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Abstract Double-walled carbon nanotubes (DWCNTs) and
two kinds of vertically aligned multi-walled carbon nanotubes were employed as raw materials to fabricate transparent conductive films (TCFs). DWCNTs constructed the
densest conductive network at the same transmittance,
and the corresponding TCFs showed the best performance
(320 / at 75.0% T ). The ratio of dc conductivity to optical conductivity (σdc /σop ) of the as-dispersed DWCNTs was
3.88. The as-obtained TCFs were dipped in HNO3 solution
to improve their performances. Attributed to the removal of
sodium dodecyl sulfate molecules, reduction of film thickness, and doping with electron acceptors (such as oxygen),
the surface resistance after HNO3 treatment decreased. The
σdc /σop ratio of the DWCNTs was further increased to 5.24.

1 Introduction
Transparent conducting films (TCFs), which were fabricated
from inorganic (indium tin oxide (ITO), fluorine-doped tin
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oxide, doped zinc oxide, etc.) or organic materials (such as
carbon nanotube (CNT) networks, graphene, and conductive polymers), can act both as an ohmic contact for carrier
transport out of the photovoltaic material and a window for
light to pass through to the active material beneath (where
carrier generation occurs) [1–4]. Up to now, TCFs are essential elements of flat-panel displays [5, 6], organic lightemitting diodes [1], solar cells [4], and electrochromic devices [3]. Recently, the fabrication of TCFs with CNTs [7–
17] and other nanostructured carbon (such as graphene) [18–
20] as the raw materials was highly concerned. TCFs based
on CNTs and graphene possess high optical transparency
and electrical conductivity, which now have matched the
demand for certain applications such as touch screens (500
/ at 85% T is needed for practical applications). Compared with ITO, which is the most widely used material for
TCFs, CNTs are far more flexible and environmentally resistant [9, 19, 21]. In addition, carbon is a much more abundant
resource than indium.
Up to now, single-walled CNTs (SWCNTs) were widely
selected as raw CNTs to fabricate TCFs. The arc-discharge
SWCNTs showed good performance to obtain TCFs with
high conductivity at the same transparency [22]. Recently,
it was reported that TCFs from double-walled CNTs (DWCNTs) or multi-walled CNTs (MWCNTs) illustrated better
performance than those made of SWCNTs [14, 23–25].
The available SWCNTs were always a mixture of semiconductive and metallic CNTs. Density differentiation
sorted metallic SWCNT films showed a lower surface resistance than unsorted SWCNT films [10]. SWCNTs usually
became short after purification and dispersion, with a length
of <1 µm [14, 26, 27]. Recently, Kaskela et al. demonstrated an aerosol chemical vapor deposition (CVD) process
to dry deposit large-area SWCNT networks in which the
bundle length was about 10 µm, and reached a performance
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of 110 / at 90% T after chemical doping [28]. Thus,
it is quite important to preserve the long length and large
aspect ratio of CNTs. Actually, pure and perfect long metallic SWCNTs are the ideal raw materials for CNT TCFs.
Practically, due to problems in synthesis and purification,
such SWCNTs are difficult to obtain in large scale. However, most MWCNTs exhibit a metallic conductive behavior, and MWCNTs with a length of 1–8 mm can be easily
obtained in array form [29–31]. The aligned CNTs are good
precursors to be dispersed into long individual CNTs. Recently, vertically aligned CNT (VACNT) arrays, in which
the CNTs with large aspect ratio are well oriented, can be
easily produced by radial growth on spheres or intercalated
growth among lamellar catalysts [32, 33]. A 3.0 kg/h productivity of VACNT arrays at a low cost has been achieved
in a fluidized bed reactor [34]. Recently, density differentiation sorted DWCNT films after SOCl2 doping showed a
low surface resistance [14]. In addition, DWCNTs exhibit
a high structural stability in comparison with that of SWCNTs. DWCNTs with high quality can also be produced in a
fluidized bed at a large scale [35]. This provides a possibility to explore the application of industrial aligned MWCNTs
and DWCNTs for TCFs.
In this contribution, both long DWCNTs and vertically
aligned MWCNTs, which can be mass produced at an industrial scale at a low cost, were selected as raw materials
to fabricate D/MWCNT-based TCFs. The properties of the
as-obtained TCFs were further enhanced by acid treatment
to meet applications for touch screens.

2 Experimental section
2.1 Materials
VACNT arrays fabricated by a floating catalyst chemical
vapor deposition (CVD) [32] and a thermal CVD method
[36] were used, and they were named as VACNT array-1
and VACNT array-2, respectively. As shown in Table 1,
the CNTs in VACNT array-1 were of length 5.0 mm and
a diameter distribution of 46.9 ± 25.2 nm, while the CNTs
in VACNT array-2 were of length 0.2 mm and a diameter
distribution of 11.0 ± 0.93 nm. Both VACNT arrays were
directly used without any specific purification. DWCNTs
were synthesized in a fluidized bed reactor by cracking CH4
on a Fe/MgO catalyst and had a diameter distribution of
2.05 ± 0.93 nm [35]. The as-prepared powder was purified
by sonication in HCl solution for 2 h to remove the residual
catalyst.
2.2 Dispersion of CNTs
VACNT array-1 was firstly sheared into fluffy CNTs by
high-speed shearing in air [29] and then dispersed in benzyl
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alcohol [37]. About 1.0 g of the VACNT array-1 was placed
in a high-speed shearer with a rotor rotating at a speed of
24000 rpm for 60–600 s. The as-obtained fluffy CNTs were
further dispersed in benzyl alcohol with a concentration of
4.0 mg/L. The suspension was stirred in the disintegrator for
10 min at a rotation speed of 6000 rpm.
For VACNT array-2, liquid shearing was directly applied.
A CNT suspension with a concentration of 0.25 mg/L was
stirred in the disintegrator for 30 min at a rotation speed of
6000 rpm.
The purified DWCNTs were dispersed by sonication with
the assistance of sodium dodecyl sulfate (SDS). About 0.3
g of DWCNTs was added in ∼500 mL of 1.0 wt.% SDS
aqueous solution and sonicated by a sonication tip (20 kHz,
100 W) for 3 h. After the process, only part of DWCNTs was
dispersed into small CNT bundles in the solvent and there
were still big agglomerates in the dispersion. The dispersion
was centrifuged at 5000 rpm for 10 min to precipitate the
agglomerates. Then the upper 50% of the supernatant solution was carefully decanted for use, which was a solution of
well-dispersed small CNT bundles.
2.3 Fabrication of TCFs
The TCFs were fabricated by a filtration method [38]. The
dispersions of all kinds of CNTs were filtrated through a
mixed cellulose ester (MCE) filter membrane (220-nm pore
size), since it can be easily dissolved by acetone. The surface
resistance of the film was controlled by filtrating a controlled
volume of the dispersion. The deposited CNT films were
then pressed against a polyethylene terephthalate (PET) substrate together with the MCE membrane and dried at 75°C
in vacuum overnight under a 27-kPa load to improve adhesion between the CNTs and the PET substrate. Then the
membrane on the PET substrate was placed directly in an
acetone bath for 30 min to dissolve the MCE membrane,
and then picked up and transferred to another clean acetone
bath for 30 min to remove dissolved MCE diffused into the
porous film in the first bath. The process was repeated (usually four times) to ensure the complete removal of the MCE.
The final bath is typically a methanol bath. The films were
picked up and dried to realize the transfer of the CNT film
from the MCE membrane to the PET substrate.
2.4 HNO3 treatment
The DWCNT TCFs were dipped in HNO3 (65 wt.%) for
10–180 min. Then the film was picked up and dried at 80°C
in an oven for 30 min. The TCF after 180-min treatment
was further washed by de-ionized water several times. Silver
paint was painted on the PET substrate until the resistance
of the silver paint did not change much. The TCFs made
from both CNT arrays were dipped in HNO3 for 180 min
and dried at 80°C for 30 min following the same procedure.
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2.5 Characterization
The raw materials of different kinds of CNTs and the TCFs
made from them were characterized by both scanning electron microscopy (SEM, JSM 7401F) and transmission electron microscopy (TEM, JEM 2010). The raw materials and
TCFs were directly observed under SEM. Some drops from
the diluted suspension were dropped onto a copper grid,
dried in an oven (80°C), and then observed by TEM. For
the DWCNT TCFs, the TCF on the MCE filter membrane
was dipped in an acetone bath and the CNT film was picked
up by the PET film with a TEM grid on it. The film was carefully washed in several acetone baths and a final methanol
bath to remove the MCE completely. The optical properties of TCFs (without PET substrate) were measured by
an A-722 grating spectrophotometer at a wavelength of
550 nm. Raman experiments were performed with a Raman
spectrophotometer (Renishaw, RM2000) in ambient conditions. The spectra were recorded using a He–Ne laser excitation line of 633 nm. The dispersions of all kinds of CNTs
were filtrated through MCE filter membranes, washed with
de-ionized water, and dried at 75°C. Then the MCE membrane was dissolved in several acetone baths and a final
methanol bath as described above. Opaque thick CNT films
were picked up by glass slides and dried to get the samples for the Raman test. The surface resistance of TCFs and
opaque DWCNT films treated by HNO3 were obtained by a
four-probe method.

3 Results and discussion
The SEM and TEM images of CNTs used for TCF fabrication in this contribution are shown in Fig. 1. Both the
CNTs in VACNT array-1 and VACNT array-2 showed good
alignment, and were perpendicular to the substrates (Figs. 1a
and 1c). The DWCNTs after purification had a high purity
and their bundle structure was clearly visualized (Fig. 1e).
Compared with the MWCNT arrays, the graphene layers of
DWCNTs had fewer defects (Fig. 1f).
Here, a filtration method was employed to fabricate CNT
TCFs [38]. A typical photograph of a TCF on a PET substrate with a transmittance of over 80% is shown in Fig. 2a.
The semi-transparent gray circle was a CNT film, which was
homogeneously coated on the transparent PET substrate. As
shown in Fig. 2b, the performances were 10.3 k/ at
74.4% T , 2.5 k/ at 79.7% T , and 0.32 k/ at 75.0% T
for TCFs from VACNT array-1, VACNT array-2, and DWCNTs, respectively. The SEM images of TCFs made from
different kinds of raw CNTs at the transmittance of 80%
are shown in Figs. 2c–2e. VACNT array-1 was individually
dispersed by the two-step shearing method [37] and had a
length of tens of micrometers (Fig. 2c). VACNT array-2 was

405

also well dispersed (Fig. 2d). Moreover, the conductive network was denser than that from VACNT array-1. DWCNTs
were clustered into bundles and formed a very dense network. The sheet resistance of the TCF can be modeled by
the sum of the series resistances of the CNTs and the number of cross junctions formed among the CNTs. The conductivity of the film is dominated by inter-tube hoping electron
transport. The electrons transport via the hoping mechanism
through these junctions [39]. The densest DWCNT networks
had the greatest number of CNTs and junctions, and therefore the highest conductivity.
The length distribution of each kind of CNT after dispersion is shown in Fig. 2f. The average length and standard deviation of dispersed CNTs from VACNT array-1 and
VACNT array-2 were 38.5 ± 19.3 and 13.8 ± 6.6 µm, respectively. The average length and standard deviation of
DWCNT bundles after dispersion was 1.57 ± 0.61 µm. The
aspect ratios were ∼820, ∼1250, and ∼760 for dispersed
CNTs from VACNT array-1, VACNT array-2, and DWCNTs, respectively. The performances of D/MWCNT TCFs
reported in this work were compared with the results in the
literature (Fig. 3a) [6, 14, 19, 23, 24, 40–46]. The performances of TCFs made from VACNT array-2 and DWCNTs
were superior to most reported results of MWCNT and DWCNT TCFs from the literature, respectively. The order of
CNT lengths was VACNT array-1 > VACNT array-2 >
DWCNTs. However, the order of TCF performances was
DWCNTs > VACNT array-2 > VACNT array-1. MWCNTs
in VACNT array-1 consisted of more graphene walls than
those in VACNT array-2, and MWCNTs in VACNT array-2
consisted of more graphene walls than DWCNTs. MWCNTs suffered from deteriorated transmittance by absorption
and Rayleigh scattering due to their large diameter [47].
To describe the performance of the TCFs more clearly,
the electro-optical property for a metallic thin film (film
thickness much smaller than wavelength of light) in air was
used, which was similar to many reports for SWCNT TCFs
[48, 49]. It can be expressed as follows:


Z0 σop −2
T = 1+
,
2RS σdc

(1)

where RS is the sheet resistance, T is the wavelengthdependent transmittance, σdc is the direct current (dc)
conductivity, σop is the optical conductivity, and Z0 is the
characteristic impedance of free space (∼376.73 ). A material with relatively high conductivity and yet low optical
absorbance as manifested by a large ratio of dc to optical
conductivities, σdc /σop , is strongly desired for thin, transparent, conductive films for electrode applications in devices
from liquid-crystal displays to organic light-emitting diodes
and solar cells. Here, the thickness for a MWCNT film is
approx. 50–100 nm, which cannot meet the assumption that
the film thickness was much smaller than the wavelength of
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Fig. 1 SEM and TEM images
of (a, b) VACNT array-1,
(c, d) VACNT array-2, and
(e, f) DWCNTs, respectively

light (550 nm). Thus, the modified equation by Geng et al.
[45] as follows was used:


Z0 σop −2
,
T =t 1+
2RS σdc

(2)

where t presents the diameter effect of the MWCNT film.
The fitting curves are shown in Fig. 3b, which fitted well

with the experimental data, and the fitting parameters are
shown in Table 1.
For VACNT array-1 (diameter of 46.9 ± 25.2 nm), the
σdc /σop ratio was just 0.139. For VACNT array-2, the diameter of the CNTs was small (11.0 ± 0.93 nm), and the
σdc /σop ratio dispersed by the shearing method was 0.760.
The σdc /σop ratio of DWCNTs (diameter of 2.05 ± 0.93 nm)
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Fig. 2 (a) A typical photograph
of a CNT TCF on a PET
substrate; (b) the electro-optical
properties of TCFs made from
VACNT array-1, VACNT
array-2, and DWCNTs;
(c–e) SEM images of them,
respectively; (f) the length
distribution of the three kinds of
CNTs

was 3.88. The reported σdc /σop ratios of DWCNTs were
about 0.588–1.72 [24, 45, 50]. The σdc /σop ratio of sorted
DWCNTs was 8.3 [50]. SWCNTs (∼1.4 nm) obtained from
the arc-discharge method always have a quite high σdc /σop
ratio of over 10 [51–53].
The CNT diameter affected the σdc /σop ratio significantly. The relationship between σdc /σop ratio and CNT

diameter is drawn in Fig. 3c. With the increasing of wall
number, the diameter of the CNTs became larger, and the
σdc /σop ratio was proportional to 1/D (when the diameter
of the CNTs was larger than 1.4 nm), where D is the CNT
diameter. It is well known that the conduction of electrons
by MWCNTs mainly depends on the outmost layer [54].
The transmittance of MWCNTs was still deteriorated by ab-
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Fig. 3 (a) The electro-optical properties of TCFs from this work and
from the literature using MWCNTs (square points), DWCNTs (circle
points), and graphene (triangle points). (b) The electro-optical prop-

erties of TCFs from different kinds of CNTs before and after HNO3
post-treatment. (c) The relationship between σdc /σop ratio and CNT
diameter

sorption and Rayleigh scattering of the inner walls [47]. As
the diameter decreased, the wall numbers usually decreased,
the transmittance was enhanced, and thus the σdc /σop ratio increased. This indicated that the utilization efficiency of
CNT walls was enhanced for small-diameter CNTs. However, the σdc /σop ratio increased as the SWCNT diameter
increased (when the diameter of the SWCNTs was smaller
than 1.4 nm). Since both the band gap of semi-conducting
nanotubes and the pseudogap of metallic nanotubes were inversely proportional to the CNT diameter, and the conduc-

tivity decreases exponentially with band gap [39], the conductivity increased as the CNT diameter increased and led to
the increase of the σdc /σop ratio. The inset image shows that
ln(σdc /σop ) was proportional to 1/D using the data from
Geng et al. [39].
To further improve the properties of TCFs, various approaches, such as immersion of SWCNT films in HNO3
[11], SOCl2 [55], and HNO3 followed by SOCl2 [56], and
deposition of gold nanoparticles [44], have been explored
to enhance the conductivities of TCFs. Here, HNO3 treat-
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Table 1 The fitting parameters of TCFs made from different kinds of CNTs, before and after HNO3 post-treatment
Initial L/D

Dispersion
method

Length
after
dispersion
(µm)

Average
L/D after
dispersion

Treatment
of TCFs

t

σdc
σop

46.9 ± 25.2 5000

∼105

Shearing

38.5 ± 19.3

∼820

–
HNO3

0.930
0.935

0.139
0.338

Thermal
CVD

11.0 ± 0.93 200

∼18000

Shearing

13.8 ± 6.6

∼1250

–
HNO3

0.954
0.963

0.760
0.939

Fe/MgO
CVD

2.05 ± 0.93 ∼10

∼4900

SDS
sonication

1.57 ± 0.61

∼760

–
HNO3

0.955
0.942

3.88
5.24

CNTs

Preparation
method

Diameter
(D, nm)

VACNT
array-1

Floating
catalyst
CVD

VACNT
array-2
DWCNT

Initial
length
(µm)

Fig. 4 HRTEM images of
DWCNT TCFs (a) before and
(b) after HNO3 post-treatment

ment was adopted for both MWCNT and DWCNT TCFs for
the reason that this can give a higher σdc /σop ratio [11, 51].
Geng et al. [11] reported that HNO3 treatment was effective
to reduce the surface resistance of SWCNT TCFs, and the
effect of acid treatment is mainly to remove the SDS and
enhance the metallicity of the films. In our case, all kinds
of TCFs were treated by dipping into HNO3 solution. In
all cases, the surface resistance decreased while the transmittance did not change much (Fig. 3b). The performances
of treated TCFs were 6.0 k/ at 78.2% T , 2.0 k/ at
79.5% T , and 260 / at 74.8% T for TCFs from VACNT
array-1, VACNT array-2, and DWCNTs, respectively. The
fitting curves are shown in Fig. 3b, which fitted well with
the experimental data, and the fitting parameters are shown
in Table 1. The σdc /σop ratios increased to 0.338, 0.939, and
5.24, respectively. Compared with the SDS-dispersed SWCNTs [11], the VACNT arrays were dispersed without the
assistance of surfactant and the MWCNTs in the array were
metallic tubes. The σdc enhancement of MWCNT films after treatment by mixed acid has also been reported [57]. Picozzi et al. reported that the oxygen-containing functional
groups introduced during acid treatment increased the num-

ber of bands near the Fermi level, promoting electron transfer between the carbon atoms [58]. This was regarded as the
mechanism for the performance improvement for MWCNT
TCFs.
For DWCNT TCFs, the surface was coated with a layer of
SDS molecules before HNO3 treatment, as illustrated by the
black arrows in Fig. 4a. The insulating SDS molecule will
degrade the conductivity of the TCFs. After HNO3 treatment, the surface of DWCNTs was clean and no surfactant
molecules were found (Fig. 4b). The results were in good
accordance with those observed for the SWCNT TCFs [51].
To further investigate the effect of HNO3 treatment, the
surface resistance and Raman spectra of a thick DWCNT
film were recorded after different treatment times (Fig. 5).
The surface resistance reduced sharply to about 1/10 of
the original value after a 10-min treatment. Then the surface resistance kept stable with longer treatment (180 min).
The tendency was in agreement with that reported for SWCNT TCFs [11]. Meanwhile, the film thickness decreased
from 18.2 to 10.6 µm, and the ratio of the Raman intensities of the D-peak to the G-peak (ID /IG ) increased from
0.16 to 0.3 after a 10-min treatment. The film thickness and
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Fig. 5 (a) Raman spectra and
(b) relative resistance and ID /IG
ratio of DWCNT TCFs before
treatment, after immersion in
HNO3 solution for different
periods of time, and after
washing by de-ionized water

ID /IG ratio both reached a plateau after longer treatment. It
was assumed that oxygen, as an electron acceptor, exhibiting higher electron negativity is physisorbed on the pristine
DWCNTs after HNO3 treatment, which also resulted in an
increase of the ID /IG ratio [59]. The decrease of the surface resistance was attributed to the increase of the hole concentration from specific bands due to doping with electron
acceptors such as oxygen [44]. Conclusively, due to the removal of SDS molecules, the reduction of the film thickness,
and likely the doping with electron acceptors such as oxygen, the surface resistance after HNO3 treatment decreased.
The film was further washed by de-ionized water repeatedly to thoroughly remove the HNO3 . After that, the resistance changed from 1/10 to about half of the original value.
The ID /IG ratio even decreased to 0.13 after washing while
the film thickness did not change obviously. The removal
of amorphous carbon at the CNT surface after HNO3 treatment was considered as the main reason for the decrease of
the ID /IG ratio. The surface resistance was still half of the
original value, which was due to removal of SDS molecules
and the reduction of the film thickness produced by HNO3
treatment.

4 Conclusions
In conclusion, DWCNTs and two kinds of vertically aligned
MWCNTs were used as raw materials to fabricate TCFs.
The performances of TCFs made from VACNT array-2 and
DWCNTs were superior to most results in the literature due
to the long length and high aspect ratio of the as-dispersed
CNTs. DWCNTs constructed the densest conductive network at the same transmittance and the corresponding TCFs
showed the best performance (320 / at 75.0% T ). The
σdc /σop ratios of the three TCFs were 0.139, 0.76, and 3.88,
respectively. The TCFs were treated by HNO3 to reduce the
surface resistance. The decrease of surface resistance after
HNO3 treatment was attributed to the removal of SDS mole-

cules, the reduction of the film thickness and likely the doping with electron acceptors such as oxygen. The σdc /σop
ratio of the DWCNTs was increased to 5.24, which was
comparable with that of arc-discharge SWCNTs. The asobtained D/MWCNT TCFs were promising for applications
such as flat-panel displays, organic light-emitting diodes, solar cells, etc.
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