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We report the analysis of single-walled carbon nanotube networks, which are expected to be

suitable as miniaturized flexible radio frequency RC filters and also have important implications

for high frequency devices. The surface morphology obtained by atomic force microscopy shows

that most of the growth on polypropylene carbonate substrate is homogeneous. The large value of

peak intensity ratio of G and D band in Raman spectra indicates the high purity network. Nyquist

plots of carbon nanotube networks on a flexible substrate are close to real circles, indicating that

the material is conducting, and suggest a simple equivalent circuit having a resistor in parallel with

a capacitor. The Bode plots give the dependence of real and imaginary impedances on frequency.

While at high frequency, the impedance decreases, due to generation of capacitance between a

single-walled carbon nanotube; at low frequency, it shows the normal behavior, having constant

value. The tunnels among different carbon nanotubes are capable of storing electric charge. The

accumulative capacitances of tunnels for three varied concentrations are calculated by

electrochemical impedance spectroscopy simulations to fit the observed Nyquist plots. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3695992]

I. INTRODUCTION

Thin films made from a single-walled carbon nanotube

(SWCNT) network have significant interest in flexible plastic

electronics and have become an important research area

into the applications of the many electronic devices, which

range from metallic to semiconducting carbon nanotubes

(CNTs).1–3 However, the electronic and electrical properties

of a collimated CNT are unclear, particularly in the high-

frequency regions. Some of these applications are on a single

nanotube, some on a bundle of CNTs, and others are based on

a composite, whereby CNTs are used to reinforce a desired

property of the host material for a specific application.4–7

The ac-electrochemical impedance spectroscopy (ac-EIS)

has been extensively used to probe mass and charge transport

in electrochemical devices, such as chemical sensors,8 bat-

teries,9 and fuel cells.10 The advantages of ac-EIS analysis

over the dc analysis include detail characterization of the local

electrical behavior of materials. Generally, ac-EIS measure-

ment techniques employing commercially available frequency

response analyzers may not be applicable directly to probe

kinetic processes occurring in the materials under a driving

force. A single impedance spectrum commonly referred to as

a “Nyquist plot” or a “Cole-Cole plot” consists of a set of

impedance data collected in a wide range of frequency. Due

to such a frequency sweep, it is hardly possible to construct

the real time Nyquist plots, which are often required for

kinetic studies.11 However, it has been demonstrated12 that

the construction of Nyquist plots are possible by using one or

two data acquisition systems by applying a digitally created

arbitrary waveform with various frequency components to the

sample, followed by the Fourier transformation of the meas-

ured waveform. Incorporating such systems, investigation on

the transport kinetics of charge carriers in local areas in a

device is, in principle, technically possible at present.

This paper reports the construction of a band-stop filter

using a carbon nanotube film due to the existence of capaci-

tive tunnels in network. A SWCNT network grown on plastic

substrate shows capacitive behavior under a high alternating

current (ac) frequency and is capable of storing an electrical

charge.13,14 In addition, the characteristic of the carbon nano-

tube film RF filter was simulated with a filter of conventional

resistor and capacitor. In the simulated filter, a capacitor and

a resistor are in parallel. The magnitude of the parallel resis-

tor critically affected the performance of the capacitor. These

SWCNT network films are useful for flexible networks in

different fields, including sensors, electrodes, and filters.

II. EXPERIMENTAL

The conductive network of SWCNT was prepared on the

substrate of polypropylene carbonate (PC). The SWCNTs

were dissolved in 1% solution of aqueous sodium dodecyl

sulfate (SDS), and then the suspension was sonicated for 1 h

at 40 W using a probe sonicator. The centrifugal process was

done at 14 000 rpm for 20 min. The suspension was then

vigorously sprayed on the PC substrate, which was heated at

105 �C. The heating of the substrate is done to prevent the

agglomeration of SWCNTs networks. After several layers of
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nanotubes were sprayed onto the PC, the substrate was sub-

merged and shaken in distilled water in order to remove SDS.

As a result, a conductive layer is deposited on the PC sub-

strate.15 Three samples with different densities labeled as

S1, S2, and S3 were made for different characterizations.

Impedance measurements were performed to determine the

functional characteristics of the SWCNT network using an

Agilent 4249 A precision impedance analyzer in the range

40 Hz to 110 MHz. The two-probe method was used because

SWCNT thin films exhibit high impedance and the contact

resistance should be several orders of magnitude lower.

Raman spectra were taken using the RENISHAW spectrome-

ter having 633-nm laser wavelength under ambient condi-

tions. Surface morphology is recorded by using the atomic

force microscope (NanoFocus Inc.). I-V characteristics’

measurements were carried out by four-probe method at

room temperature.

III. RESULTS AND DISCUSSION

A. Surface morphology and Raman analysis

The surface morphology is studied by atomic force

microscopy (AFM) to verify the dispersion of SWCNTs on

PC substrate. As observed from the topography image in

Fig. 1(a) for sample S2, the cluster network is distributed on

a large area of the PC substrate with mostly uniform thick-

ness. The bright part on the topography image highlighted by

the black circle shows a number of clusters agglomerated on

that part of the surface.

A thickness profile (Fig. 1(b)) drawn in the middle of

the image shows the uniform growth of CNTs on most parts

of the grown film, except at the area marked by the black

circle. The AFM studies were performed on all the three

samples. We observed a similar profile, but the density of

clusters is different for each of the three samples in the order

S1 < S2 < S3. The RMS roughness and average thickness

for sample S2 are around 12 nm and 35 nm, respectively.

Figure 2 shows the Raman spectra for all the three samples,

S1, S2, and S3, prepared on flexible PC substrate. The most

characteristic features in Raman spectra of SWCNTs were

reported by Reich et al.16 While the peak at the high energy

range of 1550 � 1650 cm�1 belongs to the tangential G

mode, a peak between 1200 and 1400 cm�1 is related to the

inter-band with defect-induced vibration (D-mode). As

observed in Fig. 2, the appearance of a resonant Raman

mode located at 1726 cm�1 is related to the vibrations of

linear carbon chains due to the merging of SWCNTs. This

mode is termed as the coalescence-inducing mode (CIM),

because it initiates the coalescence process during thermal

treatment of the film.17

B. Room temperature impedance analysis

To analyze the electronic characteristics in the CNT

network, the impedance measurements were employed on

rectangular shape samples with length and width 1.5 and

0.5 cm, respectively, at room temperature. The charge carrier

transport through this kind of network is thought to be

limited not by the conductivity along the nanotubes them-

selves, but by the large inter-tube resistance associated with

barriers to charge propagation that arises at the tube-tube

junctions. The highest reported conductivity of a nanotube

film reported to date is 1600 S=cm,18 about three orders of

magnitude lower than that of a single nanotube. However,

the conductivity is enough for a range of applications. As

expected for a network with significant randomness, the

impedance is concentration-, frequency-, and density-

dependent, but the dependence on density of SWCNTs is dis-

tinctively different from that observed for the two other

parameters. The two-dimensional Bode plots for the real

component (Z0) and the imaginary part (Z00) are shown in

Figs. 3(a) and 3(b), respectively. As observed from Fig. 3(a)

at low frequencies, the impedance increases as the density of

SWCNT network decreases. The impedance remains con-

stant up to a certain frequency and then starts to decrease at

a constant rate. The cut-off frequency in Bode plots is related

to the mean distance of the gaps in random nanotube net-

works.19 Since the gaps between CNTs act as a parallel plate

capacitor, the capacitance contributes to the decrease of

impedance at higher frequency. The merging of CNTs during

the heat treatment leads to non-conductive isolation,

FIG. 1. (a) Topography image of a SWCNT thin film network of

which area 8� 8 m2 for sample S2. (b) The thickness profile taken

by drawing the line in the middle of the image.

FIG. 2. Raman spectra of SWCNT thin film networks on PC substrate for

samples S1, S2, and S3 with different densities.
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providing a medium for capacitance. In addition, some resi-

due of SDS remains in the CNT network to act as a dielectric

medium. In the Bode plot, the imaginary component (Z00)
increases from 103 to 105 Hz, and both real and imaginary

parts of impedance remarkably decrease as the frequency

increases to 107 Hz.

As can be seen in Fig. 4(a), the complex impedance var-

iation with frequency follows an approximately real circle

resembling Debye relaxation peak.20 At low densities, these

conducting networks contain some highly resistive nano-

tubes, while at higher density, pathways are formed among

metallic nanotubes. This can be described21 with a model

that includes both semiconducting and metallic pathways.

These ideas have been elaborated by other groups.22,23 All of

these models are based on the inherent randomness and

driven charge transport across arbitrary barriers. The

SWCNT networks can serve as semiconducting channels

when the density is close to the percolation threshold, and

they serve also as a metallic interconnect or as a conducting

sheet for high network densities. These results can be simu-

lated by a simple equivalent circuit composed of parallel

combination of a resistor and a capacitor [inset in Fig. 4(a)].

The contribution of resistance and capacitance is calculated

by using electrochemical impedance spectroscopy simula-

tions (EIS), as shown in Figs. 4(b)–4(d), respectively. While

the simulated resistances (R) are obtained as 550, 418, and

338 X for three samples S1, S2, and S3, the accumulation

capacitances are calculated as 1.89� 10�9, 5.16� 10�9, and

FIG. 3. Bode plots showing the real (a) and imaginary (b) parts of imped-

ance as a function of frequency for SWCNT thin film networks with differ-

ent density of samples S1, S2, and S3.

FIG. 4. (a) Nyquist plot showing the real part (Z0) vs imaginary part (–Z00) of impedance of SWCNT thin film networks with different densities of samples S1,

S2, and S3. Inset shows a simple equivalent circuit composed of parallel combination of resistor and capacitor. The electrochemical impedance spectroscopy

(EIS) simulation plot (b) for sample S1 with resistance R¼ 550 X and capacitance C¼ 1.89� 10�9 F, (c) for sample S2 with resistance R¼ 418 X and capaci-

tance C¼ 5.16� 10�9 F, and (d) for sample S3 with resistance R¼ 338 X and capacitance C¼ 7.83� 10�8 F.
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7.83� 10�8 F, respectively. The results presented above

indicate that band-stop RC flexible filters can be assembled

successfully from a carbon nanotube film grown on a flexible

substrate. The range of the cut-off frequency can be tuned by

varying the density of SWCNTs networks.

C. I-V characteristics

As observed from Fig. 5, the I-V plots show Ohmic

behavior for all the three samples, S1, S2, and S3. But, for a

less dense network, the graph shows slightly resistive nature

due to a less percolative SWCNT network, as shown in

Fig. 5 for sample S1. The samples with highly dense

SWCNT networks show the features, like a more conductive

character, as shown in Fig. 5 for samples S2 and S3. For a

highly dense network of SWCNTs, the number of tunneling

barriers are small and the number of electrical paths with

lower resistance rapidly increases. The accumulated number

of tunneling barriers does not represent the total number

of physical barriers existing in the sample between the elec-

trodes. Some of the barriers are short-circuited due to perco-

lation of SWCNTs and bundles of SWCNTs in some

regions.24

IV. CONCLUSIONS

Single-walled carbon nanotube films with different den-

sities were grown on the PC flexible substrate. AFM analysis

shows the large area growth of SWCNTs with uniform thick-

ness on most parts of the substrate. The high value of the

G=D peak ratio in the Raman spectra confirms the purity of

the grown films. The sharp decrease in impedance obtained

by the Bode plots is associated with the mean distance of the

gaps in CNT networks. At high frequencies, these gaps

behave like parallel plate capacitors and cause a decrease in

impedance. While the real component of impedance (Z0)
shows a constant behavior in the frequency range from 102

to 105 Hz, the imaginary component of impedance (Z00)
increases in the frequency range from 103 to 105 Hz. Each

component of impedance decreases rapidly as the frequency

range of 105 to 107 Hz, showing ideal dielectric characteris-

tics. The Nyquist diagram suggests a simple equivalent cir-

cuit composed of a parallel combination of a resistor and a

capacitor. The simulated values for these RC circuits fit well

with experimental data. The films should be a plausible can-

didate for a flexible band-stop filter. These results offer a

new idea for the applications of CNTs to flexible electronic

devices.
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