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1 Introduction  

Single-walled carbon nanotubes (SWCNTs) have 
attracted significant interest in many fields due to 
their remarkable electrical, optical, mechanical and 
thermal properties. In particular, the excellent 
properties of SWCNTs make them suitable for 
application in transparent and flexible electrodes [1-
5]. Our objective was to study and characterize the 
SWCNTs composites, a necessary step for their  
applications. Thus, when SWCNTs are deposited on 
an insulating, transparent substrate, conductive and 
transparent films (T=80%-90%) in the visible-NIR 
range are achieved [6 - 9]. These thin films may be 
used as transparent electrodes in organic electronic 
devices because they have greater mechanical 
flexibility than indium tin oxide. They are 
particularly well suited as electrodes in organic solar 
cells as they increase their performance [10]. In 
many cases, flexibility is the most important 
parameter, i.e. in solar cells, for achieving good 
integration in the building architectural structure. 
The study of electrical and optical properties of 
SWCNTs thin films are useful for transparent and 
flexible network applications in different kind of 
devices including sensors, transistors and transparent 
electrodes.  

2 Experimental 

The first step in building electrodes is to obtain a 
transparent conductive network of nanotubes over a 
desired substrate, polypropylene carbonate (PPC). 
An electrode was prepared of single-walled CNTs as 
described previously [2]. Two-probe impedance 
measurements were performed using an Agilent 
4294A precision impedance analyser in the range 40 
Hz to 110 MHz on rectangular samples and a co-
axial (Corbino geometry) sample when using an 
Agilent E8362B impedance analyser in the 

frequency range 10 MHz to 20 GHz. The relative 
densities of thin films were estimated by optical 
absorption spectroscopy. Raman spectroscopy is 
used to assess the purity of SWCNTs network.  
Atomic force microscopy studies were performed to 
see the morphology and homogeneity of SWCNT 
network on PPC substrate. 

3 Characterization 

3.1 Impedance analysis 

The analysis of the absolute impedance value in the 
frequency range observed gave us two major 
parameters: the low frequency impedance or DC 
resistance (RDC) and the cut-off frequency (ω0). 
These two values depend on the density of the 
SWCNTs thin film, generally as the density 
increases, the DC resistance decreases, while the 
cut-off frequency increases with the density of the 
SWCNTs [11]. Here, we used eight batches of 
samples with different SWCNTs densities. These 
eight batches further divided in four different 
categories, all samples having the same width (W= 
0.5cm) but different lengths. Three of them (L= 
1.5cm, 3cm and 6cm) were characterized by two 
probe method and one of them (L= 0.5cm) was 
characterized by a co-axial method. A schematic 
diagram of co-axial method is shown in figure 1. 
Figure 2 shows the log-log dependence of 
impedance on frequency of rectangular shape 
samples. The impedance of the thin film starts to 
decrease at a constant rate at a particular frequency, 
defined as the cut-off frequency. This phenomenon 
is due to the fact that during a half period of the 
electric field, T/2 <π/ω0, the electrons do not have 
enough time to cross all the junctions on their way 
through the nanotubes random network from one 
contact pad to another. As the frequency increases, 
the electrons cross fewer junctions, which act as 
potential barriers. As a result of this, the electrons 
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dissipate less energy in the random network and the 
impedance decreases. The cut-off frequency ω0 at 
which the impedance starts to decrease is related to 
the mean distance between the junctions in the 
random nanotubes network. The high frequency 
Corbino geometry impedance Zs(ω) was measured 
by [12] 
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Where Z0= 50Ω is the characteristic impedance of 
the co-axial transmission line and a=1.9 mm and 
b=0.5 mm are the inner and outer diameters of the 
sample contact, respectively, Ŝ11(ω) is the scattering 
parameter. Figure 4 shows the impedance 
dependence Re(Z) at ω0, on cut-off frequency ω0 for 
different samples. The red line represents those 
values for samples with length L=1.5cm measured 
by two probe method (upper black points on red 
line) and L=0.5cm measured by co-axial method 
(lower black points on red line). Blue and green 
lines represent these values for samples with lengths 
L=3cm and L=6cm, respectively, measured by two 
probe method. We observed that different sample 
geometry gives different ω0, but all of them lie on 
same line and slop. We also observed that the value 
of impedance measured by co-axial method is quite 
lower than two probe method. This is mostly due to 
the different geometry and size of samples, and also 
due to the different contact resistance: we used silver 
paste contacts in the two probe samples, while in co-
axial method the tip of SMA connector directly 
touches to the surface of film, this reduces the 
contact resistance and results a lower impedance 
measured.  

3.2 Optical absorption analysis 

Figure 5 shows the optical transmittance versus 
wavelength for various SWCNTs network films on 
PPC substrate. Highly dense SWCNTs network 
shows low transmittance whereas light dense shows 
hight transmittance. The inset shows the optical 
transmittance as a function of sheet square resistance. 
The less density of SWCNT corresponds to the 
maximum transparency (T close to 95%). As all the 
SWCNT samples were obtained using the same 
method and come from the same batch, we use % 
transmittance as an estimation of SWCNTs density.  

These measurements were helpful in order to 
optimize the conditions for obtaining thin films both 
electrically conductive and transparent, and by 
varying the density of SWCNT networks we can 
tune these properties for different applications. 

 

3.3 Raman spectroscopy 

The most characteristic features in Raman spectra of 
SWCNTs are reported in Ref. [13]. The inter band 
with defect-induced vibration (D-mode) lies between 
1200 and 1400 cm-1, and the high energy  range 
1500-1800 cm-1, belongs to the tangential mode (G 

and G´ mode). All these modes are shown in figure 6. 

The film is constituted by scattered aggregates of 
nanotubes clusters and the surface state is very 
irregular. In the most concentrated sample, a 
random distribution of nanotubes is observed. 
The ratio between the D band and G band is a good 
indicator of the quality of the samples. If these both 
bands have similar intensity this indicates a high 
quantity of structural defects. Therefore, the G/D 
ratio allows us to assess the purity of SWCNTs 
network. In our samples the G/D ratio is more than 2 
which indicates a high purity SWCNTs network. 

3.4 Atomic force microscopy 

To verify the uniform dispersion of SWCNT on PPC 
substrate and to check the RMS roughness atomic 
force microscopy studies were performed. Figure 7 
corresponds to AFM image from sample-7 (a quite 
light sample), it shows a large area of SWCNT 
network on PPC substrate. As observed from 
topography map on figure 7, the cluster network is 
distributed on the whole substrate. The RMS 
roughness calculated is around 12 nm. The inset 
shows the line profile taken by drawing the line in 
the middle of topography image which gave the 
average thickness of the SWCNT film 25 nm. 

4 Conclusions 

We prepared SWCNTs networks on transparent 
flexible substrates with different densities by spray. 
The electrical impedance Z was measured at 
different frequencies, in the range from 40 Hz to 110 
MHz and 10MHz to 20 GHz.  
The observed values of impedance with the same 
SWCNT density and different sample geometry 
gives the same impedance values, but different cut-



 

 

off frequency ω0. Nevertheless, all of them lie on a 
line showing rather the same slop, on a log-log 
representation of the real part of impedance Re (Z) 
versus the cut-off frequency ω0, for  SWCNT thin 
film networks with different densities and 
geometries. The impedance Z at low frequency, 
similar to RDC, decreases when increasing SWCNTs 
density, estimated by optical transmittance, as 
expected. The ω0 is displaced to higher values when 
increasing the SWCNTs density and varies with 
sample geometry and size, but the correlation 
between Z and ω0 is the same. Raman spectra shows 
a G/D lines ratio that is more than 2, which indicates 
a high purity of SWCNTs network.  
The topographical atomic force microscopy image 
shows that the SWCNT network is distributed on the 
whole substrate, the SWNTs thin film is constituted 
by aggregates of nanotubes clusters and the surface 
state is very irregular. In the most concentrated 
sample, a random distribution of nanotubes is 
observed. For a light simple, the RMS roughness 
calculated is around 12 nm and the average 
thickness of film is of the order of 25 nm. 
As significative values, the sheet resistance is as low 
as 2.51±0.05 kΩ/sq for T=65% and 7.97±0.05 kΩ/sq 
for T=85%. 
 

 
 
Fig. 1.  The schematic diagram of co-axial method. 
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Fig. 2. The frequency dependence of the square 
impedance modulus. 
 
 
 
 

 
 
Fig. 3.  Impedance versus frequency of SWCNT thin film 
networks  by coaxial (panel mount SMA connector with 
inner and outer diameters a=0.5 mm and b=1.9 mm 
respectively) method. 
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Fig. 4. The real part of impedance  Re(Z) versus the cut-
off frequency ω0 of SWCNT thin film networks with 
different densities and geometries by two probe L=1.5cm,  
L=3cm, L=6cm, and coaxial contacts (Corbino geometry 
with inner and outer diameters a=1.9 mm and b=0.5 mm 
respectively)  L=0.5cm.   
 
 

Fig. 5. Transmittance versus wavelength for various 
SWCNTs-network films on PPC substrate. Inset: Shows 
the optical transmittance %T (at 550nm) versus sheet 
resistance, Rsq.  
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Fig. 6. Raman spectra of  SWCNTs thin film network on 
PPC substrate with different densities.  
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 7. AFM image of a thick nanotube thin film area 4x4 
(µm)2. The inset shows the line profile taken by drawing 
the line in the middle of topography image which gave the 
average thickness of the SWCNT film 25 nm and RMS 
around 12 nm. 
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