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Microwave Dielectric Characterization
of Carbon Nanotube Networks

Emmanuel Decrossas and Samir M. El-Ghazaly
University of Arkansas, 3217 Bell Engineering Center, Fayetteville, AR,
USA

1. Introduction

Carbon nanotubes (CNTs) have been discovered in the early 1990s (lijima, 1991). The earliest
research has been focus on the synthesis of CNTs to produce sufficient amount of material
necessary for experiments. The progress of common growth techniques including arc
discharge and laser ablation of graphite pieces and later chemical vapor deposition (CVD) and
plasma enhanced CVD has significantly improved the quantity as well as the quality of the
CNTs (Meyyapan, 2005). In the last decade many companies have concentrated their efforts to
develop and control those growth techniques to insure very high purity and uniform CNTs in
length and diameter at a reasonable cost. The physical properties of carbon nanotubes (Saito,
1998) have demonstrated unique electronic structure depending on their dimensions and
chiralities, which have been considered as a major discovery in semiconductor devices. In
addition, due to strong covalent carbon-carbon bonding CNTs present very high tensile
strength, thermal and electrical conductivity. Hence, those mechanical and electrical properties
make them also very attractive to reinforce composites material for aerospace applications.
Usually, carbon nanotubes are classified in two categories: Single-wall CNTs (SWCNT)
composed of a single graphitic cylinder where the diameter varies from 0.7 to 2 nm and Multi-
wall CNTs (MWCNTs) composed of several concentric graphitic layers where the diameter
varies from 10 to 200 nm. Commercial carbon nanotubes are available in a powder form where
they are entangled and randomly distributed.

Today, the growth of carbon nanotubes is well advanced and the main research interest has
become CNT-based applications. The potential of carbon nanotube-based applications is
currently investigated for developing novel transistors, scanning probes (M.]. O’Connell,
2006), mechanical sensors (Tung et al., 2007), field emission and lighting applications (Jorio
et al., 2008). The knowledge of dielectric properties at low frequency (DC to 1IMHz) as well
as high frequency (above 1MHz) is the key for developing novel electronic devices such as
radio frequency miniaturized resonators (El Sabbagh and El-Ghazaly, 2009a) as well as
electronic model for future implementation (EL Sabbagh and El-Ghazaly, 2009c). Therefore,
the electrical characterization at radio frequency/microwave (RF/M) bands becomes a
challenge where common measurement techniques are inappropriate. For high frequency
measurements, complex permittivity (¢ =¢ — je ) is usually used to describe the dielectric
properties of a material where the real part of the permittivity is related to the dielectric
constant and the imaginary part can be associated to the conductivity.
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142 Carbon Nanotubes - From Research to Applications

Over 600 publications have reported the characterization of CNT-based composites in 2010
where carbon nanotubes are embedded in a host medium. However, those samples
preparation considerably decreases the accuracy of the measurements and explains the
difference between the reported results. In this chapter, a non destructive, low-cost, easily
implemented and broad frequency band (from 10 MHz to 50 GHz) measurement setup is
presented where only a small fraction of material in a powder form is necessary (Decrossas
et al., 2010). Carbon nanotubes powder as furnished by the supplier is placed without host
medium decreasing the unknown effects on the preparation of the samples. The extraction
of the complex permittivity of CNT networks is investigated over a wide frequency band
considering different powder densities. Then, the reported results are explained through the
percolation theory (Stauffer and Aharony, 1992) as well as numerical and experimental
studies where metallic particles are embedded in a dielectric medium (Decrossas et al.,
2011). The conclusion summarizes the experimental reported results and is followed by a
discussion on possible future research directions.

2. Description of the test structure

The measurement technique is realized by studying the propagation of electromagnetic
waves in a circular waveguide shorted at the end filled with a dielectric medium. Therefore,
incident electromagnetic waves are reflected after propagating in a medium and the study
of these waves inform us about the electrical properties of the material under test (MUT).
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Fig. 1. (a) Schematic of the test structure. (b) Generalized scattering matrices building blocks.
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The homemade test structure includes coaxial and circular discontinuities where the
material under test filled the circular waveguide as shown in Fig. 1.The measurements are
carried out using a performance network analyzer (PNA) capable of measurements from 10
MHz to 67 GHz. The hollow circular waveguide is connected to the PNA through a
precision adapter via 1.85 mm coaxial cable. Copper well-known for its high conductivity
has been chosen to build the cell holding the material under test as depicted in Fig. 2.

Region Region
I I, 1l Base
— +— —

Fig. 2. Actual picture of the fabricated testing structure. Regions I, II, and III are the same as
those shown in the schematic of Fig. 1. Dimensions of design parameters shown in Fig. 1 are:
a=12mm,b=052mm, a; =1.26 mm, b; =0.254 mm, L1 =1.1 mm, L,=5.3mm.

The adopted measurement technique presents several advantages: (a) only a small fraction
of carbon nanotubes powder is required; (b) other parameters like density and temperature
are easily controlled for repeatable measurement; (c) the powder is held in a closed structure
to avoid fringing radiation. The extraction technique includes the computation of the
reflection coefficient using the mode matching method where each discontinuity encounter
by an incident wave is characterized by its generalized scattering parameters as shown in
Fig. 1(b). The accuracy of the analysis comes from the consideration of all propagating and
evanescent higher-order modes excited by the discontinuities. The model of the test
structure using the mode matching technique (MMT) and the methodology to extract the
complex permittivity have been previously described (Decrossas et al., 2011). If the problem
to derive the reflection coefficient from the full-wave model is straightforward, the
computation of the complex permittivity is obtained by an iterative method. An optimized
gradient method solves this inverse problem based on comparison of the measured and
simulated reflection coefficient using the mode matching technique.

In case of material in dry-powder form, density is an important parameter that affects the
value of complex permittivity. The procedure to extract the permittivity of CNT networks
involves also the study of the effect of the density of CNT networks inside the waveguide
holder (Decrossas et al., 2011). This is carried out by increasing gradually the mass of added
networks inside the holder. To calibrate the measurement setup and verify the method of
extraction, experiments are first realized with silicon dioxide (SiO,) as well as pure alumina
powder (ALO;) with particles size of approximately 50nm. Fig. 3 presents the real and
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Fig. 3. Variation of extracted effective permittivity of pure pulverized SiO; versus frequency

using the test setup as shown in Fig. 1.
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Fig. 4. Variation of extracted effective permittivity of pure SiO; versus density realized at
frequency of 3GHz. The last point is the common accepted value for SiO,, ¢, =3.9 for a

density of 2.2 g/cm3.
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imaginary part of the extracted complex relative permittivity for SiO, powder for various
packing densities considering the test setup shown in Fig. 1. Fig. 4 shows the variation of the
extracted real part of the effective permittivity of silicon dioxide function of the density at 3
GHz.

The density is computed by weighting the powder using an analytical balance divided by
the known volume of the hollow circular waveguide (p =% ¢ /cm’). Then the density is

gradually increased by packing the powder inside the holder using a manual press. It exists
different formulations to estimate the permittivity of bulk material from its pulverized form
(Nelson, 1992). However, those formulations are more appropriate for particle size of 50-
100um. From experimental data the variation of the effective permittivity with the packing
density for nano-particles suggests a linear dependence instead as shown in Fig. 4 and Fig.
6. Fig. 5 shows the variation of the real part of the effective permittivity of pure alumina
powder (AL03) for various densities at low frequency up to 3 Ghz, it is interesting to observe
the flat curves in those cases.
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Fig. 5. Variation of extracted effective dielectric constant of pure ALO; powder versus
frequency at different densities using the test setup shown in Fig. 1.

Similarly to the case of silicon dioxide in Fig. 4 the linear variation of the real part of the
permittivity of pure alumina powder is presented in Fig. 6. The usual formulations to
compute the bulk permittivity from pulverized material doesn’t seem appropriate in case of
nano-particles and overestimate the common reported value for bulk material. We have
used dielectric material with low loss and well known properties to study the variation of
the real part of the effective permittivity and provide a reference study to compare with the
microwave characterization of carbon nanotube powder. The variation of the real part of the
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effective permittivity of composites material with densities is compared with the results
shown in Fig. 6 to support our experimental studies.
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Fig. 6. Variation of extracted effective dielectric constant of pure ALbO; versus density or the
volume fraction at 3 GHz using the test setup shown in Fig. 1. The last point is the common
accepted value €', = 9.8 at a bulk density of 3.9 g/cm3for pure alumina.

3. Complex permittivity of CNT network

Similarly it is possible to extract the complex effective permittivity of carbon nanotubes
powder as furnished by the manufacturer (Sigma-Aldrich). The powder purity is 50 to 70
volume percentage as determined by Raman spectroscopy and scanning electron
microscopy (SEM) and contains residual catalyst impurities nickel and yttrium. The lengths
of CNTs are approximately 20 um. In house SEM is carried out and it shows the presence
multi-walled carbon nanotubes as well as single-walled CNTs within the sample. Fig. 7 to
Fig. 10 present the variation of the real and imaginary part of the relative complex
permittivity (&, =¢, — je, ) over a broad frequency band (10 Mhz to 50 Ghz) for different
densities (Decrossas et al., 2011).

The highest value of the real part of the relative complex permittivity obtained at low
frequency is 1.6x105 and decreases continuously to finally reach 4.5 at 50 GHz. Similarly, the
highest value of the imaginary part of the relative complex permittivity shown is 4.1x103
and decreases to 5 at 50 GHz. Fig. 7 is plotted on a log scale due the fast variation of the
relative permittivity at low frequency. Then at high frequency the variation presented in Fig.
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8 is reduced and suggests asymptotic values. The different scales highlight the frequency
dependence of the relative complex permittivity of CNT networks. Similarly, the imaginary
part of the relative permittivity is illustrated in Fig. 9 and Fig. 10.

)

a =~=40.19 (g/om’) | 1
: 0.14 (g/fem)
10“;\\ —0.27 (efem’) -
; —0.35 (g/em’)

r T 3
1035_ 0.37 (g/em™)| |

..0;-' E
10°
10k ]
|
10 1 1 1
0 5 10 15 20

Frequency (GHz)

Fig. 7. Variation of the real part of the relative permittivity of carbon nanotubes networks for
different densities, at high frequencies.
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Fig. 8. Variation of the real part of the permittivity of carbon nanotubes networks at low
frequencies considering various densities.
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Fig. 11. Variation of the real part of the effective permittivity of carbon nanotube networks
function of the density at 10 GHz.

The complex relative permittivity is continuously increasing versus the density of CNT
networks as shown in Fig. 11 following the percolation theory (Stauffer and Aharony, 1992).
The values obtained at high frequency are in agreement with the values reported (N.N. Al
Moayed et al., 2007). Moreover, the large values at low frequency are also consistent with
those large values reported (M.A. EL Sabbagh et al., 2009b, and H. Xu et al., 2007).

It should be noted the curve difference of the real part the permittivity function of the
density between Fig. 11 and Fig. 4, Fig. 6. The percolation theory may provide a physical
explanation about the unusual very high values of the dielectric properties. The high values
obtained for the imaginary part of the complex relative permittivity can be attributed to
high conductivity (Ebbensen et al., 1996) of carbon nanotubes using the following

relatione, = 2 where o is the conductivity of CNT and w=2nf the frequency relation.
g,

The very large values of the real part of the permittivity are explained in the next section

where metallic particles are embedded in a dielectric medium and the complex effective
permittivity of the mixture is experimentally extracted (Decrossas et al., 2011b).

4. Complex permittivity of composites material by mixing metallic particles in
dielectric medium

4.1 Finite element simulation

To study the variation of the dielectric constant, we have randomly embedded metallic
spheres in a fictive dielectric (4.5-j*0.88). The metallic spheres considered as perfect electrical
conductor have a radius of 0.5mm and are randomly positionned in the dielectric. Then, the
effective permittivity is extracted using the mode matching method. The simulations are
realized using the 3D full-wave modeling software HFSS™ by Ansoft.
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It should be noted that MMT considers the material under test as an homogenous medium
while the finite element method considers the interactions between the metallic spheres. For
this reason we are only able to extract the effective complex permittivity of the mixture. In
addition, by increasing the number of randomly positionned metallic spheres in the host
medium considerably augment the computing simulation time and as long as 3 days are
necessary to run the last simulation presented in Fig. 12. Those simulations even if the
metallic balls dimensions cannot be compared to nano-particles are necessary to
demonstrate the effect of the metallic particles in a dielectric medium.

By embedding metallic spheres in the medium, HFSS simulations present an enhancement
of the effective dielectric constant as presented in Fig. 12. The extraction of the complex
permittivity in addition to the comparison between the finite element method and the mode
matching technique validate the process of electrical characterization of the material under
test.

Volume fraction
60 _0.02 0.04 _0.06 0.08

5.8

5.6r

5.4r

4
W° 52

5_

4.8

4.6t

4.4Ylllllllllllﬂl..' I I . I

0 20 40 60 80 100 120
Number of metallic balls

’-'.".

Fig. 12. Variation of the simulated effective permittivity using HFSS by increasing the
spherical metallic particles in a fictive dielectric host medium.

4.2 Extracted complex permittivity of copper mixed with alumina particles composites
material

The percolation behavior is verified experimentally by embedding metallic particles in a
dielectric medium. This theory is usually applied to model the change of material where the
increase of metallic particles creates some sort of conductive paths through the dielectric
material. In other words, below the percolation threshold the material keeps behaving as a
dielectric until the critical concentration point called percolation threshold is reached and
the material becomes conductor. This phenomenon occurs at low frequency where the
electromagnetic wavelength is larger than the interstice between metallic particles. So, we
have concentrated our efforts to extract the effective complex permittivity up to 3GHz. A
similar behavior exists in carbon nanotube networks where both conducting and
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semiconducting CNTs as well as metal catalyst impurities are present. This work shows
how embedded metallic particles enhance the effective relative permittivity of carbon
nanotubes bundles due to metallic particle interactions in the dielectric medium below
percolation threshold, providing a physical explanation on the usually reported very high
value of the complex permittivity. The enhancement of the effective permittivity is realized
by mixing copper particles with dry powder of alumina particles. The sketch in Fig. 13
illustrates the realized mixture which is dropped and packed in our setup to extract the
effective permittivity of the mixture for different densities and concentrations.

The copper powder as furnished by the manufacturer (Alfa Aeser) has 99 % purity with
particle sizes varying between 0.5-1.5pm. Two different weight percentages of copper mixed
with alumina powder is studied to show the enhancement of the real part of the permittivity.
(a) Copper has 75% weight obtained by mixing 0.5 g of Alumina with 1.5 g of Copper and (b)
copper has 20% weight achieved by mixing 1 g of Alumina with 0.25 g of Copper.

It should be noted that copper particles tend to oxidize with air contact, consequently a thin
layer of oxide copper (CuO) coats copper (Cu) particles. Fig. 14 illustrates the variation of
the extracted complex effective function of the frequency for the 75% weight mixture.

Interstice
filled with
air

“hd d
Cu

Fig. 13. Illustration of the realized composite material under test (not to scale). The size of the
alumina (AlOs) particles is 0.05pm while the size of the copper (Cu) particles is 0.5-1.5pm.

It should be noted that in Fig. 14, an enhancement of the real part is observed while the
imaginary part related to the conductivity is still low which is characteristic of a dielectric
composite material with a composition below percolation threshold.

Two mechanisms may explain this permittivity enhancement (Fiske et al.,, 1997, and
Ravindran et al., 2006): a) the electrical field creates a surface charge polarization on metallic
particles at the dielectric interface which yields an increase in capacitance. b) The dipole
polarization contributes to the global permittivity when the electrical field frequency is
slower than the relaxation frequency of the metallic particles. This phenomenon occurs at
low frequency when the wavelength is larger than the metallic-semiconductor-metallic
interactions. Fig. 15 presents a comparison of the extracted real part of the effective
permittivity function of the density, highlighting the enhancement of the dielectric constant
compared to pure alumina powder as reported in Fig. 6.

All those experiments have been realized considering spherical alumina and copper particles.
However, some studies suggest that the shape of the metallic particles also influence the
behavior of the effective permittivity (Link et al., 1999, and Guo et al., 2010). To illustrate this
idea the next section discusses the mixture of alumina powder with carbon nanotubes.
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Fig. 14. Extraction of the complex effective permittivity (e, =&, —je,, ) considering the 75%
weight mixture of Alumina-copper for different densities functions of the frequency using
the test setup shown in Fig. 1.
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Fig. 15. Variation of the effective permittivity of the composite material function of the

density realized at 60MHz and compared to pure alumina powder.

5. Complex permittivity of CNT-based composites material

The enhancement and the frequency dependence of the permittivity due to the presence of
carbon nanotubes embedded in a dielectric medium are illustrated experimentally
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considering different concentrations and packing densities. Those experiments show the
possibility to engineer novel composite materials by tuning the electrical response of this
material under an electrical field (Liu et al., 2007). Controlling the dispersion, the size, the
shape of those particles into the medium are the key of engineering those new composite
materials. Fig. 16 is a picture of the prepared mixture of alumina and carbon nanotubes
using a scanning electron microscope (SEM).
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UAF Nano Institute

Fig. 16. SEM picture of the prepared mixture of alumina and carbon nanotubes.
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Fig. 17. Variation of extracted real part of the effective permittivity of carbon nanotubes
mixed with alumina versus frequency using the test setup as shown in the inset.
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The CNT-based composite material is realized by mixing 1g of alumina with 0.2g of carbon
nanotubes powder. Fig. 17 illustrates the enhancement of the real part of the effective
permittivity at various packing densities. It should be noted that at low density the variation
of the effective permittivity shows a flat response indicating a low frequency dependence of
the dielectric constant. However, when the density is 0.85g/cm? in the hollow circular
waveguide the dielectric constant decreases with the frequency. As explained in the
previous section the permittivity enhancement at low frequency is due to the interfaces
between the metallic and dielectric particles. When the frequency increases, i.e. the
wavelength decreases, this phenomenon disappears and explains the slope of the dielectric
plot at high density (black dashed curve in Fig. 17).

10

® Alumma/CNTs
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Fig. 18. Variation of the real part of the effective permittivity of CNTs mixed with alumina
powder versus the density realized at 60MHz. The variation of the real part of the effective
permittivity for pure alumina powder with density is provided as a comparison as reported
in Fig. 6.

6. Conclusions

The electrical characterization at RF/microwave frequencies is the key to understand and
model devices for future implementation. For this purpose, the frequency dependence of the
effective permittivity for carbon nanotubes powder as well as CNT-based composites
materials has been extracted. In this chapter, the frequency dependence of the complex
permittivity has been demonstrated over a broad frequency band using only one testing
setup. The carbon nanotubes powder is analyzed without samples preparation increasing
the accuracy of the measurements. It appears that the microwave properties are sensitive to
the samples preparation of composite materials due the dispersion of the metallic particles
into the host medium. The experiments on composite material where metallic particles are
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mixed with a dielectric medium provide an explanation about the high value of the effective
permittivity obtained for carbon nanotubes powder. The effective permittivity enhancement
is explained based on the percolation theory caused by the multiple metallic-dielectric
interfaces in the medium encountered by incident waves. The various results suggest that
CNT-based composite material may reduce the size of radio frequency/microwave (RF/M)
devices by engineering the dielectric constant of the substrate. The tunability of the real and
imaginary part independently may have a great potential in novel RF/M devices such as
smart material as well as dispersive media for electromagnetic shielding.
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