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Abstract Multilayer multiwall carbon nanotube (MWCNT)
silicone composite membranes with thickness greater than
10 um were prepared with a spin-coating method. Dielectric
permittivity and tunability of the circular membranes were
measured from 0.1 to 7 GHz by using a single-port coax-
ial line method. The frequency and bias voltage dependent
dielectric properties were interpreted based on percolation
theory. The MWCNT membranes could be potentially used
to develop smart components and structures working at ra-
dio wave or microwave frequencies.

1 Introduction

The outstanding properties of carbon nanotube (CNT) poly-
mer composites have attracted considerable attention in the
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last few years, and mainly include the remarkable electri-
cal, mechanical and thermal properties [1]. For example,
CNTs have shown better elastic modulus and strengths than
strongest steels [2] and better electrical properties than cop-
per wires [3]. Such properties make CNTs ideal fillers for
composites with various applications, for example, electro-
static discharge and electromagnetic interference suppres-
sion, as well as absorption of undesired electromagnetic
waves for indoor measurement or anti-reflection purposes
[4, 5]. In fact, traditional types of carbon-based fillers, such
as carbon black (CB) and carbon fiber (CF), were prepared
for decades to improve electrical conductivity or to tailor the
dielectric dispersion of composites at radio or microwave
frequency [6]. Due to its spherical shape, large filling factor
of CB is needed to fabricate composites with significantly
improved properties, which may compromise their mechan-
ical performance and increase fabrication cost. As compared
with CB or CF, CNTs can be fillers of composites of high
permittivity and distinct frequency dispersion at extremely
low concentrations [7, 8]. CNTs are particles in nanoscale,
whose diameter (between 1 to 100 nanometers) is two to
four orders of magnitude smaller than that of CF. The small
diameter and large aspect ratio of CNT fillers might result
in high permittivity and low percolation ratio, as well as
some distinct properties, like optical transparency [5] and
adjustable permittivity under bias electrical field [9], which
have not been discovered in their micron-sized counterparts,
CF or CB composites.

Even the nonlinear voltage—current relation in CNTs was
already discovered a decade before [10, 11], while the non-
linearity of the effective permittivity of bulk CNT-polymer
composites has not been investigated until recent years. It
was found that the composites with CNTs of above percola-
tion ratio exhibited certain tunable dielectric permittivity at
external bias voltages, with real part decreasing and imagi-

@ Springer


mailto:liulie_leo@hotmail.com

844

L. Liu et al.

nary part increasing with increasing voltage [9, 12, and 13].
However, the tunable permittivity was only investigated be-
tween 1 to 100 MHz due to the limit of the measurement fa-
cility [13]. Most wireless communication devices and radar
systems have working frequencies from a few hundred MHz
to a few GHz. Hence, it is of great interest to study the tun-
able dielectric properties at up to GHz frequency range.

Traditional approaches to prepare composites at indus-
try or laboratory scales include spraying, molding, solu-
tion processing, melt processing and in situ polymerization.
Recently, various new processing techniques were devel-
oped or employed to fabricate CNT composites with thin
and uniform thickness, as well as controllable alignment.
For example, buckypapers can be made by soaking thin
sheets of SWCNT prepared with Buchner filtration in poly-
mer solutions [14]. Thick composite films were formed by
hot-pressing 3 to 5 stacked buckypapers incorporated with
epoxy and hardener blend [15]. Layer by layer (LBL) assem-
bly is an alternative method to fabricate thin CNT compos-
ites [16]. Layered composite films were built up by dipping
a substrate alternatively in SWCNT and polyelectrolyte so-
lutions. In this case, the structural integrity can be further
enhanced through cross-linking. The advantages of LBL
method include easy control of thickness and polymer—CNT
ratio, as well as high CNT loadings. However, the yields of
both buckypaper and LBL methods are rather low, so they
are not suitable for fabrication of films with large size and
thickness. Spin-coating method was employed to cover the
top of CNT forests prepared with chemical vapor deposition
(CVD) method [17]. The film can then be easily peeled from
the substrate after curing. The advantage of this method is in
that the pattern of CNT network can be predetermined by the
growth condition. However, the CNT inclusions inside thin
films were not uniform.

In this paper, we describe the preparation of multilayer
composite membranes with MWCNT inclusions by us-
ing spin-coating processing. The reason to use the current
method instead of molding method employed in our pre-
vious works [8, 9, 13] is the better alignment of CNT in-
clusion and better distribution, which may result in lower
percolation and better performance. Compared with bucky-
paper method, a spin-coating method can prepare the multi-
layer structure with smaller and more uniform layer. It will
take much less time and effort to prepare multilayer with
spin-coating method than with LBL assembly. The limits
of spin-coating method include the difficulty for composites
with high concentration of nano-inclusions due to their high
viscosity. Dielectric permittivity at microwave frequencies
of the membranes is measured with a single port reflection
method up to 7 GHz. To explore the fundamental dielectric
mechanism of the membranes, we will discuss their permit-
tivity spectra as function of concentration and bias voltage
at microwave frequency.
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2 Experimental
2.1 Characterization of MWCNT

MWCNTs produced by CVD methods and purified with ox-
idization and acid washing, with average length of ~50 pm
and diameter of 8§—15 nm, were supplied by Timesnano,
Chendu Organic Chemicals, China. The specifications are
listed in Table 1. Figure 1(a) shows high resolution field
emission scanning electron microscope (FE-SEM, JOEL
JSM-6701F) image of the MWCNT powder. Purity of the
MWCNT was confirmed with thermogravimetric analysis
(TGA) in Fig. 2. The weight loss was about 100 % when
temperature was above 700 °C. It suggested that metallic
particles (impurities from catalysts) have been effectively re-
moved by the acid washing. Differential thermal gravimetry
(DTG) results also showed that most of the carbon contents
can be oxidized in a narrow temperature range centered at
the peak oxidation temperature. The narrow oxidation tem-
perature range suggests that carbon species in the samples
have similar structures (such as diameter and length).

2.2 Preparation of MWCNT membrane

The host polymer was two-component silicone elastomer or
poly(dimethylsiloxane) (PDMS) supplied by Dow Corning
Corporation. MWCNTs and silicone resin (component A)
were dispersed in toluene (methylbenzene) with ultrasoni-
cation processer (Sonics VCX500) for 20 min. Dependence
of resistance of the mixture on dispersion time showed that
20 min was long enough to disperse the mixture to a sta-
ble stage. The mixture of CNTs, silicone resin and toluene
was heated at 90 °C for 8 h to remove the solvent. After
that, ~11 % liquid hardener (component B) was added and
mixed uniformly with mechanical stirring. Then the mix-
ture was coated on a piece of glass substrate with spin-
coater (LAURELL WS-400B-6NPP-LITE). Depending on
concentration and spinning speed (from 2000 to 8000 rpm),
the thickness of each layer varied from 10 um to more than
70 um. The thin layers on glass substrates were then cured
on a hot plate at 120 °C for 10 min. Multilayer membranes
were made by repeating the process. The thin layers were
cut into disc samples by using a circular cutter with diame-
ter of 13 mm before peeling from the glass substrates. Fig-
ure 1(b) shows SEM image of the membranes with MWC-
NTs embedded inside silicone matrix. It can be seen that
the tubes are aligned along surface of the membrane due to
the fact that lengths of the tubes (~50 um) are compara-
ble with thickness of each layer (10-70 um). Figure 1(c)
and (d) shows cross-sectional images of a single- and a
three-layer MWCNT membranes. The single-layer mem-
brane with uniform thickness and smooth surface on a glass
substrate shown in Fig. 1(c) was spin-coated at 8000 rpm.
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Table 1 Specification of

Purity method

Impurities Length Diameter

95 % Oxidation & HCI] wash

Ash, Metal ~50 pm 8~ 15nm

Fig.1 SEM images of the
MWCNT powder (a), top view
of a MWCNT membrane (b),
side view of a single-layer
MWCNT membrane (c¢) and
side view of a multilayer
MWCNT membrane (d)

SEI 10,00

_11.210pm

TLaMUS

The river-like patterns found in Fig. 1(c) and (d) are typi-
cal in fracture surface of the CNT-polymer composites [18].
In Fig. 1(d), the top and bottom layers are 1 wt% MWCNT
silicone composites. The isolation layer is prepared with an
8 wt% polyvinyl alcohol (PVA) water solution to show the
boundary of two layers of silicone. It is very easy to prepare
multilayer membranes with thickness of up to a few mil-
limeters. It is also possible to prepare membrane with thick-
ness of less than 10 um if a matrix polymer with viscosity
lower than that of silicone is used. However, it could be quite
difficult to peel off a very thin membrane from the substrates
without breaking it. The spin-coated membranes have dense
and uniform thickness, as well as smooth surfaces, which
have better uniformity than these prepared by buckypaper
infiltration processing [15]. However, only membranes with
low MWCNT concentrations (up to 4 %) can be prepared
because the viscosity of the mixtures at higher concentra-
tions is too high for spin-coating.

2.3 Measurement of permittivity with single-port methods

Impedance method can only be used to measure dielectric
permittivity at low frequencies of below 1 GHz. Hence, a
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Fig. 2 TGA analysis of MWCNT powder

single-port reflection method was employed to measure per-
mittivity of the membranes up to 7 GHz. The main consid-
eration to use single-port instead of 7-mm airline method
was the difficulty in cutting the thin MWCNT composite
membranes into toroidal shape with precise inner and outer
diameters (3 and 7 mm) and properly fitting the flexible
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Fig. 3 Fixture for permittivity
measurement and a circular
membrane sample under test
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sample under test into the coaxial line fixture. It is well
known the air gap between sample and fixture would re-
sult in measurement errors and nonuniform bias field. These
problems can be readily addressed by using the open-end
coaxial probe method [19-21]. The key to obtain permit-
tivity of the sample is the availability of an accurate model
relating the reflection coefficient at the probe aperture. Ap-
proaches to modeling the probe include equivalent circuit
models and full-wave moment methods [20].

Figure 3 shows the photograph of the test fixture, mem-
brane samples and a schematic diagram of the measurement
system. The bias tee (Aeroflex, 8810SFF1-26) has a work-
ing frequency range from 0.05 to 26.5 GHz and a maximum
bias voltage of 25 V. The bias tee provides DC voltages to
membrane samples and isolates the DC voltage from the
AC signal transmitted to vector network analyzer (VNA).
The whole setup was calibrated with short-open-load (SOL)
method. The sample under test is not necessarily to have
precise shape or certain level of hardness, as long as its di-
ameter is larger than the outer conductor of the 7-mm coax-
ial line. Accuracy of the measurement depends on unifor-
mity of thickness and dispersion of the CNT fillers in the
samples. Permittivity measurement was conducted in two
steps. Reflection of arbitrary termination (open termination
used in this study) was measured first. After that, reflec-
tion of the disc membrane backed with open termination
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was measured. Special care was taken to keep good elec-
trical contact between the membrane and the test fixture by
applying proper level of pressure. Permittivity was calcu-
lated from the two reflection coefficients with Agilent ma-
terials measurement software 85071E. The single-port re-
flection method can also be used to measure thin films with
substrates provided another bare substrate with exactly same
thickness and dielectric properties is employed to calibrate
out the contribution from the substrate.

3 Results and discussion
3.1 Dispersive permittivity of MWCNT membrane

Figure 4 shows real and imaginary relative permittivity of
the MWCNT membrane: &}, stands for real permittivity nor-
malized by the permittivity of silicone matrix (¢’ = 3). Both
real and imaginary parts increase with increasing concentra-
tion of CNTs, which can be understood in terms of effec-
tive medium theory. For the permittivity of 4 wt% sample,
two resonances at 3 and 6 GHz were could be caused by the
length of the calibration standard (airline) which is around
5 cm. When the length equals to half or one wavelength, the
resonance peaks appear in S-parameter. It is quite common
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Fig. 4 Dielectric permittivity of the MWCNT membranes from 0.1 to
7 GHz

phenomena in measurement. The resonances cannot be at-
tributed to the intrinsic properties of composite or sample
size: it is a systemic error of the measurement.

Two different types of frequency dispersion can be ob-
served from Fig. 4. When concentration is lower than 1.5 %,
real permittivity is almost constant and dielectric loss is
small, especially at MHz frequencies. For the concentration
above 1.5 %, both real and imaginary parts decrease with
increasing frequency. According to the percolation theory,
both real and imaginary permittivity values decrease expo-
nentially with increasing frequency when concentration is
close to the percolation ratio [22]. It suggests that 1.5 %
is the percolation limit of our prepared MWCNT mem-
branes. The resistivity measured with high resistance me-
ter also showed dramatic decrease as the concentration was
increased from 1 to 2 %. It seems that permittivity still fol-
lows the power law dependence for the samples with con-
centrations above the percolation. Hence, the real and imag-
inary permittivity curves of sample with 4 % filler in Fig. 4
were fitted according to power law dependence. The expo-
nents are —0.254 and —0.328, respectively. However, the
exponents are lower than those predicted by percolation the-
ory, which are —0.5 for both real and imaginary permittivity
[22].

The small deviation at high frequencies (above 6 GHz)
can be attributed to resonance due to sample size. A circu-
lar disc sample with diameter of 13 mm, made of materi-
als with both large dielectric permittivity and loss tangent,
behaved like a cylindrical dielectric resonator. A resonance
peak between 9 and 10 GHz could be observed from permit-
tivity measured. The resonance distorted the dielectric per-
mittivity curves of the composites even at lower frequency,
which makes the dielectric responses deviating from linear-
ity. This is the reason why the permittivity above 7 GHz is
not shown in Fig. 4. The mechanisms that govern the di-
electric phenomena of the samples with high and low con-
centrations of CNT are different. At low concentrations, the

25
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0 1
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Fig. 5 Tunability of the MWCNT composite membrane with different
concentration at a bias field of 10 V/mm

permittivity is determined by individual inclusions, namely,
isolated tubes or tube clusters, which are not connected with
each other. Therefore, the permittivity is less sensitive to fre-
quency. However, at higher concentrations, most of the tubes
or clusters are connected with one another to form a con-
ducting network. The permittivity becomes more dispersive
and is determined theoretically by the power law.

3.2 Tunability of membranes under bias voltage

Tunability of dielectric permittivity can be defined as the
percentage of real or imaginary permittivity changed by the
bias voltage applied:

&0 — &e

T (%) = x 100 ey

&0
where ¢, and ¢q are the measured permittivity with and with-
out the applied bias voltage.

Practically, tunability at higher frequency, for example,
from a few of hundreds MHz to a few of GHz, is more valu-
able for component and material applications, because most
communication devices fall in this frequency band. Figure 5
shows tunability of real and imaginary permittivity of the
membranes with 3 and 4 wt% of CNTs at a bias electri-
cal field of 10 V/mm. The ripple at low frequency might
be caused by the interference of bias DC voltage through
the bias tee, which is supposed to fully isolate the DC from
AC signal. Compared with our previous results measured
with impedance analyzer at MHz frequencies, the tunability
at GHz frequencies is relatively lower. With increasing fre-
quency, the tunability decreases to less than 15 % at 1 GHz
and less than 10 % at 7 GHz for sample with 4 % CNT.
In our previous study, tunable permittivity could only be
observable in composites with concentrations of more than
6 wt% [9]. However, with multilayer membrane prepared
with spin-coating, tunable permittivity could be observed in
the samples with lower concentrations and at much higher
working frequencies. Also, the permittivity was measured
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along in-plane instead of out-of-plane direction. These could
be attributed to the better distribution of tubes inside silicon
matrix and the alignment of the tubes as a result of the ap-
plication of the spin-coating processing. Negligible tunabil-
ity was found in the membrane with 2 wt% of MWCNT or
lower concentrations. From the percolation threshold point
of view it is understandable that most of the tubes are out
of the conducting network. Therefore, no voltage can be ap-
plied to isolated tubes or tube clusters. It is expected that
higher tunability may be achievable in composites with CNT
concentrations of higher than 4 %. However, due to the high
viscosity of the solutions with high concentrations of CNT,
samples with higher CNT concentrations cannot be prepared
by using the spin-coating method.

Compared with ferrite-based metamaterials or tunable
photonic band gaps with magnetic rods [23, 24], CNT mem-
brane has better tunability at GHz range. Also it is under-
standable that electrical field as small as 10 V/mm is much
easier to obtain than magnetic field of up to a few thou-
sand oersteds, especially at a large scale. Although giant di-
electric tunability was found from bulk Y,NiMnOg under a
smaller bias field of 4 V/mm [25], the tunability was inves-
tigated in kHz frequency only. Therefore, it is not promising
to use giant dielectric tunability for any radio or microwave
applications.

4 Conclusions

Multilayer composite membranes of MWCNTSs with thick-
ness above 10 um were prepared using spin-coating process-
ing. The membranes have better quality and smaller thick-
ness than those prepared with molding processing in our pre-
vious studies [13]. Their dielectric properties were measured
using a single-port reflection method from 0.1 to 7 GHz. The
membranes have an improved tunable permittivity at GHz
frequencies when the MWCNT concentration is above the
percolation threshold. These MWCNT membranes might
be useful in fabrication of smart components and structures
working at microwave frequencies.
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