for the transparent
conductivity obtained by using the data fitting of the percolation model were also discussed in terms of the tube diameter
and length.

1. Introduction

The single-walled carbon nanotube (SWCNT) network film
has attracted considerable attention as one of the emerging
conductive materials for transparent conductive film (TCF)
applications [1]. Because SWCNTs can be dispersed not only
in organic solvents [2] but also in aqueous solvents with the
help of surfactants [3] or polymers [4], the printing process
using the dispersion as the ink is applicable for the prepara-
tion of SWCNT network films. Thus, easy scale-up of the film
production at a low cost by using existing technology on
various substrates [5, 6] is the advantage of SWCNTs as a
TCF material. Furthermore, SWCNT network films possess
excellent transparent conductivity properties in addition to
mechanical strength and chemical stability [7–9]. There have
been efforts to improve the transparent conductivity proper-
ties of SWCNT network films in order to achieve higher
transparency and lower sheet resistance nearly up to the
currently demanded levels, achieved via the commonly used
acid treatment doping method for the reduction of sheet
resistance [7, 8]. Although maintaining long-term stability

of the properties after acid treatment has remained an impor-
tant issue to be solved, it has recently been reported that
photonic curing of a vacuum-evaporated copper halide film
on a SWCNT network builds efficient and stable nanotube-
nanotube interconnects that result in prospective long-term
stability [9]. Because of these advances, SWCNTs are one of
the promising alternative to current materials, including rare
metals, in a variety of applications.

Various structural parameters of the SWCNT network
films, such as tube length, tube diameter, bundle thickness,
and network connectivity, strongly influence the electronic
properties [10–13]. Therefore, clarification of the structural
effects on the transparent conductivity of SWCNT network
films would be valuable for improving the film fabrication
and postprocessing methods. Furthermore, the underlying
relationships between structural parameters of the SWCNT
network and transparent conductivity are scientifically inter-
esting in terms of the physics associatedwith complex systems
composed of one-dimensional elements [14–16]. Longer tube
lengths have been reported to result in higher DC (electrical)
conductivity of SWCNT network films [17–19]. Films of
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SWCNTs with metallic chirality also exhibit a high conduc-
tivity [20, 21]. In addition, the performance of SWCNT net-
work films is affected by the method of SWCNT production
because the synthesis conditions cause changes in structural
characteristics such as purity and crystallinity [22–24].

The tube diameter is one of the important structural
parameters that have a profound influence over the proper-
ties of SWCNT network films because of the considerable
correlation between the tube diameter and the electronic
structure and carbon atom density [25]. In a recent work
on the effects of the bundle thickness on SWCNT network
films [26], a preliminary study on the effects of the tube
diameter was also conducted. However, a correlation between
the transparent conductivity and tube diameter was not
observed, probably because of the broad tube diameter dis-
tribution. For clarifying the effect of the tube diameter on
the properties of SWCNT network films, achieving homoge-
neity of each structural feature is necessary. Therefore,
despite many studies on structural effects on the transparent
conductivity of SWCNT network films, scope for further
research exists.

In this study, we have investigated the effects of structural
parameters, especially the tube diameter, on the transparent
conductivity properties of SWCNT network films prepared
by the filtration and transfer method [1], in which the tube
length and diameter of SWCNTs were independently varied.
The results showed that the transparent conductivity of
SWCNT network films is definitely influenced by the tube
diameter that affects the network density. In addition, the
transparent conductivity has been also analyzed based on
the percolation theory [27].

2. Experimental Methods

Groups of SWCNTs with different tube diameters were syn-
thesized by gas-phase chemical vapor deposition (CVD)
growth using the enhanced direct injection pyrolytic synthe-
sis (eDIPS) method [28] and were characterized by UV–vis–
NIR absorption spectroscopy (U-4100, Hitachi High-Tech)
and resonance Raman scattering (NRS-5100, Jasco) to deter-
mine their tube diameter distributions [29, 30]. 1mg of
SWCNTs was dispersed in 10ml of aqueous solution of
1wt% sodium cholate (SC) by using a probe-type sonicator
(Sonifier 450D, Branson) with an output power of 5W, for
10min. SC provided sufficient dispersibility irrespective of
the SWCNT tube diameter. The dispersions were then centri-
fuged at 100,000×g for 10min (UC10) or 60min (UC60),
and the supernatants of the upper 50% were applied for the
film fabrication. In addition, after centrifugation, the result-
ing dispersions were characterized by UV–vis–NIR spectros-
copy to determine the SWCNT concentration. The lengths of
SWCNTs in the dispersions were also characterized by
atomic force microscopy (AFM; Dimension Icon, Bruker
AXS K.K.). For the preparation of the specimens for AFM,
we deposited the dispersions on Si wafers, washed with
Milli-Q water, and then dried with blowing air.

In this work, SWCNT network films were fabricated by
the filtration and transfer method as previously reported
[1]. The as-prepared dispersions were diluted with Milli-Q

water to below the critical micelle concentration (ca.
0.6wt%) right before film fabrication. The effect of the dilu-
tion process will be discussed in Section 3.2. The film fabrica-
tion was conducted as follows. 25–400μl of the SWCNT
dispersion was added into 200ml of Milli-Q water and stirred
at 500 rpm for 5min. Then the diluted dispersion was fil-
trated through the membrane (MF-Millipore, filter diameter:
47mm, pore size: 0.22μm), and this was followed by the
gentle washing of the SWCNT network film on the filter
with 200ml of Milli-Q water to remove SC. The film thick-
ness (and thus the transparency of the SWCNT network
film) was adjusted by the loaded amount of the SWCNT dis-
persion [31]. After drying, the SWCNT network film was
transferred on a glass substrate (microscope cover glass,
Matsunami Glass Ind. Ltd.) by dissolving the filter with
plenty of acetone. The resulting SWCNT network film on
the glass substrate was immersed in acetone for ~30min,
and the acetone was changed three times. The SWCNT film
was 40mm in diameter. The morphology of the SWCNT
network film and the bundle thickness were characterized
by AFM observations.

We evaluated the transparent conductivity properties,
namely, sheet resistance and total light transmittance (speci-
fied in ISO 13468), by using a four-probe resistivity meter
(Loresta GP MCP-T610, PSP probe, Mitsubishi Chemical
Analytech Co. Ltd.) and a haze meter (NDH 4000, Nippon
Denshoku Industries Co. Ltd.), respectively. Here, the total
light transmittance, which is one of the standard perfor-
mance indicators, is the transmittance of the visible light with
a wavelength range of 380 to 780nm. (Details are specified in
ISO 13468 and JIS K 7361.)

3. Results and Discussion

3.1. Tube Diameter and Length of Unbundled SWCNTs.
Figure 1(a) shows optical absorption spectra of the SWCNT
dispersions with different average tube diameters. The
observed peaks that can be assigned to interband transi-
tions of SWCNTs indicate discrete fine structures with a
decrease in the tube diameter, probably because the SWCNTs
with smaller tube diameters include a limited number of chi-
ral species. By using the relationship between the peak posi-
tion and the average tube diameter [30], tube diameters of
these SWCNT samples were characterized to be ca. 1.3 nm,
1.7 nm, and 2.0 nm. The analysis of radial breathing modes
(RBM) observed in the resonance Raman scattering shown
in Figure 1(b) validates these average tube diameters.

As previously reported [32], the tube-length distribution
range can be controlled by ultracentrifugation of the SWCNT
dispersion. In this work, we have adopted 10 and 60min of
ultracentrifugation times, UC10 and UC60, in order to pre-
pare two kinds of SWCNT dispersions with different aver-
age tube lengths. The average tube length and distributions
of UC10 and UC60 were characterized by AFM observation
as listed in Table 1. (Typical images and length histograms
are shown in Figure S1 in Supplementary Materials.) The
height profile analysis for AFM images confirms that most
SWCNTs are unbundled. Therefore, we assumed that the
characterized length is not for SWCNT bundles but is for
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isolated SWCNTs. Table 1 shows that the average tube length
of UC10 is surely longer than that of UC60with the same tube
diameter, although the difference between these is moderate.
Thus, it was concluded that the longer SWCNTs tend to
precipitate a little earlier during ultracentrifugation.

Here, in order to confirm the conservation of the tube
diameter distributions during ultracentrifugation, the
SWCNT dispersions of UC10 and UC60 were also character-
ized by optical absorption spectroscopy. Figures 2(a)–2(c)
show the gradual precipitation of SWCNTs and the decrease
in their concentration in the dispersion during ultracentrifu-
gation. However, no difference in the spectrum shape is
observed for each tube diameter, which shows that the tube
length is independently affected by ultracentrifugation.

3.2. Morphology of the SWCNT Network Film and Bundle
Thickness. SWCNT network films with various transparen-
cies were fabricated by controlling the loaded amounts of
the SWCNT dispersions. Figure 3 clearly shows the correla-
tions between the loaded amount of SWCNT dispersions
and the total light transmittances (TT) of SWCNT network
films, which follow the Lambert-Beer law. In this work, TTs
were adjusted in the range from ca. 84% to 99%.

On the basis of the results of De et al. [27], the above TT
range is the percolation-type property of the SWCNT net-
work film, rather than that of bulk-like. It is a characteristic
that the percolation-type property is less dependent on the
film thickness suggesting the formation of the two-
dimensional SWCNT network structure in this TT range.
Typical AFM images of SWCNT network films with different

TTs are shown in Figure 4, which validate the formation of a
two-dimensional network, even with a high transparency.

The bundle thickness was measured by analyzing the
AFM images of SWCNT network films. The values of average
bundle thickness are listed in Table 1. (The histograms of
bundle thickness are shown in Figure S2 in Supplementary
Materials.) The average bundle thickness is clearly larger
than the above-discussed tube diameter: this suggests that
the dilution process described in Experimental Methods
causes slight flocculation of SWCNTs, but visible large
SWCNT bundles are not formed in the diluted dispersion.
In addition, such flocculation would induce the formation of
the SWCNT bundles’ network by van derWaals’ interactions.

As shown in Table 1, the ultracentrifugation time depen-
dence of the bundle thickness is extremely less. The average
bundle thickness of UC10 is only ~10% larger than that of
UC60 with the same tube diameter. On the other hand, the
average bundle thickness apparently shows tube diameter
dependence; i.e., the smaller tube diameter leads to the
smaller bundle thickness. By assuming that the SWCNT bun-
dles show the close-packed structure of a triangular lattice
model, the approximate number of SWCNTs in the bundle
can be estimated. As shown in Figure 5, the number of
SWCNTs in an average thickness bundle is approximately
the same for each tube diameter.

Figures 6(a)–6(c) show AFM images of the SWCNT net-
work films, in which SWCNTs form their random network
structure. Although these films were prepared such that they
exhibit approximately the same transparency (TT= ca. 94%),
the network structure appears to become increasingly sparse
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Figure 1: Spectra of UV–vis–NIR absorption (a) and resonance Raman scattering spectra (b) of SWCNTs with different tube diameters. The
characterized tube diameters based on the interband transition peaks and RBMs are noted beside the peaks.

Table 1: Average tube lengths, bundle thicknesses, and their distributions for SWCNTs characterized by AFM.

Tube diameter 1.3 nm 1.7 nm 2.0 nm

Ultracentrifugation time UC10 UC60 UC10 UC60 UC10 UC60

Average tube length (nm) 689 634 720 645 530 470

Length distribution (±1σ nm) ±485 ±446 ±656 ±425 ±446 ±368
Average bundle thickness (nm) 5.0 4.7 5.9 5.4 9.2 8.0

Bundle thickness distribution (±1σ nm) ±2.5 ±2.6 ±3.1 ±2.7 ±4.8 ±4.3
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Figure 2: UV–vis–NIR spectra of UC10 and UC60 with different tube diameters of (a) 1.3 nm, (b) 1.7 nm, and (c) 2.0 nm. Each figure
indicates two samples prepared by different ultracentrifugation times of 10min (dash lines) and 60min (solid lines). The UC10 samples
were 2–3 times diluted for the measurements as indicated.
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Figure 3: Relationship between the total light transmittance (TT) and the loaded amount of SWCNTs in the fabrication of SWCNT network
films with different tube diameters of (a and d) 1.3 nm, (b and e) 1.7 nm, and (c and f) 2.0 nm. Ultracentrifugation durations for the
preparation of the dispersions are 10min (a–c) and 60min (d–f).
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with an increase in the tube diameter. Because the number
of SWCNTs in an average thickness bundle is approxi-
mately the same irrespective of the tube diameter as dis-
cussed above, the optical extinction of the SWCNT bundle
per unit length should increase with an increase in tube
diameter. Therefore, the preparation of SWCNT network
films with the same transparency by using SWCNT samples
with different average tube diameters could cause a change
in the density of the SWCNT network structure. Thus,
the total length of the conduction pathways in the SWCNT
network should decrease with an increase in the tube

diameter. The difference in the network density observed
in Figures 6(a)–6(c) strongly supports the abovementioned
relationship between the tube diameter and the total length
of conduction pathways.

3.3. Transparent Conductivity of the SWCNT Network Film
and Percolation Analysis. In order to characterize the trans-
parent conductivity performance of SWCNT network films,
their sheet resistances (Rs) were measured and plotted as a
function of TT as shown in Figure 7(a). The relationship
between TT and Rs clearly indicates that a smaller tube
diameter and a shorter centrifugation time result in supe-
rior transparent conductivity. Because the short ultracentri-
fugation time results in a long average length of SWCNTs
as discussed above, the observed effect of the centrifugation
time on the transparent conductivity is convincing. As for
the tube diameter dependence observed on the transparent
conductivity performance, it would be due to the change
in the SWCNT network density caused by the difference
in the tube diameter. Because SWCNTs with a small diam-
eter tend to form a dense network (Figures 6(a)–6(c)), the
number of conductive pathways in SWCNT network films
increases with a decrease in tube diameter as discussed
above. The dense SWCNT network structure with the
high transparency should therefore lead to improve over-
all performance.

For further analysis of transparent conductivity, as
shown in Figure 7(a), we performed data fitting by using
the relationship between TT and Rs in the percolation region
defined by De et al. [27]. TT of SWCNT network films in the
percolation region is expressed as follows:

TT = 1 +
1 Z0

Rs

1/ n+1 −2

, 1

where , Z0, Rs, and n are the percolative figure of merit
(FoM), the impedance of free space (377Ω), sheet resistance,
and the percolation exponent, respectively. Here, is
described as follows:
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Figure 4: Typical AFM images of SWCNT TCFs with different SWCNT network densities (1.3 nm, UC10). Scale bars are 1μm.
Transmittances of (a) 98.3%, (b) 92.6%, and (c) 85.7% were measured in these SWCNT TCFs.
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used in this calculation. D and a denote the SWCNT bundle
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Figure 6: Typical AFM images of SWCNT network films that exhibit ~94% transmittance and that are prepared by using SWCNT samples
with different tube diameters: (a) 1.3 nm, (b) 1.7 nm, and (c) 2.0 nm. Centrifugation time is 60min. Scale bars are 1 μm.
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Figure 7: The performance of SWCNT TCFs. (a) Sheet resistance plotted as a function of total light transmittance in SWCNT TCFs
fabricated by using various SWCNT dispersions of different tube diameters (blue: 1.3 nm, orange: 1.7 nm, red: 2.0 nm). Solid and dashed
lines are obtained by least square fitting of (1). (b and c) FoM ( ) and percolation exponent (n) plotted as a function of the tube diameter
(b) and the average tube length (c).
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= 2
σDC/σOp

Z0tminσOp
n

1/ n+1

, 2

where σDC, σOp, and tmin are DC conductivity, optical con-
ductivity, and critical film thickness below which DC con-
ductivity shows the film thickness dependency, respectively.

FoM ( ) can be considered to represent the transparent
conductivity performance, while the percolation exponent
(n) is related to the dimensions of the SWCNT network
structure. As discussed above, the dimensions of the SWCNT
network structure (and thus, the transparent conductivity)
in the present TT range are only slightly dependent on the
film thickness. Therefore, the percolation exponent (n) is
assumed to be the same for the SWCNT network films fab-
ricated using the same dispersion. In other words, we have
adopted and n as the independent variables in the fitting
of the experimental results by using (1).

As shown in Figure 7(a), the relationship between TT
and Rs closely follows (1). The values of and n obtained
by data fitting for each SWCNT network film are plotted
against the tube diameter and the average tube length in
Figures 7(b) and 7(c), respectively. It was confirmed that

ranging from 11.3 to 20.8 are typical for SWCNT net-
work films [27], representing that the transparent conduc-
tivity performance of the SWCNT network film in the
present study is comparable to those of the previous reports
[27]. Furthermore, the abovementioned correlation between

and the tube diameter is shown in Figure 7(b); i.e., the
smaller the tube diameter is, the superior the transparent
conductive performance is. On the other hand, these values
of the percolation exponent n ranging from 0.26 to 0.64,
as well as the reported ones [27], are considerably smaller
than the universal value of the two-dimensional system
(n = 1 3) [33], probably because the anisotropic structure
of SWCNT bundles causes the interactions among them
to be different from that in the case of the universal sys-
tem [33].

The correlation between the percolation exponent n and
the tube length was observed in Figure 7(c). In addition, it
was also observed that the percolation exponent of UC60 is
slightly larger than that of UC10 for each tube diameter, as
shown in Figure 7(b). These results strongly suggest that n
might be a reliable indicator of the tube length and the con-
nectivity in the SWCNT network films. In general, the
decrease in the percolation exponent indicates an improve-
ment in the local connectivity and, thus, the electric conduc-
tivity of the network. Therefore, a possible explanation for
the unidirectional dependence of n on the ultracentrifugation
time is that the shorter average length of SWCNTs in UC60
causes the sharper decrease in the electrical conductivity than
UC10 as the SWCNT network density reduces toward the
percolation threshold. Recently, it has been reported that
the infrared (IR) absorption spectra originating from the
intraband transition of SWCNTs reflect the length and con-
ductivity of SWCNTs [12, 34]. The comparison study
between the percolation exponent n and the behavior of IR
absorption would be anticipated in future work to explore

the detailed interpretation of n in the transparent conductiv-
ity of SWCNT network films.

4. Conclusions

In this study, we have investigated the structural characteris-
tics and the transparent conductivity properties of SWCNT
network films prepared by the filtration and transfer method,
by focusing on the relationship between the tube diameter
and length of individual SWCNTs and their network struc-
ture. Furthermore, the figure of merit and the percolation
exponent were analyzed based on data fitting of the transpar-
ent conductivity properties of SWCNT network films by
using the percolation model. By analyzing the AFM images
of SWCNT network films, it was found that a narrow tube
diameter results in narrow bundles that lead to form their
dense network. Such dense network of SWCNTs with narrow
tube diameter improved the transparent conductivity prop-
erty because of the increased total length of conduction path-
ways with a relatively high transparency. In addition, it was
also confirmed that a shorter centrifugation time results in
a longer average length of SWCNTs and, thus, superior
transparent conductivity. The observed structural effects on
the transparent conductivity of the SWCNT network film
were consistent with the dependence of the obtained figure
of merit and the percolation exponent on the tube diameter
and length. Furthermore, it was suggested that the percola-
tion exponent might be a reliable indicator of the tube length
and the connectivity in the SWCNT network films. These
results would be beneficial for determining the optimum
structure of SWCNTs (as well as their secondary features
such as the bundle dimensions and network connectivity)
for TCF applications.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work has been supported by the New Energy and
Industrial Technology Development Organization (NEDO).

Supplementary Materials

Figure S1: length distributions of SWCNTs with different
tube diameters of (a and d) 1.3 nm, (b and e) 1.7 nm, and
(c and f) 2.0 nm in their dispersions. Ultracentrifugation
conditions for the preparation of these dispersions are
100,000×g for 10min (a–c) and 60min (d–f). Each inset
shows the typical AFM images, and the scale bar is 2μm.
Figure S2: histogram of the bundle thickness in SWCNT net-
work films: (a and d) 1.3 nm, (b and e) 1.7 nm, and (c and f)
2.0 nm. Ultracentrifugation conditions are 100,000×g for
10min (a–c) and 60min (d–f). (Supplementary Materials)
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