Institut de la Matiere Condensée et des Nanosciences (IMCN)

' Institute of Information and Communication Technologies,
Electronics and Applied Mathematics ICTEAM)

HIERARCHICALLY ORGANISED
MATERIALS BASED ON POLYMERS AND
CONDUCTIVE ONE-DIMENSIONAL
NANOSTRUCTURES FOR THE CONTROL
OF ELECTROMAGNETIC PROPAGATION

Thesis submitted for the
Ph.D. degree in Engineering Sciences

by Yann Danlée

Jury members

Prof. Isabelle Huynen, supervisor
Prof. Christian Bailly, supervisor
Prof. André de Lustrac

Dr. Jean-Michel Thomassin

Prof. Luc Piraux, secretary

Prof. Thomas Pardoen

Prof. Jean-Pierre Raskin, chairperson

on 20th March 2015

UCL
Université

catholique
de Louvain






Jury members

Prof. Isabelle Huynen, UCL — ICTEAM (Belgium)
Prof. Christian Bailly, UCL — IMCN (Belgium)

Prof. André de Lustrac, U-Psud — IEF (France)

Dr. Jean-Michel Thomassin, ULg — CERM (Belgium)
Prof. Luc Piraux, UCL — IMCN (Belgium)

Prof. Thomas Pardoen, UCL — iMMC (Belgium)
Prof. Jean-Pierre Raskin, UCL — ICTEAM (Belgium)






Abstract

Wireless communications use microwaves for fast and massive data
transfer in our daily life. This thesis presents broadband absorbers,
electromagnetic bandgap filters and invisibility cloaks as novel solutions
to reduce electromagnetic (EM) interference phenomena responsible for
many issues, ranging from simply annoying (e.g. "Wi-Fi drop out") to
outright dangerous (e.g. "wrong transmission from health monitor in
hospital" or "disruption of airport radar signal by wind turbine") . The
studied structures consist of organised stacks of thin layers made of
conductive nano-composite and dielectric polymer or ceramic substrate.
As conductive fillers, we mainly use carbon nanotubes (CNT) and
metallic magnetic nanowires (NW) because of their exceptional electrical
properties and high aspect ratio, which allows reaching the electrical
percolation threshold at very low concentration. By the nature and
concentration of the fillers, we can control conductivity, permittivity and
permeability of the composite films. By controlling orientation of the
fillers during processing, we can impart anisotropic properties to the
structures. A smart arrangement of the different layers is the key for a
controlled absorption or propagation of the EM waves.

Broadband absorption is obtained by a novel multilayer arrangement
built from alternating films of dielectric polymer and conducting layers.
The latter are stacked in a precise gradient of conductivity. The
conducting layers consist of either PC-CNT nanocomposite films or a
very thin CNT coating. Such multilayers effectively absorb
electromagnetic waves from 8 to 67GHz and probably higher despite
their overall thickness much lower than the wavelength. The efficiency
can further be enhanced with the help of submillimetric multilayers
based on Nickel nanowires (Ni-NW) sandwiched between PC films. The
magnetic response of Ni-NW contributes to enhanced attenuation of the
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incoming waves. Also based on a similar gradient organisation,
anisotropic multilayers provide a route to polarisation-selective
absorbers.

The second objective of the research is to develop frequency-
selective absorbers, also called electromagnetic bandgap (EBG) filters.
The multilayer is now able to absorb a specified narrow frequency band
or selectively reflect desired wavelengths within the GHz-range. The
structures use ultra-thin conductive layers to generate a controlled
resonance in homogenous high permittivity sheets. The basic structure is
still composed of CNT deposits alternating between dielectric layers. The
physical properties (i.e. relative permittivity and thickness) of the
dielectric spacers generate narrow high-absorption bands at defined
frequencies.

Finally, we investigate the ability of multilayer structures to deviate
microwaves around a reflective cylindrical obstacle and reconstruct the
incoming wave front pattern behind, i.e. making the obstacle invisible. A
cylindrical invisibility cloak requires fine tuning the effective permittivity,
which has to grow in gradient from 0 to 1 from the inner to outer radius
of the cloak. We have reached this purpose by successively stacking
cylindrical polymer foam - CNT composite bilayers with precise
thickness of the dielectric layers and precise conductivity of the
conductive layers. Parameters of each bilayer are fine-tuned to get the
effective permittivity required by theory. Despite some loss, our
multilayers demonstrate significant capacity to reduce the distortion of
the wavefront pattern behind the obstacle.
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Chapter I

Overview & context




Wireless communication via electromagnetic (EM) transmission in
the microwave range is a fast and simple solution for a lot of applications
and has become ubiquitous in everyday life. In parallel, electronic devices
are becoming ever more compact and integrated. These trends generate a
growing issue with EM interference (EMI), which can occur between
devices or, even worse, between subcomponents of the devices
themselves (1). For instance, it is mandatory to shield electronics
microchips to avoid digit errors due to the interference from outside
environment (2) (3). The consequences can range from simply annoying
to outright dangerous. Medical probes and equipment, for instance, are
at risk of being disturbed by the surrounding EM waves in particular
from mobile phones (4). The major part of usual telecommunication
signals used for mobile phones (5), GPS (0), television (7), radars (8) and
so on are detrimentally affected by metallic structures in the environment
which are the source of interferences. The current interest in
telecommunications suggests that the number of emitters and, therefore
potential problems, undoubtedly will increase in the future. Faced with
this issue, the European Union member states have adopted a number of
directives applying to any equipment placed on the market or taken into
service. Its scope covers all apparatus "liable to cause electromagnetic
disturbance or the performance of which is liable to be affected by such
disturbance" (9). These directives are continuously updated to follow this
fast-growing trade (10). This situation is complex to solve because there
is no unique solution satisfying all scenarios. Each type of device must
have a tailored solution which reduces its electromagnetic "pollution"
and without interfering with its inner operations and outer
communications.

EMI shielding by absorption remains an ideal solution for many
problems of interference. Whether for isolating an electronic
component, probe etc. from external parasites or even its own
interferences, microwave absorption turns out to be the most
appropriate solution. It radically solves the problem by simply removing
all EMI. One of the major challenges is to minimise the thickness of the
absorbing materials to make them compatible with the targeted
components which are often microscopic. EMI shielding is as well
required for large sensitive equipment or even for an entire room. The
manufacturing of the absorber must be feasible at different scales and
the absorber must preferably be conformable to an arbitrary shape.
Those conditions force to select a material and optimise its structural
organisation to reach the objectives.



However, total absorption is not appropriate for all applications.
Many devices operate precisely through wireless communications.
Obviously a mobile phone cannot be isolated from the cellular network!
Broadband absorption is then inapplicable since it prevents the normal
use of the communication network. The wireless connected devices
require selective filtering of troubling waves from the operating
frequency band. This level of control is called electromagnetic bandgap
(EBG) filtering. The use of filters goes beyond the reduction of
interference, it appears as a smart way to protect data. For instance, a
company may require shielding its Wireless Local Area Network
(WLAN) to confine confidential data in the building. The
electromagnetic isolation/shielding must nevertheless allow transmission
to other public networks such as mobile/cellular phones, satellite
broadcasting, etc... On the contrary, it might be important to absorb all
frequencies except a narrow useful band. The current market thus
requires precise solutions in terms of targeted absorption over a broad
spectrum or a narrow frequency band.

Besides a proper control of absorption in terms of frequencies,
some emitting/receiving systems work with polarised waves. This leads
to an emerging interest for absorbers operating along only one direction
in order to shield the polarisation of a radar signal, for instance, while
not interfering with potential other signals polarised at another angle.
Polarisation-selective absorption is then a clean solution for this type of
communications.

Although controlled absorption is an undeniable solution to reduce
the problems caused by EMI, several concrete situations are not helped
with controlled absorption. Civil aviation and weather radars, for
example, have a distorted "vision" of the sky due to metal structures
present in the environment (11). Wind turbines cause particularly
annoying interferences to the detection of aeronautic radars (12). The air
traffic control radars are liable to incorrectly localise aircrafts with a
slight offset from the actual position with the dramatic consequences this
may have (13) (14). Weather radars can also detect virtual turbulences
which are actually caused by wind turbines (15). This phenomenon is
caused by the rotating blades which change the refractive index of the
medium. Since the refraction of the signal varies in an uncontrolled
manner, the view reproduced by the receiver is incorrect (16). Covering
those structures by an efficient absorber does not provide a convincing
solution because it generates a shadow behind the wind turbines. The
magnitude of the signal would become too weak for a reliable detection.



The only effective solution is the deviation of the radar waves in order to
bypass all disturbing constructions which would make them invisible to
the desired frequency since the signal would get around the object
without ever passing through. Such solution has been dubbed
"invisibility cloaking" and is no longer reserved to the realm of science
fiction.

In summary, EMI problems are diverse and complex. They require
tailored solutions. The key issue lies in a complete control of the
propagation of microwaves. Either the propagation of the wave must be
attenuated at all frequencies, at particular frequencies or in a particular
polarisation state, or it has to be deviated following a well-defined path.
In this thesis, we propose novel solutions along these lines. The basic
building blocks are conductive nanofillers such as carbon nanotubes or
metal nanowires combined with polymer, mainly polycarbonate but
other polymer substrates and ceramics are used too. Polymer-nanofillers
composites are particularly adapted to interact with microwaves through
their easily controllable conductivity (or even ferromagnetism). The
proposed solutions are characterised by a hierarchical organisation of
layered structures that contributes to their very EM high efficiency but
also excellent mechanical properties, such as flexibility, and simplicity
with respect to the state of the art. The related scientific challenges of
the thesis deal with the control of the multilayer structures morphology,
on one hand, and the proper analysis and prediction of their EM
behaviour, on the other hand. Another characteristic of the wotk is the
very strong interaction between the experimental and simulation aspects.
EM models have been developed and used for the multilayer structures
used throughout the thesis and in most cases have informed the
experimental realisation.

The thesis is organised as follows. An overview of broadband
absorption, EBG filtering and invisible cloaking is first given in chapter
IT through a comparison to the state of the art to highlight its originality.
Chapter III develops the theory of EM absorption, bandgap control and
cloaking principle. The same chapter also introduces the model used to
extract useful physical parameters from raw data (i.e. S-parameters), and
others models using physical parameters as input to predict the
frequency behaviour of the stacks of composites used throughout the
work. Next, the experimental details on materials and methods are given
in chapter IV. This is followed by a presentation of the main results in
chapter V. This chapter first presents broadband absorbing multilayers
based on carbon nanotubes (CNT) and polycarbonate, followed by



similar organised structures based on metallic nanowires, followed by
anisotropic stacked films effective as broadband polarisers. The EBG
filters are next introduced. The last section of this chapter deals with
invisible cloaking based on polymer substrate and PC-CNT composites.
Finally, the conclusion is drawn and perspectives of the thesis are given.






Chapter II

State of the art




This chapter presents an overview of the state of the art for the four
types of EM functionalities developed in this thesis, i.e. broadband
absorbers, EBG filters, polariser filters and invisible cloaks. In the
conclusion of each part, we contrast the solutions described in literature
with the approach developed in the thesis.



1. Development of broadband absorbers

Classical broadband EMI shielding is based on EM reflectors,
usually metal foils or coatings, called Faraday cages (17). But these
methods are less and less satisfactory in the present environment because
the interfering EM signal is only deflected in another direction where it
can still create havoc. This explains the growing popularity of EM
absorbers, which truly eliminate the EM signal in directions or locations
where it is unwanted. Broadband absorption is a delicate balance
between high conductivity and low dielectric constant (18). Metal-based
EM absorbing structures are impossible to obtain because EM waves do
not penetrate the material but are reflected instead. This is the so-called
skin effect: the penetration depth of an EM wave in a metal is
approximately inversely proportional to the square roots of its
conductivity and the signal frequency (19). Metals have low penetration
depth and simply reflect EM waves. The challenge for shielding by
absorption is precisely to avoid excessive reflection, whereas the
transmission must be reduced. The scientific literature proposes several
strategies which answer to the performance criteria demanded by specific
applications. Radar absorbing materials (RAM) can be classified in two
main classes: impedance matching and resonant absorbers, though it will
be shown in the following discussion that many absorbers have features
of both of these classes (20).

1.1. Impedance matching

The propagating wave that comes upon an interface will undergo
some reflection that is proportional to the magnitude of the impedance



gap between incident and transmitting media. For complete attenuation
of the incident wave, one or more wavelengths of material thickness are
required, making bulky absorbers, very thick and adding weight. The
non-reflective  RAM are wusually used as surface coverings in
electromagnetic anechoic chambers, etc. Their primary function is to
absorb and dissipate the electromagnetic energy with extreme efficiency
to allow performing high precision measurements without any internal
and external EM parasite. Several types of impedance matching RAM
have been developed: pyramidal, tapered and matched absorbers.

Pyramidal absorber

The pyramidal absorbers are typically thick materials with pyramidal
or cone structures extending perpendicularly to the surface in a regularly
spaced pattern (see Iig. 1). These absorbers are developed so that the
interface presents a gradual transition in impedance from air to that of
the absorber. Furthermore, the shape directs the small fraction of the
reflected incident wave from one pyramid toward the next pyramid,
giving another opportunity for attenuation. The height and periodicity of
the pyramids tend to be on the order of one wavelength. Pyramidal
absorbers thus have a minimum operating frequency above which they
provide high attenuation over wide frequency and large angle ranges.

Tapered loading absorber

The tapered absorbers are successive slabs of lossy materials stacked
such that the characteristic impedance increases as the wave penetrates
through the absorber (see Iig. 1). Most tapered absorbers are built from
a few layers in order to tend toward a continuous gradient of the
impedances. A second type of similar absorbers consists in stacks of
homogeneous layers with increasing loading in the direction of
propagation. The advantage of this class of materials is that they are
thinner than pyramidal absorbers but they have poorer performance.
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Matching layer absorber

The matching layer absorber places a transition absorbing layer
between the incident (usually air) and absorbing media to reduce the
thickness required for the gradual transition materials (see Fig. 1). The
combined impedance from the first and second layers equals the
impedance of the incident medium. This matching will be achieved when

Zy = /ZyZ, and the thickness of the matching layer t,,; = A/4. The last

condition is met only for a certain frequency which makes the matching
layer materials narrow band absorbers.

Matching  Absorbing
Layer Layer

Incident
wave

Incident Incident
wave wave

Pyramidal absorber Tapered loading absorber Matching layer absorber

Fig. 1. illustrations of typical pyramidal, tapered loading and matching layer absorbers
@1

These impedance matching absorbers provide the best performance.
The disadvantage (particularly for the pyramidal absorbers) is their
thickness and tendency to be fragile. They are usually used for anechoic
chambers because of their excellent absorption index.

1.2. Resonant absorbers

Resonant absorbers do not aim to match the impedance between
the incident and absorbing media. Corresponding structures are thinner
but do not absorb all the EM power. A first reflection is due to the
mismatch of impedance at the entrance of the absorber. Secondly, a
partial ratio of the transmitted wave is reflected from a metal coating the
back side. If the distance travelled by the transmitted wave is an even
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multiple of A/2 then the two reflected waves will be out of phase and
destructively interfere. The total reflected intensity is zero for the case
where the magnitude of the two reflected waves is equal. Resonant
materials are also called tuned or quarter wavelength absorbers and
include Dallenbach layers, Salisbury screens and Jaumann layers.

Dallenbach layer

A Dallenbach tuned layer is a layer of homogeneous lossy material
placed on a conducting substrate (see Fig. 2). The thickness, permittivity,
and permeability can be adjusted so that the reflectivity is minimised for
a desired wavelength. The Dallenbach layer relies on destructive
interference of the waves reflected from the first and second interfaces.
To obtain a minimum reflectivity, the effective impedance of the layer
Zy must equal the incident impedance Zy. Optimisation of Dallenbach
layers has shown that it is not possible to obtain a broadband absorber
with only one layer, however several layers stacked together show
increased bandwidth.

Salisbury screen

The Salisbury screen is also a resonant absorber, however, unlike the
tuned absorbers it does not rely on the permittivity and permeability of
the bulk layer. The Salisbury screen consists of a resistive sheet placed at
an odd multiple of ¥4 wavelengths in front of a metal backing usually
separated by an air gap or a material with higher permittivity which
replaces the air gap (see Fig. 2). The effective impedance of the structure
is the sheet resistance. The impedance matching occurs thus if the sheet
resistance is 377 Q/0 (i.e. the impedance of air). An analogue of the
electrical screen would be to place a magnetic layer on the metal surface,
resulting in a thinner device (22).

Jaumann layer

Jaumann layers are a modification of Salisbury screens allowing to
increase the absorption bandwidth. The device consisting two (or more)
equally spaced resistive sheets in front of the conducting plane is able to

12



produce two minima in the reflectivity (see Fig. 2). This increases the
bandwidth but the global thickness is of course increased too. Some
optimisations of Jaumann absorbers are feasible but they are complex
due to the number of parameters involved, especially when the number
of layers increases (23).
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Fig. 2. illustrations of typical Dallenbach layer, Salisbury screen and Jaumann layer
absorbers (21)

1.3. Hybrid structures

The development of microwave absorbing structures (MAS) runs
parallel to the increasing use of composites in aerospace applications,
and has led to a research focus on stealthy materials. Multifunctional
requirements demand component structures that have desirable
mechanical, thermal, electromagnetic, and chemical properties. Cellular
materials, such as foams, honeycombs and lattice materials are ideally
suited to achieve multi-functionality. The waveguide characteristics of a
honeycomb combined with the performance of lossy foam lead to
unexpectedly large EM power absorption over a wide frequency range
superior to any known material (24). Fig. 3 shows an example of a hybrid
produced by P. Bollen et. al. (25). The peak absorption frequency can be
tuned by varying the shape of the honeycomb unit cell. Recent research
in this field shows an efficiency in terms of absorption index close to
impedance matching structures with the advantage of a undeniably better
mechanical resistance (26) (27).
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Fig. 3. Example of hybrid microwave absorbing structure (25)

1.4. Active materials

Electromagnetic absorption by a composite material can be actively
controlled if the material has certain "active" inclusions. Such inclusions
correspond to pyrosensitive solid electrolytes (28), polyconductors (29)
and certain photosensitive materials. Pyrosensitive electrolytes change
their behaviour from dielectric to conductor (x to § phase transitions) at
a critical temperature. In the a-phase the conduction is essentially due to
ions. It is possible to synthesise a pyrosensitive composite material by
dispersing a solid electrolyte in a host medium. With appropriate thermal
excitation, the composite material shows significant EM absorption. A
variety of solid electrolytes are available which can be judiciously
adopted in synthesising EM absorbing composites. Another family of
conductors known as polyconductors have also shown active EM
absorption under thermal and/or optical excitation. Synaptically
configured arrays of photosensitive materials could possibly lead to a
composite with photosensitive elements constituting an "active"
microwave absorber (30).

1.5. Originality of the developed structures for
broadband absorption

Effective EM absorbing structures described above comprise a large
majority of a low permittivity dielectric material and a small fraction of
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finely distributed conducting particles. It immediately suggests the use of
polymer-based heterogeneous materials, in particular nanocomposites
and hybrid structures (31). The need for overall high conductivity also
requires percolation of the conducting substructure in the matrix, hence
conducting particles with high aspect ratio are preferred and excellent
control on dispersion of the conductive filler is essential. Wire-shaped
nanocharges as carbon nanotubes (CNT) or metallic nanowires (NW) are
a usual choice because of their extremely high intrinsic conductivity and
their high aspect ratio (31). Multiwall carbon nanotubes (MWCNT)
obtained by the CVD process are a logical choice for the conductive
fillers (32) (33) and their easy dispersibility in selected polymers allows
reaching the percolation threshold at low loading level. In addition, CNT
have an extremely high intrinsic conductivity. The low permittivity
matrix allows EM waves to penetrate deeply in the absorbing structure
but the conducting network dissipates the EM energy through complex
resistive-capacitive coupling and multiple internal reflections (34).
Current polymer-based solutions and ideas for EM control use
(nano)composites with carbon nanotubes and/or metal particles (35).
These composites have an excellent shielding effectiveness but are
inefficient in terms of EM absorption because their effective permittivity
is still too high and they primarily reflect the signal (36). Foaming the
polymer matrix is an efficient method to reduce reflectivity by decreasing
the permittivity, but at the expense of thickness (37) and is thus not
suitable for compact applications. A recently described multi-scale
"hybrid" structure offers a better compromise between EM absorption
and structure thickness (38). This last example highlights the importance
of structural organisation to exceed the current limitations and improve
the performances.

This thesis presents novel hierarchically organised multilayer
polymer structures, very effective for EM absorption in the typical
microwave  frequency range. We aim to maximise the
absorption/thickness ratio. Our strategy tries to combine to efficiency of
impedance matching absorbers with a drastically lower thickness through
a smartly arranged multilayer. The structures are obtained by stacking
conductive and insulating layers. The conductive layers can either be
obtained in the form of polycarbonate - carbon nanotubes (PC-CNT)
nanocomposite films or as CNT-based ink coatings on neat PC films. PC
has low relative dielectric constant in the GHz range (2.8). Compounded
with CNT, it offers durable mechanical properties (39)(40). Multiwall
CNT are also easy to disperse in this polymer (41). The effectiveness of
the multilayer structures stems from their gradient periodic arrangement.
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Indeed, a controlled gradient of conductivity across the stacked pile is
the key to their shielding effectiveness. The structures are easy to make,
very thin (thickness much lower than the centimetric wavelength) and
conformable. Despite their small thickness, they can, thanks to the
specific arrangement, absorb effectively over a broad frequency range
(see section V-1.2).

Yet it is possible to further extend the absorption/thickness limit.
The combined use of magnetic particles and conductive fillers drastically
amplifies the energy absorption because attenuation of the wave results
from the addition of resistive and magnetic losses. In this context, new
types of high-performance absorbers have emerged. They require using
magnetic nanocharges. The contribution of a magnetic substance can
come from carbonaceous nanostructures decorated by ferromagnetic
particles (42) or even embedding them (43). This method is however
limited because the permeability of the composites often is quite weak.
Nowadays, excellent results are achieved with ferromagnetic nanowires
directly implemented in a polymer matrix (44). In this thesis, we develop
hierarchically organised multilayers built from ultra-thin deposits of
Nickel nanowires on polymer films which prove highly effective for
broadband absorption at very low thickness (45). This allows us to get
closer to the ultimate absorption limit defined by Rozanov (46) as
explained later. We also propose in section III-1.2 the definition of a
figure of merit allowing to compare to each other performances of the
various absorbing structures developed in the thesis. The multilayers
proposed in this work have the advantage of a very simple process.
Moreover, they are "modular", ie. they can easily be restacked to
respond to a new frequency absorption target, without rebuilding them
from scratch.
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2. Development of electromagnetic

bandgap filters

The current compact and integrated telecommunication devices
require advancing EMI shielding solutions further than uniform broad
frequency absorption or reflexion. It is often necessary to selectively
absorb undesired waves while transmitting the signal in other frequency
bands (47). This requires organised structures with defined periodicity
(48), interacting selectively with certain EM frequencies (49), which fall
under the broad definition of metamaterials (50) as electromagnetic
bandgap (EBG) and Frequency selective surface (FSS).

2.1. Electromagnetic bandgap metamaterials

Electromagnetic bandgap metamaterials control wave propagation
with bandgaps designed to prevent propagation at desired frequencies
(51). The period size of EBG is directly related to the wavelength since it
is the key for creating constructive and destructive interference.

Based on the concept developed in 1987 that creating a periodicity
in dielectric materials could stop the propagation of waves at certain
frequencies, lot of work has been carried on the concept of photonic
crystals in order to create a so-called photonic bandgap material, more
generally termed as electromagnetic bandgap (52). Basically, a photonic
crystal is made of a periodic arrangement of inclusions having high
dielectric constant in a low dielectric template, and inhibits wave
propagation due to destructive interference from scattering on inclusions
of the equivalent lattice. 3D and 2D lattices have been investigated
extensively. Usually, structures used for GHz-EBG are intrinsically
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complex and sensitive to any fabrication defect (53). Most
photonic/EBG  structures operate at higher frequencies, typically
plasmon frequency (54), and they are also facing technical difficulties to
achieve stable and robust filters (55). A 2D-EBG structure is easier to
fabricate, since it possesses periodicity only in a plane (x-y), and is finite
along the third dimension (z). As a result, bandgaps are seen for waves
propagating in the plane, while propagation normal to the plane (z) will
not see any bandgap since there is no dielectric variation in the z-
direction. The declination to 1D-structures is obvious: structures being
periodic along a single direction will induce bandgaps for waves
propagating along this direction.

In the 2000’s, research extended to metallo-dielectric EBG
structures, obtained by replacing the periodic high dielectric constant
cavities by metallic inclusions. As a result, 2D-EBG metamaterials
typically consist in arrays of patterned conductive resonators placed on a
dielectric plate. These EBG metamaterials are designed to prevent the
propagation of an allocated bandwidth of frequencies, for certain arrival
angles and polarisations. Various geometries and structures have been
proposed but their use is limited to very specific applications (56),
requiring a small shielding surface only (57).

=\ -/ 4

(a) (b) S/

Fig. 4. Example of EBG metamaterial absorbing at 1.6THz over a wide range of angles
of incidence for both TE and TM radiation (58).

Our EBG metamaterials is based on gradient multilayers. They are
related to Jaumann resonators, improved by the use of materials and a
geometry that increase resonance mechanisms. Jaumann layers were
initially designed with purely resistive sheets and are normally metal
back-covered. In our case, the metal layer is removed since the signal
must be transmitted at the wanted frequency. The lossy sheets are
calibrated such as the thickness is proportional to A/2 for optimising
resonance depending on frequency (instead of broad absorption).
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Replacement of the typical air sheets with materials providing better
mechanical and EM properties such as high-e substrate, broadens the
design scope of the multilayers (see details in section V-4.1).

2.2. Frequency selective surface

Frequency selective surfaces (FSS) are a subclass of 2D-EBG
metamaterials that exhibit bandgap and passband depending on the
polarisation and angle of arrival of the incident wave. For example, a
periodic array of conductors will reflect incident waves at some
frequencies while remaining transparent to them at other frequencies.
FSS structures mainly contain arrays of metallic patches printed on a
substrate arranged in a two dimensional lattice (59), and have found
many filtering applications in microwave and millimeter-wave
engineering. Some examples are reflector antennas (60), radome design
(61), polarisers (62) and beam splitters (63). When active devices are
added to the unit cell of these periodic structures, a new group of such
surfaces called active grid arrays is obtained, opening the possibility of
externally controlling FSS characteristics (64). Some studies have been
reported on FSS containing ferrite (65), liquid (66) and chiral substrates
(67) in order to improve performance. The probably most widespread
application of FSS is the frequency-selective radar absorption (68).

The method developed in this thesis follows a multilayer concept
which is improved to get a high reflection at desired frequency. The
resonance is controlled thanks to the thickness and EM properties of
dielectric slabs sandwiched between two reflective layers. This FSS bears
some similarity with Salisbury screens except that used materials are
selected for maximising the resonance at one fixed frequency (see section
V-4.2). The FSS multilayers are built from strong and simple materials
such as natural ceramic which could be advantageous for concrete
applications.
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3. Development of polarisation controllers

Polarisation transformers have numerous applications, for instance,
radar/antenna engineering. A vatiety of polarisation transformers have
been described for different applications, such as circular polarisation
(CP) selectivity (69) (70), polarisation rotation of a linearly polarised (LP)
plane wave (71), and LP to CP conversions (72). Certain arrays of small
resonant particles have been previously used to realise an ultrathin LP to
CP transformer (73). The present work focuses on linear polariser for
microwave filtering by absorption. The waves with the selected
polarisation are transmitted while the others are absorbed.

As additional function, we also introduce a twist polariser. The
system forces the polarisation axis to rotate towards a predefined angle.
The scientific literature is quite limited in this radar application field. In
the next paragraphs, the state of the art in the domain is briefly described
and current solutions are compared with the working principle of twist
polariser multilayer developed in section V-3.3.

3.1. Linear polariser

Polarisers allow the transmission of only one polarisation state. A
linear (or plane) polariser transmits EMW polarised in a single plane. The
direction of the output polarisation is adjusted independently of the
input polarisation, through the proper rotation/orientation of the linear
polariser in the plane perpendicular to the propagation axis (see Iig. 5).
Four types of linear polarisers are known: dichroic, beam-splitting,
birefringent and wire-grid polarisers. A dichroic polariser is a material
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having different absorption for perpendicular incident planes (as an
example, a tourmaline crystal has a unique optical axis, and any electric
field vector which is perpendicular to that axis is strongly absorbed) (74).
Beam-splitting polarisers divide unpolarised incident light into two
orthogonal, linearly polarised beams (75). Birefringent linear polarisers
exploit the birefringent properties of crystals (such as quartz and calcite)
to split a beam of unpolarised light by refraction into two rays. Snell's
law holds for one of these rays, the ordinary, but not for the other, the
extraordinary (76). The three types of polarisers introduced above work
for visible light but are not able to keep their properties at microwaves.
Actually, the wire-grid polariser is the unique system working from radar
frequencies up to infrared (77) (78). This simple polariser consists of a
regular array of fine parallel metallic wires, placed in a plane
perpendicular to the incident beam (see Fig. 5). Electromagnetic waves
which have a component of their electric fields aligned parallel to the
wires induce the movement of electrons along the length of the wires.
Since the electrons are free to move in this direction, the polariser
behaves in a similar manner to the surface of a metal and the wave
component aligned parallel to the wires is reflected backwards along the
incident beam.

Wire grid
polarizer

Polarized
waves

/

Unpolarized waves

Fig. 5. Microscopic wire grids act as polarisers for centimetric up to infrared radiations.
Transmitted electric field oscillates perpendicular to the direction of the wires (77).

The concept of wire-grid polariser can be extrapolated to
anisotropic composite films showing a conductivity dependence on the
direction in the plane. It has been proven that a film (79) or a multilayer
(80) of oriented CNT acts as a polariser in terahertz. We have developed
multilayers polarisers for GHz-range based on oriented CNT and
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patterned CNT strips. The process of implementation is detailed in
section IV-2.1 and IV-2.3, and the experimental results are summed up
in section V-3.2.

3.2. Twist polariser

A twist polariser is a system able to change the polarisation angle of
the electric field of an EM wave. Fig. 6 gives an illustration of the
phenomenon. The literature proposes different designs for various
polarisation transformers at microwaves but there is no efficient way of
designing such devices (81). In optics, the phenomenon is commonly
used in the liquid crystal screen; it is the twisted nematic field effect (82).
For microwaves, T. Niemi et. al. has given a simulation of twist polariser
comprising an array of chiral elements, i.e. pairs of orthogonal canonical
helices (83). Our strategy consists to stack anisotropic layers at a constant
angle increment to force the electric field to rotate. The efficiency of this
twist polariser is discussed in section V-3.3 and some perspectives are
given trough simulations.

FOLARIZER AMNALYZER
GLASS GLASS

TWIST
POLARIZER

Fig. 6. Tllustration of a typical twist polariser. The polariser at the entrance filters a
horizontal polarisation and next the twist polariser forces the electric field to rotate
perpendicularly to the analyser plate. (84)
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4. Development of invisible cloaking

Invisibility has long been employed in works of science fiction and
fantasy, from "cloaking devices" on Bond's cat in Die Another Day to
Harry Potter’s magic cloak. But it nowadays begins to be imaginable
making devices with these properties. To achieve the feat of "cloaking"
an object, physicists have developed what are known as metamaterials,
some of which can bend electromagnetic radiation, such as microwaves
or even visible light, around an object, giving the appearance that it isn’t
there at all. This concept also includes acoustic cloaking for sonar
invisibility. A laboratory metamaterial device that is applicable to ultra-
sound waves has been demonstrated in January 2011 (85). It can be
applied to sound wavelengths from 40 to 80KHz. The metamaterial
cloaking mechanism bends and twists sound or electromagnetic waves
by intentional design in the same way the wave is deflected by the
surrounding material making the structure invisible. Research in the
electromagnetic field has started much earlier and corresponding papers
are much more numerous. The latest progress even shows the
proposition of an anti-cloak (86) which annihilates some effects of
invisibility cloak at a distance outside the cloaking shell (87).

The first artificial dielectrics in microwave engineering have been
developed just after World War II. Yet, there are already seminal
explorations of artificial materials for manipulating electromagnetic
waves at the end of the 19th century and later for optical frequencies
(51). In 2000, J. Pendry came up with the idea of bending light in such a
way that it could form a container around an object making the object
invisible. He wrote, with D. Schurig and D. Smith, the now famous
paper demonstrating the idea at the frequency of microwaves (88). This
idea has stimulated much recent work in the field of metamaterials. An
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experimental device rapidly validates the concept with a cylindrical
cloaking at 8.5 GHz (89) (90). However, a cloak that can conceal objects
across the entire electromagnetic spectrum is still decades away. Many
physics and engineering problems need to be solved.

The effective permittivity of the cloak must range between 0 and 1,
which means that no homogenous material can do the job (91). Hence
the targeted structures belong to the class of "metamaterials". Their
structure is however complex and their implementation is relatively
expensive. A current method involves the evaporation of a metallic
substance on a dielectric substrate with a specific pattern (89) (92) (93).
This yields effective systems with performance close to theoretical
prediction. However, the fragility of such structures makes them difficult
to use for large constructions such as an entire tower or wind turbine.
Our strategy is to replace the metal pattern on the substrate by a
hierarchical structure based on polymeric foam and CNT composite.
This approach has a strong advantage from the standpoint of simplicity.
Some published works confirm the ability of CNT-based structures to
control effective permittivity (94) or permeability (95) down to negative
values as required.
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Chapter III

Theoretical concepts
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Research conducted as part of this thesis aims to build and use
composites, mainly based on carbon nanotubes (CNT) and
polycarbonate (PC) to control the propagation of signals in two different
ways, namely absorbing/cancelling or deflecting microwaves. This
chapter first explains the strategy used throughout this thesis to
implement thin and highly efficient absorbers. It is confronted with the
state of the art through reflectivity measurements widely used in the field
of radar and stealth applications, and recommended for the application
of the formalism of Rozanov. The PC-CNT composites are structured as
gradient multilayers for optimal absorption. The absorption/thickness
ratio has been ultimately enhanced by the use of magnetic nanowires
instead of CNT. Those absorbers are quantified via a figure of merit and
situated to the Rozanov limit. The basic building blocks are then
modified in order to adapt the absorption spectrum to additional needs.
In particular, we analyse the requirements for electromagnetic bandgap
(EBG) filters able to absorb or reflect only wanted frequencies. A variant
of the composite with aligned nanofillers is also discussed. In the latter
case, we obtain a microwave polariser.

Besides absorption, the chapter also envisions the possibility of
deflecting the microwaves. The panel of developed composites correctly
orchestrated with polymeric substrate can force the microwaves to pass
around an object of any nature without disrupting the incoming
wavefront. The stack of composite films correctly guides the incident
waves through the coating without significant absorption. The theory
explaining the interaction between composites and polymer slabs is
described and illustrated by simulations. The stack in composite-polymer
bilayers is the key concept to engender a precise effective permittivity
and then control the deviation of the waves. The effective permittivity of
each bilayer approximates the wanted values by a right coordination
between polymer thickness and conductivity of the composite. This
method fills the condition for getting an invisible cloaking applicable for
radar waves. This method is discussed and compared with the current
research and development in this field in term of quality and EM loss.
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1. EMI shielding by absorption
and bandgap multilayers

1.1. Principles of electromagnetic wave propagation

Electromagnetic waves (EMW) have both electric and magnetic
field components, which oscillate in a fixed relationship with respect to
one another, perpendicular to each other and perpendicular to the
direction of energy and wave propagation (96). In vacuum, it propagates
at a characteristic speed, the speed of light in straight line. EMW are
emitted and absorbed by charged particles. The electromagnetic
spectrum is divided, for practical engineering purposes, into radio waves,
microwaves, infrared radiation, visible light, ultraviolet radiation, X-rays
and gamma rays. The eyes of various organisms are only sensitive to a
relatively small range of frequencies of EMW called the visible spectrum
or light; what is visible depends somewhat on which species of organism
is under consideration. The theory summarised in this thesis is applicable
to the entite EM spectrum but the investigation and application are
focused on radar waves (GHz-range).

In classical physics, we consider that an electromagnetic wave is
emitted when charged particles are accelerated by forces acting on them.
Electrons are responsible for emission and also absorption of most
EMW because they have low mass, and therefore are easily accelerated
by a variety of mechanisms. Absorption in materials is mainly due to
electron interaction. The following theory of absorption is based on
global material properties such as conductivity, permittivity and
permeability. Electrical conductivity is the ability of a material to allow
electrical charges to move freely, thus allowing the passage of an electric
current. Permittivity is a physical property that describes the response to
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a given applied electric field to a medium. At the microscopic level,
permittivity is related to the polarisability of the molecules or atoms
constituting the material. The permittivity of a material is a tensor since
the response of the material may depend on the orientation of the
crystallographic axes and reduces to a scalar in isotropic media. Magnetic
permeability characterises the ability of a material to change a magnetic
field, in other words, to change the magnetic flux lines. The magnetic
field influences the migration and/or reotientation of magnetic dipoles.
The combination of all those physical properties determines the
behaviour of a material in the presence of EMW.

An incoming wave on a typical slab-shaped obstacle can be
(partially) reflected, transmitted or absorbed as illustrated by Fig. 7. The
absorption index is defined by

_ Pabs _ Pin = Prer — Py eq. I1I-1
P P

where Py and Ppef are respectively the transmitted and reflected power.
For maximal absorption, a material with a low electromagnetic
transmission but also a low reflection must be chosen. Many structures
have been developed to attenuate EM transmission. The transmission
(also called attenuation) is mainly controlled by the thickness d and the
imaginaty parts of € (related to conductivity 6) and p (noted p'’) of the
component as shown by the following equation (97) :

iwd eq. 111-2
T = e—iu)d\/s_u — e—%\/srur . 1II

where w is the pulsation, ¢ is the speed of light in vacuum and i is the
imaginary number. Highly conductive components involve a high
imaginary part of €. which provides excellent extinction. On the other
side, the reflected power also increases with conductivity, drastically
reducing the amount of energy actually absorbed. Neglecting multiple
reflections, the reflected power is

eq. 111-3
Prer = |R|2Pin v

where R is the reflection coefficient at the interface with the incoming
wave, expressed as (98) :
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Reflection is minimal if &, is equal to p, which is 1 for non-magnetic
materials. Those mathematical considerations show that an absorber
must combine high conductivity and low permittivity. Unfortunately, no
simple material combines those properties. A clever arrangement of high
conductivity and low permittivity zones must be imagined. A stack of
successive dielectric and conductive layers stands out as an attractive but
little studied option to reach the aimed properties (99).

R =

low transmission low reflection

Fig. 7. Diagram of absorbers with low transmission or low reflection

In addition to the intrinsic properties of the material, the
arrangement of layers plays an important role for maximal absorption. A
stack where the conductive layers have all the same conductivity is not
optimal to minimise reflection. Indeed, the incident wave is reflected
significantly on the first conductive layers. A gradual increase in
conductivity lets the wave propagate deeper into the material (100). As
the wave progresses in the multilayer, reflection increases but it takes
place inside the multilayer. The energy is "trapped" between the internal
conductive layers with less outside reflection. A gradient of conductivity
of the conductive layers hence leads to a higher overall absorption due to
reduced reflected power. The direction of incidence becomes also
critical. Referring to the inset of Fig. 8, the incident wave must penetrate
the multilayer at the low conductivity end of the gradient, i.e. at port 1.
Reflection would be prohibitive for a wave incident at input interface of
port 2.
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A simple method based on chain matrix conversion simulates the
scattering parameters (S-parameters) and absorption index if the physical
parameters of each layer are known. S-parameters are relevant quantities
widely used in microwave measurements and analysis. They link, in
matrix formalism, the incoming and reflected waves and are helpful to
gain precise understanding of the electromagnetic behaviour of a
multilayer. We use an analytical model, implemented in Matlab software,
which is based on the theory and methodology detailed in ref (101). The
physical parameters such as conductivity, permittivity and permeability
of each layer are used to compute its chain matrix at each frequency.
Those matrices are next multiplied in order to simulate a stack of layers,
taking into account the thickness of the layers. The resulting matrix is
converted back into S-parameters. The absorption index defined above
can indeed be rewritten as a function of the measured or computed S-
parameters as:

eq. IT1-5
A= 1—|521|2—|S11|2 o

As an example, analytical simulations in Fig. 8 compare a few types
of absorbers composed of 12 conductive layers 5um thick, alternatively
stacked between 13 dielectric layers 300um thick. The conductive layers
of the first system are arranged in a linear gradient of conductivity (from
1 to 1999S/m by step of 181.6S/m) while, in the second system, they
have the same fixed conductivity. The average conductivity of those two
examples is identical and equal to 10°S/m. Fig. 8 shows a significant
difference of absorption in favour of the gradient multilayer.
Complementary simulations show the absorption index for the two
multilayers with constant conductivity fixed either at the maximum value
o =1999S/m or the minimum value o =1S/m. In the latter case,
conductivity is insufficient for significant absorption but, on the other
hand, high conductivity leads to reflection instead of absorption. A fine
balance of conductivity combined with a gradual increase is the most
efficient system.
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Fig. 8. simulation of a gradient conductivity stack compared with constant conductivity
systems. The systems have 12 conductive layers 5 um thick and 13 dielectric layers
300um thick. The inset shows a pile in gradient of conductivity of dielectric (white) and
conductive (grey) layers.

Making a gradient system requires producing a series of thin films
with finely controlled conductivity. In this research, we propose two
versatile solutions to this problem, one based on CNT-PC
nanocomposites and another using CNT water-based ink deposited on
PC substrates.

1.2. Limit and classification of absorbing structures

The Rozanov limit

The theory of absorption suggests at first glance that a perfect
absorber working at any frequency band could be created in such a way
that the coefficients of reflection and transmission are zero. This requires
basic conditions such as & = p, (see ¢q. [II-4) and as large as possible
imaginary parts of these quantities (see ¢g. [/I-2). However, these
coefficients cannot be selected arbitrarily because the frequency
dependencies of the real and imaginary parts of permittivity and
permeability of any actual material are correlated to each other by means
of the Kramers-Kronig relations (46). These relations imply that the
frequency dependence of material constitutive parameters prohibit the
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conception of a perfect absorber. The maximum absorption index can
nevertheless be calculated via the Rozanov equation.

The limit of a microwave absorber is determined by the Rozanov
method (46), which is often used for radar absorption. The formalism
assumes a plane monochromatic electromagnetic wave which is normally
incident to an infinite plane of perfect conductive surface coated with
the absorber. Indeed, the analysed samples have to be metal-backed to
reflect all energy towards the incoming port. The back side metal foil is
assumed to act as a perfect electric conductor to fulfil the conditions of
applicability of the Rozanov formalism. So, the reflection coefficient
R(A) contains all information about the absorbed energy as a function of
wavelength (no term of transmission is involved). The following
equation, built on Kramers-Kronig relations applied on R(A) (102) and
Fresnel theory (103) (details are given in ref (46)), shows the limit of
reflection of any material back-covered by a perfect reflector:

eq. 1116

f In|RQ) | d7x| < 2m?pd
0

where A is the wavelength, p and d respectively are permeability and
thickness of the absorbing material. This inequality eq. III-6 can be
readily extended to the case of a multilayer slab. Insofar as the thickness
of each layer is much lower than wavelength A, the multilayer slab can be
treated as a stratified medium and be characterised by the effective
permeability of each independent layer (103). Furthermore, the integral
must be reduced to a measurable range of wavelength (from 2; to Ag). It
quickly yields to the so-called Rozanov equation:

Af
f In|[R(A)| dA

A

< 212 Z Hndn eq. 11I-7
n

We impose an approximation here since, on one hand, the integral does
not apply any more over an infinite frequency range, and, on the other
hand, the wavelengths must be larger than the thicknesses d,. For those
reasons, the experimental characterisation is preferably performed over a
broad frequency range and with the condition: A > d. This is in
agreement with the recommendations of the Rozanov formalism. It
favours longer wavelengths and thinner samples which is by the way
relevant because it reflects the practical challenge to extend the operating
absorption spectrum. Current radar absorbers are known to have very
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high performance over a narrow frequency band (104). A narrow
absorption band is penalised as well a large thickness by the Rozanov
formalism (105). The integral of the reflectance over a given wavelength
range provides the upper theoretical limit for a given structure. We are
now able to locate an absorber with respect to the ultimate limit. The
multilayers of this thesis are compared to the Rozanov limit in section V-
1.3 and V-2.2. However, this formalism is not adapted for a general
comparison between different absorbers. So, a complementary
classification based on a figure of merit (FOM) is introduced in the next
section.

Classification of absorbers by a figure of merit

Performance criteria for absorbers depend on the targeted purpose.
In this work, we will concentrate on the range 8.2-67GHz corresponding
to the spectrum fully accessible with our equipment. The objective is to
maximise the absorption index for a minimal thickness of the
multilayers. It is then relevant to set the following formula as figure of
merit Q:

Q= }‘fA(:\) Qx eq. 118
Aj

where A is the wavelength, A(A) is the absorption index and t is the total
thickness of the multilayer. The factor of merit is higher for absorption
close to 1 over as large as possible a spectrum. Moreover, it is favoured if

the thickness is small. As reference, the upper limit of an ideal perfect
0.0321

absorber is Q = over the considered spectrum. Of course, no real

structure has the ideal property of absorption, and the equation ¢g. I1I-§
is unable to provide any physical upper limit. It is thus interesting to
compare a characterisation of the multilayers, in one hand, with the
FOM and, in the other hand, from the Rozanov formalism to know the
position with regard to the physical limit.

33



1.3. Electromagnetic bandgap (EBG)
absorption/reflection by EM resonance

The "simple" absorber is now modified to explore an avenue to
other applications. A multilayer absorber can be modified to open
narrow bands of reflection or absorption at desired frequencies. Such a
feature is possible by changing the geometric parameters of the
structures described above. Indeed, the choice for the thickness and
permittivity of the insulating films influences the position of the minima
or maxima in the absorption spectrum. Actually, the dielectric layers are
used to create a constructive or destructive resonance at a given
frequency. It can be considered that the basic structure of the filter is a
dielectric layer surrounded by two conductive films. The wave is partially
"trapped" in the dielectric layer acting as a resonator. The multilayer thus
forms a series of resonators in order to amplify the effect of each. The
conductivity of the conductive layers is adjusted so that the transmission
and reflection of the microwave is controlled. Two opposite behaviours
are possible via the multilayer EBG: either a broadband absorber with
narrow reflecting windows or a reflective coating with some absorption
peaks acting as a frequency selective surface (F'SS). Both are considered
below.

EBG with narrow reflection windows

This first type of filtering structure absorbs the entire spectrum with
the exception of a weak-absorption peak at defined frequencies. Actually,
the transmission is low for the entire spectrum; only the reflectivity
drastically rises on a very narrow band. In this work, the conductive
layers can either be obtained in the form of polycarbonate - carbon
nanotubes (PC-CNT) nanocomposite films or as CNT-based ink
coatings on neat PC films (see section V-4.1). Such structure can, for
instance, function as a prefilter for an incoming signal, e.g. on a parabolic
antenna. It is made from flexible and resistant materials conceivable for
large and outside application. Scientific literature is poor about EBG
with narrow reflection peaks. Researches have been done on this field
but they operate at much higher frequencies (106) (107). Some structures
have been performed for GHz range but they are complex and fragile
(7).
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The dielectric layers are the dominant building blocks in the creation
of narrow reflection peaks. It appears when their thickness is close to

n C
tup = 5 77—
2 f\/ €subMsub

where tgyp, €sup and WPgyp are the thickness, the permittivity and the
permeability of the substrate respectively, f is the frequency and n € N°
as demonstrated in ref (18). This condition implies a constructive
resonance between couples of conductive layers. The simulation in
Fig. 9a shows the evolution of weak-absorption bands as a function of
the thickness of the dielectric layers and frequency. The multilayer
consists of 8 layers of dielectric films sandwiched by thin conductive
layers which are stacked in a gradient of conductivity. For simulation, the
permittivity of the dielectric layer is 1 in order to maximise the global
absorption index (see section II1-1.1). Of course, the advantage gained in
absorption is lost in terms of total thickness of multilayer. On the left of
Fig. 9, S-parameters and absorption graphs are given for a dielectric
thickness fixed at 7.5 mm. The "fundamental" absorption peak appears
at 20 GHz, followed by its harmonics. Fig. 9¢ shows that transmission
(81, and S,)) is very low in high absorption frequency range; the reflection
S,; is weak except at resonance where the reflection jumps. The
variations of S;; are significant in dB and give the shape of the absorbed
power Py _,,.

eq. 111-9
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[%]

absorbed

thickness of dielectric [mm]

S-Parameters [dB]
“

Frequency [GHz]

/ J©
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30 40 50
Frequency [GHz]

Fig. 9. simulation of absorption according to frequency and thickness of dielectric layer
in (a). The multilayer is composed of 8 dielectric layers whose permittivity is 1. The 9
conductive layers are 6um thick and the average conductivity is 50 < o < 1800S/m for
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an average conductivity of 900S/m. The graphs on the right show the absorption index
in (b) and S-parameters in (c) for a selected thickness of 7.5mm.

The simulations in Fig. 9 are carried out with CNT composites and
polymeric substrates as shown in section V-4.1. The selection of the
thickness or permittivity of the dielectric layers allows a complete
freedom of the choice of filtered frequency.

FSS with narrow absorption peaks

The complementary structure possible is a filter absorbing one
frequency (and its harmonics) over the spectrum and reflecting the rest.
We adapt the previous structure so as to create some narrow
windows/gaps in the spectrum where absorption jumps. In our
implementation, the conductive layers are still CNT-based ink coatings
on neat polycarbonate (PC) films. The dielectric layers require a high
permittivity material in order to minimise the total thickness (see ¢g. 1I-
10). We use a high-& polymeric substrate or a ceramic such as concrete
or granite. Indeed, construction materials are very efficient to build
microwave frequency selective surfaces (FSS). The FSS built in this study
aims to shield the massively used band of 2.4GHz which corresponds to
Wi-Fi network frequency (see section V-4.2). The Wi-Fi frequency has
been chosen as an interesting and challenging illustration for microwave
FSS. Furthermore, the scientific literature is quite poor in this frequency
range. On the other hand, the MHz is relatively well controlled for
absorption (108) (109). FSS and EBG filters are mainly developed for
frequencies around plasmonic oscillations (110) or higher (111). Wi-Fi
shielding usually requires specific and particularly thick (usually foamed)
materials (112) without the advantage of the selection of a F'SS. The uses
of construction materials such as concrete or granite allow considering
large shielding areas at low cost.

For EBG with narrow absorption peaks, a gradient of conductivity
stacking is not optimal. The absorption peaks are significantly larger for a
system with constant conductivity. The dielectric spacers produce an
absorption peak at frequencies verifying

36



f = (1 Il) ¢ eq. 111-10
t

— 4=
4 2 sub+/ €subMsub

where tgyp, €sup and Hgyp are the thickness, the permittivity and the
permeability of the substrate respectively, f is the frequency and n € N.
This is the condition to induce an interference between two conductive
layers. Fig. 10 is a simulation of a multilayer composed of 4 dielectric
layers with high permittivity (¢ =10 and 1.2mm thick) sandwiched
between 3 conductive films (0 = 10*S/m and 6um thick). The other
wavelengths undergo a high reflection as shown by the S, parameter.
Note that the variations of S,, are minor in dB.

|
(%]

20 11

>
=]

-30 40

absorbed

S-Parameters [dB]

;

40 20

-850

L i i i L L I i H L
10 20 30 40 50 60 70 10 20 30 40 50 60 70

Frequency [GHZ] Frequency [GHz]

Fig. 10. simulation of a multilayer of 4 dielectric layers 1.2mm thick and whose
permittivity is 10. The 3 conductive layers are 6um thick and their conductivity is
104S/m.

The example of high absorption peaks in Fig. 10 shows the
feasibility of such an EBG with thin CNT composite films and dielectric
slabs. The method is of course applicable at other frequencies as proved
in section V-4.2 by Wi-Fi frequency filter. Our structure fills a significant
gap in the state of the art and offers an original and smart combination
of materials.

1.4. Operating on S-parameters

S-parameters are widely used to characterise the propagation of high
frequency signals into materials, electron devices, circuits and
communications systems. They describe the input-output relationship
between ports (or terminals) in an electrical system. In general, S

37



represents the power transferred from port m to port n in a multi-port
network. For instance, if we have 2 ports (called port 1 and port 2), then
S,, represents the power transferred from port 2 to port 1; S;; represents
the power reflected onto port 1 itself. Referring to Fig. 11, port 1 emits a
wave having a frequency f and intensity a,. The reflected intensity b, is
measured at port 1 and the transmitted intensity b, at port 2. It is then
possible to calculate the S-parameters, S,; corresponding to the intensity

. b . . b
ratio a—l, while S, corresponds to the ratio a—z. Port 2 also sends the same
1 1

wave in order to determine S,, and S,,.

al a2
Port 1 Port 2
b1 bz

Fig. 11. scheme of input and output ports of a vectorial network analyser

S-parameters are complex numbers taking into account the
magnitude of received energy (real part) and the phase of the wave
(imaginary part). The complex S-parameters contain all necessary
information to characterise a material. It means that it is theoretically
possible to extract from them the complex permittivity and complex
permeability (see paragraph III-1.6) or simply quantify the absorption
index. The S-parameters are measured by a vectorial network analyser
(VNA). It is used mostly at high frequencies, for a range from a few
MHz up to THz. The standard is using 2 ports (as shown in Fig. 11) but
an arbitrary number of ports can be used.

1.5. Simulation by chain matrix

Simulation of mono- or multi-layered materials is possible thanks to
a Matlab code developed at UCL. This routine simulates the S-
parameters based on the physical properties of each film. Each layer is
treated like a transmission line with associated characteristic impedance

Z. and propagation constant B (see Fig. 12). The layers are assumed
isotropic in the three spatial dimensions. 50 Q impedances atre placed at
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port 1 and 2 on each side ports to account for the internal reference
impedance of the Vector Network analyser (VNA).

medium 1 medium 2 medium 3 medium n

port 1 500 Zc Zc2 Zc3 Zen s port 2

Bt Ba.tz Ba.ts Br.tn
Fig. 12. equivalent circuit of impedances simulating successive media of a multilayer

Basically, we enter the values of relative permittivity €;., conductivity
o, relative permeability 4. and thickness d of each layer. The routine is
optimised to repeat sequences of alternating bilayers since they are the
key to an efficient absorption system (presented in paragraph III-1.1).
Layer by layer, the physical parameters are converted to a chain matrix
by the following equations:
( , o
g = €. —

EoW
iw cosh(yd)  Z.sinh(yd)

Y = —+/&WUr = 1
X c - T —sinh(yd)  cosh(yd)

Ho [Hr Ze
ZC = i
k sO Sr

Relative permittivity €, is treated as complex entity from the given & and

eq. HI-11

© values; relative permeability p,. may directly be introduced as complex
number. The propagation constant y and characteristic impedance Z. are
determined and used for the conversion into chain matrix T. The interest
of the chain matrices is the simplicity to simulate a series of impedances
by multiplication of matrices. Matlab is very efficient for the treatment of
matrices, hence computing the equivalent chain matrix goes fast. The
equivalent matrix Tioa Of the entire multilayer must next be converted
back to S-parameters. This conversion to S-parameters is done as
follows:

A B S S
Tiotal = (C D) = Stotal = (Szi S;z)
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Z, + B —CZ;Z, — DZ;  2(AD — BC){/R{Z,}R{Z,}

AZ, + B+ CZ,Z, + DZ;, AZ, +B+CZ,Z, + DZ,
2 R(Z0)R(Zna)  —AZy + B—CZ 7, + DI,

AZ, +B+CZ,Z, +DZ, AZ,+B+CZ,Z, +DZ, /

eq. 1I-12

where Z; and Z, are respectively port 1 and port 2 impedances (which
are 50Q here). The overall S-parameters are generally used to calculate
the absorption index of a multilayer. The direction of measurement is
significant for non-symmetric stacks of layers. The e¢q. III-5 gives
absorption for characterisation from port 1 to port 2, the absorption
index in the opposite direction is

g, 111-13
Ayy=1- |S12|2 - |522|2 “

S-parameters contain all the necessary information to know the
physical properties of the material being measured. The computer
processing to extract them is complex. The following paragraph focuses
on the mathematical development to detive &, ¢ and p, from raw S-
parameters.

1.6. Extraction of physical parameters from raw S-
parameters

S-parameters as measured by a VNA are four complex numbers (S,
S;5 S, and S,,) that describe the phase and amplitude in both directions
of the sample at each frequency. These values give the signature of the
material. It is thus possible to extract essential data to characterise the
produced films. This inverse calculation (in the usual sense of inverse
models) requires analytical equations that must be integrated into Matlab.

Nicolson model

A commonly used model is the method of A. M. Nicolson (113)
which has been completed by William B. Weir (114). The Nicolson
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method is useful for the measurement of the transmission and reflection
scattering coefficients of microwave networks by Fourier analysis. It is
demonstrated that the method can reduce errors due to mismatch of the
components of the measurement system. For very broadband
measurements with moderate resolution, the method has a potential
accuracy of about A+0.1 dB and A+1A°, with a significant reduction in
mismatch errors (113). W. B. Weir improves the model by solving the
inaccurate determination of the wave phase. The imaginary part of
propagation coefficient of a complex quantity is equal to the angle of the
complex value plus 27n, where n is equal to the nearest integer to the
ratio of the length of the sample divided by the transmission line guide
wavelength. The phase ambiguity is then resolved by finding a solution
for permittivity and permeability from which a value of group delay is
computed that is compatible with measured data at two or more
frequencies. Other models follow the same reasoning with a variant to
define the integer n. Indeed, the reliable calculation of n is difficult to
achieve. The code should yield a correct integer n in spite of the
unavoidable fluctuations of electromagnetic measurements. A bad choice
of n indirectly induces a jump of at least 2m in the imaginary part of
permittivity and permeability. That's why a lot of models have been
developed for approaching the correct phase angle. J. Huixin uses the
"phase jump" method to determine n (115), Y. Guang gives a new
method to get the reflection coefficient more exactly when the reflection
scattering coefficient (S;;) is too small (116). A.-H. Boughriet uses
improved equations for better agreement of the complex permeability
and permittivity with the sample (117). In this thesis, we use the method
of A. M. Nicolson supplemented by the method described in ref (118).
The complete mathematical derivation is given hereafter.

The extraction process of €., 0 and W, starts from S-parameters
provided by the VNA. For an isotropic material, these are defined as

(1-TH)R

Su(w) = 1 — R2T2 ¢q. TIL-14
(1—R3T

S2(0) =T Rere

where T is transmission and R reflection coefficient (detailed by eq. I1I-2
and ¢g. [11-4). We define
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= 1—S53(w) — 5% (w) «q. 1115
2511 (w)

The reflection coefficient becomes

R=X4++4X2-1 eq. 111-16

where the appropriate sign is chosen so that |[R| <1 (118). When R is
defined, we compute the transmission coefficient

_ S11+ 51 —R eq. 11117
1 - (Sll + SZI)R

Now that T and R are known, it is easy to find, thanks to e¢g. [II-2 and
eq. 1114, the following relationship:

( n 1+R
Cq = _ = —
! e 1-—R eq. 11118
. C 1
c2 = e = =i 410 7)

It then becomes possible to obtain the complex entities &, and p.. We
immediately see that there is an unavoidable ambiguity about the signs.
For instance, if & only is negative, the equations do not unambiguously
assign this sign to permittivity rather than permeability, and vice versa.
This method does not work for the materials of the so called "double
negative" or "left hand" region of the metamaterial chart. Indeed, if &,
and Y, are negative, the sign of ¢; and ¢, is necessarily positive and the
information is lost. Supplements to the Nicolson method found in the
literature often prove ineffective. At best, it is possible to determine the
correct sign of the physical quantities in each part of the spectrum but
the algorithm is not able to handle a change of sign in the spectrum. This
is unfortunately problematic for materials that go from negative to
positive permittivity as the frequency increases. On the other hand, the
undeniable strength of this method is its accuracy in terms absolute
values of € and M, and its robustness with respect to measurement
noise. Since the sign of these physical quantities is essential in the
context of this thesis, another method is discussed below.
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Kramers-Kronig based model

The second procedure invokes the Kramers-Kronig relations to
ensure the uniqueness of the solution (119). Indeed, this algorithm
provides the wave impedance and the imaginary part of the refractive
index with the right sign from S-parameters. It requires a cumbersome
iterative method based on Taylor series in order to determine the real
part of the refractive index. In addition, when the usual passive material
conditions J{e} = 0 and J{u} = 0 are imposed, the method cannot find
the material effective parameters for some frequency regions (120).
However, as it has been pointed out in ref (121), the magnetic and
electric dipoles induced in metamaterials are not independent of each
other, and the passivity condition can be fulfilled even when J{e} < 0 or
3{u} < 0. Relaxing this condition allows us to calculate effective
parameters in AC (119).

This second method starts from same ¢q. [II-74 for S-parameters.
The reflection and transmission coefficients are related to the effective
refractive index Nggr and effective impedance Zggr (906).

R = Zegr— 1
Zeff +1 eq. 111-19
_iNefrood
T=e ¢

It has been pointed out in ref (120) that the refractive index Ngg and
impedance Zqg are obtained by inverting eg. III-74 with the help of
eq. I1I-19. It gives:

( @ +S8y)? =85,

! Zeff == (1 _ 511)2 _ S%l eq. 111-20

1
2521(1-5%,+531)
a passive medium, the signs in e¢g. [[[-20 are determined by the
requirement

where X = Since the metamaterial under consideration is

R{Zerr} = 0 eq. 11121
S{Negr} < 0
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The value of refractive index Ngg can be determined as

C iNefo.)d iNeff(J.)d
Nefr = E((S {ln (e_ c )} + 2mn> —iR {ln (e_ c )})

eq. 111-22

where m is an integer related to the branch index of R{Neg}. As
mentioned above, the imaginary part of Neg is uniquely determined, but
the real part is complicated by the branches of the logarithm function. If
we separate the real and imaginary parts of the above expression (as
Neff = Negr + 1. Kegr), the refractive index and the extinction coefficient
become

Naer = + C=ng s +——C
eff wd wd eff

wd eq. 111-23
_iNeff(Dd

K = — C
eff (l)d

( ~ _iNeff(l)d
J € {ln (e ¢ )} 2mm s . 2mm
|

where ngg is the refractive index corresponding to the principal branch
of the logarithmic function. The parameter extraction procedure takes
advantage of the fact that the imaginary part of the refractive index is not
affected by the branches of the logarithmic function. Therefore, it can be
calculated without ambiguity. Knowing the imaginary part of the
refractive index, we can determine the real part thanks to Kramers-
Kronig relation. This relationship connects the real part and the
imaginary part of any complex functions. It provides for the real part of
N

2 (7 QKegr() eq. TI1-24
neff,KK((D) = EJ _Qze_ o2 dQ !
0

The integral is bound between 0 and oo following the theory. Actually, it
is impossible to measure S-parameters over the entire frequency range.
The integral must be truncated and the Kramers-Kronig relations yield
an approximation of the refractive index. For accuracy, the range of the
integration should be as large as possible. On the other hand, if the
frequency range becomes too large, we may reach a point where the
concept of effective parameters is no longer meaningful when the guided
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wavelengths are on the order of the characteristic dimensions of the
metamaterial structure.

The integration of eq. [[[-24 can be performed numerically by
applying the trapezoidal rule of integration. The branch m is computed
by substituting the refractive index predicted by the Kramers—Kronig
relation. We use the Matlab function rwund to determine the nearest
integer for m

wd eq. 111-25
2Tc

m = round ((neff,KK - ngff)

So, the closest value predicted by the Kramers-Kronig relation is
selected to calculate the refractive index. The branch number m is
substituted in ¢g. [II-25 to get the right value of the refractive index. The
algorithm then checks the continuity of the refractive index Neg. A
discontinuity close to the limit of the calculation zone may be caused by
the truncation error in the Kramers-Kronig integral. If the discontinuity
is far from the limits of the covered frequency range and the
discontinuity is persevered even when the frequency interval of the
simulation is increased, this indicates that the limit of the effective
medium theory has been reached (119). We finally obtain the complex
form of €. and p; by the relations:

rNeff = Erly

Hr
&r

eq. T11-26
Lzeff =

Discussion of the models

Both models presented above have each advantages and limitations.
Nicolson's model is very accurate and stable even with a very small
number of measurement points. Ten points often are enough to give a
graph well-fitting input values. However, the model is unable to handle a
change of sign of permittivity or permeability. The passage of € (or L)
from negative to positive values implies a wrong overall estimate of three
physical parameters. The Kramers-Kronig model overcomes this
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ambiguity by determining exactly the real part of the refractive index.
However, the accuracy of neg depends on the integer m, itself extracted
by the Kramers-Kronig integral. This integral is defined on a finite
frequency range and generates imprecision. We see here the limits of the
model. If m is poorly determined, the following operations will be
inaccurate. The model has therefore been consolidated to minimise the
risk of choosing a wrong m branch.

Nicolson's model is completely reliable in a wide range of cases.
Typically when €. and W, are constant, this model is the most suitable.
Nicolson's model gives only the absolute value of €. and p, while the
Kromers-Kronig model remains reliable up to the sign. The Kamers-
Kronig code is preferably used for its ability to manage complex
behaviour of €. and p,. The reliability of this model is controlled by
analysing the behaviour of the intermediate calculations, i.e. the real and
imaginary part of Zeg and Negg. If they do not undergo unexpected jump,
it means that m branches have been properly determined. In practice,
both models are used to exploit all information. Let's assume an
extraction of &, ¢ and . graphs via S-parameters. If both models agree,
reliability is anticipated. On the other hand, the situation can be that the
Kramers-Kronig model displays one or more jumps in those extracted
graphs. It is then obvious that the areas of disagreement with the
Nicolson model are due to a wrong choice of the m branch and the
analysis must take into account that the Nicolson model displays the
absolute value of the material parameters. The ideal extraction procedure
runs the two models in parallel. For each S-parameter extraction, a
comparison between the models is carried out in order to estimate the
reliability. The majority of the measurements obviously give identical
results with both models. For those rare situations where a part of the
spectrum raises a question, additional simulations are performed to
disambiguate the results.

1.7. Nanoparticles-polymer composites

The efficiency of composites for EMI shielding is strongly related to
the nature of the charges (always called "fillers" in polymer science
literature), their concentration and their dispersion. They must be
conductive to qualify for absorption enhancement. The aspect ratio also
plays an important role in the creation of a percolating network. Slender
nanocharges facilitate percolation at a lower concentration. The selection
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of the charges in terms of nature, shape and affinity with the polymer
matrix 1s thus primordial for maximal efficiency, ie. sufficient
conductivity at the lowest possible filler concentration. High filler
concentration is indeed almost always linked to reduced mechanical
properties and increased cost.

Efficiency of nanowire charges in
polymer composites

Polymer nanocomposites are a new class of hybrid materials that are
particle-filled polymers in which at least one dimension of the dispersed
component is below 100nm. The reduction of particle size obtained in
such materials increases the specific surface area of the filler, providing a
larger matrix/filler interface and so more mutual interactions (122). As a
result, a large reinforcing effect may be reached at much lower filler
content when compared to classical microcomposites (123). Besides, the
geometrical shape of the particles plays an important role in determining
the properties of nanocomposites (124).

Three types of nanocomposites are distinguished depending on how
many dimensions of the dispersed filler are in the nanometric scale (see
left schemes on Fig. 13). "Zero-dimension" charges such as carbon black
or isotropic inorganic nanoparticles need a high concentration to
percolate (31). Intuition suggests (and theory shows) that anisotropic
nano-objects will be more effective to create a connected network
through the matrix. Fig. 13 compares the conductivity of a polycarbonate
composite reinforced with 5% by weight of carbon black (0D), carbon
nanotubes (1D) or exfoliated graphite (2D). Conductivity is measured in
the AC regime to fit with further investigations explained in details in
section V-1.1. The highest effective conductivity at a given nanofiller
concentration is found for carbon nanotubes (CNT) whereas graphene
has a higher intrinsic conductivity than CNT. The concentration
threshold for high electrical conductivity is indeed the lowest for one-
dimensional particles (125). Large platelets such as graphene
nanoplatelets (GNP) do not as easily create an electrical network. We say
that the network is percolating or not. GNP needs a higher
concentration to reach the percolation threshold. Carbon black (CB) is
even less effective to percolate as shown by Fig. 13",

! polycarbonate-carbon black composite was provided by A.-C. Baudouin.
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Fig. 13. representation (on left) of the three types of nanocomposites: 0D
nanoparticles, 1D nanotubes/nanowires, 2D nanosheets. Conductivity in AC regime is
given for polycarbonate (PC) composite reinforced with 5%wt. of carbon black (CB),
carbon nanotubes (CNT) or graphene nanoplatelets (GNP).

The wire-shape is the best choice for electrical percolation at low
concentration (125). The nature of the particles also plays an important
role in effective conductivity. Carbon nanotubes are excellent conductors
and their aspect ratio is of the order of 102 They have an exceptional
mechanical strength and they are relatively cheap (126). Metallic
nanowires (such as gold nanowires) present interesting properties too.
Their conductivity is more or less comparable with that of CNT
(depending on the type of CNT). Their aspect ratio reaches the same or
even higher values (details in section IV-1.2). Metallic nanowires-
polymer composites are analysed in the section V-2.4. Besides the nature
and aspect ratio of the charges, their dispersion inside the polymer
matrix is preponderant. The challenge is to disperse homogeneously and
bypass the attractive forces favouring the formation of clusters.

Dispersion in polymer matrix

The dispersion of CNT or nanowires is crucial for electrical
percolation at an acceptable concentration of the conductive loads. The
fillers should be homogeneously dispersed through the entire matrix. It
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is necessary to overcome the van der Waals (vdW) attraction to avoid
segregation of clusters of fillers. In the case of CNT, vdW interactions
are due to the high polarisability of the tubes. Depending on the CNT
size and mutual orientation, the vdW attraction can act on distances up
to a few nanometers (127). It is therefore essential to tackle the
mechanisms of interaction in order to select an appropriate polymer and
manufacturing process.

Thermodynamics shows that entropic effects are dominated by
conformation loss of macromolecules close to the nanotubes, and that
enthalpic effects are dominated by van der Waals interactions for native
nanotubes (128). The vdW interaction between two mesoscopic
cylinders of length L, radii ry and r, and separated by a short distance D
are given for parallel and perpendicular case. The Van der Waals

. . . .. . ow
interaction energy W can be derived in interaction force Fas F = — D
TWO PARALLEL
CYLINDERS  _.-* W= — A 12
124/2D3T1 T 12

I/ ”~ -
R, i ;
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/ S A rirp
( }@;’x@ﬂf F=

" , 8V2D5 . |I'1 t T2

R, R, ®D
A
CROSSED CYLINDERS
(,\‘\ 5 W = —6A—Dw/1‘1r2
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‘—'js(.)w k= _W VI1t2

Fig. 14. configurations of parallel and perpendicular cylinders with the corresponding
interaction energy and force (127)

Fig. 14 provides equations for the interaction energy W and force F
between the cylinders, where A is the Hamaker constant. It is defined as
A = %Cp, p, where p; and p, are the number of atoms per unit volume
in the two bodies and C is the coefficient in the atom-atom pair
potential. The Lifshitz theory allows evaluating the vDW interaction
between particles and the influence of the neighbouring particles while
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ignoring the atomic structure and treating the bodies as continuous
media (129). According to this theory, the Hamaker constant is
calculated based on bulk properties such as the dielectric constant e, and
refractive index n. The Hamaker constant evaluated according to this
theory applies for all media, as opposed to the conventional expression.
The development of this theory is not presented here but can be found
in the very complete references (130) and (131) or in (127). The
corresponding equation for the Hamaker constant for two identical
charges in a polymer is

2 2
3 &fil — Spoly 3hfe (nlgil - nrz)oly) eq. 11I-27
A = ZkBT —8 + e + \/— 2 2 3/2
fil poly 16vV?2 (nfil + npoly)

where kg is the Boltzmann constant, T is temperature, h is the Plank
constant, f, is the main electronic absorption frequency in the UV
(typically around 3.10"s™), e and Epoly are respectively the dielectric
constant of filler and polymer and ng; and nyg)y are respectively the
refractive indexes of filler and polymer. As a first observation, A is
always positive and therefore the interaction force I is negative between
the cylinders which implies attraction. The permittivities of the chosen
polymer and nanofiller must be as close as possible to minimise the
Hamaker constant. The same applies for the refractive indices but they
vary relatively little from one polymer to another; this is therefore not a
major selection criterion. The dielectric constant of the carbon
nanotubes is unknown. The transverse dielectric constant for most
carbon nanotubes (metallic or semiconducting single wall CNT) is of the
order of 10 (132). The longitudinal dielectric constant is of the order of
1000 and 30 respectively for metallic and semiconducting single wall
CNT. The value for multiwall CNT is located somewhere between those
extremes (133). In short, gcyr is very high, and much higher than the
permittivity of polymers in generall Hence, in order to minimise mutual
CNT attraction in a polymer matrix, we must chose a polymer with as
high as possible dielectric constant. Experiments previously performed®
have shown that polycarbonate (PC), polyvinyl chloride (PVC) and
polymethyl methacrylate (PMMA), whose €, is respectively 3, 3.4, 3.5 in
the low frequency limit (DC), are characterised by a good dispersion of
multiwall CNT. Conversely, the dispersibility in polypropylene (g, = 1.5)
is very bad. In this thesis, polycarbonate is used for all composites

2 collaboration of UCL (A.-C. Baudouin) and ULg (J.-M. Thomassin, C. Detrembleur,
C. Pagnoulle, R. Jérome)
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because the CNT dispersion is particularly suited for the desired
electromagnetic response. Percolation is quickly obtained and the
contacts between CNT provide adequate conductivity.

Conditions for electrical percolation

Percolation is a physical process that describes the brutal transition
of a system from a dispersed to a (co-)continuous structure and the
corresponding properties changes. In this study, we focus on electrical
percolation, or the insulator-conductor transition of a material. The first
systems studied from this standpoint in literature consisted of a mixture
of conductive and insulating powders, e.g. a blend of polymer and
carbon black. The corresponding percolation threshold was found to be
very high p.=0.30 (134). As the challenge is to minimise the
percolation threshold, CNT or metallic NW are excellent candidates to
improve over carbon black. We will first approach the general
percolation theory and next try to adapt it to the wire-shaped fillers in
order to predict percolation threshold and extrapolate precisely the
conductivity as a function of filler concentration.

Let's consider a general percolation system using a grid of sites
where each site of the lattice is either in an open state (black point) with
probability p, or in a closed state (empty site) with probability 1 — p (see
Fig. 15). One possible outcome is presented in Fig. 15b where we can
observe the formation of clusters, which are not satisfying the condition
for percolation. A system is percolating if a path connecting the
boundaries via the open sites exists (see Fig. 15c). For a large network,
the conductivity is zero if the network does not percolate, namely when
p < p.. Forgetting contact resistances between particles, conductivity
theoretically tends to the value of the bulk filler when p is significantly
higher than p. (135).

Bond length
>

(@) (b) (c)
Fig. 15. Grids of sites with open or closed state. (130)
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The theory of percolation assumes that the fillers are spheres
randomly dispersed in a matrix. This basic model neglects the shape
factor and the potential interaction between fillers. However, it is well
known that the morphology of conductive fillers has significant effect on
the formation of conductive network and the electrical properties of the
composite (137). A theoretical study has been devoted to compare the
effective conductivity of the composites reinforced by graphene
nanosheets (GNS) or CNT (138). Surprisingly, experimental
investigations on polymer composites using CNT or GNS have shown
different results while the conductivity of their fillers is similar. These
contrary results can be attributed to a gap in the current models to
consider all parameters involved in the formation of a percolating
network. The aggregation of fillers can be incorrectly estimated (139).
The percolation threshold of one-dimensional fillers (as CNT or NW) is
sensitive to aspect ratio (140). For the two-dimensional fillers (as GNS)
or aligned CNT (141), the percolation threshold and conductivity
depend on the direction of measurement (142). Moreover, there are
many kinds of contact between GNS in a composite: plane to plane,
edge to edge (cross or parallel) and edge to plane, among which we can
imagine only the plane-to-plane contact is helpful for electrical transfer,
while overlapping contact among CNT is the main way in electrical
transfer and ensures a high conductivity (139). The factors mentioned
above make the modelling of percolation very complex. Actually, at
present, no consistent theory is able to model the behaviour of the
conductivity as a function of the filler concentration. Experience shows
that the correlation between the probability theory of percolation and
measured conductivity is only partial (143). The most commonly
accepted laws are strictly experimental (144). Empirical power laws are
reported in literature to yield reliable fits to experimental data together
with an estimation of the percolation threshold for most nanoparticles
(143). We will use the formulation:

eq. I11-28

0= k((b - q)c)u

where k and p are fitting constants, ¢ is the weight ratio of
reinforcement and ¢ is the percolation threshold (143). The constants
k, p and the percolation threshold ¢, are defined by fitting experimental
data. The formula is applicable for ¢ > ¢, otherwise o is assumed to be
equal to the conductivity of the dielectric matrix. Fig. 16 illustrates a
typical graph for a polymer matrix blended with wire-shaped conductive
particles.
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Log (conductivity (S/cm))

Volume Fraction

Fig. 16. example of the evolution of conductivity as function of volume fraction of
conductive fillers. No conductivity is observed below the percolation threshold, beyond
the conductivity follows an experimental power law.

The experimental law (eq. [II-28) is used in this thesis for fitting
independently DC and AC conductivity. In practice, a series of
measurements are displayed in a graph and the free parameters are
determined by the best corresponding fit. The equation provides an
approximation of the percolation threshold and a reliable estimate of the
conductivity between experimental points. The percolation theory is a
useful tool to determine the best concentration to use in order to
produce a composite having the desired conductivity for a given EM
application and is used in this work.
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2. Invisible cloaking

Recent research focuses on deflecting microwaves rather than
absorbing or reflecting them. Pendry et al. (88) and Leonhardt (145)
found that the electromagnetic field can be controlled, bent around an
interior region and return to their original propagation direction without
perturbing the exterior field. Deviation of an EM wave can be achieved
by surrounding the structure to be hidden by a shield consisting of layers
with a precisely controlled gradient of effective permittivity and
permeability (88). Numerous theoretical, numerical and experimental
developments have been reported in the last few years (146) (147). The
key idea of cloaking is to expand one point or a line segment into a
circular or spherical cloaking space. The derivation of the material
parameters of the cloaking layer follows the conventional route for
design of cylindrical cloaks. The mathematical development is first
detailed in the next sections. The method of implementation is
afterwards described for a cylindrical invisible cloaking.

2.1. Working principle

Invisible cloaking can be considered if it is possible to generate a
curved coordinate system containing an internal region void of EMW.
This internal region will be invisible to any incoming radiation A simple
way to visualise this is to lay out the curved coordinate lines in the
original ~ Cartesian  coordinate system. Consider a coordinate
transformation from the Cartesian space x! where i =1,2,3 into an

. . . ! .
arbitrary deformed space described by coordinates x',i' =1,2,3.
Quantities in the corresponding spaces can have physical meaning when
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they satisfy corresponding governing equations. Although the two spaces
are mathematically identical, we would like to distinguish them by names
of virtual space and physical space, respectively, according to their roles.
Quantities in the physical space are given notations with prime; while no
primes are associated with the virtual space. A spatial region in the
Cartesian space that is not passed through by any curved coordinate lines
is a void — invisible- region. This situation is illustrated in Fig. 17 with the
coordinates before (a) and after transformation (b). The material outside
S, remains the same in Fig. 17a and Fig. 17b due to the identity
transformation in that region of space. In Fig. 17b, a void region has
appeared corresponding to a point of zero size in the original coordinate
system shown in Fig. 17a. The annular shape bound by S, and S, in
Fig. 17b is electromagnetically equivalent to the region bound by S, in
Fig. 17a. However their material parameters are different owing to the
change of coordinates. A medium obtained through coordinate
transformation, such as the illustrated annular shape, is referred to as a
transformation medium. So, hiding objects becomes possible since light
will be unable to penetrate the void region. In the case where the original
space is empty, the resulting transformation medium is an object with
anisotropic material properties, which is invisible and at the same time
provides shielding to other objects enclosed in S,.

@)
Fig. 17. Illustration of coordinate transformation leading to the cloaking of an arbitrary
shape. The original Cartesian coordinate (a) is transformed (b) to introduce an invisible
region Sz by the medium constituting a cloaked between Si and So. (148)

56



2.2. Mathematical derivation

The mathematical approach to cloaking can be very general and
applicable to a large variety of shapes. As the implementation in this
thesis is focusing on a cylindrical shape, the mathematical development is
performed for this particular case.

Coordinates transformation

The theory of electromagnetic transformation requires consideration
of Maxwell's equations in arbitrary coordinates. This means that the
natural mathematical language of transformation media is that of
differential geometry, the mathematics that are used to describe curved
spaces. The derivation of electromagnetic transformation is largely
treated in ref (149). The starting equations are valid in an arbitrary spatial
coordinate system defined by x! where i = 1,2, 3. The transformation is
performed to another set of coordinates distinguished from the original
by a prime such as Xi’,i' =1,2,3. We can always switch between the
Cartesian coordinates {X,y,z} and cylindrical polar coordinates {r, 8, z} by
using the following relationships:

{x} = {xy,2} x'} = {r,0,2
X = r cosf r=.x2+y? eq. 111-29

y = rsin6 ® = arctan (X)
7Z =17 S X

We introduce at this point the Einstein summation convention. A
summation is henceforth implied over repeated indices, in a product or
differential operation, which makes notations much more compact.
Summations are generally over a pair of indices in which one index is
subscript and one is superscript. An example shows the concept
hereafter:

3
aibi £ Z aibi = a1b1 + azbz + a3b3

i=1

eq. 111-30

The Einstein range convention is also introduced. It means that a free
index is understood to range over all possible values of the index.
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Indeed, we already wrote x! implying {x!,i = 1, 2,3}. The summation and
range conventions together allow an economy of notation as shown in
the following example:

3

aly 2 Z alie k=123

i=1

eq. 1I-31

) : .
The set of coordinates x' and x' are of course related by the
chain rule for differentials:

r . aXi r
! dx' = —.,Xm
ox! eq. 111-32
I i _ ﬁ i
kdx = dx

Differential operators follow the same rule:

o ox' 0

axi’  oxi' ox! eg. 11-33
9 oxi 9

\oxi  axi gx

The transformation matrices corresponding to those operators are noted

1 ! . . . . . .
Ji and J{. The prime indices are important to differentiate the set of
coordinates.
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ox 0x 0x
ax oy o7
j _ox 10y dy dy
=57 T dy a7

dz 0z 0z
ox' dy' 0z’ eq. 11134
ox' ox' 0x
Jx dy 0z

¥ = ox!’ B I dy' ay ay I
'oxl | ox 9y oz |
dz' 9z a7

&ayﬁ

The matrix of first order partial derivatives is called the Jacobian matrix.
In vector analysis, the Jacobian matrix is a matrix associated with a
vectorial function at a given point. In the case of a curvilinear
coordinates system, we cannot define the system base globally. The
vectors of base e; vary with x' coordinates of a point. However, the
Jacobian matrix | provides a linear approximation of this type of
transformation in the vicinity of a point; the local base (eq,e;, e3) is
simply the triplet of tangent vectors to the coordinate axes. For example,
the application of the theory to a Cartesian to cylinder transformation
(referring to eq. 111-29) gives to following matrices:

. cos® —rsinB 0 s
cylinder to Cartesian: ~ Ji; = | sin®@ rcos® 0 eq. 11135
0 0 1
cos® sinB O
Cartesian to cylinder: ]ii’ = — ﬂ cosd 0 eq. II-36
r r
0 0 1

. . i i’ . .
This makes sense since Ji and J{ are the inverse to each other. It is easy
Co b . .
to prove that JyJj = §j, with §; the Kronecker delta, because dx' =
TS U U U
]iIdX = ]i’]j dx’.

Of course ¢q. [I1I-32 and eq. I1I-34 can be written in compact form
dx' = Jidx"" and dx' =i dx!. The Jacobian matrix ] provides a local
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linear approximation of the transformation. The metric tensor G is now
introduced to allow calculation of scalar products of the local tangent
vectors. This is equivalent to calculate J*] (150). The metric tensors G
under the Cartesian coordinate system are simply 6;; and 8 but under a
curvilinear coordinate system, G is determined through transformation

gij = Iililjl"skl or G=(Ht ]t eq. 111-37

Those relationships can be used for coordinate system transformation
and tensor transformation. In the course of this section, we have given
all useful equations to open a void space for EM waves thanks to the
invariance of Maxwell's equations.

Invariance of Maxwell's equations

The method of coordinate transformation can be used to impart a
curvature of space (i.e. to generate the closed void volume), but also to
calculate the field profile in the transformation medium through
Maxwell's equations. Thanks to concepts introduced in the previous
section, we are now ready to treat the electromagnetic transformation,
namely, the form invariance of Maxwell’s equations. Two spaces are
treated in parallel, the virtual space and the physical space. The two
spaces are univocally related by the coordinate transformation but play
different roles when EM fields are introduced. The virtual space is
assumed to be filled with an anisotropic medium and its constitutive

complex e and p parameters. The EM fields characterised by E, B, H and

B in this medium follow a trajectory depending on e and . satisfying
Maxwell’s equations.

VXE=——
at
v —9 7 eq. 11138
at

where E and H are respectively the electric and magnetic fields, D and B
are respectively the electric and magnetic flux and J and p are respectively
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the current and charge densities. The set of ¢g. [I]-38 must be completed
by the constitutive equations for full determination of the system:

{D = g,€ eg. 111-39

In all generality, permittivity and permeability € and 1 are order 2 tensors
represented by 3x3 matrices. The tensors are physical quantities
independent of the coordinate system but their matrix representation
depends of course on the vector base. The trick to create the illusion of
cloaking is to act on the tensors € and fi to force the fields E and H to
take a desired path. By using the invariance of Maxwell’s equations under
coordinate transformation, we attempt to construct a set of EM fields in
the physical space, different from those in the virtual space, that
preserves the form of Maxwell’s equations and produces the desired EM
behaviour, i.e. a closed cylindrical void space at some location (151). The
medium specified by the new set in the physical space is called a medium
transformation. That’s why this space is called physical space while the
other space is called virtual spacel!

We first need to find the correspondence between the EM field in
the physical and virtual space by using the form invariance of Maxwell’s
equations. This is detailed in ref (151). The resulting equations are listed
below:

(E'=()'E

D' =det(J"1)]D

H =g HtH eq. 11140
B' =detJ™) JB

J =]detJ "7

\ p' =det(J™")p

In order to keep such invariant forms, the permittivity and permeability
tensors must fulfil the following conditions:

{ g =det"H)JEJ eq. 11141
H=det"HJH]J"
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The electromagnetic transformation is possible thanks to the covariance
property of the Maxwell's equations. Indeed, the tensors can be
decomposed as a linear combination of tensor products (152). In the
next paragraph, we develop the toolboxes which allow us to define the
conditions for invisible cloaking.

In the formulation of electromagnetic transformation, the relation
between the two spaces is often characterised in Cartesian coordinates
systems. However in many situations, other orthogonal coordinate
systems (such as cylindrical and spherical coordinate systems) are more
convenient for practical shape description. The Cartesian formulation of
electromagnetic transformation becomes awkward in these situations.
Here, we will build a formulation based on a cylindrical coordinate
system which is more suited for our study of invisible cloaking.

The physical and virtual spaces are described by two orthogonal
coordinate systems. The permittivity tensor in the virtual space
orthogonal (cylindrical) coordinate system must be derived from the
permittivity tensor in the physical space Cartesian coordinate system by
the tensor transformation rule:

eq. 1142

where T is the Jacobian matrix of the coordinate system change. The
permittivity tensor € can now be transformed by the medium
transformation. For that, € is substituted in eg. I[I[-47 to give the desire
tensor € providing the conditions for invisible cloaking.

F=T1¢T =dettM)MT LET M q- 143

In order to avoid any confusion between two kinds of Jacobians, we
note here T the Jacobian matrix of coordinate system change (eg
Cartesian to cylindrical coordinate system), and M is the matrix of the
medium transformation. The matrix M can be decomposed as M =
T'71J T where ] is the Jacobian matrix of a transformation between the

orthogonal coordinate systems (eg. the conditions for cloaking inside a
cylinder) (151). The eq. 11143 is then simplified to:

g =detM )T YTTrETTE (T
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The permittivity tensor in an arbitrary orthogonal coordinate system can
now be expressed with the help of the metric tensor G (see ¢q. [1I-37):

7 =det(MM 1) GJEJtG ! eq- 145

The covariant permittivity tensor is finally completed to take into
account its covariance (more details are given in ref (151)). This provides
the final equation of the permittivity tensor:

, _ SESt

£ eq. 11146
T det(S)

L _1
where S=G2]G 2

For convenience, the detivation of the permeability tensor fI was not
developed because it is similar to € This concludes the mathematical
formalism needed to open any void area in any medium. The theory is
applied hereafter for a cylindrical cloak of invisibility.

Cylindrical invisible cloaking

Let's apply the theory to the current case of invisible cloaking: the
cylindrical cloaking. We consider a cylinder with a virtually empty
domain in its centre. The invisible zone is constructed by compressing
EM field lines initially present in a cylindrical region r< b into a
concentric  cylindrical shell a<r'<b. Fig. 18 illustrates the
transformation.

Fig. 18. coordinate transformation from a cylindrical region r < b into a concentric
cylindrical shell where @ < r’ < b. The z and 6 coordinates are unchanged (92).
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Here we consider a generalised coordinate transformation in
cylindrical coordinates in which r’ = f(r) with f(a) =0 and f(b) = b,
while 0 and z are kept unchanged. The transformation works by using
the following equations:

b-a
r'=—r+a
b eq. TIT47
=29
7' =7z

where a and b are respectively the radii of the inner and the outer
cylinders. For 0 <r < b in the transformed space, we obtain the values
for a <r' < b. The Jacobian matrix of the transformation is

EOO
_b

J=10 1 o
0 0 1

eq. 11148

To proceed further, the Jacobian matrices of the cylindrical coordinate
system and the transformation must be found too. Referring to eq. I111-36,
the transformation from Cartesian system to cylindrical system is the
matrix:

cos® sin® O

sin@ cosO eq. 111-49
T = — O eq.
r r
0 0 1

The metric tensor G obtained thanks to eg. III-37 for this transformation
is defined as:

1
Gl=TT'=(0
0

1 0 O
G=(0 r* 0
0 0 1

The S matrix (introduced with eq. [[[-46) and its determinant is quickly
calculated:

oulro
= O O

eq. I11-50
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0 O

eq. II-51

S = and det(S) = ===

ba

b

0 = 0
r

0 0 1

The permittivity tensor is then revealed by using the eg. II[-46 and

eliminating the radial variable r.

;o ri 2 |
Er_b—a'r’l\ 0 (r_ Ol
)
’ 0 0 1 eq. 111-52
r—a
(= o o )
r
I 0 |
B r' —a
0 0 r’—a( b )2
r \b—a

This result is available for the permittivity tensor and also for the
permeability tensor since the mathematical process is obviously similar.
We know now how to modify € and [ tensors in order to deviate E and
H fields as shown in Fig. 19. We consider, for ease of illustration, that
the systems are two-dimensional.

(a) (b)

Fig. 19. In the case of a right-propagating plane wave with E, polarisation, the electric
field distribution is drawn before (a) and after (b) transformation (149).
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The conditions on € and [ tensors for cylindrical cloaking can be
simplified. The experimental measurement uses a polarised electric field.
Aligning the incoming electrical field along the z axis (cylinder axis)
allows benefiting from a substantial simplification. Conditions become:

b= ()

(

4 o = 1 eq. 111-53
2

o= ()

with the attractive advantage that only p, depends on r (89). The
cloaking system in this study aims to control permittivity only. Let’s now
swap the electric and magnetic fields, hence we now work with
transverse magnetic (TM) polarisation. In this case only €, € and p, are
of interest and must satisfy the requirement of eg. III-53. This allows us
to completely remove the need for magnetic response of the material

(153).

2= () ()
b-a

b 2

)

The eq. 11I-54 suggests the use of a non-magnetic material where &, is the

unique parameter space-dependent. There is no difficulty to have p, = 1.
However, It is important to design the thickness of the cloak such that

eq. 1T1-54

II
=/

kuz=

azimuthal permittivity €g tends to a value corresponding to the intrinsic
property of the materials in order to most closely match the theoretical
conditions.

2.3. Practical approach

The theory shows the way to deflect the waves as desired around a
cylinder to render it invisible. The condition a < r < b implied on e¢gq. I1I-
54 indicates that we must use matetials with permittivity and/otr
permeability lower than 1. No natural or unstructured material offers this
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property. Recent research aims to develop structures with these new
features. Metamaterials commonly created in this frame are periodic
structures based on the interaction between networks of conductive
motives. Two examples are presented below.

A line network structure manages the
effective permittivity requirement in one, two
or three directions of the space. Fig. 20 shows
a scheme of continuous metallic wires aligned
in 3 dimensions whose radius r and period a
are such that r is small compared with a. It
has a zero transmission in a frequency band
from 0 Hz to the plasma frequency w, whose
expression  involves the  geometrical Fig. 20. 3D network of wires
parameters of the network. We can represent Whose effective permittivity
the dielectric permittivity of the network by a *° lfle.gau‘re 1b_CSIOW plasma
Drude model of the form: pulsation vp (155)

2

_1 Wp
elw)=1- w(w + iy)

eq. 11I-54

where w, is the plasma frequency and y is the collision pulsation.
Actually, w, indirectly depends on radius r and space a separating the
wires, and y is intrinsically linked to nature of the conductive rods.
Fig. 21 shows the transmission of an array of copper wires (r = 0.25mm,
a = 6mm) for a transverse magnetic (TM) incident wave (electric field
parallel to the rods). The real part of the permittivity is calculated using
expressions of the reference (154). The effective permittivity is negative
up to 15 GHz, the frequency corresponding to the plasma frequency. It
is therefore a broadband material which behaves like a dilute metal, that
is to say where the electron density is lower than in a normal metal.
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Fig. 21. real part of effective permittivity of the array of copper wires (r = 0.25mm,
a = 6mm) (155)

A complementary network controls the permeability of the material.
The network is formed of split ring resonator (SRR) having a
permeability lower than 1 in a frequency band which is a function of the
geometrical parameters. The expression of this permeability is (156):

mr?
_1_ a’
ww) =1 - o -~ 312 eq. 1I-54
OTo ey2r3 ln@

where ¢, is the speed of light in vacuum, a is the distance between SRR
in the plane, 1 is the distance between the successive plane of SRR, o is
the conductivity of SRR and g, r, p and d are geometric parameters
defined by Fig. 22 and i is the imaginary number.
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Fig. 22. example of a single slit ring resonator (SRR)

Fig. 23 shows the behaviour of the effective permeability of the SRR
network. The permeability is only positive below w, and beyond wy,. For
other application, it is interesting to note that permeability is negative
between those two particular frequencies. For the present research, we
focus on values just beyond w,, where pegr is located between 0 and 1.
The SRR network has to be very carefully designed because the resulting
permeability is highly sensitive to geometry.

=
B ,
0_.
W, ‘
% 4 12 16
Frequency [GHZz]
Fig. 23. effective permittivity of a SRR network with 0 = 5.10S/m, r=g=p =
3mm,d = 2mm, a = 20mm and I = 0.2mm
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The patterns described above are obviously made of a conductive
substance on an insulating substrate. In practice, it is a metal such as
copper or gold evaporated on printed circuit board substrate widely used
in electronics (89). This method enables highly accurate patterns and
thus, excellent control of the EM propagation. The negative refractive
index materials follow the same fabrication strategy (155). Pendry et. al.
have also achieved a cylindrical cloaking system operating at 8.5GHz
(89). A network of SRR defines the radial permeability as necessary (see
Fig. 24). Any object in the centre of the structure is indeed invisible to
this radar frequency. The narrow frequency band is a major drawback.
The scientific literature has not presented an approach capable of
widening the frequency band yet. Fragility and production cost of SRR
or network lines on PCB limit this approach to small scales and specific
applications. That is why, we propose to develop a cloak entirely based
on polymers and carbon nanotubes to ensure good mechanical strength
and allow large scale applications. The implementation strategy must be
adapted to the possibilities offered by composites. The new concept and
the design are explained in detail in the next paragraph.

Fig. 24. microwave cloaking structure with a plot of the material parameters that are
implemented. The SRR of inner cylinder and outer cylinder are shown in expanded
schematic form (transparent square insets). (89)
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2.4. Implementation of €-only controlled
multilayer invisibility cloak

The eq. I1I-54 opens the possibility of invisibility by controlling
radial permittivity €.(r) as function of the radius. The thickness of the
cloak (b-a) has to be designed in order to get as close as possible to the
azimuthal permittivity €9 defined by the second equation (see eg. I1I-54).
The z-permeability [, is of course 1. The strategy developed in this work
is the production of a series of bilayers made by superimposing a
dielectric polycarbonate and a conductive composite film. A correct
control of the polymer thickness and composite conductivity leads to a
decrease of permittivity below 1 (and even negative values) at a few
GHz. On the example in Fig. 25, the effective permittivity at 6GHz of a
bilayer is shown as function of polycarbonate thickness. The composite
is 400um thick and 0 = 100S/m. We select 6GHz as reference frequency
for the study of the cloaking for particle reasons detailed in section IV-
3.3. The effective permittivity becomes positive when the thickness of
the dielectric layer goes beyond 6.851mm and exceeds 1 beyond
8.366mm.

effective permittivity

thickness of the dielectric layer [mm)]
Fig. 25. simulation of variation of permittivity of a polycarbonate-composite bilayer.
The PC layer has €, = 2.8 and the composite is 400um thick and 6 = 100S/m.

A cloaking multilayer designed for 6GHz needs successive bilayers
from €.(a) = 0 up to &(b) = 1. It is feasible by an adjustment of the
polymer thickness in order to shift €. (for a fixed frequency). The
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effective value of € of a bilayer is very close to the one of dielectric layer
because the polymer/composite thickness ratio is high enough to neglect
influence of the composite.

We have made the choice to control radial permittivity which is
required for cylindrical shape cloaking. Each bilayer has hence to be bent
into concentric tubes (see Fig. 20). Afterwards, the bilayers are stacked in
order to produce the increasing permittivity from inner radius to outer
radius. This method has the advantage to allow independent
characterisation of each bilayer to validate the effective permittivity.

e/
e

pure polymer
composite PC-CNT

Fig. 26. The bilayers (on left) have an effective permittivity defined by their geometry.
Each bilayer is shaped to tube and stacked to form successive concentric layers where
€, increases from inner to outer radius.
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Chapter IV

Materials and methods
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This section aims to sum up the reference stuffs and methods used
for chemical, physical and electromagnetic characterisations and
microscopic observations. We take a bottom-up description in the sense
that the production of nanofillers is explained (when they are produced
at UCL) and then the process of implementation is discussed. The latter
describes the elaboration of conductive or ferromagnetic composite
films and the more complex structure of oriented nanocharges in the
polymer. The electric and electromagnetic characterisation methods are
also given for single film, multilayer structures and the complete invisible
cloaking device.
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1. Nanocharges for composites

The carbon nanotubes and solutions based on CNT have been
ordered from outer company. Their grade and origin are given in this
section. The nanowires were produced at UCL by a process described in
the second section.

1.1.  Origin of nanocharges

The used carbon nanotubes are multi-walled NC 7000 provided by
the company NanoCyl. These carbon nanotubes have high aspect ratio
(>150) which enables them to form a conductive network at a very low
concentration. The NC 7000 series is produced by a Catalytic Chemical
Vapor Deposition (CCVD) process. The characterisation of this product
is listed in Table 1.

Table 1. characterisation of NanoCyl™ NC 7000 carbon nanotubes?
Property Value Method
average diameter 9.5 nm TEM
average length 1.5 um TEM
carbon purity 90% TGA
metal oxide 10% TGA
amorphous carbon / HRTEM
surface area 250-300 m*/g BET

? data sheet of NanoCyl™ NC 7000 thin multi-wall carbon nanotubes
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NanoCyl also produces a water based suspension of CNT called
AquaCyl™. The carbon nanotubes with the highest compatibility with
water are selected for this product; furthermore AquaCyl™ composition
has an ionic surfactant for superior dispersion and stability. The
information about the used grade is in Table 2.

Table 2. general information about AQ0101 AquaCyl™ series*

Property AQO101
carbon concentration 1%
surfactant concentration 1%
deionised water 98%
pH 7-11
boiling point 100°C
melting point 0°C

1.2. Production of metallic nanowires

CNT are now mass producible and they have many advantages as
conductive nanofillers. Nevertheless, it is interesting to compare the
properties of CNT nanocomposites to those based on another type of
nanofillers. Metallic nanowires (NW) have a very high intrinsic
conductivity and their possible magnetic nature can bring new
opportunities impossible to achieve with CNT. Gold nanowires (Au-
NW) as well as nickel nanowires (Ni-NW) have been produced and
embedded into composites. All the nanowires have been synthesised in
the BSMA laboratory by an electrodeposition process. The process
involves the reduction of metal ions from an electrolyte solution in the
pores of a nanoporous alumina template in order to form an array of
nanowires. This process produces metallic nanowires of the wanted
element or alloy with a well-defined aspect ratio.

Electrolytic solution

The electrolytic solution to synthesise gold nanowires (Au-NW) is
the commercial solution Goldbath SF (15.0 g/1) from Metakem GmbH.
Its stability is limited to only a few months if stored in a cool and dark

* data sheet of AquaCyl™ Carbon Nanotubes Aqueous Dispersions
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place. When these conditions are not met, the ions precipitate, making
the solution unusable. The electrolytic solution of nickel has better
stability. We wuse nickel sulphate dissolved in an acidic medium
composed of 0.6 M boric acid (H3BO3) and 0.5 M nickel sulphate
hexahydric (NiSO4. 6H,0) mixed at room temperature.

Electrodeposition into alumina template

The nanowires are formed
in the pores of a UniKera
Standard alumina membrane
(Al03) from Synkera (see
Fig. 27). The selected template
provides a very homogeneous
distribution of pores. The pore
areal density is up to 35% which
is enough for small scale
production. The diameter of the

pores is  150nm and the Fig-27. SEM image of the surface of
thick UniKera Standard template (from Synkera)

Zpmr 3 .00KY

membrane is  100um
Hence, the length/diameter ratio
of the nanowires is about 667 (assuming a perfect filling of the pores).

Growth starts from the cathode which is deposited on the
membrane. First, a chromium layer of 20nm is evaporated by e-beam
(Pfeiffer Vacuum Classic 500 supplied by Intellemetrics I1.150) on one
side of the membrane to make a strong interface between the alumina
and the actual cathode. Next, 1000nm of copper are evaporated as the
actual cathode on the Cr adhesion layer. Of course, the opposite side of
the template is free to let the electrolytic solution flow into the pores.
The membrane is placed in an electrochemical cell with a suitable
electrolytic solution as illustrated in Fig. 28. A potentiostat (model 263A
from EG&G Princeton Applied Research) brings electrons to the
cathode which reduce the ions in order to form the array of nanowires.
The potentiostat also measures the quantity of reduced ions. In this way,
we are able to precisely calculate the mass of nanowires inside
membrane.
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reference

electrode

cathode

Fig. 28. Scheme of an electrochemical cell. The voltage between the anode and the
cathode forces ions to be reduced inside the pores of alumina template.

The electrodeposited metal gives precise information on the amount
of reduced ions in the pores. Suppose a chemical species X reduced by
electrochemical reaction, the balance for this reaction is

X +ne” - X 1

The threshold voltage of the reaction depends on the ion to be
reduced. The electroreduction of gold requires pulsed voltage to improve
the growth homogeneity of the nanowires. The profile follows the
experimental rule:

- U; = —0.55V for 12ms
- U, = —0.35V for 88ms

Nickel is homogeneously reduced at constant optimal voltage
determined by experience to be 1.1V. The potentiostat maintains the
potential between the electrodes while measuring the intensity of the
current flowing in the solution. This current I(t) passes through the
electrochemical cell during a time t, and the electrical load involved is
given by the Faraday law

t
_ eq. 1V-2
Q= jo I(t)dt
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The electric charge Q corresponds to the consumption (reduction) or
production (oxidation) of Q/F moles of electrons. Considering the
stoichiometry of the reaction, Q also corresponds to the consumption ny
moles of species X such that

Ny = Q eq. 1V-3
X =—
nF

where F is the Faraday constant, or 96485C/mol. The amount of
reduced material is equivalent to the weight of produced nanowires.

Collecting nanowires from the alumina template

The aim of the electrodeposition process is to obtain a large amount
of nanowires. Once synthesised, the nanowires have to be extracted
from their membrane. First, the cathode is completely etched away.
Copper is etched by 0.5M FeCl; acid in 3-4 minutes. Afterwards,
chromium is etched in 2-3 minutes by a caustic solution of 0.33M
KMnO, and 5M NaOH. Preliminary experiments have proven that a
residue of the cathode maintains nanowires attached together. It could
be required to extend the exposure time to acids for ensuring the
complete etching of cathode. At this stage, the nanowires are still
strongly embedded in the template. The set is dived in 8M caustic soda
heated at 70°C for 24 hours. During the last minutes, ultra-sonication is
applied to ensure a good separation of the residual cluster of NW. The
suspension of nanowires in suspension is filtered with the help of a
polycarbonate ipPORE™ Track Etched Membrane from it4ip. This is a
25um thick porous film with a pore density of 5.10°%m™ and a pore
diameter of 200nm. The pure NW are so collected on the filter. Acetic
acid at 50% is next passed through the filter in order to neutralise
potential adsorption/residue of caustic soda on the surface of the NW.
Next the NW, still on the membrane, are rinsed with pure water and
finally dried in an oven for 24 hours at 120°C. The processes of
embedding NW in polymer is explained in the next section.
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2. Processing of nanocomposites

The nature and origin of nanofillers require specific mixing
processes. Pure CNT are not dispersed in the same way as AquaCyl™
CNT. The metallic nanowires are quite tricky and require complex
methods which have been developed in this thesis to disperse them in
the polymer matrix. The implementation methods for each type of
nanofillers are described in this section.

2.1. Compounded polymer-carbonaceous
nanofillers composites

Blending by extrusion

CNT - polycarbonate conductive nanocomposites are the basis for
the wideband absorbers and electromagnetic bandgap filters developed
in this thesis. They are usually stacked with other polymer films to
induce the desired behaviour of the EM waves. For wideband absotrbers,
the composite layers are alternated with pure Lexan™ polycarbonate
sheets (from the company Sabic). For EBG filters, the dielectric
substrate is made of Arlon AD1000 from the company Arlon Microwave
Materials. It is based on a PTFE-ceramic powder composite with woven
glass, has a permittivity of 10.7 and 1.5 mm thickness. The polymer
matrix used for conducting nanocomposites is Bayer Makrolon®
OD2015 polycarbonate. The CNT are multi-walled NC 7000 nanotubes
provided by the company NanoCyl. The nanocomposite compounds are
melt-blended at 280°C for 5 minutes at 150 RPM in a micro 15 DSM
micro-compounder. The mixing temperature is 280°C, 130°C above the
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glass transition of PC, in order to ensure sufficient fluidity for optimum
dispersion of the CNT. The composite pellets are twice hot pressed
under 10 T at 250°C for 30 seconds in a Fontijne press to produce films
of approximate 175um thickness. The first pressing is done to shape a
first film (400pm thick) from pellets. Some irregularities on the surface
remain where the pellets were present in the mould. After cooling, a
second pressing gives the final thickness (175um) and flattens the
surface.

Orientation of CNT by stretching

Oriented CNT films are produced from a custom-made (Makrolon®
2805 polycarbonate reinforced with 2% of CNT NC7000) compound
provided by NanoCyl. A preliminary experiment has shown that
stretching of 2% CNT films works properly. A test with a 5% CNT
composite has quickly concluded that the viscosity becomes too high.
The material breaks during stretching. This fact limits the CNT
concentration in oriented films to about 2%. Lower concentrations have
not been tried since they bring the risk of not reaching the percolation
threshold. Indeed, we aim to form trains of connected CNT aligned in
the stretch direction.

Compounded pellets are continuously injected into the micro 15
DSM extruder at 150 RPM while material also continuously comes out
through a film shape die. The hot film is directly connected to a
stretching roll (DSM Xplore roller). The outgoing ribbon is driven by a
take-up reel which stretches the composite. The rolling speed and torque
are imposed at respectively 700mm/min and 30Nmm when the
extrusion temperature is 280°C. If the temperature is raised to 300°C the
rolling speed and torque can be increased up to 1000mm/min and
45Nmm. The enhancement of the stretching makes the films thinner so
that the thickness after stretching is about 40x smaller than at the die.
The mechanical stress aligns CNT in the strain direction. The process
should also work for wireframes but it has no relevance to the
application of this thesis.
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2.2. CNT ink based composites

Compounding of polymer-CNT nanocomposites is probably the
most usual process for making conductive films. Another method has
been developed in the frame of this thesis, still based on polycarbonate
and CNT. NanoCyl produces a water based suspension of CNT called
AquaCyl™, Its composition is 98% of pure water, 1% of multi-walled
CNT and 1% of surfactant. AquaCyl™ is applicable as a coating on large
surfaces of polycarbonate films just like a conventional ink. In this way,
we obtain an alternative for forming a dielectric-conductor layer stacking.
The dielectric is still Lexan™ polycarbonate but the conductive layer
now becomes an ultra-thin coating of entangled carbon nanotubes. After
drying of AquaCyl™ ink, there is a solid CNT deposit on the PC sheet.
Actually, the polycarbonate is hydrophobic; its contact angle must be
modified to allow the adhesion of a significant amount of CNT. A
surface treatment of the PC sheets has hence been performed to increase
wettability (10). All the practical details of the plasma treatment are given
in Annex A. After the plasma treatment, adhesion of the CNT is
satisfactory and it is possible to cover uniformly a large polymer area.
The amount of deposited CNT controls the resulting level of
conductivity. AquaCyl™ is deposited by dip coating or airbrushing on
the polymer. This leaves entangled CNT whose thickness varies from 1.5
to 7um. Fig. 29 shows an image of an AquaCyl™ deposit sandwiched
between two thin sheets of PC.

Fig. 29. CNT ink airbrushed on prepared polycarbonate sheet and trapped by a second
PC sheets. The optical microscope image is zoomed 20x and the TEM one is zoomed
5000x.

A series of dip coatings was performed with different dilutions of
AquaCyl™. The amount of CNT attached to the polycarbonate surface
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is inversely proportional to the dilution with a resulting control on
conductivity. However, the simulations of absorbers and EBG filters
sometimes demand a higher level of conductivity which is not reachable
by dip coating. A second method, airbrushing, was hence developed to
extend the range of conductivities. Pure AquaCyl™ is coated by a
Paasche VL-3W airbrush on treated polycarbonate surface. The solution
is airbrushed several times to increase the conductivity. A drying time of
one hour at room temperature is allowed between each projection. The
electrical characterisation (detailed in section V-1.1) shows that the two
complementary processes (dipping and airbrushing) cover all required
conductivity levels.

2.3. Structured patterns in CNT

The latter method developed from carbon nanotubes adds
complexity to the structure. We "draw" now periodic patterns via
AquaCyl™ on PC. Initially, the polycarbonate sheet is activated by
plasma as explained in section IV-2.2. The CNT ink is then airbrushed
through a mask beforehand designed. The mask is machined from a
nickel foil (from Kurt J. Lesker company) of thickness 100um. This
thickness is the best compromise between flexibility and strength. The
foil must be flexible enough to perfectly fit the light surface irregularities
the PC sheet but it must be handled without tearing. The patterns are
burned by Oxford laser (picosecond laser-etching system model Oxford
J-1064/355, Oxon, UK) used with a wavelength of 355nm. It is clear
that any pattern can be burned. Among the tested units, we focus here
on a network of parallel lines (explanations in V-3). The line length is
65mm which is substantially larger than the size of the used wave guides.
Structured films may be characterised on the whole spectrum. Line width
was imposed 0.5mm. This choice is empirical; it is the thinnest width
allowing correct AquaCyl™ flow through those slots. Having narrowest
lines has a relevance to the application explained in section V-3. The
distance between lines varies in the different masks. For convenience, we
give a label to all structures (see Table 3).

Table 3. geometric characteristic of the network of CNT striplines

label narrow medium large wide

gap between lines 1.5 mm 2.5 mm 3.5 mm 4.5 mm
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The mask is placed on the PC sheet and a magnetic plate (Nd-Fe-B
protected by a coating of epoxy resin produced by SuperMagnete). With
the magnetic character of Nickel, the mask puts pressure on PC and
greatly reduces the infiltration of AquaCyl™ between the mask and
polycarbonate. Indeed, the PC surface has become relatively hydrophilic
(due to plasma treatment) and ink has tendency to spread beyond the
patterns by capillary suction. The mask is also coated with hydrophobic
lubricating agent to reduce this phenomenon. AquaCyl™ thus remains
confined in the slots of the mask and faithfully reproduces the pattern.

Fig. 30. picture of "narrow" CNT striplines sandwiched between PC sheets

2.4. Metallic nanowires composites

Implementation by solvent

Dispersion of metal nanowires in polycarbonate from a solution has
proved to be effective. It is difficult to homogeneously disperse
nanowires in a polymer because of Hamaker forces tend to segregate
them and their density induces decanting. The e¢g. [II-27 shows that it is
favourable to select a solvent with a dielectric constant close to that of
nanowires to minimise the tendency to agglomeration. It is not possible
to give a precise value for the dielectric constant of the nanowires
because it depends on the shape (157) and size of particles (158) and the
measurement direction. Anyway, the estimated value is high, which
requires a high-& solvent. Among polycarbonate compatible solvents,
dichloromethane (DCM), dimethylformamide (DMF) or dimethyl
sulfoxide (DMSO), have a permittivity of respectively 8.93, 36.7 and
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46.7°. Experimental tests show that DMSO which gives the best
dispersion, possibly as a combined result of the Hamaker forces and the
high density of this solvent, which somehat reduces the tendency to
decantation. We will use only DMSO for further experiments.

Gold or nickel nanowires are filtered through a nanoporous
polycarbonate membrane (see section 1V-1.2). The filter containing
nanowites is directly dissolved in 50 ml of DMSO at 150°C. Depending
on the amount of reduced ions during electrodeposition, we can
calculate the mass of the nanowires. For example, the reduction of 20 C
of Au?* corresponds to np, = % =1.0410"* moles (¢g. [17-3) or
20.4 mg of gold. Usually, we add 1 to 1.5g of Makrolon® OD2015
polycarbonate in order to obtain 1% by weight of nanowires in PC. The
solution/suspension is next heated up to 300°C to evaporate all the
solvent. An alternative to evaporation could be the mixing of the
solution with a non-solvent such as water. A preliminary experiment
using this method has shown the presence of small agglomerates and this
route has not been pursued further but it could be improved in future
research. During solvent evaporation, an Omni-Ruptor 400 Ultrasonic
Homogenizer applies sonication at medium power to maintain a good
suspension while density and viscosity increase. A long process at high
temperature and under ultra-sonication (plus possible residues of
NaOH) could degrade PC. Annex B discusses this possibility with the
help of a GPC analysis and concludes that the damage is limited. After
complete evaporation of DMSO, the nanocomposite is placed in an
oven at 120°C for at least 24h to eliminate all residue of solvent. The
final step is a hot pressing at 250°C under 10T for 30s to shape a
composite film.

Ultra-thin nanowires film by filtering

A complementary method of producing a "composite" of nanowires
and PC is based on the deposition of ultra-thin layers of entangled
metallic nanowires. The nanowires already form a thin mesh on the filter.
To facilitate handling, the filter is directly sandwiched between two 55um
thick Lexan™ polycarbonate films. The sandwich is hot pressed at
210°C, 10T for 30s. The process has the advantage of simplicity and
yields a confined thin conductive and magnetic film. Fig. 31 sums up the

> source: http://depts.washington.edu/eooptic/linkfiles/dielectric_chart[1].pdf
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steps from the NW inside the alumina template up to the hot pressing of
filter covered by NW.

NW inside the pores
of lumina template

= A ! =
picture of filter
I covered by NW

filter with NW is freezed
between PC sheets

vacuum pump

Fig. 31. Main steps for the implementation of ultra-thin NW film between PC sheets

2.5. Machining of dielectric spacers for
cloak of invisibility

The invisible cloaking is based on polymer-composite bilayer. The
composite production is detailed in IV-2.2. It is AquaCyl™ sandwiches
rolled in tubes to conform to the cylindrical multilayer. The dielectric
spacer is designed as a function of its intrinsic permittivity. Indeed, the
thickness of the tube is the critical point to finely control the effective
permittivity of the bilayer (explanations are given in III-2.4). The
selection of the spacer is then made according to its ability of shaping. A
quick, easy and very fashion solution is to print directly tubes with a 3D
printer! We printed concentric tubes with a Fortus 250mc (Stratasys) in
acrylonitrile butadiene styrene (ABSp/us-P430). The advantage of this
technique is the printing accuracy of 178um. Unfortunately, the dielectric
constant of ABS is not precisely defined in the data sheets, it is in

between 2.3 and 2.85 ©. Actually, the printing mesh has an impact on the
effective permittivity. Furthermore, the structure is porous which has a
dramatic consequence for EM response since permittivity varies slightly
with humidity of the air (housed in the pores). All samples were printed
with the maximum density in order to limit the air inside the structure.

® see data sheet: http://www.stratasys.com/~/media/Main/Secure/Material Specs
MS/Fortus-Material-Specs/Fortus-MS-ABSplus-01-13-web.pdf
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The required properties such as permittivity have been precisely
measured by wave guide method (see section V-5.1).

Rohacell® HF71 (from Evonik Industries) is used as second
alternative as spacer. This polyacrylate foam is commonly utilised in RF
free space applications for its extremely low dielectric constants close to
unity with associated loss tangent factor less than 0.001, making it
particularly favourable to emulate signal transmission through air in the
microwave region. It has the strong advantage of a stable permittivity in
frequency fixed at 1.106. All cells of the material are fully-closed so that
the exposed cut cells at the surface prevent all gas or liquid from
infiltrating further into the foam. Rohacell® can be processed by
common machining methods without modifying intrinsic properties.
The tubular shapes required for our cloaking applications were realised
by water cutting with abrasive particles processed by Grando. The
accuracy is satisfactory for our application.

The design of cloaking is adapted for the two types of spacers. The
3D printer has the advantage of high accuracy while Rohacell® has a
well-defined dielectric constant. These devices are compared and
discussed in section V-5.3. A photo of the machined Rohacell® and
printed ABS tubes is shown in Fig. 32.

Fig. 32. photc') of ABS in (a) and Rohacell® tubes in (b) designed for invisible cloaking
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3. Electrical characterisation

3.1. DC characterisation

The measurement of in-plane DC
conductivity ¢ is performed by 4-point probes
method which is performed by Keithley K2400
or K6430 equipped with a SP4 Four Point
Probe Head (Lucas Labs). It is an electrical
impedance measuring technique that uses
aligned separate pairs of current-carrying and
voltage-sensing  electrodes to make more
accurate measurements. The current is supplied
by a current generator between the points 1 and
4, while the voltage is measured between points
2 and 3 as shown in Fig. 33. The ratio of
voltage measured on the current flowing through the sample gives the
resistance of the section between the points 2 and 3. We assume that the
electron propagation depth is smaller than the gap between probes
which is totally satisfactory since the thickness itself of the samples is
often thinner than this gap. For equidistant probe, the in-plane
conductivity as given by:

Fig. 33. scheme of 4-
point probe method

Opc = e q. 1174
C T U eq
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The out-of-plane DC conductivity (along the thickness of the film)
is measured using an LCR-meter (NovoControl olpha-A High
Performance Frequency Analyzer). In this method, the film acts as the
insulating material between two planar metallic electrodes forming an
equivalent resistance-capacitor couple. The meter measures the voltage
across and the current through the sample and, the phase angle between
the voltage and current to calculate impedance, yielding finally the
capacitance and resistance of the sample.

3.2. AC/microwave characterisation

The frequency response of the samples is characterised using a
PNAX-70 (Agilent) Vector Network Analyzer operating up to 70 GHz
(or VNA Wiltron 360 up to 40GHz). Physical properties (as dielectric
constant, permeability and conductivity) in the direction perpendicular to
the film are extracted from measurements using a microstrip Anritsu
3680v Test Fixture plugged on PNAX-70. We use the line-line (LL)
method for measuring all DUT which is based on the well-known line—
return—line (LRL) calibration technique developed for microwave circuits
(159).

The in-plane corresponding parameters are obtained from a
configuration close to waveguide method. The techniques are explained
and illustrated in ref (160). Unlike microstrip characterisation, the wave
guide method induces spurious ripple observed on measured S-
parameters. It is caused by a variable impedance matching of the DUT
with the frequencies (161). The impedance matching maximises
transmission while minimising reflections. As explained in (160)
however, the coax-to-waveguide to transitions used for the waveguide
method are not necessarily very directive antennas. The emitted field has
therefore the shape of a cone of unknown dispersion, and part of it
might not reach the opposite transition or might also be reflected by the
flanges that embed the device. Even a proper calibration procedure does
not totally suppress these residual reflections.

89



3.3. Set up for wave propagation mapping

The invisibility cloaking performances are characterised through free
space propagation of waves. The incident EM wave is generated by the
PNAX-70 (Agilent) Vector Network Analyzer. Port 1 is connected to
wave guides adapted to the frequency ranges 3.95-5.85 GHz or 5.85-
8.2 GHz. A homemade probe is connected to port 2 for measuring the
electric field in free space. The probe design is in accordance to ref (162).
A separate Comsol simulation has shown a high frequency stability of
the probe. The antenna is fixed in front of an XY table at a sufficient
distance to have quasi planar wave front entering the mapped plane. The
probe is attached to two ILS Series arms (High-Performance Mid-Range
Travel Linear Stages) from Newport which are controlled in x and y-
direction with the help of an ESP300 1-3 Axis Motion
Controller/Driver. A photo of the assembly in shown in Fig. 34 and a
photo of our probe is in inset. The table is covered by absorbing foam
surmounted with Rohacell® from Evonik to avoid parasitic reflection. A
script made in LabView creates the interaction between the PNAX-70
and the XY table. For each position, the PNAX-70 measures S-
parameters after 0.2s of delay to ensure the stabilisation of the probe.
The plane is so scanned by steps of Imm (or 500um). The 2D spatial
map of the electric field is afterwards generated by Matlab.

moving arms probe

antenna

Fig. 34. Photo of the near field characterisation of the wave propagation throughout
the XY table. The inset shows the homemade probe.
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Chapter V

Experimental results
and discussion
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The current chapter focuses on the experimental electromagnetic
characterisation, modelling and discussion of the set of all the structures
presented in the previous chapter. The analysed multilayers are listed in
Annex C for convenience.

In the first section, we study broadband absorbers based on
extruded CNT composite films and CNT ink on polymer films. In
Section 2, we introduce a novel multilayer structure based on nickel
nanowires opening a route towards ultrathin high efficiency absorbers.
In both cases, each individual film is measured independently in order to
determine the percolation threshold and physical properties (i.e. complex
permittivity and permeability), which are used as crucial inputs for our
model of hierarchical stacking optimisation. The experimental
characterisation of the polymer-composites multilayers is performed by
wave guide measurements. The results are analysed by making a
comparison with the theoretical Rozanov limit and quantified by the
figure of merit drawn for this thesis.

In the third section, we use CNT orientation in a polymer
nanocomposite and anisotropic "macro" structuration of CNT
conductive paths to produce microwave absorbers sensitive to wave
polarisation. When the anisotropic composites are stacked, the multilayer
either absorbs preferably one angle of polarised wave or forces the
electric field of the wave to rotate a certain angle.

In section 4, we study electromagnetic bandgap (EBG) filters based
on CNT and polymeric or ceramic substrates. The geometry and nature
of the dielectric layers open up either high absorption or reflection peaks
in the spectrum. The filters can be tuned from low frequency (~1GHz)
up to very high frequency (70GHz).

The last section focuses on cylindrical invisible cloaking. The
control of wave propagation no longer aims at absorption but rather
deviation of microwaves. The building blocks of the cloaking structures
are made of PC-CNT composites and bulk ABS or Rohacell® foam. The
physical properties of each building block and their controlled stacking
are analysed. The experimental near field behaviour is mapped over an
XY table to observe to propagation of the EM wave around the cloaking
structure. The effect is quantified and some theoretical avenues are
discussed for future improvements.
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1. Broadband absorber based on CNT

The broadband absorbers considered in this section are made of
stacks of films with a conductivity increasing successively from layer to
layer. The individual elements of the stacks are either made of CNT - PC
composites or PC films coated with a CNT-based ink. They are
individually characterised in order to know their physical properties
precisely. The set of films is then stacked, thereby creating a thin
absorber multilayer studied from 6 to 67GHz. The efficiency is gauged
by comparison with the ultimate limit of thickness defined by Rozanov.

1.1.  Electrical and morphological characterisation

Compounded PC-CNT composites

The melt-blending process yields films whose conductivity is
determined by the CNT concentration. Experiments have shown that
the required conductivity range can be achieved with CNT
concentrations not exceeding 5%. By extrusion, we achieve excellent
dispersion of the CNT, leading to adequate electrical percolation. TEM
images in Fig. 35 show different load concentrations in the PC matrix.
Very homogeneous dispersion is achieved at low CNT concentration
(e.g. 1%), while some heterogeneities start showing up at high
concentrations (e.g. 7.5%). The latter are well above percolation
threshold and the heterogeneity does not significantly affect the electrical
performance.
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Fig. 35. TEM images of PC-CNT melt-blended composites. The composite in (a) has
1% CNT; the composite in (b) has 7.5% CNT.

The carbon nanotubes are mainly oriented by the squeeze flow
generated by compression moulding in the plane of the film, so that a
high anisotropy of electrical properties is expected, requiring a careful
combination of different DC and frequency-dependent electrical
characterisation techniques. The in-plane DC conductivity is measured
by 4-contact probe while an LCR-meter provides the out-of-plane DC
conductivity. As expected, the anisotropy of the CNT in the film induces
much higher values for in-plane conductivity than for out-of-plane, as
shown in Fig. 36. It is not obvious to fit the data of DC conductivity
with a rigorous model (144). Power laws are however reported in the
literature to yield reliable fits to experimental data together with an
estimate of percolation threshold. In this thesis, we use the empirical
formulation (detailed in section I11-1.7): opc = k($p — )M where k and
u are free constants, ¢ is the weight ratio of reinforcement and ¢, is
percolation threshold (141). The free constants are fitted by the
nonlinear least squares method computed by the Trust-Region algorithm
provided by Matlab. For the in-plane configuration, ¢, is found equal to
0.024 (k =527.4 and p = 1.01), which means that in-plane percolation
already starts at 2.4%. The conductivity is 3 orders of magnitude lower in
the perpendicular direction. The conductivity measured along the
thickness of the film is almost constant instead of following the
behaviour given by the empirical power law. This means that percolation
is probably never reached even for the highest concentrations considered
in this work, due to the in-plane orientation of the CNT induced by
squeezing.
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High frequency conductivity follows different physical mechanisms
than its DC counterparts. However, a similar power law with suitable
free parameters gives a convincing fit: oac = k(P — p)*. Samples are
characterised using different methods for the in-plane and out-of-plane
configurations: dielectric constant and conductivity in the direction
perpendicular to the film are extracted from microstrip measurements
from 10MHz to 67GHz, while the in-plane corresponding parameters
are obtained from a waveguide configuration. The plotted conductivity is
the average value along the spectrum from 8 to 67GHz. AC-conductivity
is well fitted for k, p and ¢, respectively equal to 375, 0.32 and 2.10° for
wave guide characterisation. It means that percolation in the plane is
reached at 0.2% wt. The skin effect is also investigated to verify that
conductivity is not limited. Actually, the thickness of the samples is
smaller than the skin depth for most composites (assuming that the
medium is homogenous). We note that the thickness of the most
conductive layers slightly exceeds the skin depth at the highest
frequencies. Anyway, the extraction model of conductivity via S-
parameters takes into account this effect and provides exact conductivity.
For microstrip characterisation, the coefficients k, p and ¢ are equal to
41, 0.67 and 2.10” respectively. About 2 orders of magnitude separate
the out-of-plane and in-plane conductivity.
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Fig. 36. conductivity of blended polycarbonate-CNT composite. In DC, 4-wires
characterisation gives conductivity in the plan xy and LCR characterisation gives
conductivity along z in terms of CNT concentration. In AC, wave guide
characterisation gives in-plane conductivity and microstrip gives out-of-plane.
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CNT ink based composites

An alternative option for dielectric-conductor layer stacking is the
deposition and drying of AquaCyl™ on PC films. The dielectric is still
pure PC film whereas the conductive layer becomes an ultra-thin coating
of entangled CNT. A series of dip coatings has been performed at
different AquaCyl™ dilutions. In this subsection, PC is used as support
for CNT but the given conductivity is the one of CNT only. Due to
practical constraints, we have to measure PC|CNT|CNT|PC double
film sets for certain characterisation methods but in this case, we have
subtracted the contribution of PC to obtain the pure CNT layer
properties. For clarity, when the overall conductivity of sandwiches is
mentioned, we are talking about effective conductivity. The amount of
CNT attached to the polycarbonate surface is inversely proportional to
ink dilution with a resulting control on conductivity. The anisotropy of
those films is very strong as evidenced in Fig. 37. DC characterisation
shows that conductivity in the plane (4-contact method) is 14 orders of
magnitude higher than that measured out-of-plane (by LCR). The CNT
cover the polymer as a thin carpet so that the conductivity perpendicular
to the film is mainly that of pure polymer. The in-plane conductivity is
high and almost constant. The percolation threshold is immediately
reached and the conductivity is mainly due to multiple contacts between
the carbon nanotubes that are only limited by the presence of residual
surfactant from AquaCyl™. The anisotropy is less pronounced in the
AC regime. The contact resistance between carbon nanotubes is short-
circuited by micro-capacitances between neighbouring CNT, so that AC
conductivity is higher than in the DC case. Despite the thinner
conductive coating, no skin effect is noticed since the skin depth is far
larger than the CNT deposition thickness.

96



y
IR ot
/‘fpz’f
u/
10° * . Siulain St L e L e e - m
jmmmmm
E e LCR
£ ® 4-wires
&=
2 5 v Wave guide
o 10 *  MicroStrip [
o °
L3
- PO T T S I
10" S COTS Nmes. Sers o8 |
AP T A £
o, - H
i i i i i ® i : :
10 20 30 40 50 60 70 80 90 100

ink concentration [%]
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Using pure AquaCyl™ and dip coating is not sufficient to reach the
conductivity level needed for maximal absorption. In fact, conductivity
must be higher for thin CNT deposits than for blended composites to

compensate for the thickness reduction, since the propagation loss
ioc

equation links ¢ and thickness t by |T| = |eT1%eH| where £ = ¢’ — —
o

In other words, a thinner layer must have a higher conductivity to keep
the same level of absorption. Dip coating enables to reach conductivity
values 6 up to ~1500S/m, while the analytical model indicates that
conductivity values up to 10'S/m are needed. So, a new process has been
developed to increase the amount of CNT fixed on the polymer. Pure
AquaCyl™ has been airbrushed on plasma activated PC surface. After
drying, a second layer can be airbrushed to enhance again conductivity
(see Table 4). In this way, in-plane conductivity can be increased up to
2.10°S/m in AC regime for 3 airbrushed layers.

Table 4. conductivity of CNT layer airbrushed on polycarbonate sheet in DC and AC
expressed in S/m.

4-wires LCR wave guide microstrip
1layer 4.2x10° 2.2x10” 1.0x10° 0.20
2 layers 8.7x10? 2.7x10” 2.0x10° 0.25
3 layers 12.3x10° 2.4x10” 2.1x10° 0.29
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For AquaCyl™ based conductive layers, conductivity follows a
linear proportionality law rather than a power law as observed for the
melt-blended composites. Actually electrical percolation is directly
reached because all carbon nanotubes atre interconnected, either
physically or virtually (via nanoscaled capacitors).

The performed set of electromagnetic characterisations is essential
to know the relationship between the CNT concentration (varying
according to the implementation method) and the resulting conductivity.
We now get an almost continuous range of conductivity from ~1x10" to
2x10°S/m which directly enters in the composition of absorber
multilayers. It has already been shown (in section III-1.1) that stacking
alternatively dielectric-conductor film in a gradient of conductivity is
particularly effective in terms of absorption (see Fig. 8). Such multilayers
are experimentally characterised and discussed in the next subsections.
Thereafter, a study of the maximisation of the absorption/thickness ratio
is conducted for multilayers based on CNT AquaCyl™ sandwiches.

1.2.  Structure for wide band EMI shielding

The model based on chain matrix (explained in section III-1.5)
computes the absorption index of a multilayer from the physical
parameters and thickness of each layer. We can directly input the
measured properties of each layer to simulate the absorption (or other
properties) by testing different ways of stacking. It helps us, in the first
time, to predetermine especially the best arrangement of the successive
composite layers and highlight the potential necessity of additional
composite layers to extend the range of conductivity to higher or lower
values. It gives also a view of the improvement rate of the absorption in
function of the increase of the number of layers. We can so decide of a
compromise between absorption and total thickness. Here, conductivity
and the number of conductive layers have been defined in order to
minimise the total thickness for an overall absorption index above 80%.
All theoretical curves fitting the experimental data are stemmed from this
model.

The electromagnetic characterisation of each film has been
performed using a Vector Network Analyzer with the waveguide
technique. We first analyse a multilayer CNT-PC melt-blended
composite. It consists of 13 conductive layers whose conductivity
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increases gradually from 6 to 290S/m, each with a thickness of about
175um. By reference to Fig. 36, the range of conductivity is achieved
with the help of composites containing from 0.25 to 5% CNT. The 14
dielectric PC layers are 110um thick each. Further information about this
absorber is presented in Annex C (see multilayer 7). The absorption index
in Fig. 38 clearly depends on the direction of measurement, which is
explained by the conductivity gradient effect. The preferred direction is
from port 1 to port 2, which is correlated with a lower reflection
coefficient at port 1. The figure of merit (see III-1.2) in this direction
gives Qq,, = 5.2, which is obviously higher than the same FOM in the
opposite direction Q,.; = 2.0. This absorber ensures a level of
absorption higher than 80% over the frequency spectrum for a total
thickness equal to 4.90mm. The oscillations of the spectrum are due to
limitation of the calibration procedure as explained in section 1V-3.2.
The real value of absorption is a fit through these oscillations.

multilayer 1

port 1 port 2

-70

10 20 30
Frequency [GHz]
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Fig. 38. S-parameters and absorption index of the multilayer at 13 CNT-PC composite
layers and 14 dielectric layers according to frequency. Measurements (full lines) are

fitted with simulations (dotted lines).

The multilayer based on CNT-ink layers (see multilayer 2 in Annex C
for additional information) is measured in the same way and shows a
similar absorption for a lower total thickness (compare Fig. 38 and
Fig. 39). By the way, the figure of merit shows a drastic enhancement
compared to previous multilayer with Q =9.2. This increase is
exclusively due to the decrease of the thickness since the integrals of
absorption over wavelength are more or less equivalent. S-parameters
highlight a slightly lower transmission for this second absorber. It is
probably due to the smaller thickness which is inappropriate for
attenuating transmission. Furthermore, the difference in transmission is
not compensated by a lower S, reflection (significant in dB) which is
even larger at lower frequencies. The ink based gradient nevertheless
keeps an advantage over blended composites, since its overall thickness
is only 2.56mm. This reduced thickness comes at a price since the lower
frequencies are less absorbed, but the difference becomes quickly
insignificant beyond ~20GHz.
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Fig. 39. S-parameters and absorption index of the multilayer at 9 AquaCyl™ coats
sandwiched between 10 dielectric layers according to frequency. Measurements (full
lines) are fitted with simulations (dotted lines).

The measurements and simulations for the two systems highlight
that the direction of incidence has a critical influence on total absorption
for a gradient multilayer. Simulations (not shown) prove that absorption
below 15GHz is possible at the price of a drastically higher thickness. A
suitable conductivity range would lead to an absorber working at lower
frequencies.
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1.3. Performance assessment through
the Rozanov method

The alternation of polycarbonate-composite layers produces an
excellent combination for broadband absorber. Furthermore, the stack in
gradient of conductivity enhances the efficiency as shown previously.
The current subsection aims to gauge the quality of our multilayers so as
to assess their effectiveness vs. the state of the art. This requires a
method independent from geometrical aspects (such as thickness) and
frequency band. The efficiency of any radar absorber is usually
determined by the Rozanov method (46). The objective is to obtain the
thinnest absorber showing the highest possible absorption. The method
is effective over a defined frequency band, but the equation sharply
favours a wide band of operation. The samples have to be metal-backed
to fulfil the conditions of applicability. Indeed, reflection coefficient only
is taken into account by eg. I11-7:

Af
j InRQV) |dA| < 212 Z wd,

A

The multilayers studied in the previous subsection are characterised in
this way. The gradient multilayer based on extruded PC-CNT
composites  (multilayer ) has a  thickness of 4.90mm, hence
2% ¥i(pid;y) = 0.0967. Its integral reflectance equals 0.0275 so the
Rozanov inequality is verified since 0.0275 < 0.0967 but we are far from
the optimum. It is obvious that extruded composites are less suited for
approaching the Rozanov limit due to their larger thickness. Actually, the
ink-based absorber (multilayer 2) does not radically give better result. The
Rozanov integral (eq. I11-7) gives 0.0245 which is far from 27* };(ud;) =
0.0505. The poor performance comes from the substantial reflection of
these multilayers for lower frequencies. In addition to a small thickness,
the Rozanov formalism favours a weak reflectivity especially for longer
wavelengths A. The previous multilayers were suited for a maximal mean
absorption index over the spectrum at the expense of greater thickness.
They must be now adapted to come closer to the optimum according to
the Rozanov conditions. To this end, we have developed a Matlab script
to compare all possible structures and select the most adapted according
to the Rozanov formalism.
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1.4. Optimisation of the gradient stacks
for the Rozanov optimum

Preliminary simulations have quickly confirmed that the previous
multilayers have, as major inconvenient, an excessive reflectivity. The
thickness also becomes problematic for PC-CNT composites based
absorbers. An ink based absorber has better aptitude to achieve the
Rozanov optimum thanks to its very low thickness. For this reason, we
focus in this section our simulations and characterisations on AquaCyl™
based multilayers. We run a series of simulations to determine the best
parameters and arrangement. We use the chain matrix method (see
section III-1.5) to simulate the scattering parameters (S-parameters) and
absorption index. Some conditions are imposed to match the available
materials with the model. Dielectric spacers are polycarbonate whose the
physical properties are fixed. On the other hand, the thickness of each
layer is taken as a free variable. Simulations studying this variable have
proven that the larger the dielectric thickness d, the higher the
absorption, especially at lower frequencies. However, the incident and
reflected waves are in phase, when the thickness spans half a wavelength:

1lv eq. V-1

where v is the speed of light in polycarbonate and f the frequency. At the
corresponding frequency, the absorption abruptly vanishes and hence
the condition described by ¢g. [7-7 represents an upper limit for the
thickness of the dielectric layers. The corresponding thickness is equal to
1.016mm, much higher than our multilayers. So, dielectric layers do not
require any free variable. In summary, the properties ascribed to the
dielectric layers are those of polycarbonate: €. = 2.8 (in GHz-range,
corresponding velocity v = 1.79 108m/s), p, =1 and o = 10712S/m.
With regard to the conductive layers, they are made of entangled CNT.
In the absence of magnetic particles, the effective permeability is thus
equal to 1. The CNT concentration controls conductivity but it imposes
permittivity at the same time. Actually, permittivity is related to the
concentration of CNT but its variation is negligible compared to the
influence of conductivity. However, the model takes into account the
evolution of permittivity with CNT concentration via the empirical law

(Ecomp =3 + G:;ﬁ). The thickness of the CNT layers only has a minor

impact in the sense that increasing thickness is almost equivalent to
increasing conductivity. We decide for convenience to fix the thickness
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of conductive layers at 120um (which fits the real composites). The
major part of the optimisation lies then in the best evaluation of the
conductivity for each conductive layer. The numbers of layers is also a
free variable so that the operation is reiterated for different numbers of
conductive layers.

The Matlab function fwincon uses the analytical model implemented
as a Matlab routine to determine independently the optimal conductivity
of each conductive layer. This optimum for a maximum of absorption
averaged over the 8-70 GHz spectrum is determined for configurations
having 1 to 10 conductive layers. The result is shown in Fig. 40 (bullets).
For comparison, we also show a stack with a linear gradient of
conductivity (stars). For a correct correspondence, each linear gradient
stack is built with an average conductivity equal to the average
conductivity of the equivalent optimum stack. For example, the
optimum multilayer based on 3 conductive layers has an average
conductivity of 27S/m, the stack with linear gradient is built such as the
average conductivity is the same.
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Fig. 40. average absorption calculated over 8-70GHz spectrum versus the number of
conductive layers in the multilayer. Dots show results for optimisation of conductivity
of each layer while stars show absorption resulting from a linear gradient of
conductivity from layer to layer (163).

Fig. 40 shows that a linear gradient of conductivity provides average
absorption nearly equivalent to the arrangement resulting from the
optimisation of the conductivity of each layer. The average absorption
reaches a plateau at ~80%. It is not possible to absorb beyond this limit
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because the permittivity of first layer is higher than one. The absorption
index would be higher if the permittivity of layers starts from 1 (avoiding
reflection at input). It also appears useless to exceed 4 conductive layers
(and 5 dielectric ones) since it is obvious that the average absorption
reaches a plateau beyond that number.

The measurement of the improved topology (multilayer 3) is shown
in Fig. 41. The inset scheme illustrates the measurement method. The
incident wave enters the multilayer at port 1 only and is totally reflected
by the metal plate (in black) at the boundary. The Rozanov inequality
¢q. I1I-7 gives the encouraging result: 0.0675 < 0.0720. This shows that
we are very close to the Rozanov limit. Reaching this ultimate limit
would require having a thickness of 3.42mm instead of 3.65mm. The
absorber presented here is very effective because of its relatively small
thickness and broadband of operation. However, the optimisation for
the Rozanov formalism is not optimal for a high FOM. The FOM is
based on measured absorption index (without back-covered metal)

instead of reflection only. This multilayer gives a theoretical factor
Q= 0.0223

t

= 6.1 (not measured).
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Fig. 41. Characterisation of AquaCyl™ based composites following metal-backed
topology of Rozanov. The multilayer is composed of 4 pure polycarbonate films
sandwiching 3 CNT depositions. The inset shows the structure in gradient of
conductivity with a metal foil at the back.
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1.5. Conclusion

The concept of multilayers organised in gradient of conductivity
opens up new routes for broadband microwave absorbers. The
multilayer structures can be considered as relatively flexible and thin
foils. They can cover electronic devices, medical devices or others small
systems to isolate them from external and internal fields. Such absorbers
could be produced on a larger scale, and could cover a room or a
building for a complete isolation. The analytical model developed to
simulate the structures is built on the relatively simple concept of chain
matrix. The correlation with the measurements is nevertheless totally
acceptable. Furthermore, the model is the core of an optimisation study
performed to determine the most efficient configuration in order to get
closer the ultimate limit defined by Rozanov. It highlights the versatility
of the model and the experimental method. The multilayers provide
excellent results over the 8-67GHz spectrum in terms of absorption
index only and according to the Rozanov formalism.
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2. Nanowires based composites for
EMI shielding

CNT have proved their efficiency in the broadband absorption area.
We aim to compare and potentially improve the previous results by
similar multilayer based on nanowires. The strategy of stack in gradient
of conductivity described in previous section is kept. The first section
describes the use of PC nanocomposites containing gold nanowires (Au-
NW) for EMI shielding. The composites exhibit potentially interesting
absorption because of the higher intrinsic conductivity and aspect ratio
of Au-NW as compared to CNT. The characterisation of the
corresponding composites is detailed and compared to CN'T composites.

Metal NW composites have the advantage over CNT composites of
the choice of the metal. In the second section, we evaluate nickel
nanowires (Ni-NW) combined with PC which confers a complex
permeability |, to the systems. With magnetic films, we attenuate the
magnetic field as well as the electric field of the incoming waves.
Referring to Rozanov equation (eg. I11-7), this opens the possibility to
further decrease the total thickness (or the reflectance). The method of
production of the nanofillers, their implementation and their EM
response are presented and discussed.

2.1. Gold nanowire-polycarbonate composites

Gold nanowires (Au-NW) have a flexible wire shape similar to that
of carbon nanotubes. Their aspect ratio (as produced) is of the order of
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1000 while that of CNT does not exceed 100. Conductivity of the
multiwall CNT used in this thesis is difficult to determine precisely
especially because they contain a collection of different types of tubes
with defects. We can still estimate that the intrinsic conductivity of Au-
NW is higher than that of CNT. Gold is chosen for its high conductivity
and its very low tendency to oxidation. Others metal (like copper)
quickly form a coat of oxide drastically reducing the surface conductivity.
Gold is inert and avoids this kind of problem.

Compounded PC - Au-NW composite

The nanowires have a significantly higher volumetric mass density
than CNT so that a composite PC-1%wt. NW contains a lower volume
of fillers than the equivalent 1%wt. CNT composite. The experimental
practice forces us to work in term of weight regardless of the difference
in volume of nanocharges. The Au-NW are produced by the process
described in section IV-1.2. They are implemented into polymer by two
methods given in section IV-2.4. In the present subsection, we focus the
investigation on the implementation by solvent only. Fig. 42a shows the
microstrip characterisation of a PC composite with 1%wt. Au-NW
compared to a 1%wt CNT composite. While the volume of gold
nanowires 1s clearly lower than that of CNT, the out-of-plane
conductivity is slightly higher for the PC-Au-NW composite. However,
in-plane conductivity of the CNT composite exceeds that of the Au-NW
composite.
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Fig. 42. out-of-plane conductivity (in a) and in-plane conductivity (in b) of PC-Au-NW
and PC-CNT composites filled at 1%wt.
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An interpretation of Fig. 42 could be that the spatial distribution of
Au-NW is more isotropic than that of CNT. Actually, this is probably
not due to any specific property of the NW; the origin resides in the
blending process. In order to produce samples which are easy to handle,
the Au-NW-PC films are kept thicker. Indeed, PC-NW composites are
more brittle than their CNT counterparts. The origin of this change of
mechanical property is discussed in Annex B. The composites are kept
thicker during compression moulding (the minimum thickness is 1mm
instead of 400um or even less for CNT composites). This implies a
lower planar orientation of nanofiller. As proof, a much thinner (~20um)
highly squeezed film containing 1% Au-NW was produced by using a
PTFE film as support to make the Au-NW-PC film handlable. The
stronger orientation of the nanowires is directly visible from the
electromagnetic characterisation. The average out-of-plane conductivity
is 0.02S/m and the average in-plane conductivity reaches 20S/m.

The size of gold nanowires allows their individual observation under
the optical microscope. Pictures in Fig. 43 show a good general
dispersion with some rare agglomerates. We observe also that the mean
length of the nanowires is shorter than initial 100um (thickness of
alumina membrane).
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The PC-Au-NW composites exhibit same order of magnitude
conductivity as CNT composites at similar weight concentration. This is
evidence of the effectiveness of conductive nanowires to quickly
generate a percolating network despite a small volume of nanoparticles.
The Au-NW composites form a viable (albeit expensive) alternative to
CNT composites. Their poor mechanical strength nevertheless remains a
major limitation. We have hence decided then to modify our method of
combining metal nanowires with PC bypassing the brittleness issue. The
method introduced hereafter cumulates the advantage of a thinner
conductive film with a much better mechanical resistance.

Thin Au-NW deposition on PC film

This section presents a method of depositing entangled Au-NW
over a PC surface. The nanowires are first extracted from the alumina
template by the method described in section IV-1.2. The dispersion of
NW in caustic soda is ensured by a strong ultra-sonication. At this stage,
the Au-NW are directly filtered through a nanoporous polycarbonate
membrane. A carpet of nanofillers is next sandwiched between two PC
films to protect the structure. More details are given in section IV-2.4.
Optical microscope pictures show the very high density of nanowires
over the filter surface in Fig. 44a, and after hot-pressing of this filter
between PC films Fig. 44b.
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Fig. 44. filter covered of entangled Au-NW in (a) and the same filter stacked between
polycarbonate sheets in (b)

The ultra-thin  Au-NW-PC sandwiches present undeniable
similarities with AquaCyl™ based CNT-PC sandwiches. It is not relevant
to perform a detailed comparison between those two types since the
quantity of nanofillers is very difficult to quantify in the CNT case.
However, an analysis of their in-plane and out-of plane conductivity
brings important information. The EM response of a sandwich
containing 34mg of Au-NW (over a surface of 950mm?) is given in
Fig. 45. The in-plane conductivity is significant which proves that we
have an electric percolation. Fig. 45b shows that conductivity increases
with frequency. This behaviour is probably due to capacitances which are
short-circuited at higher frequencies.
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Fig. 45. out-of-plane conductivity (in a) and in-plane conductivity (in b) of 34mg of
Au-NW sandwiched between two PC sheets.

The studied Au-NW systems are an interesting step towards the
development of homogenous dispersions of metallic nanowires in
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polymers. However, they lack magnetic properties. The next section
introduces Ni-NW composites and sandwiches to assess the potential
advantage of this additional characteristic.

2.2. Nickel nanowires-polycarbonate composites

Gold was initially chosen because it is an inert metal having a high
conductivity. We now extend this investigation to magnetic nickel
nanowires. The corresponding composites and sandwiches hence
possess non-trivial permeability characteristics on top of permittivity and
conductivity. Playing with the magnetic field of an incoming wave opens
new possibilities. The absorption index can be increased since the system
acts on the magnetic field of an electromagnetic wave as well as the
electric field. This ability is confirmed by the Rozanov equation (eq. I11-7)
which shows that the thickness of an absorber can be decreased if W is
higher than 1. The control of permeability enters also in the design of
invisibility systems. Even if it is not mandatory to manage [, it extends
the possibilities for layered invisible cloaks.

EM characterisation and absorption measurements

Some PC-Ni-NW composites at low nickel content of 0.5%wt were
produced by the implementation by solvent given in section IV-2.4,
despite their poor mechanical strength, in order to determine their EM
properties. The observation by optical microscopy shows a very good
dispersion considering that the magnetic particles tend to agglomerate.
Unfortunately, the EM characterisation does not allow detecting a
magnetic behaviour. The 0.5%wt. concentration of Ni-NW is totally
insufficient to detect any magnetic response. The Ni-NW concentration
needed to generate magnetic response should be increased. Moreover,
the random orientation of nanofillers does not participate to the
alignment of the magnetic dipoles of nanowires. Those considerations
confirm the interest to use the sandwiching process for Ni-NW systems.
It should hopefully enhance the magnetic response thanks to a potential
higher concentration (not limited by brittleness) and significantly
increase the in-plane orientation.
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The sandwiches offer two main advantages. First, the mechanical
properties of the PC films are not degraded by the interaction with the
NW. Next, the confinement of the NW allows an efficient use of the
nanofillers since the percolation threshold is quickly reached (also helped
by the very high aspect ratio of the NW). Fig. 46 illustrates the
distribution of nanowires on a filter. Fig. 46a is an optical microscopy
image of a sandwiched filter covered by 30mg Ni-NW, corresponding to
100C electrodeposition (see ¢g. [17-3). Fig. 46b is a direct view of the
filter covered by 4.5mg (or 15C) of Ni-NW.

Fig. 46. Optical picture of a sandwich of 30mg of Nickel nanowires in (a) and a filter
covered by 4.5mg of Ni-NW in (b).

The ferromagnetic properties of the sandwiches have been revealed
by hysteresis loops. Fig. 47 shows in-plane and out-of-plane
characterisation of sandwiches corresponding to 4.5mg (or a density of
0.47mg/cm?) and 30mg (3.16mg/cm? of Ni electrodeposition
respectively. The saturation magnetic moments and anisotropy are more
pronounced as the quantity of Ni-NW increases. For instance in
Fig. 47b, the out-of-plane hysteresis loop is more tilted than in-plane
proving that this film has a stronger permeability depending on the
direction. The hysteresis loops reveal a magnetic response of the material
but they are not valid to quantify any property since it is depending on
frequency (164). We hence proceed next to characterisation in the GHz-
range in order to obtain the required parameters for preliminary
simulations.
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Fig. 47. In-plane and out-of-plane hysteresis loops of composite with 4.5mg in (a) and
and 30mg of Ni-NW in (b)

The thin sandwiches have been characterised in order to define their
complex permittivity € and complex permeability p in the microwaves
range. Complex permittivity (described by eq. III-77) contains
information about the dielectric constant, which is close to pure PC for
all composites, and about conductivity which is dominated by the
imaginary part of €. Permeability is also defined by a complex number
Hr = pr + ipy in AC where i is the imaginary number. The sandwich with
4.5mg of Ni-NW is measured by wave guide in order to determine the
in-plane properties. TFig. 48 reveals the conductivity and magnetic
response provided by NW network. Note that the experimental
oscillations are due to a slight impedance mismatch of the wave guide
over the swept frequency range. Furthermore, the algorithm for
extracting the physical properties from S-parameters inevitably amplifies
these oscillations.
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Fig. 48. in-plane characterisation of a sandwich based on 4.5mg of Ni-NW deposited

on a PC filter and sandwiched between 2 PC sheets

Besides the above example, composites with different amounts of
Ni-NW have been characterised. It is possible to obtain a range of values
for €, o, pr and p’ depending on the quantity of deposited nanowires.
Fig. 49 gives the complex permittivity and permeability of Ni-NW based
composites as a function of the mass of nanowires for the fixed surface
of 950mm?2. The values of o, ;. and ;' tend to increase with the
concentration of nanofillers which is suited to enhance the absorption.
Complex permittivity as a function of the fillers concentration is fitted
with the experimental formulation given by eg. [II-28. A variant of this
law is used for permeability to match the physical response of its real
part: pr = k(d — . )¥ +1. The objective is to reach more or less
balanced increase for conductivity and permeability to maximise the
absorption. This compromise could not be achieved with, for instance, a
nanometric surface deposition of Nickel because the magnetic influence
would be negligible compared to conductivity. Indeed, the bulk
conductivity of Nickel is highly dominant compared to gain on
ferromagnetism. The entangled nanowires strategy decreases drastically
the effective conductivity of the Ni-NW network because of presence of
electrical contact resistances which reduce conductivity but are not
significantly affecting the permeability. Furthermore, it is simple to
control precisely conductivity and permeability by the quantity of the Ni-
NW. This is advantageous here to control favourable properties for
absorption.
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Fig. 49. conductivity and permeability of Ni-NW PC sandwiches as a function of the
mass of Nickel

The so-made series of conductive-magnetic sandwiches is useful to
build absorbing multilayers obtained by stacking such sandwiches. An
arrangement in a gradient of conductivity-permeability is the best
solution to progressively attenuate the incoming EM waves. The
increasingly conductive network absorbs the electric field through the
multilayer (163) without significantly reflecting the energy. The same
applies for the layer by layer increase of permeability that gradually
attenuates the magnetic field of the waves. Fig. 50 shows the results of a
4-layers absorber built from Ni-NW sandwiches (listed as multilayer 4 in
Annex C) measured in Fig. 49. The measurement is compared with a 4-
layers stack 700um thick of CNT composites arranged with the same
gradient strategy described in section III-1.1. The conductivity of each
CNT composite layer is equivalent to that of the Ni-NW composites in
order to separate the contribution of the sole magnetic component.
Complementary information is provided in Annex C for this absorber
listed as multilayer 5. The two multilayers follow the same gradient.
Unsurprisingly, the absorption index favours the Ni-NW based
multilayer. Its total thickness is only 600um while the mean absorption
index over the spectrum is 90%. S-parameters in Fig. 50 show that
reflection (S;;) and transmission (S,,) are still significant for the PC-CNT
multilayer, explaining the worse absorption. Decrease of S, is favoured
by a characteristic impedance Z. closer to that of air, meaning that P has
to get value higher than 1 to compensate the permittivity of the
composite. Likewise, S,, is decreased thanks to high p’ via transmission
coefficient T. Fig. 50 hence confirms that magnetic nanowires-based
sandwiches combined with a gradient arrangement are very efficient for
microwave shielding. The dotted lines are the predictions of the
multilayer computed from measured physical parameters of each
separated layer directly used as input. Unsurprisingly, the FOM also

116



confirm the advantage of the Ni-NW based multilayer (mu/tilayer 4) over
the CNT based multilayer (multilayer 5) with respectively Qg =

0.0323 0.0271
——— =153.8 and =—
600.10~6 Qms 700.10~6

favoured by a better absorption index and the smaller thickness.
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Fig. 50. comparison between PC-Ni-NW and PC-CNT 4-layer structures whose
complex permittivity is equal but relative permeability only is different. S-parameters
show lower reflexion Si; and transmission Sz of Nickel based absorber than CNT
based multilayer. The absorption index follows the same trend and proves that the PC-
Ni-NW multilayer is more efficient. The dotted lines are the theoretical predictions of
layers stack.

The fine-tuned and combined control of conductivity and
permeability in a smart conductivity/permeability gradient stack hence
leads to very high-efficiency absorbers. In the next subsection, the
absorption analysis is performed by the Rozanov formalism to compare
the performance to the theoretical limit.
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Performance assessment through Rozanov method

The two 4-layer absorbers described hereabove are characterised
following the Rozanov formalism. Referring to eq. III-7, for the same
absorption target, the thickness d, can be decreased inversely
proportionally to p,. The Nickel nanowires based multilayer exhibits a
higher absorption and maintains it even at higher wavelength. Fig. 51
shows the experimental results (full lines) compared with the simulated
prediction (dotted lines). This is especially favourable in the Rozanov
formalism because the integral on the left side of eq. III-7 is over a
relevant wavelength range. On the other hand, the distance from the
ultimate limit is more or less similar for the two samples because the
Rozanov inequality takes into account the relative permeability on the
right side. For the magnetic multilayer, the integral on the reflection
coefficient equals 0.0339 which verifies the inequality condition since
2m* Y wd; = 0.0564. The corresponding CNT based multilayer is
slightly less efficient as a non-magnetic absorber with 0.0041 < 0.0138.
In the latter case, the CNT based absorber could move closer to its limit
with a gradient of conductivity better adapted for non-magnetic layers.
Indeed, the control of its gradient of conductivity is modelled on the one
of Ni-NW films multilayer which is not optimal. Better results were, for
instance, obtained with CNT only based multilayer (see section [-7.3).
Anyway, the addition of magnetic properties in a gradient stack provides
a better absorption index with a lower thickness as highlighted by Fig. 50
and Fig. 51.
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Fig. 51. characterisation following the Rozanov formalism of two multilayers based on
CNT and Ni-NW. Both structures are composed of 4 PC-Ni-NW or PC-CNT
sandwiches whose physical properties are equal except for permeability. The inset
illustrates the multilayer back-covered by a metal foil (in black). The dotted lines are the
predictions for each stack.

2.3. Conclusion

Au-NW composites have been investigated as a comparison with
CNT composites and for developing a general process suited for metallic
nanowires. Our interest has next moved to ferromagnetic Ni-NW
nanowires. The use of magnetic films allows raising the level of
absorption at the same thickness. Interestingly, Rozanov rules out such a
high absorption for so thin a structure in the absence any magnetic
property. This advantage comes at a price; it is at the moment hardly
conceivable to produce such absorbers at large scale. CNT production is
now well controlled; hence it is possible to make large areas of PC-CNT
multilayers. By contrast, the mass production of metal nanowires is still a
slow and complex process. Realistically, Ni-NW film absorbers are
limited to small surfaces. They seem particularly suited for specific
compact devices such as microchips, sensors or medical probes. The
simulations highlight the total adaptability of the systems to other
wavelengths. It is thus conceivable to move the working frequency
spectrum if needed.
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3. Anisotropic composites for polarisation

The carbon nanotubes or nanowires based multilayers have proved
their high efficiency for the broadband microwave absorption. This
section first brings the polarisation sensitivity of the absorption index.
We now work with films whose conductivity varies with direction in the
plane. An anisotropic structure is formed by parallel lines drawn with
carbon nanotubes on polycarbonate (see 1V-2.3). These films will be
competing with a PC-CNT composite with oriented charges (see
subsection IV-2.1). The electric field is affected by conductivity so that
the absorption index of an incident wave depends on the alignment of its
polarisation with the conductive direction.

A variant of this anisotropic multilayer can induce a rotation of the
electric field to the desired angle. The loss thus becomes a drawback
since the multilayer aims to switch the polarisation without absorption.
The current anisotropic films have proved their ability to fulfil this task.
Some prospects based on simulations are given as an avenue towards
optimisations of the present structure.

3.1. Electrical and morphological characterisation

We elaborate an anisotropic material at nanoscale thanks to the
orientation of the charges themselves in the polymer. The CNT are
aligned in one direction in the plane. The process is described in
paragraph IV-2.1. Here, only one concentration of 2% CNT is used
because of practical limitation of production. The in-plane DC
measurement is made parallel and perpendicular to CNT. The average

120



values are given in Table 5. Actually, the anisotropy in the material is
weak in term of DC conductivity.

Table 5. DC characterisation by 4-wires probe of oriented (2%) CNT composite

Mean conductivity [S/m] standard deviation
parallel 1.99 10°® 1.73 10
perpendicular 1.96 10 2.49 107

The weak conductivity makes sense if we look at the organisation of
CNT at nanoscale. Fig. 52 shows the alighment of carbon nanotubes in
polycarbonate. They are not connected to each other in any direction.
Then it is logical that the conductivity is very low in all directions. We
need to characterise in AC to see an electrical anisotropy because the
coupling capacitance between carbon nanotubes ends is short-circuited.

Fig. 52. TEM images 5000x of oriented CNT by stretching. The composite is 2% of
CNT in polycarbonate.

e
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The response is made by microwave (in-plane) along the two axes in
the plane. Let's assume that the nanotubes are oriented in x axis in the xy
plane. The waveguide measurements give the conductivity (in x
direction) parallel to the fillers and (in y direction) perpendicular to the
fillers. The microstrip measurement gives the out-of-plane conductivity
(along z) which is perpendicular to the plane (and fillers). The
measurements in y and z direction are close to each other. The
conductivity parallel to the CNT is higher which shows the influence of
the orientation.

10 T T
—CNT parallel to E
—CNT perpendicular to E
—out-of-plane

8

o [S/m]

R 15 20 2 30 35 40
Frequency [GHz]
Fig. 53. AC characterisation of aligned CN'T composite. Conductivity is given for the
electric field oriented in parallel and perpendicularly to the CNT in-plan and out-of-
plane.

3.2. Polarisation-selective surface

Oriented CNT composite

The conductivity of the composites varies with the measurement
direction. The control of conductivity is the key for high absorption. An
adequate conductivity could lead to an efficient absorber but, on the
opposite, a too weak conductivity makes the multilayer almost
transparent. This concept can be exploited to design a selective absorber
depending on the polarisation. Assuming that the incident wave is
polarised, the absorption index will be higher for an electric field parallel
to the nanotubes. We start our investigation with oriented CNT
composite. This polarisation-selective absorber is a PC-2% oriented
CNT multilayer (see Fig. 54). The stack is composed of four 100pum
thick PC films alternating with 3 PC-oriented CNT composite films. As
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the concentration of CNT is imposed by processing constraints, the
thickness of the conductive composite films is increased to get a gradient
effect. The thickness of the conductive layers is increasing from 125 to
250 and 375 um in the propagation direction. The gradient structure has
the advantage to enhance the absorption index as explained in the
previous sections. S-parameters are shown in Fig. 54 for parallel and
perpendicular to CNT polarisation of the incident electric field.
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Fig. 54. comparison of S-parameters for multilayers where CNT are parallel or
perpendicular to electric field.

S-parameters do not exhibit significant difference for reflection. On
the other hand the transmission shows a gap which evidences
anisotropy. The orientation of CNT could be enhanced in order to
increase the anisotropy. Unfortunately, the process was limited by the
brittleness under strain of the composite above a certain drawing speed.
A lower molecular weight polycarbonate or a lower T, polymer could
allow stretching the composite to larger strain and it would thus improve
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the alignment of CNT. This avenue is worth exploring more deeply
because it is likely to lead to a potentially very efficient system.

The AquaCyl™ lines based composites could bypass the limitations
encountered with CNT oriented composites. Their isolated gap between
lines of CNT could enhance the anisotropy. Moreover, the electrical
network along the lines of CNT is certainly more conductive than the
oriented CNT network of the previous anisotropic films. Those
educated guesses are verified in the section hereafter.

Patterned AquaCyl™ based composite

Lines of AquaCyl™ are drawn on activated polycarbonate sheets.
The pattern is obtained by a projection of CNT ink through a mask. The
process is described in paragraph 1V-2.3. All the lines are 0.5mm thick
and the spacing between the lines is summed up in Table 3. For
convenience, we take the sample names given in Table 3: narrow,
medium, large, wide. DC conductivity obviously shows a clear gap
between CNT deposition and pure PC. The lines have a conductivity of
about 200S/m while pure polymer areas are below the sensitivity of the
equipment (theoretically 10"°S/m). The AC characterisation by wave
guide measures S-parameters which are the average response over the
surface. The structural information is not detectable because it is smaller
than the wavelength. However, we do not lose the finger print of the
anisotropy since the effective conductivity depends on measurement
direction. When the electric field is parallel to the network of lines, the
conductivity is higher than when it is perpendicular. All samples follow
this rule whatever the structure (narrow, medium large or wide) may be.
We observe a trend to increase the anisotropic effect when the space
between the lines decreases. Due to this observation, we focus our
investigation on the narrow patterned structure.

We stack the layers with the same topology as the CNT oriented
composites discussed above. The dielectric layers are 100um thick pure
polycarbonate sheets. The patterned composites are each 125um thick.
We stack one, two and three layers between dielectric films (see inset of
Fig. 55 ot mumltilayer 6 in Annex C) in order to reproduce the same
thickness as oriented CNT composite-based systems. The composites
are precisely stacked so that the CNT parallel lines are perfectly aligned
through the entire multilayer. This amplifies the polarising effect layer
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after layer. The thickness and arrangement of each layer are thus
equivalent for the two kinds of polarisation-selective absorbers.
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Fig. 55. polarisation-selective absorber based on parallel AquaCyl™ lines patterned on
PC sheets. The multilayer consists of 3 structured composites separated by 4 dielectric
layers. The full curves give the absorption index when the electric field E is parallel to
the CNT lines; the dotted lines give the characterisation for E perpendicular to lines.

The first two graphs of Fig. 55 give S-parameters of the multilayer built
with the narow network of lines. Reflexion S,; for parallel or
perpendicular polarisation is close but a gap of ~10dB is opened for
transmission S, at all frequencies. The FOM also favour the parallel
absorber with Q; = 18.2 compared to the perpendicular case with
Q. = 11. We note there is a larger anisotropy for the patterned lines
system than for the oriented CNT composite multilayer. Fig. 55¢ shows
that the absorption index for an electric field E parallel to the lines is on
average 30% higher than the perpendicular case. The parallel CNT lines
are therefore more sensitive to the polarisation of the waves. The major
limitation of oriented CNT composite films is probably an undesired
short-circuiting by micro-capacitances between the parallel CNT in
addition to the short-circuiting along the alignment direction. We can
conclude that the best polariser absorber would be based on conductive
lines structured at microscale. The polariser could be a prefect alignhment
of ultra-long CNT in the matrix at very low concentration (to avoid
parallel interaction). A recent CVD process allows producing 0.5mm
long CNT (165). An alighment of such long CNT would provide a
strong anisotropy and efficient polariser films.
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3.3. Microwave twist polarisation

The anisotropic films are interesting candidates for applications
acting on polarised waves. In the previous section, we saw how to
preferentially absorb polarised microwaves. The same elements are now
used for another application: switching the angle of polarisation. This
consists in polarising any wave crossing the multilayer. The first layer has
nanofillers oriented along the z-axis, for example. Layer by layer, the
composite films are a few degrees rotated until being aligned in y. Let's
assume that an unpolarised wave comes in at port 1 (see Fig. 50), the
electric field will progressively align along y. If the incoming wave is
already polarised along y, the interaction with the multilayer will be weak
so that no rotation will be operated. In short, the polariser imposes an
orientation of the electric field without significant absorption.

X* + rotation -->

Fig. 56. scheme of the polariser multilayer and the orientation of the ports for EM
characterisation.

The set-up is modified for this particular characterisation. The port
1 emits/measures waves polarised along the z-axis perpendicularly to the
polatisation of reception/emission of the port 2. This is the reference
which we compare the effect of samples with. It means that almost
nothing is transmitted without the help of a polariser. The reflexion is
total for the same reason. This blank measurement is first compared with
a polariser built from an oriented CNT composites multilayer.
Multilayers made from parallel CNT line patterns do not show
convincing polarisation (not shown). This is probably due to the fact that
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anisotropy of CNT lines is only fully effective when several patterned
films are superimposed. Polarisation is more efficient when using
oriented CNT composite films at the same total thickness. This point is
significant because the more the thickness increases, the more the
absorption increases too. Absorption is a drawback for polarisers. Fig. 57
gives the S-parameters of a polariser based on 3 CNT oriented films.
Each layer is 125um thick and 45° rotated to make a total angle of 90°
from the incoming electric field. The second multilayer is built with 5
CNT oriented films. The incremental rotation is then 22.5° from layer to
layer. Fig. 57 shows that the polariser is more efficient if we use more
layers. S-parameters of the 5 layers system demonstrate that the
transmission through the sample is enhanced.

—S21 reference

-50+ |
_521 3-layers

—521 5-layers
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Fig. 57. S-parameters of multilayer polatriser based on CNT oriented composite. The
reference is the measurement of perpendicular waveguide only. The 3-layer and 5-layer
polariser are a stack of CN'T oriented composite with incremental angle of respectively
45° and 22.5° each.

The system is obviously perfectible. The major improvement would
lie in the enhancement of the transmission. Comsol simulations have
been performed to provide guidance toward a better structure. We have
explored the impact of conductivity in one direction from 1 to 20S/m.
Conductivity in other directions is fixed at 10°S/m and the thickness of
all films is 25um. Fig. 58a proves that increasing conductivity enhances
the transmission for 3-layers polarisers. In Fig. 58b, we start from the 3-
layers polariser with o = 20S/m. This is compared with structures where
the number of stacked layer increases (at same conductivity). We quickly
conclude that it is advantageous to stack layers maximising conductivity
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(in only one direction) and to multiply the number of those successive
layers.
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Fig. 58. Comsol simulations of several polarising structures. In (a), only conductivity
changes and structural arrangement is fixed. In (b), the number of equivalent layer
varies.

The present system could hence be optimised by using thinner films
with higher CNT concentration and extremely high anisotropy. Again an
enhancement of the stretching process should provide better alignhment
and, moreover thinner films which are advantageous for decreasing the
loss.

3.4. Conclusion

The organisation of multilayer films in gradient of conductivity is a
smart arrangement for absorption. The building blocks, namely the CNT
composites, can be made anisotropic to add a novel property:
polarisation sensitivity. Based on this idea, we have developed a
multilayer having an absorption index depending on the polarisation of
the incident microwave.

The interaction of anisotropic films with polarised waves can further
be used to polarize an incident wave through the multilayer. From layer
to layer, we force the electric field of the wave to rotate up to a defined
angle. The system controls the wave propagation from a new point of
view; the absorption becomes now a drawback because the objective is
to modify the propagation mode of the wave without loss. We see here
that polymer-CNT structures are adapted for numerous applications
concerning the control of wave propagation.
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4. Electromagnetic bandgap structures

Carbon nanotubes or nanowires combined with polymer have
shown their efficiency for broadband absorption. We go now further
with a filtering system based on CNT and polymer or ceramic substrate.
Two opposite behaviours are possible for the electromagnetic bandgap
(EBG) filters using conductive layers. The first kind of filter can absorb
almost the entire spectrum with the exception of narrow bandgaps at
some frequencies: large bands of high absorption are separated by
narrow bands showing weak absorption. The complementary structure,
which is described further, is a filter selectively absorbing one frequency
(and its harmonics). We adapt the structure so as to create some narrow
windows/gaps in the spectrum where absorption increases. The high-
absorption frequency bands correspond to a lower level of signal
reflection.

4.1. Frequency-selective filter with narrow bandgap

In the previous section, PC was chosen for its low permittivity
(er = 2.8) in order to minimise the overall thickness of the absorber.
However this low permittivity advantage of PC for a broadband
absorber becomes a weakness for an EBG filter. A multilayer based on
PC would require a very high thickness to achieve minima of absorption
in the desired frequency range. Hence, PC is replaced by a high
permittivity insulating substrate: Arlon AD1000 based on PTFE, ceramic
powder and woven glass, with permittivity 10.7 and 1.5mm thickness. All
morphological characteristics of the multilayer 7 are given in Annex C. In
EBG filters, the conductive layers serve as "mirrors" which trap waves
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by multiple internal reflections. Ink based sandwiches are ideal for
building the EBG. Fig. 59 presents the EM characterisation of an
AquaCyl™ on PC - Arlon multilayer stacked in gradient of conductivity.
The components are identical to those presented in the previous section
except for the nature of dielectric layers. Fig. 59 gives measured S-
parameters and calculated absorption of the ink based multilayer. As
predicted by the simulations, the reflection §,; is maximum at ~26 GHz
and its harmonics. The mean absorption level reaches 70% overall. The
whole device has a thickness of 17.97mm mainly due to the relatively
thick dielectric spacers. However, the multilayer flexibility remains
reasonable for practical applications in the field of absorbers, while its
mechanical and chemical resistance make it an interesting candidate for
frequency-selective coating on the reflector of an antenna for pre-
filtering of detected signals.

30 40
Frequency [GHZz]
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Fig. 59. measured S-parameters and absorption from port 1 to 2 (see inset) of an
AquaCyl™ based composite gradient multilayer, the thickness of the dielectric (€ =

10.7) is 1.5mm. Measurements (full lines) are fitted with simulations (dotted lines).

4.2. Frequency-selective filter with absorbing peak

For the following experiments, we aim at full absorption around
2.4GHz, corresponding to Wi-Fi communication systems (standard
IEEE 802.11b to 802.11v), as an illustrative example of the concept.
Theoretical analysis shows that a modification of dielectric spacer
parameters (dielectric constant, thickness) shifts the position of the
absorption minima (18). Substrates for PCBs can have a permittivity of
up to 10 and even more (166). They are reliable candidates with well
tabulated dielectric properties. Arlon AD1000 is an ideal candidate but
very expensive, and its large scale use is questionable. Ceramics such as
granite or concrete are natural materials also showing high dielectric &-
values. Although they lack the conformability of polymeric substrates,
they are certainly relevant for applications focusing on building
protection (167). So, we propose to compare selective absorbers built
from polymeric Arlon high-€ substrates or from granite plates alternating
with CNT-coated PC films described above. The nominal permittivity
value of Arlon is equal to 10.7. Measurements of the granite slab give a
permittivity of about 9 in the GHz range. As explained in section I11-1.3,
the condition for a local maximum of absorption at a given frequency is
to have a quarter-wavelength distance between the conductive layers.
Preliminary simulations have showed that the absorption peak is
optimum (highest magnitude/width ratio) for conductive layers between
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5.10° and 10'S/m. With three AquaCyl™ airbrushed layers on plasma-
activated PC films, it is possible to reach the required conductivity. As
CNT coated films are sandwiched between thin PC sheets, the overall
equivalent conductive layer thickness is 110um. The thinnest
arrangement able to absorb a selected frequency is a dielectric/conductor
bilayer. For illustrating this filter, we use one 9.6mm thick Arlon
substrate stacked against a single CNT-PC film. This simplest structure
proves the efficiency of the basic cell and offers the advantage of a low
thickness. The bilayer is 9.7mm thick, and the absorption peak appears at
2.4GHz or a wavelength of 125mm in vacuum. Referring to inset of
Fig. 60 (and maultilayer 8§ in Annex C), we see that when the incoming
wave enters at port 1, it first meets the dielectric layer causing controlled
reflection depending on the wavelength. The conductive layer acts
mainly as a "mirror" creating the filtering effect at t,=A/4. On the
contrary, a wave incoming at port 2 is reflected regardless the frequency.
Fig. 60 shows the agreement between measurements (solid curve) and
the theoretical prediction (dotted curve).
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Fig. 60. EM characterisation of Arlon AD1000 substrate (orange thick layer in the
inset) back-coated by a PC-CNT sandwich (black layer). The black and red curves are
absorption in the direction given by legend. The magnitude of the Si; parameter is in
blue. The analytical model predictions are displayed as dotted lines. (168)
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As complementary structure to a single basic cell, we next
characterise a multilayer of 3 granite slabs 10.45mm thick each separated
by 2 CNT/PC layers (Fig. 61). For this step, we modify the nature and
the number of the dielectric layers (see multilayer 9 in Annex C). Still
guided by preliminary simulations, we select 3 dielectric spacers in order
to maximise the absorption peak in both direction while keeping an
acceptable thickness. The filter now operates symmetrically in both
directions and the maximum of absorption is also slightly higher than for
the 1-granite layer filter (wultilayer 10) shown for comparison. Changing
the nature of spacers to granite also highlights the ability of this building
material. The absorption curve of the 3-granite slabs multilayer shows an
almost complete absorption at 2.4GHz but much lower absorption at
other frequencies (simulation predicts an absorption of 25% at the
mobile phones network frequency at S00MHz).

multilayer 9
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Fig. 61. EM characterisation of 2 thin CNT films sandwiched (black layers in the inset)
between 3 granite slabs (pink slabs). The black curve is the absorption index and the
blue curve is the magnitude of the Sy parameter. The red curves display for
comparison the corresponding absorption level for a 1-granit slab filter. The analytical
model predictions for the structure are displayed as dotted lines. (168)

The total thickness and weight of this second (with 3 granite slabs)
filter are of course higher. We reach 31.55mm (and 1.54Kg) which is still
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low compared to the wavelength (125mm at 2.4GHz). A photo of the
two EBG filters is exhibited in Fig. 62 to visualise the structures.

Fig. 62. Photo of the Arlon based EBG on the right and the granite based structure on
the left. (168)

For other applications, a theoretical analysis of the multilayers
demonstrates the possibility to tune the absorption frequency and
bandwidth thanks to the versatility of the system. It is, for example,
possible to decrease the thickness of the dielectric substrates if their
permeability increases. It is in agreement with the ¢g. III-9 and proven by
simulations of such a multilayer. However, it requires developing a
material with high €. and pp wich is incompatible with a dielectric
material. Indeed, all natural magnetic substances or even magnetic
composites are conductive.

The force of the EBG is the simplicity and the large scale
manufacturability. The use of construction materials such as granite or

concrete is interesting for their high performance in this application and
their attractive cost.

4.3. Conclusion

We have demonstrated the easy to make thin (compared to
wavelength) multilayer composite structures, which are able to selectively
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absorb a desired frequency. They open up new possibilities in the area of
microwave control using lossy EBG structures. The multilayers are based
on widely available materials and nanofillers and have a modular
structure, which endows them with great versatility and applicability. The
analytical model developed to simulate the absorbers and filters is in
good agreement with experimental characterisation and could be further
extended to aid the design of new systems operating in other frequency
ranges.
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5. Cylindrical invisible cloaking

The final part of this thesis is focused on a cylindrical invisibility
cloaking. We still work with polymer and CNT composites for the
control of wave propagation. We present two gradient multilayer systems
built from conductive-dielectric bilayers, one based on ABS and the
other on Rohacell®, designed to deflect waves around an object with a
loss as limited as possible. The judicious arrangement of the successive
bilayers is the key to control the permittivity and thereby deflect waves in
the wanted way. The cloaking is measured by near field mappings around
the structure. The discussion of results and some directions to optimise

the system are afterwards introduced.

5.1. Bilayers for controlled permittivity

The realisation of invisible cloaking
involves the use of metamaterials with specific
EM properties. The required €. must vary
between 0 and 1 which is not obtainable with
common polymers and composites. We have
hence developed polymer-composite bilayers
(an example is given in Fig. 63) for which &,
goes down to below 1 and even to negative
values (see section III-2.4). The strategy to
make an object invisible is based on a series of
concentric layers with controlled permittivity

E:_}ff = 0.3

tpoly = 4.5mm

Spoly =2.8
teomp = 400pm
Ocomp = 20S/m

Fig. 63. diagram of a bilayer

(see Fig. 20). From layer to layer, €. permittivity follows the rule of EM
deviation formulated in section III-2.2. The magnetic permeability is 1
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and the imposed radial permittivity €g is a constant dependent on the
inner and outer radii of the structure (see ¢g. [II-54). The inner radius is
imposed at 3cm which means that the diameter of the cloaked object is
higher than the wavelength, knowing that we work at 6GHz (A = 5cm).
The outer radius could be selected to give a perfect fit between actual £g
and theory but it involves often a very large thickness for the cloak. For
this reason, it is preferable to deviate from the ideal to keep reasonable
thickness of the system. All the structural choices and their impact are
discussed in details in section V-5.4.

ABS dielectric spacers

The most influencing parameters on effective permittivity of the
bilayers are the thickness of the dielectric layer and the conductivity of
the composite. The first kind of bilayers developed in this chapter is built
from acrylonitrile butadiene styrene (ABS) dielectric layer and
AquaCyl™ based composite. Why was polycarbonate replaced by ABS?
The dielectric tubes must be machined or moulded with a very high
accuracy. An imprecision of 100um notably changes the effective
permittivity. This leads us to select a machining method of very high
accuracy. Hence, we turn to a 3D printing technique. This meets the
mandatory accuracy and avoids long and expensive machining process.
However it reduces the choice of polymer to ABS or PLA (polylactic
acid). Actually, a simple adaption of the analytical model to the
properties of ABS allows predicting the thickness of ABS needed to
manage the effective permittivity of each bilayer. The density of a 3D
printed part is depending on printing mesh. We use the finest mesh to
minimise changes of permittivity due to humidity of the air potentially
diffusing into the potres of the printed part. The characterisation of ABS
gives €aps = 3.1 at 6GHz (which is higher than DC values given in the
data sheet).

Hence, permittivity of the dielectric spacers is known. For ease, we
decide to impose the thickness and conductivity of the composite layers
in order to keep only one free parameter: the thickness of ABS dielectric
layers. The thickness of the composite is preferably low (tcomp =
175um) to avoid unwanted absorption through this film. This favours
the choice of AquaCyl™ on PC film because of low thickness, ease of
handling flexibility. Conductivity of the conductive films must be as low
as possible to avoid reflecting a part of the EM waves. Fig. 64 shows an
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analytical simulation of effective permittivity at 6GHz of a bilayer as a
function of thickness of the dielectric layer and conductivity of the
conductive layer. The graph is useful to determine the minimal
conductivity acceptable so that g goes between 0 and 1. Here the limit
is Ocomp = 39S/m to reach the lower boundary €. = 0. We consider the
effective conductivity of the AquaCyl™ PC sandwich. This simplifies
simulation and understanding. In short, we directly extract conductivity
from measurements of the composite and we use it as input for the
simulations of bilayers.

[mm]

1
G . [S/m] ABS
composite

Fig. 64. simulation of effective permittivity at 6GHz of a bilayer as function of
thickness of ABS layer and conductivity of conductive layer. The composite is 175um
thick and €55 = 3.1. The effective permittivity must at least cross 0 and 1 for a fixed
conductivity of the composite.

Prediction of Iig. 64 condenses a lot of information. It confirms the
possibility of creating an effective permittivity lower than 1 by stacking
two films of very different conductivity. When G¢omp tends to 0, g4 is
close to the law of mixtures (very close to €pgg due to the difference in
thickness). On the other hand, the higher the conductivity of the
composite, the lower is the effective permittivity. This highlights by the
way that any inaccuracy on O¢omp could significantly change g That is
why all composites are first characterised in order to qualify them. Their
thickness could also alter quality but the process to make CNT
sandwiches is very accurate in terms of thickness. When conductivity of
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a composite is fixed, the thickness of ABS controls the effective
permittivity of the bilayer. A last point of concern is the stability of the
dielectric constant of the ABS spacer with respect to ambient conditions.
Fig. 65 shows the influence of a change of €pgg or the thickness of the
composite on €gg of the bilayer. We note that a change of teomp has a
very weak impact on €eg since its standard deviation is 7um (for an
average of 175um). The change of permittivity of ABS is more
problematic. The range displayed on Fig. 65 is too wide but small
changes of ABS permittivity do have a potentially significant impact. To
avoid this issue, the samples are stored and all EM measurements are
performed in the Welcome laboratory of UCL where temperature and
humidity are regulated. No significant deviation has been observed
during a few months of study.

190
180

170

2 160 t
ABS composite [Hm]
Fig. 65. influence of change of permittivity of ABS and change of thickness of the
composite on effective permittivity of the bilayer. The ABS layer is 5mm thick and the
conductivity of the composite is fixed at 35S/m.

Some bilayers have been measured by wave guide in order to
confirm the expectation. For the examples of Fig. 60, three slabs of ABS
(3.9, 41 and 4.6mm thick) are characterised with back covered
conductive layer. The composite is plasma modified polycarbonate dip
coated in pure AquaCyl™ (AquaCyl™ is adhering only to activated
surface of PC) and hot pressed with a second PC sheet to protect the
CNT deposit. Its effective conductivity is 35S/m at 6GHz (with a
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standard deviation lower than 1S/m) and the thickness is 175um. The
ABS-CNT sandwich bilayers have an effective permittivity from 0.8 to
1.7 (full lines of Fig. 66). As expected, those results are slightly above the
interesting range. The study (in Fig. 64) of the interaction between
composite conductivity and effective permittivity of the bilayer shows
that Ocomp has to increase to decrease eu. For ease, we stack 2
composite layers on the same ABS slabs in order to increase the
reflectivity and hence decrease the effective permittivity. Those results
are displayed in Fig. 66 by the dotted curve (called ...|2xCNT in the
legend). Let's note also that effective conductivity is relatively low due to
the much larger thickness of ABS than of the composite. By the way, the
difference between the effective conductivity of single and double layer
composites is not very significant, as opposed to the strong influence on
permittivity.

PC-CNT compaosite

—ABS 3.9mm | 1XCNT
-==ABS 3 9mm | 2CNT
—ABS 4 1mm | 1XCNT
6os 681 615 |---ABS 4 1mm | 2xCNT
—ABS 4.6mm | 1xCNT
-=-ABS 4 6mm | 2<CNT

5., [S/m]

6.05 6.1 6.15 6.2
Frequency [GHz]

[5,]
[¢e]
(5]
D ————

D55 55 K

Fig. 66. Effective permittivity and conductivity of ABS-CNT composite bilayers. The
thicknesses of ABS are 3.9, 4.1 and 4.6mm. The conductive layer is 1 or 2 AquaCyl™
based film(s) which is/are stacked on the back.

Rohacell® dielectric spacers

In parallel with ABS printing, we have developed spacers in
Rohacell® foam. This foam exhibits properties similar to air at
microwave frequencies. Rohacell” is very stable in terms of frequency
and external conditions. Temperature does not affect its permittivity and
its structure is made of closed cells which makes it insensitive to changes
of ambient humidity. The drawback is the difficulty to machine precise
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parts. This is why we obtained the help of the company Grando
specialised in high accuracy foam cutting by high pressure water. The
accuracy is similar to the one of 3D printing.

A study of the relationship between conductivity of the composite,
thickness of Rohacell” and effective permittivity of the bilayer is first
performed. Fig. 67 shows that we need even less conductivity of the
composite (as compared with printed ABS) mainly because Rohacell®
has a low intrinsic dielectric constant. A zero effective permittivity is
already reached with 6¢omp = 21S/m. This advantage is accompanied by
a drawback: g4 is very sensitive to Gcomp.
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Fig. 67. simulation of effective permittivity at 6GHz of a bilayer in function of
thickness of Rohacell® layer and conductivity of conductive layer. The composite is

175um thick and €ggopacenn = 1.106. Effective permittivity must at least cross 0 and 1
for a chosen conductivity of composite.

Rohacell®—composite bilayers are measured at 5, 10, 15 and 20mm
of Rohacell® thickness. Referring to Fig. 67, we see that lower
conductivities are needed than in the case of printed ABS slabs. With
Rohacell”, we use CNT sandwiched films (based on PC dip coated in
60% diluted AquaCyl™) with 6¢omp = 24S/m and thickness 175um.
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Fig. 68. Effective permittivity and conductivity of Rohacell®-CNT composite bilayers.
The thicknesses of Rohacell® are 5, 10, 15 and 20mm. The AquaCyl™ based film has
Ocomp = 24S/m.

5.2. Stacks of bilayers for the invisibility cloak

The targeted invisible cloak is built with the help of the formalism
for a cylindrical shape (see section III-2.2). We aim to make any object
invisible by controlling radial permittivity of a multi-layered structure.
Preliminary simulations are performed in order to determine the best
parameters and identify their influence on the cloaking. The basic
simulation is a top view of point-source (located on the left side)
emitting a wave at 6GHz into a free space (see Fig. 69a). Fig. 69b shows
the wave propagation from the source to a cylinder made of copper.
This is the reference. We see a cone-shaped shadow behind the cylinder,
the magnitude of the EM wave slightly decreases and the phase is
shifted. The objective is thus to reduce this area. Fig. 69c shows the same
cylinder surrounded by an ideal cloak of invisibility. The cloaking
perfectly applies the eq. [[I-54 knowing that the antenna emits a y-
polarised wave at 6GHz. The comparison between Fig. 69a and Fig. 69¢
is the evidence of proper operation. The theoretical cloak involves no
loss since it works only with the real part of €. and i, (the imaginary part
is set to 0). Still referring to eg. [1I-54, p = 1 all over the device, &, = 1 on

. b \? .
the outer radius of the cloak but gg = (E) where a and b are the inner

and outer radius respectively. When the characteristic impedance Z; of
the cloak is well adapted, it is impossible to get no reflection since Z
does not match with the normalised impedance of the air namely
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Z,ir = 1. The consequence is a slight reflection along &g. This becomes
negligible when a decreases or b increases. We chose the compromise:
a = 30mm and b = 60mm.

-50

-100

-0.25 (a) -150

-025 -02 -015 01 -005 0 005 01 015 02 025 03 035 04 045 V-138

-50

-100

O}

0.25 A 130
150

Fig. 69. Comsol simulations of the wave propagation over a free space in (a), around a
metallic cylinder (30mm radius) in (b) and the same cylinder covered by a perfect
invisible cloaking 30mm thick in (c)

144



The device presented in Fig. 69 is a theoretical material whose
physical properties progressively change with spatial coordinate. For
practical realisation, the block is divided into concentric cylindrical layers
having constant physical properties. The question then arises how many
layers are, at the minimum, mandatory to keep an effect close to the
continuous medium system. Iig. 70 shows the reference structure
divided into 3, 5 and 7 layers. Fach of these layers obviously follows
conditions: p, = 1 and gg = 4 (here); as for g, it is a constant value per
layer fixed by its position in the stack. For instance, the 5-layered cloak is
composed of layers having €. equal to 0.033, 0.213, 0.444, 0.678 and
0.898 from inner to outer layer. The simulations of Fig. 70 show that the
3-layered cloak degrades the quality of the response. The 5- and 7-
layered cloaks are quasi similar and they are very close to the continuous
medium cloak (in Fig. 69b). This proves that a division beyond 5 layers is
unbeneficial. This result is useful for next investigations.

. . > . . . . . . . ) c . . — A137
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Fig. 70. Comparison between different layered cloaks of invisibility. The structure
is divided in 3, 5 and 7 layers which have constant physical properties.

The strategy of cloaking by bilayers requires sequencing the device
in layers. The brief analysis here above has shown that it is not necessary
to work with a continuous medium and that even a rough division is
sufficient to reconstruct the incoming wave front to the back of the
device. The number of bilayers might be determined in order to satisfy

the condition gg = (%)2. In other words, we could add more and more
bilayers to increase the radius b up to the point we get an agreement with
gg. Nevertheless, the non-zero conductivity used to control the effective
permittivity induces a reflection and loss. It is therefore necessary to limit
the number of bilayers to reduce the total reflectivity of the system. This
is why it is essential to restrain as much as possible the number of
bilayers. The following simulations sum up the impact of the deviation
from strict theory. Fig. 71a and Fig. 71b show the cloaking quality when
€g 1s respectively 50% and 200% of the ideal value. We observe that the
deviation impacts the overlapping of the wave behind the object.
Fig. 71c and Fig. 71d show the influence of a lossy cloaking device with

0 equals to 1 and 10S/m respectively.
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Fig. 71. simulations of invisible cloaking showing the influence of deviation from the
ideal case. In (a) and (b), £g is 50 and 200% the right value respectively. In (c) and (d),
conductivity is 1 and 10S/m respectively.

So the realisation of cloaking is a matter of compromise to come as
close as possible to the ideal case. In practice, two invisible cloaks made
from bilayers have been realised. The first uses ABS as dielectric layers
made by 3D printing. It has the advantage of being relatively compact
but it requires more conductive composite which inevitably implies a
greater loss. The thickness of the cloak is only 21.1mm, therefore
g9 = 5.87. The real azimuthal permittivity is more or less the one of ABS
te. 3.1. The simulation built with experimental properties of each
independent element is displayed in Fig. 72.

50

. . " R . . . N " R N N N . N -150
-025 -02 -015 -01 -005 O 005 01 015 02 025 03 035 04 045 V-127

Fig. 72. simulation of the invisible cloaking based from ABS-composite bilayers

Loss and mismatch of &g deteriorate the quality of the
reconstruction of the wavefront. For the reasons stated above, it does
not seem possible to significantly increase the efficiency of the ABS-

147



composite couple. A second alternative has been developed as an
attempt to solve the problem of losses. ABS is replaced by Rohacell®
foam. The very low permittivity of this material allows reaching zero-
permittivity with the help of a weakly conductive composite. The
disadvantage is that it generates a much wider invisible cloaking. The
stack of 5 Rohacell®-composite bilayers simulated in Fig. 73 has a
thickness of 49.7mm. The ratio of the inner/outer radii is greater, the
azimuthal permittivity is thus lowered to gg = 2.57. But it remains higher
than the intrinsic permittivity of Rohacell® 1.106. This issue point could
be eliminated but it would involve a huge device. So we decide to keep
those two examples as demonstrators. Several enhancements are
suggested in section V-5.4.
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Fig. 73. simulation of invisible cloaking based on Rohacell®-composite bilayers

5.3. Mapping of near field around cloaked zone

The cloaking devices have been characterised by a near field probe
in space. The antenna emits a y-polarised wave at 6GHz toward the xy
table. Port 1 of the PNAX-70 is connected to the antenna and the probe
is connected to port 2. We measure thus S,, that corresponds to the near
field measurements. The cylindrical cloak stands (in z-axis) on the middle
of the table and the probe moves around halfway up the cylinder. The
practical details and illustrations of the measurements are given in
section IV-3.3. The probe sweeps a maximum surface of 250x250mm. In
order to extend the surface, two mappings are taken side by side in the
front and behind the device. The captures are assembled and displayed
by Matlab. The real part of S,, is multiplied by the cosine of the phase
angle. This gives a view of the magnitude and the phase of the wave at all
points.
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Near field mapping around a reference steel cylinder

The first mapping of the near field has been performed on a single
metallic cylinder. This is the reference that we aim to make invisible
(Fig. 74). It consists of a steel cylinder with 6cm height and diameter
(which is larger than the wavelength). The cylinder is placed on a
Rohacell” plate (itself on top of high absorbing foam) to avoid any
interferences with the table. It appears like a levitating cylinder for
microwaves. The probe sweeps the surface but the zone around the arm
fixture is inaccessible. The unmeasurable area is displayed in white on the
graphs. A scheme of the cylinder is added over the graph for a better

visualisation.
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Fig. 74. characterisation of a metallic cylinder over the xy table
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Near field mapping around an invisible cloaking
based on ABS-CNT composites bilayers

The cylinder of Fig. 74 is now covered by a cloak based on 5 ABS-
composite bilayers. Each bilayer is composed of an ABS hollow cylinder
produced by a 3D printer which is coated by a sandwich of AquaCyl™
on PC. It is the structure described and simulated previously. Fig. 75
gives the result of the near field mapping. The cylinder and the cloak of
invisibility are schematised by the grey and white circles respectively.
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Fig. 75. characterisation of a metallic cylinder cloaked by a stack of 5 ABS-CNT
composite bilayers

The invisibility cloak of Fig. 75 shows a significant influence on the
incoming wavefront. Compared to Fig. 74, we see that the interference
due to reflection at the front of the object is attenuated. The cloaking
therefore promotes wave transmission beyond the object. However, it is
not excluded that a minor part of this reflection was absorbed by the
cloak itself. Behind the steel cylinder, we can observe a narrowing of the
angle of the shadow. Deviations from the ideal case are thus seen in the
way predicted by Comsol simulations (see Fig. 72). The real value of the
azimuthal permittivity does not exactly match theory and hence a cone
of shadow is still present at the back. This shadow is also amplified by
the non-negligible level of loss of the invisibility cloak. Despite these
weaknesses, the device does help the wavefront bypass the obstacle. The
strategy of bilayers stacking hence proves its ability to modulate the
effective permittivity of the medium and so control the path of a wave at
a preset frequency. Various optimisation pathways are discussed in the
next paragraph.

Near field mapping around an invisible cloaking
based on Rohacell®>-CNT composites bilayers

The near field has been swept around the invisible cloaking built on
CNT composites and Rohacell” (see Fig. 76). The global conductivity of
this system is lower than the previous one based on ABS. This is the
advantage of this system which decreases the loss. The reconstruction of
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wave front by the way is less oscillating. The wavefront behind the
system lets appear a slight shadow which has a narrower angle than the
case without cloaking (see Iig. 74). Unfortunately, the large outer radius
of this invisible cloak reduces the measurement area on the left part. We

did not collect enough data to draw reliable conclusion about the
reflectivity.

0.02

0.01

y [mm]

S0

'
K i | 1 \
-100  -50 0 50 100 150 350
7 X X [mm]

Fig. 76. characterisation of a metallic cylinder cloaked by a stack of 5 Rohacell®-CNT
composite bilayers

A photo of the ABS and Rohacell® stacks used for invisible cloaking

is shown in Fig. 77. The steel cylinder is placed at the centre of the
structures for the near field mapping.

Fig. 77. photo of Rohacell® and ABS based invisible cloaking (and the steel cylinder)
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5.4. Discussion of experimental results
and potential enhancements

The analysis of our multilayer cylindrical cloaks shows an undeniable
ability to deviate the microwaves. However we have to admit that the
reconstruction of the wavefront behind the cloaked object is perfectible.
The points limiting the performance are discussed below and some
directions to mitigate them are given. The reflectivity of the cloak is
probably a major problem, which could be eliminated by modifications
of the CNT based composites. The mismatch of &g is improvable by
simple changes of the structure. Some complementary concepts are also
described as prospects for future research starting from the present
work.

Reducing EM loss

A perfect cloaking should be transparent. However, non-zero
conductivity is requited to deflect the microwaves to the desired
trajectory. A study of the interaction between the conductivity of the
composite and the effective permittivity of bilayers has already been
carried out in order to work with lower conductivity. The nature of the
dielectric is important at this stage; the lower its dielectric constant, the
lower the conductivity of the composite required ensuring a minimum
effective permittivity of 0.

Although it is not possible to reduce the overall conductivity by our
method, it is interesting to quantify its influence. Fig. 78 compares an
invisible cloaking based on Rohacell” bilayers (in a) with a hypothetical
system where radial and azimuthal permittivities are equivalent but the
global conductivity is zero. It proves that a drastic decrease of o
improves the transmission near the system but the reconstruction of the
wavefront continues to be disrupted by the mismatch of &g.
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Fig. 78. Comsol simulations of wave propagation trough "normal" Rohacell® based
invisible cloaking in (a) and the same system whete 0 is artificially set at 0S/m in (b).

Improvement of the azimuthal permittivity matching

Apart from the loss, the imperfection of the experimental cloaking
is caused by the difference between the experimental azimuthal
permittivity and its theoretical value. To correct this inaccuracy, we
should use a material whose azimuthal permittivity &g is larger than the
radial permittivity €. Indeed, & is set so that each bilayer gives eqf
satisfying the eg. III-54. Changing only ¢ of the dielectric layers would
effectively require an anisotropic material, for example, a polymer
reinforced with oriented ceramic nanofibers having a high dielectric
constant in the direction €g. The impact on & would be minimal
compared to the increase of €g. The development of such material does
not seem unfeasible, despite its higher complexity. The cloaking based
on Rohacell® would require an extensive modification of the production
process. On the other hand, the ABS based cloak of invisibility could be
directly printed with a suited anisotropy. With the increasing popularity
and fast development of 3D printing, it will soon be possible to print
micro-architecturated anisotropic materials. The composite film could
immediately be printed too. Fig. 86b shows a Comsol simulation of the
structure so described (which is compared with the cloaking based on
isotropic ABS in Fig. 86a). The dielectric layers have €, of bulk ABS but
€g 1s modified to fit with the eq. 11I-54.
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Fig. 79. Comsol simulations of wave propagation trough "normal" ABS based invisible
cloaking in (a) and the same system where €q fits with theory in (b).

Through this simulation, we notice that the correction of &g
produces an enhancement to restore the correct shape of the back
wavefront. Research about the issue of azimuthal permittivity merits
further consideration. It is conceivable that an optimisation in terms of
loss reduction coupled with a better match with theoretical £g would lead
to effective systems. Some solutions to bypass the current limitations are
introduced in next section.

5.5. Prospects and alternatives for invisible cloaking

Invisible cloaking by stacks of polymer-composite bilayers has
shown its ability and its limitations. This point introduces potential
avenues to develop complementary systems bypassing the current issues.
The concept of cloaking by bilayers is extrapolated to magnetic
composites stacked with the same dielectric polymer. The addition of
magnetism allows managing permeability for deviating microwaves. It
adds also the possibility to extend our cloaking to arbitrary shape in
theory. The concept of split ring resonator designed by CNT ink is
brought as a second alternative to control permeability with a thin and
single layer. Afterwards, a variant of our cloaking is described. It is a
swiss roll system built from a continuous bilayer rolled up on itself. The
simplicity of its implementation combined with correct performance
makes it a serious candidate for invisible cloaking.
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Test of split ring resonators designed by CN'T

The most common way to control permeability is the use of metallic
split ring resonator (SSR). As explained in section III-2.3, the design of
SRR with a conductive substance allows decreasing the effective
permeability as a function of geometrical parameters of the patterns.
Controlling permeability leads to advantages such as lower loss. We have
performed some trials of airbrushing CNT trough of mask in order to
draw SRR. The process is detailed in section IV-2.3. It provides
structured films whose permeability is passing through desired values
around radar frequencies. An example of the possibilities is shown in
Fig. 80 which presents a simulation of a structure containing 2
superimposed SRR made of CNT. Referring to Fig. 22, the design is
built with: r = 5.6mm, d = 3.1mm, g = 5.7mm, p = 3mm, a = 49.4mm,
1 =300um. A picture of a CNT SRR sandwiched between PC sheets is
inset in Fig. 80.

o, [S/m]

i
5] 8 10 12 14 16 18 20
Frequency [GHz]

Fig. 80. effective conductivity and permeability of 2 superimposed SRR of CNT on
PC. The inset is a picture of the measured 2 layers of SRR (superimposed for
measurement).

The resonance involving the fluctuation of Weg has to appear at
6GHz in theory. The shift is presumably due to a lack of precision
because of the airbrushing and the hot-pressing steps which do not bring
a sufficient structural accuracy. A small deviation from the theoretical
pattern implies large change on measured effective permeability. It is the
reason why we have not further developed this method for cloaking.
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Moreover, the imaginary permeability I{pe¢e} should be a narrow peak as
shown by Fig. 22. The spreading of the peak is possibly also caused by a
lack of precision of the pattern. However, we notice that the resonance
phenomenon obviously shows up. Permeability crosses the values
between 0 and 1, hence proving that this route could be used for an
invisible cloaking system. The loss would be weak because the effective
conductivity is weak as proven by Fig. 80. Assuming that a high
precision SRR would sharpen the peak of pjg as predicted by theory, the
loss would be only due to non-zero conductivity. The structure would
approach the Pendry's work (see Fig. 24) but would be fully composed
of organic materials processed in simple ways.

Swiss roll cloak of invisibility

The swiss roll invisible cloaking is a variant of the presented systems
which target an extremely simple implementation process. The bilayer
concept is kept for the control of radial permittivity. Instead of stacking
concentric tubular bilayers, a continuous film of dielectric-composite is
wound around the object to cloak. The thickness of the dielectric layer
has to grow continuously in the same way as the thickness of the
dielectric bilayers increases from the inner to outer radius for concentric
tubes. Fig. 81 shows schematically the envisioned manufacturing process.
Note also that it would be possible to create this structure with a
dielectric film of constant thickness if the conductivity of the composite
varies along the length (as suggested by the Fig. 64 and Fig. 67).
However, it seems simpler to manage a thickness gradient that a
continuous conductivity gradient.

Bilayer is rolled
up on itself

Fig. 81. diagram of the implementation of swiss roll invisible cloaking

Simulations have been conducted to show the ability of this variant
of cloaking. The simulated composite remains identical to previous
theoretical and experimental cases. The dielectric is simulated from the
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physical parameters of Rohacell”. Tts thickness increases linearly to be as
close as possible to the aimed thickness in order to obtain the proper
effective permittivity. Since this structure is not symmetrical, it has been

simulated under different angles. The elementary structure is shown in
Fig. 82a and next it is rotated -90° (Fig. 82b) and +90° (Fig. 82¢).
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Fig. 82. simulations of swiss roll invisible cloaking with different rotation in order to
observe any influence on wavefront and the quality of transmission

No significant difference is noted according to the angle of the
structure. The angle of incident wave therefore has no negative impact
on the quality of cloaking. The very simple implementation makes the
"swiss roll" an attractive possibility.

5.6. Conclusion

Isotropic composites built from CNT and polymeric substrates can
be organised as smart multilayers able to produce effective control of
EMW propagation. The fine management of the physical properties of
each individual layer is the key to deviate microwaves in wanted
directions. This approach paves the way to invisible cloaking but in the
present implementation, some loss is unavoidable due to the required
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conductive layers. Some directions for improvement (SRR CNT paths,
anisotropic dielectric layers, swiss roll structure) have been proposed.

The devices can be developed for radar applications if the cloaking
quality is high enough to evade radar detection threshold. Even if the
reconstruction of the wavefront behind the cloaked object is so far not
perfect, the system could be made invisible for the detector.

In summary, carbon nanotubes combined with dielectric polymer

are brilliant candidates for the control of wave propagation with the
advantage of simplicity and robustness.
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Chapter VI

General conclusion
& prospects
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The broad objective of this thesis is to contribute to the progress of
the state the art in the important field of microwave EM control by
absorption as well as deflection. The investigations have focused on wide
band absorbers, frequency-selective absorbers and invisible cloaking.
The strategy developed to fulfil the general aim is based on hierarchical
multilayer structures using a combination of conductive nano-
composites and pure polymer or ceramic substrates.

Carbon nanotubes (and partially nickel nanowires) composite films
are the essential building blocks used in this work to create the layered
structures. Some methods have been developed to homogeneously
disperse nanofillers (CNT or NW) three-dimensionally or as a surface
thin deposition to achieve the desired mechanical and EM properties. By
adequate control of the process, this approach allows producing
composite films whose conductivity, permittivity and permeability are
controllable over a broad range, including their anisotropy. However,
those basic layers only realise their full potential when they are stacked
according to a smart organisation. The absorption or deviation of
microwaves appears under particular conditions. For instance, we could
make an EBG instead of a broadband absorber with the same layers if
the arrangement is modified. It is therefore necessary to implement a
mathematical model to stimulate multiple interactions between the set of
layers used in a multilayer. This model, built on the concept of chain
matrices, is able to predict the frequency dependent behaviour of all
types of multilayers when geometry and electromagnetic properties of
each individual layer are used as input. Despite its simplicity this model is
nevertheless powerful. As evidence, it has been used to predict the
structure of broadband absorbers, EBG filters and invisible cloaking
which are successively discussed hereafter.

1. Broadband absorption

Absorption over the frequency range of 8-67GHz has been widely
studied in this research. Multilayer structures alternating conductive and
dielectric films are a great combination to maximise absorption. A stack
of conductive layers in gradient of conductivity decreases the reflection.
The developed structures are presented as flexible, thin and conformable
films. The conductive layers are either made of a PC-CNT blended
composite obtained by extrusion or an ultra-thin deposit of CNT on the
polycarbonate surface. This last is a novel method for the production of
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sandwiches of entangled CNT between PC sheets. It stands out from the
current state of the art by its simplicity (169) and its performance in
terms of conductivity (170). The achieved absorption index is entirely
convincing especially since the overall thickness remains far below the
wavelength as shown by Fig. 83.
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Fig. 83. absorption index of blended PC-CNT composite and AquaCyl™ sandwiches
based multilayer. The dotted lines are the absorption predicted by the model. The
blended composites and AquaCyl™ sandwiches based multilayers have a thickness of
4.90mm and 2.56mm respectively.

It is quite possible to cover electronic devices, medical devices or
others to isolate them from external and internal fields. The main
advantage of those multilayers is the potential industrial implementation
at large scale. The absorber could cover large surface as rooms or entire
buildings. Few large-scale solutions combining this efficiency with such
a thickness are available, especially at a relatively low cost (171).

We have pushed back the absorption/thickness ratio via a novel
type of broadband absorbing multilayer. The CNT composites are
replaced by entangled ferromagnetic nanowires sandwiched between
polymer films. The fine control of conductivity and permeability as well
as a smart conductivity/permeability gradient stacking of the layers lead
to very high-efficiency absorbers. Analysis by the Rozanov formalism
confirms the performance compared to the theoretical limit. The
difficulties to massively produce NW is probably the main limit of this
system. It constrains to work at small scale unlike the CNT based
multilayers. This optimal absorber seems thus totally suited for EMI
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shielding of microchip and small devices needing a high absorption level
despite a reduced admissible thickness.

By keeping the same multilayers concept, we have also
demonstrated that the absorption can be controlled according to the
polarisation of an incoming microwave. The orientation of CNT inside a
polymer matrix or a CNT track pattern allows selecting the favourable
absorption direction. The effect has been clearly demonstrated but some
optimisation could improve the anisotropy of the conductive films.
Research should be conducted to increase the stretching of the PC-CNT
composites before rupture in order to improve the alignment of the
CNT. The patterned lines of CNT could be designed with a smaller
interdistance in order to increase the gap between the conductivity
according the orthogonal directions in the plane. The fact remains that
polarising multilayers presented in this thesis open the way to a novel
type of polarisation-selective filters.

In summary:

The combination of conductive nanofillers (CNT or NW) and
polycarbonate has clearly proved its efficiency for broadband absorption.
The type of nanofiller makes the resulting shields suited either for
covering large surfaces at attractive cost or for small devices requiring
very high absorption/thickness ratio. The micro-structuration or
alignment of charges further opens the possibility to polarisation control
of the waves. The multilayers are very thin compared to wavelength and
benefit to the classical advantages of polymers: resistance, flexibility and
conformability.

2. Electromagnetic bandgap filtering

Some situations or devices are not helped by broadband absorption
because it is too restrictive or it simply prevents normal functioning.
EBG filters are often a better solution for devices connected to
telecommunication networks. The challenge becomes more precisely to
absorb the microwaves with the exception of the useful frequency band.
We have demonstrated easy to make multilayer nanocomposite
structures which open up new possibilities in the area of microwave
management. The EBG are able to selectively reflect/absorb desired
wavelengths. The filter shown in Fig. 84a is an absorber with some
narrow band of high reflectivity. It suggests some potential for basic
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filtering of signals. A parabolic antenna could, for instance, be covered
by such a multilayer to only focus operating frequencies to the detector.
Furthermore, the selection of the thickness or permittivity of the
dielectric layers allows a complete freedom for the choice of the filtered
frequency. Higher or lower frequencies can be targeted too. A very
commonly used frequency nowadays is 2.4GHz corresponding to the
Wi-Fi protocol. Shielding those frequencies should prevent leaks of data
conveyed by this network. It is relevant for protection of privacy and
general data protection. The second example of EBG in Fig. 84b acts on
Wi-Fi frequency for illustrating the versatility of the method. In the latter
case, we absorb only at 2.4GHZ without affecting significantly other
frequency bands. Furthermore, it is built from a stone (granite) slab
which is a natural choice in the conception of shields for large surfaces
typical of buildings.
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Fig. 84. EBG filter based on AquaCyl™ composites stacked in gradient of conductivity
with alternately Arlon AD1000 substrate in (a). An EBG filter based on two equivalent
AquaCyl™ sandwiches between natural granite slabs in (b). The dotted lines are the
theoretical predictions.

In summary:

The proposed EBG filters show that CNT composites are also very
attractive in the field of frequency-selective absorption. They naturally
combine with many types of substrates including construction materials.
The developed EM model correctly fits these materials and can be used
to select the best dielectric substrate for each multilayer.
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3. Invisible cloaking

Absorption or filtering (controlled in frequency or polarisation) is
helpful in many applications. However, in situations such as
emission/detection of a radar signal, it is much more appropriate to
prevent distortion of the signal regardless of the interfering elements in
the detection zone. This amounts to making the source of interference
invisible to microwaves. We have developed an invisible cloaking
working at 6GHz, which is a common frequency of radars. Our system
is built from the same type of building blocks as in the previous sections
i.e. conductive composites based on CNT ink sandwiched between PC
sheets and dielectric polymer foams (ABS or Rohacell®). The materials
are precisely arranged in concentric layers around a cylindrical obstacle to
hide, thanks to a proper radial modulation of the effective permittivity.
The concentric shield deviates the waves at a desired frequency in such a
way that the wavefront passes the obstacle almost unperturbed. Fig. 85a
is a mapping of the free xy table and Fig. 85b shows the perturbation
provided by a highly reflecting object (here a 6cm diameter steel cylinder)
which is compared with the two experimental cloaks of invisible given in
Fig. 85¢ and Fig. 85d. They show a convincing transmission of the
wavefront through the cylinder. Some perturbations are introduced
because of the imperfection of the cloaking. Nevertheless, this obviously
reduces the detectable area at the rear of the system. Those invisible
cloaks are perhaps sufficient to exceed the detection threshold of radars.
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Fig. 85. characterisation of free space in (a) and a metallic cylinder in (b) which is
cloaked by a stack of 5 ABS-CNT composite bilayers in (c) and a stack of 5 Rohacell®-
CNT composite bilayers in (d)

In summary:

Our research has shown the feasibility of a correct control of wave
propagation by a simple method of manufacturing with standard organic
materials and conductive nanofillers. It is only a first step as the quality
of the system is fit for improvement but some directions for progress are
already identified.
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The solutions in the context of this thesis fulfil their function to
diminish or avoid microwave interference. The proposed solutions easily
adapt on demand either to the propagation mode (by absorption or
transmission by deviation), or to the aimed frequencies of operation, or
to the wanted angle of polarisation. All those possibilities are the
consequence of judicious hierarchical organisation of materials based on
polymers and conducting nanostructures.
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Annex A

Plasma treatment for

adhesion of CNT ink on PC

181



The spreading of AquaCyl™ on polycarbonate requires a surface
treatment to increase the contact angle. Preliminary test was realised with
the coupling agent 3-aminopropyltriethoxysilane which acts as interface
between PC and AquaCyl™. The adhesion is clearly improved but the
dispersion of CNT remains insufficient. AquaCyl™ leaves areas of CNT
density visible to the naked eye. The process is therefore not followed
up. Other experiments have shown that a plasma activation provides a
homogenous and better wetting. Research on the wettability of
polycarbonate has logically led to this path.

1. Experimental results

Polycarbonate sheets have been exposed to some types of plasma to
compare the ability to increase the wettability. A droplet of ultra-pure
water is put down on the surface to measure the contact angle. The angle
is defined as

2h o A-
0 = 2 arctan (F) ¢ AT

where h is the high on the middle of the droplet and b is the width of
the droplet (see inset of Fig. 86). Wettability of pure polycarbonate with
PC activated by argon, oxygen or water plasma is compared in Fig. 86.
Oxygen plasma starts from pure O, but the gas is quickly excited to
convert partially oxygen to ozone. The water plasma is actually plasma
made from ambient air. The chamber is filled with filtered air. It is thus
mainly composed of O,, N, and ambient humidity. The H,O molecule is
particularly reactive to activate a surface. The industry and scientific
literature exploit this plasma for its high ratio cost/efficiency (172). By
the way, Iig. 86 proves that water plasma decreases at best the contact
angle.
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Fig. 86. Measurements of contact angle of polycarbonate surface exposed to different
plasmas.

0,0

Fig. 86 highlighted that the nature of plasma has a significant
influence. Duration and power are equally or even more useful to
improve adhesion. They decrease drastically the contact angle; analysis
for Ar plasma (shown in Fig. 87) proves that a long exposure time and a
higher power are the key parameters to remove the hydrophobic
characteristic of the surface. Throughout the process, the injected gas is
continually renewed. The partial pressure of the selected gas in the
chamber is always imposed at p = 170 mTorr.
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Fig. 87. Measurement of the influence of duration and power of argon plasma

The adhesion of the carbon nanotubes is now satisfactory to cover
uniformly a large polymer surface. Experiments showed that plasma
indeed modifies surface property. We will investigate the underlying
science to understand the modifications. A physical analysis of the
surface will be conducted by AFM in order to quantify the change of
roughness. A chemical analysis will reveal the modification of polymer
chains on the surface.

2. AFM topography

The surface of exposed PC was observed by AFM in order to define
how the roughness is affected by the treatment. In fact, collision of
ionised molecule at high energy with polymer is susceptible to modify
the flatness in surface. A virgin surface has been captured in tapping
mode; Fig. 88 shows the height of bounces is around 10nm if the
impurities are removed. The second AFM capture at higher zoom
confirms that the surface is relatively flat.
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15.1 nm

-15.6 nm

0.0 Height 10.0 ym
Fig. 88. AFM pictures in tapping mode of pure polycarbonate surface

The AFM analysis of a sample exposed to oxygen or argon plasma is
completely different from that of a virgin surface. The roughness is
clearly enhanced by an Ar activation as evidenced in Fig. 89. The spread
view in Fig. 89a shows mounts and valleys almost 10 times higher than
in the previous figure. This topographic analysis proves that a plasma
exposure modifies roughness of polycarbonate. However, it is not
possible to discriminate between finger prints of different plasmas using
AFM images: nature of ionised gas does not induce any visible change
on the surface. Further analysis has to be conducted to discriminate
between chemical modifications of the surface.

132.8 nm 95.9 nm

-104.9 nm

00 Wiﬁiﬁre?i&ﬁ - 77775.70}1‘ 0.0 Height 1.0 um
Fig. 89. AFM mapping in tapping mode of polycarbonate surface exposed to 150W
argon plasma for 15 minutes
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3. X-ray photoelectron spectroscopy (XPS)

XPS analysis was conducted to know the deterioration of polymer
chains induced by plasma. Global XPS spectrum of pure and activated
polycarbonate are represented in Fig. 90. These are measurements of
pure PC, PC exposed to argon, oxygen and successively argon next
oxygen plasma. Polycarbonate is composed of C-C, C-O, C-H and other
covalent bonds. In global sweep, a Fls and Si2p peak appears because of
rare impurities integrated during process.
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Fig. 90. XPS spectrum of pure PC, PC exposed to oxygen plasma, PC exposed to
argon plasma and PC exposed to argon then oxygen plasma.

For polycarbonate, important bonds are O 1s and C 1s. The sweep
is spread out for those energy ranges in order to distinguish the type of
carbon or oxygen bond. Fig. 91a provides the energy for breaking
oxygen bonds in polycarbonate molecule. The peaks corresponding to
O-C bond and O=C bond are respectively located at 534.06 eV and
532.41 eV. The change of intensity of those peaks gives evidence that the
amount of each bond is affected by plasma activation. Taken as a whole,
intensity of activated sample is higher than reference polymer. Argon
plasma even reverses ratio O-C/O=C. The qualitative analysis of C 1s
bonds shows a clear change of weak peak above 288 eV. The main peak
at 284.8 eV corresponds to C-(C or H) bonds (aromatic + aliphatic
bonds). It decreases in intensity from reference to activated samples.
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Plasma degrades partially the aromatic cycle and lightly modifies C-O
(286.28 V), C=0 (287.29 V), COO (289.22 V), C,, ... O (286.35 eV)
and CO-(C=0)-0O (290.69 eV) bonds.

O1s

pure PC

o CH,
)
CH,
. n

Ar activated PC /4, S

Intensity (a.u.)

-

SN
) N
02 activated PC N AN
S =

Ar +02 activated PC / ) 7 Y

Intensity (a.u.)

e .

02 activated PC

Ar + 02 activated PC

C1s

—

o]
537 534
Binding Energy (eV)

540

T T T
531 528 296 292

288
Binding Energy (eV)

T
284

Fig. 91. spectra of C 1s bond in (a) and O 1s in (b). The inset shows polycarbonate

molecule.

The AFM observation of the surface and the XPS analysis showed
that it was not conceivable to determine the action of a precise plasma
compared to another. It is therefore not appropriate to use these results
to select one plasma. Nevertheless, we now know that exposure to
plasma modifies the surface roughness and surface chemistry. After
exposure, the polymer chains are broken and are pending which partly
explains the better wettability. As observed experimentally, this chemical
activation is attenuated over time. Indeed, the free bonds of the polymer
will react quickly with the ambient air. It is therefore essential to
maintain the sample under vacuum and apply the CNT ink as soon as
possible. In practice, AquaCyl™ was applied directly after exiting the

plasma chamber.
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Annex B

Gel permeation
chromatography (GPC) of
PC-NW composites
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The implementation of the nanowires-polycarbonate composite can
degrade the polymer. A Gel Permeation Chromatography (GPC) is made
to identify the level of degradation. Alliance Waters 2695 GPC separates
dissolved molecules according to their size by pumping in special
columns containing microporous material. As the sample is separated
from the column, the Waters 2487 dual A Absorbance detector measures
the distribution of the absolute molecular weight, molecular size and the
intrinsic  viscosity. From that, we extract information on the
macromolecular structure, aggregation and branching.

Pure polycarbonate is exposed to ultra-sonication or to 300°C for
45 minutes. A sample is taken every 15 minutes to highlight a possible
evolution of degradation. Fig. 92 shows the GPC results for each step
during process compared with the reference virgin polycarbonate. The

molecular weight is plotted versus the molecular weight distribution
owt

d(logM)’
weight decreases and therefore the polymer chains are degraded. PC
exposed to high temperature is very close to the reference curve, the
sonicated PC followed very closely too. The level of damage caused by
the temperature and even ultrasound is present but negligible.

function A movement to the right means that the molecular

reference polycarbonate
15min ultra-sound

30min ultra-sound

45min ultra-sound

15 min at 300°C .

30 min at 300°C ~1.00
45 min at 300°C

—0,50

dwt/d(logM)

Slice Log MW

Fig. 92. GPC curves of virgin PC, PC exposed to sonication or high temperature
(300°C). A sample is analysed all spans of 15min.

Residues of NaOH (and acetic acid) are also blamed of potential
deterioration of the polymer. A second GPC is led on the composite PC-
NW itself. Several samples are taken at different positions of the
composite (in case of local agglomerates). The shift with the reference
curve is more pronounced (see Fig. 93). The combination of sonication,
high temperature and chemical residues decline a bit the polycarbonate
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quality. Mechanical properties are thereby slightly diminished. However,
there is not a real handicap for electromagnetic applications.

reference polycarbonate
PC-Au-NW

PC-Au-NW .
PC-Au-NW 1,00
PC-Au-NW i
PC-Au-NW

—0,50

dwt/d(logM)

—0,00

—T T — — T T T 7
5,50 5,00 4,50 4,00 3,50
Slice Log MW

Fig. 93. GPC on PC — Au-NW composite. The reference curve is pure polymer.
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Annex C

Summary of the multilayers
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The main materials and structures used as building blocks for the
multilayers are illustrated above and with their intrinsic EM properties
are given. Each multilayer corresponds to a specific illustration; they are
all shown in the next paragraph. Some structural information, an
estimate of the global nanofiller density per surface unit, the total
thickness and the figure of merit are provided for the set of multilayers.

1. Building blocks

Pure polycarbonate
g = 2.8 (in GHz)

o =1072S/m

Hr =1

t variable

Arlon AD1000

e = 10.7 (in GHz)

o =10712S/m

Hr =1

t = 1.5mm or 9.6mm

Granite
e = 9 (in GHz)
o =10719S/m

Hr =1
t =10.45mm

PC-CNT composite blended by extrusion
e = 3 (in GHz)

o variable

Hr =1

t =175um
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Ny ;A A

Thin CNT deposition
€ = 3 (in GHz)

o variable

Hr =1

t = 7um

AquaCyl™ CNT sandwich

(produced by dip coating or airbrushing)
g = 3 (in GHz)

o variable

Hr =1

t variable

Thin Ni-NW deposition
g = 3 (in GHz)

o variable

ypvariable

t ~pm

Parallel CNT striplines film
e = 3 (in GHz)

o variable

Hr =1

t=125um
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2. Characteristic of the multilayers

Multilayer 1
13 conductive layers:
PC-CNT blended by

. 0, =
extrusion (1 75Hm) 0.25% CNT o = 6S/m

. . 0.5% CNT o =11S/m
14 dielectric layers:

pure PC (110um) 0.75% CNT o = 29S/m

CNT density: ~11mg/cm? 1%CNT o6 =18S/m

Total thickness: 4.90mm 1.25% CNT o =225/m

1.5% CNT o =36S/m
Rozanov result: ! /

0.0275 < 0.0967 2%CNT ¢ =54S/m

Figure of merit:
0.0254
= =52

t

25% CNT o =101S/m

3%CNT ¢ = 163S/m
35%CNT 6 = 236S/m
4%CNT ¢ =257S/m
45%CNT o = 292S/m

5% CNT o6 =268S/m
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Multilayer 2

9 conductive layers:

diluted AquaCyl™ is dip
1%AquaCyl =8S

coated on PC (~7um) e /m
10%AquaCyl o = 148S/m

10 dielectric layers:

pure PC (250um) 30%AquaCyl 6 = 574S/m

CNT density: ~1Omg/cm2 45%AquaCyl ¢ = 810S/m

_ 56%AquaCyl & = 9255/m
Total thickness: 2.56mm
63%AquaCyl & = 953S/m
Rozanov result:

0.0245 < 0.0505 720/0Aquﬁ.cyl 0 = 1049S/m

. . 83%AquaCyl o =1159S/m
Figure of merit:

0.0236
== = 9.2

100%AquaCyl @ = 1451S/m

Multilayer 3
3 conductive layers:
diluted AquaCyl™ is dip
coated on PC (~7um)

1%AquaCyl o =8S/m
30%AquaCyl o = 574S/m

4 dielectric layers:

pure PC (900“1’1’1) 63%AquaCyl 6 =953S/m

+back-sided reflector

(Aluminium foil)
CNT density: ~3.5mg/cm?
Total thickness: 3.65mm

Rozanov result: 0.0675 < 0.0720

0.0223 _

6.1

Figure of merit (theoretical): Q = .
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Multilayer 4
4 conductive layers: surface of entangled Ni-NW
5 dielectric layers: pure PC

The physical properties are effective values of PC|Ni-NW|PC
sandwiches 150um thick (corresponding to direct measurement).

2.8mg Ni-NW o =0.5S/m pe=1.2 p =1.3

45mg Ni-NW o =1.55/m ne=2.1 n' =13

8.7mg Ni-NW o =3S/m n =24 n' =1.3

31 mgNiNW 6 = 455/m W= 13 p =12
Ni-NW density: 4.95mg/cm?

Total thickness: 600um

Rozanov result: 0.0339 < 0.0564

0.0323

Figure of merit: Q = =538

Multilayer 5
4 conductive layers: diluted AquaCyl™ is dip coated on PC
5 dielectric layers: pure PC

The physical properties are
effective values of
PC|CNT|PC sandwiches
175um thick.

1%AquaCyl o =0.3S/m
10%AquaCyl o = 1.5S/m
CNT density: ~5mg/cm? 10%AquaCyl 6 = 3S/m

Total thickness: 700um 72%AquaCyl 6 = 455/m

Rozanov result: 0.0041 < 0.0138

0.0271 — 388

Figure of merit: Q =

198



Multilayer 6
6 conductive layers: CNT striplines airbrushed on PC (pattern narrow, see
section IV-2.3). Each sandwich is 125um thick.
4 dielectric layers: pure PC (100um)

Effective conductivity of patterned films is given parallel || and
perpendicular L to electric field.

CNT density: ~2.5mg/cm?

Total thickness:1150um 0, = 25/m
Figures of merit: 021 =25/m
0.0210
= =18.2
0.0127 031 = 2.55/m
N — — 11 3L /
t
Multilayer 7

11 conductive layers:
PC|CNT | PC sandwiches
250um thick

\. 1%AquaCyl o = 0.3S/m
s 10%AquaCyl o6 = 6S/m

10 dielectric layers:
Arlon AD1000 (1.5mm)

3 20%AquaCyl o = 23S/m
>, 30%AquaCyl o = 24S/m

S 2
CNT density: ~13mg/cm VoAquaCyl @ = 32S/m

Total thickness: 17.97mm . 50%AquaCyl @ = 37S/m
b, 60%AquaCyl o = 48S/m
70%AquaCyl 6 = 52S/m

80%AquaCyl o6 = 56S/m

90%AquaCyl o = 68S/m
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Multilayer 8

1 dielectric layer: 1 conductive layer:
Arlon AD1000 PC|CNT| PC sandwich
(by 3x airbrushing)
e = 10.7 g =3
0 =10"'2s/m 6 =100S/m
r =1 Hr =1
= 9.6 mm t=100pum

Multilayer 9
3 dielectric layers:
Granite slabs

CNT density: ~1.5mg/cm?
total thickness: 9.7mm

2 conductive layers:
PC|CNT|PC sandwiches

(by 3x airbrushing)
& =9 € =3
o =10"1%/m 6 =100S/m
Hr =1 Hr =1
t = 10.45 mm t=100pm
CNT density: ~3mg/cm?
total thickness: 31.55mm
Multilayer 10
1 dielectric layer: 1 conductive layer:
Granite slab PC|CNT|PC sandwich
(by 3x airbrushing)
& = e =3
0 =10"1%/m 6 =100S/m
r =1 Hr =1
t=10.45mm t=100pm

CNT density: ~1.5mg/cm?
total thickness: 10.55mm
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