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Abstract—We have proposed a method for large-scale growth of thin nanotube films from solution on the sur-
face of flexible, transparent substrates. Uniform nanotube deposition was achieved through the preparation
of a stable colloidal nanotube solution in an aqueous surfactant solution. We examined the effect of the num-
ber of deposition cycles on the morphology of the films and their optical and electrical characteristics. The
results demonstrate that the optical transmittance of the films decreases linearly with increasing film thick-
ness, whereas their resistance decreases quadratically, which corresponds to three-dimensional nanotube
percolation in the films. With increasing film thickness, the sheet resistance of the films drops from 400 to
15 kQ/0 and their transmittance decreases from 85 to 40%, respectively.
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INTRODUCTION

Transparent electrodes are necessary components
of many modern devices, such as touch screens, liquid
crystal displays, flexible displays, organic light emit-
ting diodes, and solar cells. Such electrodes are com-
monly produced through vacuum sputtering of con-
ductive oxides, the most widespread of which is
indium tin oxide (ITO). Unfortunately, ITO has a
number of drawbacks: low mechanical strength, low
production yield, high reflectivity, high cost, and the
use of complex and environmentally hazardous chem-
ical processes in I'TO preparation.

At present, research effort is aimed primarily at
creating transparent conductive films (TCFs) from
carbon nanomaterials, in particular from carbon nan-
otubes (CNTs) [1—-3]. Most existing approaches
involve the preparation of an aqueous CNT solution
with surfactants [4] or a CNT solution in alcohols [5].
It is an aqueous nanotube solution with surfactant
additions that has been used in most studies. The role
of the surfactants is to separate the nanotubes from
each other: the surfactants prevent nanotube coagula-
tion and agglomeration—which allows the solution to
remain homogeneous for many weeks—with no effect
on the electrical properties of the nanotubes. Various
surfactants can be used for this purpose, for example,
ionic (cetyltrimethylammonium bromide (CTAB),
sodium dodecyl sulfate) [6] or nonionic (deoxyribo-
nucleic acid, bovine serum albumin) [7].

The nature of the substrate has a rather significant
effect on the film preparation process. In some
instances, the substrate should be functionalized [8];
in others, it must withstand high temperatures, up to
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600—800°C [9]. The main types of substrate materials
commonly used in producing conductive transparent
coatings are glass, polycarbonate, polyethylene
terephthalate, and polyethylene. Since the main
advantage of nanotubes is that they can be used on
flexible carriers, it is of interest to study the properties
of such films on carriers under mechanical stress.
According to such studies, the conductance of the
structures in question is generally stable, with devia-
tions within 10% at bend radii of down to 1.5 mm [10]
in up to several thousand bending/unbending cycles
[11].

A major unresolved problem is optimization of the
deposition process, which involves the development of
basic mechanisms that would ensure the best transmis-
sion/conductance relationship in the films. In this
paper, we report an approach to producing thin con-
ductive films from surfactant solutions at temperatures
below the critical micelle temperature and describe
the electrical properties of such films in relation to the
number of constituent layers on the surface of polyeth-
ylene naphthalate (PEN) substrates.

EXPERIMENTAL

As flexible substrates, we used 125-pm-thick PEN
film (Teijin DuPont Films, Japan) cut into squares
10 x 10 mm in dimensions. At the edges of the sub-
strates, 100-nm-thick palladium electrodes were
deposited by magnetron sputtering (Emitech K575X,
Quorum Technologies, UK) through a mask. The
electrodes were made after nanotube film growth on
the substrate surface.
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As a working layer, we used single-walled CN'Ts
(99.5 wt %; provided by A.V. Krestinin, Institute of
Problems of Chemical Physics, Russian Academy of
Sciences) produced by arc discharge [12]. The single-
walled CNTs were added (0.02 mg/mL) to a 0.5%
solution of CTAB (Helicon, Russia) and dispersed in
a Branson B300 ultrasonically agitated bath (Branson
Ultrasonics, USA) for 24 h in order to produce a col-
loidal solution at a temperature of =5°C (below the
critical micelle temperature of CTAB). The presence
of the surfactant and the long dispersion time were
needed to obtain single nanotubes—or, at least, bun-
dles as small as possible—in solution. According to
atomic force microscopy (AFM) data (Solver Pro
instrument, NT-MDT, Russia), the nanotubes were
typically less than 1000 nm in length. At the same
time, the nanotube length in bundles was up to 5 pm,
and the bundle diameter was =10 nm.

A droplet of the solution was applied to a polymer
substrate, spread over the entire surface, and left to dry.
Next, the substrate was rinsed in boiling 2-propanol
for 5 min to remove the residual surfactant, and the
residual solution was evaporated at a temperature
below 110—120°C. The process was repeated (5, 10,
15, and 20 times) until the film had the required con-
ductance. In this way, we prepared four series of struc-
tures with single-walled CNT films of varied thickness.

The transmittance of the films was measured on a
PE-5300VI spectrophotometer (OOO Ekokhim, Rus-
sia). Raman spectra were obtained on a Centaur U HR
confocal microscope/spectrometer (Nano Scan Tech-
nology Ltd.).

The effect of bending on the electrical properties of
the films was studied using a home-built programma-
ble system which included a substrate holder. One side
of the holder was secured in a support stand, and the
other was connected to a servo actuator, which
ensured torsion of the free substrate edge. The system
makes it possible to set the range of torsion angles and
the number of bending cycles in measurements and
allows the torsion angle and electrical resistance, mea-
sured by an external Agilent 34401A digital multimeter
(Agilent Technologies, USA), to be stored on a com-
puter. The substrate was clamped at the contacts and
subjected to cyclic bending through angles from +90°
(compression) to —90° (tension), which corresponded
to a minimum radius of curvature of 3.5 mm.

RESULTS AND DISCUSSION

Homogeneity and thickness of the coatings. The
TCF growth procedure includes the following steps:
surfactant dissolution in water, the addition of CNTs
to the aqueous solution of the surfactant, and applica-
tion of the CNT solution in the surfactant to the sur-
face of polymer film. If the carrier surface is suffi-
ciently hydrophobic, surfactant molecules begin to
form a surface monolayer, attaching to the carrier by
their hydrophobic groups. In this process, the thick-
ness and quality of the monolayer are determined by

the temperature: the higher the temperature, the
smaller is the percentage of surfactant monomers in
solution and the larger is the percentage of micelles. To
obtain a monomolecular layer, the temperature should
be below the critical micelle temperature [13]. In the
next step, during solution drying, the CNTs begin to
deposit on the surface of the surfactant monolayer to
form a network parallel to the carrier. The presence of
residual surfactant and the diameter of single-walled
CNT bundles were inferred from topographic AFM
images of the films after one deposition cycle (one
layer) at different temperatures. The diameter of nan-
otube bundles deposited on the polymer film surface
was found to decrease with decreasing temperature.
This was accompanied by a decrease in surfactant con-
centration. Figure 1 shows topographic images of sin-
gle-walled CNTs deposited from a CTAB solution at a
temperature of =25°C (Fig. 1a) and 5°C (Fig. 1b).

The proposed technique allows one to produce
rather thin layers of nanotube bundles and single
nanotubes. Nevertheless, the conductance of the
monolayer grown in one deposition cycle was below
the detection limit of the multimeter (above 200 GQ).
Several deposition cycles are needed to produce a con-
ductive layer. The thickness of the single-walled CNT
films was evaluated through AFM scanning of the sur-
face of the structures obtained. The films had the form
of percolated, entangled networks containing high
concentrations of pores and voids between nanotube
yarns, which might contain residual surfactant
(Fig. 2). During thin film growth, nanotubes are non-
uniformly deposited on the surface, successively filling
voids. The film thickness was evaluated as the full
width at half maximum of the peak in the surface
height distribution extracted from the AFM image,
and uncertainty was estimated as the calculated rms
deviation from the average. It should also be taken into
account that, when the film thickness exceeds 100 nm
and all of the voids are filled with nanotubes, the can-
tilever is physically incapable of penetrating through-
out the pore depth, and measurements become inac-
curate [14]. Moreover, an increase in film density is
accompanied by increased agglomeration of the nano-
tubes into large bundles and yarns (Figs. 2c, 2d).
Because of this, to more accurately determine the
thickness of films more than 100 nm thick, the CNT
deposit was partially mechanically removed until the
PEN surface was exposed, and the resultant surface
height profile was examined by AFM.

Figure 3 plots the average film thickness against the
number of grown layers. After five deposition cycles,
the film was still highly porous and the average film
thickness was =50 nm. Further increasing the number
of layers led to a linear increase in film thickness with
a factor of 10, up to an average thickness of 200 nm
after 20 deposition cycles. The factor 10 means that
the average thickness of one layer was 10 nm, which
coincides with the diameter of single-walled CNT
bundles forming on the substrate surface during depo-
sition from a surfactant solution. With increasing film
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thickness, the porosity decreases considerably. Note
that, in analyzing AFM images, one should take into
account the distortion of the cantilever probe on the
surface of three-dimensional objects, which leads to
image broadening (with an uncertainty of up to
100 nm), thereby distorting the information about the
film porosity. The uncertainty in our film thickness
measurements due to the film inhomogeneity was
about 30 nm.

Effect of film thickness on the conductance and
transmission of the films. The resistance of the grown
films was measured by a standard four probe method.
This method enables one to obtain reliable data for
homogeneous thick films. At high porosity and low
density, like in single-walled CNT films consisting of
less than five layers, the method suffers from consider-
able uncertainty. Nevertheless, the values it gives are
the upper limit of the possible film resistance and can
be used to assess the effect of the number of layers on
the conductance of the films.

As seen in Fig. 4, the resistance of the films is a
nonlinear function of the number of layers, which is
caused not only by the additive contribution of parallel
channels of conduction through an additional layer
but also by the formation of additional parallel con-
tacts via the filling of voids in the lower layer and is
consistent with previous results [15]. Several factors
influence the resultant resistance of transparent con-
ductive films based on single-walled CNTs [11]: the
conductance of the starting nanotubes, the contact
resistance between the nanotubes, their state of aggre-
gation, and impurities. The conductance of the start-
ing nanotubes is determined by both their geometric
structure (semiconducting or metallic) and defects.
The nanotubes used in this study were predominantly
defect-free (as evidenced by the low intensity of the
Dpeak in the Raman spectrum of the nanotubes in
Fig. 5). Therefore, the decrease in conductance was
primarily due to the random distribution of semicon-
ducting and metallic nanotubes: in unprocessed sin-
gle-walled CNTs produced by arc discharge, the frac-
tion of semiconducting tubes exceeds 70%. In addi-
tion, the nanotubes produced by this method are
typically relatively short, no longer than 1 um, which
limits their conductance because of the formation of
many internanotube contacts during film growth. The
conductance of nanotube films can in general be evalu-
ated mathematically using graph theory. In the infinite
nanotube approximation, the number of nodes in a graph
can be found analytically and is a quadratic function of
the number of tubes, which corresponds to a three-
dimensional percolation of nanotubes in films [16].

Thus, it should be expected that, at a small number
of layers, a slight deviation from the preset nanotube
density in a network will lead to a change in resistance
by several times, as evidenced by the large scatter in
the resistance of five-layer films. Nevertheless, as the
number of nanotube deposition cycles increases, the
growth of a new layer is accompanied by a reverse pro-
cess: some of the nanotubes return to the solution from
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Fig. 1. Topographic images of the PEN substrate surface
after CNT deposition from a surfactant solution at
(a) 25 and (b) 5°C.

the substrate surface and form conglomerates with the
nanotubes present in the solution. This process is pro-
moted by the surfactant removal by rinsing in 2-pro-
panol, which increases the coagulation rate of the
nanotubes transferred to the solution from the sub-
strate. Increased agglomeration both markedly
reduces the transmittance of the films and causes the
resistance of the films as a function of their thickness
to deviate from inverse quadratic behavior.

Optical properties of the SWNTs. Increasing the
film thickness leads not only to an increase in the con-
ductance of the films but also to a reduction in their
transmittance. Figure 4 plots the transmittance T of
the films at an excitation wavelength A = 550 nm
against film thickness, 4. The transmittance is seen to
decrease monotonically from 85% (at a film thickness
of =50 nm (five layers)) to 40% (at a film thickness of
=200 nm (20 layers)). In a model for interaction of
thin (A <€ A) conductive films with light, their trans-
mittance and thickness are related by [17]
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Fig. 2. AFM images of conductive nanotube films after (a) 5, (b) 10, (c) 15, and (d) 20 deposition cycles. Insets: surface height

profiles of the films.

1 _ 1
2 272
(142,00 [sz_ocomm]

Gyc
where Z, is the characteristic impedance of vacuum
(=377 Q), o, is the optical conductance of the film,
O4. 18 its dc electrical conductance, and R; is its sheet
resistance. Fitting experimental data with this relation
(Fig. 4), we find the optical conductance of the films,
Copt = (2.9 £ 0.4) x 10* S/m (A = 550 nm), which is a
factor of 1.5—2 higher than reported previously [18, 19].

TO) =

In addition, we studied the high-frequency optical
properties of the films in order to assess the effect of
technology on their structure. We measured the
Raman spectra of all the CNT samples grown on PEN
from an aqueous CTAB solution in 5, 10, 15, and
20 deposition cycles. Typical spectra are presented in
Fig. 5. In the spectra of the thin films (15 layers or
less), peaks from the PEN substrate are discernible:
vibrations of the naphthalene rings (1390 cm™!),
stretching C=C vibrations of the aromatic rings (1480
and 1635cm™!), and C=0 vibrations (1720 cm™")
[20]. With increasing film thickness, these peaks dis-
appear. The peaks characteristic of CTAB are an order
2014
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Fig. 3. Film thickness against the number of deposition
cycles.

of magnitude weaker than the observed peaks of the
PEN and CNTs, which is due to both the low concen-
tration and low initial intensity of the organic material
[21]. It is worth pointing out that the peaks of the PEN
are not influenced by the CNTs, which suggests that
there is no additional interaction between the nano-
tubes and substrate. At film thicknesses above 100 nm,
the peaks take a shape typical of SWN'Ts produced by
arc discharge: narrow nanotube diameter distribution
(RBM) and low defect density (D) [22].

Effect of bending on the properties of the CNT films.
Figure 6 shows the resistance as a function of bend
angle for a single-walled CNT film on PEN. Upon
bending to the minimum radius of 3.5 mm, the resis-
tance of the structure increases by =8% when the film
isunder tension and decreases by =7% when it is under
compression. On the whole, the resistance is a linear
function of bend angle, and this behavior was repro-
ducible over more than 1000 bending/unbending
cycles. The mechanism behind such reproducibility of
properties can be understood in terms of displacement
of the nanotubes in the plane of the substrate [23]. This
may be accompanied by additional mechanical relax-
ation of the nanotubes on the surface through their
twisting [24]. The largest changes in resistance—an
increase or decrease by more than 20% relative to the
initial level—were observed in cyclic measurements.
One possible reason for this is that the films consist
predominantly of semiconducting nanotubes, which
are very sensitive to external parameters, in particular
to changes in the temperature of the ambient medium
during experiments.

CONCLUSIONS

We have studied the optical and electrical proper-
ties of single-walled CNT films grown through depo-
sition from colloidal surfactant solutions at a temper-
ature below the critical micelle temperature. Optical
spectroscopy has demonstrated the possibility of
obtaining transmittances in the range from 40 to 85%
by varying the density and thickness of the films: with
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increasing density, their transmittance decreases. In
the case of the densest networks, the sheet resistance of
the films is several kiloohms. Mechanical compression
(tension) of the films upon bending to a radius of down
to 3.5 mm increases (decreases) their resistance by no
more than 8%. When the film is reverted back to its
unstrained state, its resistance returns to its original
level. Further increase in transmittance, with a
decrease in resistance, can be achieved by removing
impurities from the nanotubes and by using metallic
nanotubes of greater length. Nevertheless, the present
results demonstrate the feasibility of producing thin
transparent conductive coatings on flexible substrates.
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Fig. 5. Raman spectra of nanotube films after (/) 5 and (2) 20
deposition cycles. Characteristic peaks of nanotubes: RBM,
radial breathing mode; D, peak due to defects in the C—C
bonds; G, peak due to in-plane C—C vibrations.
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Fig. 6. Resistance as a function of bend angle for a struc-
ture with a five-layer single-walled CNT film during com-
pression and tension. A bend angle of 90° corresponds to a
radius of curvature of =3.5 mm.
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