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Introduction

On the sixteenth of August 1858, the first official telegraphic message crosses the Atlantic;
gueen Victoria of the United Kingdom congratulates the newly elected American president,
James Buchanan. After four years of research, hundreds of thousands of pounds and a series
of failed expeditions, the first transatlantic telegraph cable is finally achieved. The Telegraph
Construction and Maintenance Company, led by Cyrus W. Field, finally prevailed on the
Atlantic sea. An undersea telegraph cable now links Newfoundland and Ireland. The cable is
in itself 3500 km long, and is made of at least 600 tons of copper and 200 tons gutta-percha,
a natural polymer similar to rubber allowing its isolation in water. In order to unfold this gigantic
cable, the two biggest ships of the United Kingdom and the United States, the Agamemnon
and the Niagara, have been requisitioned. Unfortunately, the cable only works for three weeks
and the New World will have to wait six more years before being permanently linked with
Europe. If Stefan Zweig decided to dedicate one of his twelve short stories from his work
“Decisive Moments in History” to this particular moment, it is because for the first time in history,
all the continents inhabited by humanity can communicate almost instantly, thus creating some
sort of “universal conscience”.

Since then, numerous breakthrough innovations in telecommunications, from the use of
electromagnetic waves for wireless telegraph by Marconi, to the internet and the different
generations of mobile networks (1G to 4G), led to the internet, as we know it today. In January
2021, the estimated number of people connected to the Internet was of 4.66 billion, and 92.6%
of that number through mobile devices [1].

The next step in the evolution of telecommunications is the fifth generation of mobile networks
(5G). The three main objectives of this new generation are higher data rates, lower latency and
the Internet of Things (loT). Between 4G and 5G, the average data rates would go from 20
Mbps to 100 Mbps and the latency would decrease from 50 ms to 1 ms. The 0T consists in
connecting an important number of objects that can transfer data over a wireless network
without human intervention. The opportunities that arise from such possibilities are endless.

However, to attain such objectives there are some technological difficulties to overcome. For
example, to have better data rates, it is necessary to use higher frequency bands because of
the overcrowded lower ones. Yet, the size of devices is directly linked to their working
frequency, meaning new fabrication processes are necessary. Moreover, the increasing
number of connected devices comes with an increasing number of hardware pieces.
Unfortunately, this hardware is mainly made from metals which become scarcer and more
difficult to extract [2]. What Cyrus W. Field did in the 19" century is not possible today anymore:

Entire mines of iron and copper were depleted to make this single rope, entire forests of
rubber trees were bled to produce the envelope of gutta-percha intended to cover such
a gigantic length.

Nonetheless, just as much as the discovery of gutta-percha allowed for isolated undersea
cables, new materials discovered in the 90s could solve both problems mentioned above: new
fabrication processes for higher frequencies and available resources. These new materials are
the nanomaterials derived from Carbon, one of the most abundant and easily accessible
element on earth.
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Graphene and carbon nanotubes (CNTS) received a lot of attention in the past decades, for
their exceptional properties. In 2010, A.K. Geim and K.S. Novoselov received the Nobel price
in Physics only six years after physically isolating Graphene. In 2013, the European Union has
set up a research initiative, the Graphene Flagship, which will receive 1 billion euros in 10
years to investigate new applications of graphene and other 2D materials.

In this work, we will investigate the possible use of CNTs for Radio Frequency (RF) and
millimeter-wave (mm-wave) devices. In particular, we will study the possibility of creating a
new type of heterogeneous integration fabrication process for mm-wave devices using bundles
of CNTs.

The research reported in this thesis was funded by the Agence Nationale de la Recherche
(ANR) as part of the project TRICOT (Emerging Technology for RF and Millimeter-wave
Circuits based on Carbon Nanotubes). This project was in the context of ultra-compact
millimeter-wave systems manufacturing and in particular we planned to develop E-band
demonstrators (71-86 GHz). An original concept of functionalized interposer has been
proposed, in particular by integrating a beamforming circuit (Butler matrix), which was based
on two innovations from previous work of the partners : the design of slow-wave waveguides
and a technology of carbon nanotubes growth and transfer, compatible with CMOS technology.

There are four partners to the project. | was attached to Xlim, a joint CNRS-Université de
Limoges research institute (UMR 7252) where | spent the three years of my PhD. Xlim gathers
460 researchers, staff and PhD students divided in six different axis studying different domains
from Mathematics to Electromagnetism. | was attached to the team MACAO (Advanced
Methods for Computer Aided Design) in the axis System-RF. In the project, Xlim was
responsible for the design and measurements of the fabricated devices. CINTRA (CNRS
International-NTU-Thales Research Alliance) is a CNRS Mixt International Unit (UMI 3288)
with academic NTU (Nanyang Technological University) and industrial (THALES) partners,
located in Singapore on NTU’s campus. CINTRA was responsible for the fabrication of the
devices. RFIC Lab is a research laboratory, which belongs both to the University Grenoble
Alpes (UGA), Grenoble INP, USMB and to the CNRS. With a staff of 170 persons, —RFIC Lab
is one of France’s top micro and nanotechnology research centers. In the project, RFIC Lab
was responsible for the simulation and design of the slow-wave devices. IlI-V Lab is an
industrial research laboratory under the guidance of Nokia, Thales and CEA Leti. IlI-V Lab
conducts R&D activities in the field of micro/nano-electronics and photonics semiconductor
components for different application: telecoms, defense, security, safety, space etc. In the
project llI-V Lab was responsible for the test of the devices robustness.

This PhD thesis is organized as follows :

In the first chapter, the basic notions about CNTs and Vertically Aligned CNTs (VACNTS) are
presented. From the properties of single CNTSs to the fabrication process and characterization
methods.

The three next chapters treat three different aspects of the CNT based functionnalized
interposer.

In the second chapter, the possibility of guiding electromagnetic (EM) waves using an air filled
Surface Integrated Waveguide (SIW) with lateral walls of VACNT is studied. The devices are
simulated, fabricated and measured. Different fabrication processes are tested as well as
different designs.
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In the third chapter, the potential slow-wave properties of VACNTSs are investigated.
In the fourth chapter, the performances of interconnects made of VACNTSs are studied.

Finally, a conclusion and perspectives are proposed in a last patrt.
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Chapter 1: Carbon Nanotubes and Nanopackaging

Since Feynman’s famous lecture “There is plenty of room at the bottom” at California Institute
of Technology in 1960 [3], researchers and engineers have pushed the dimensions of systems
further and further into the infinitely small. This allowed for an increase in calculus speed and
number of functions in an ever-decreasing space. In May of 2021, IBM announced the first
chip with transistors 2 nm wide (that is smaller than the width of a strand of DNA), allowing for
an improvement of performances by 45% or of energy consumption by 75%, compared to
today’s 7 nm transistor chips [4]. More than that, it has been possible for a few decades now
to manipulate matter atom by atom, making atomic scale devices possible. This technology is
of particular interest in fields as important as quantum computing [5] — where recent results
published by Google Al already show the utmost potential [6], [7] — or artificial molecular
machines [8]. However, in order to have a new generation of atomic scale systems, one must
think of ways to package them. Indeed, the conditions for these circuits to work (Ultra High
Vacuum (UHV) and surface quality) make it difficult to have a standalone chip [9]. Furthermore,
the scale of these devices raises the issue of filling the gap between the atomic scale and the
rest of the components linked to it, typically at the millimeter or micron scale.

These issues are tackled by nanopackaging, the field of research that is defined as “the
packaging of devices and systems with nanoscale materials and processes for improved
performance, functionality, reliability and cost” [10]. There are many different subsections to
this field: the use of DNA and its assembling properties to make nano-scale assembly [11],
[12], atomic scale surface preparation to host atomic scale circuitry [9], material engineering
using nanomaterials to tune dielectric properties [13] or for better soldering performances [14],
[15], graphene nanoribbon interconnects [16], [17], to cite a few.

The focus of this work will be on a particular subsection: nanopackaging for millimeter-wave
(mm-wave) devices! using CNTs. This field of research stemmed from the observations below.

The global demand for higher data rates and the overcrowded lower frequency bands has led
communicating devices to work at higher frequencies. Because higher frequencies mean
smaller dimensions and because of the demand for more functions in a smaller space, RF
devices have shrunk considerably. The smaller dimensions combined with the physical
phenomena at higher frequencies has led to packaging issues. Indeed, the parasitic effects
that could be neglected at lower frequencies how become limiting [18]. To overcome these
limitations, one of the solutions is to use nanomaterials, such as Carbon Nano Tubes (CNTSs),
for they have exceptional properties and are becoming more and more accessible. Their
unique properties allow to overcome unwanted physical phenomena and their scale permits
easy integration in small mm-wave devices.

Because this work is focused on the use of CNTs for nanopackaging of mm-wave devices, this
first chapter will consist of a presentation of CNTs and Vertical Aligned CNT (VACNT) bundles,
followed by a state of the art of VACNT bundles nanopackaging in the mm-wave band. In the
first part, we will present CNTs and their properties, their fabrication process, their
characterization methods and the modelization tools to model them. In the second part, we will
present the following applications for CNTs in mm-wave packaging: thermal management,
electromagnetic EM shielding, antennas and level 0 interconnects.

! Millimeter-wave devices are devices that operate at frequencies above 30 GHz, which is equivalent to
a wavelength below 10mm, hence the name mm-wave devices.
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1.1. From Graphene to CNTs

Due to the impact their discovery had on the research of the 20" century, the paternity of CNTs
is subject to debate [19]. However, we can safely say that it is in 1991, with ljima’s article [20],
that the research community really started to investigate CNTs and their numerous
applications. Since then, numerous articles have been published, some that show through
theory and experience the exceptional properties of CNTs, and others, which find innovative
ways to use their properties. We will give in this section a description of CNTs so as to be able
to understand their properties.

The most common way to describe CNTSs is to say they are a rolled-up sheet of graphene, only
a few nanometers in diameter. This presupposes the knowledge of what graphene is. In this
section we will describe graphene and its properties and from there give a more complete
description of CNTSs.

1.1.1. The Allotropes of Carbon and Graphene

Carbon has six electrons and its electronic structure is 1s2 2s2 2p2. When it is excited (by
absorbing energy), one of its 2s electron is promoted into the 2p sublevel (Figure 1a). This
explains why carbon usually makes four covalent bonds?. However, for example, we know the
four covalent bonds of methane (CHJ) to be equivalent. Yet, the s orbitals and p orbitals are
not of the same shape as shown in Figure 1b. It is in order to solve the apparent problem that
Linus Pauling developed the theory of hybridization.

a. 1s 25 2p, 2p, 2p, b y y y y
: [1TH ] Z ] ]
: [HTHH]
Px Py P.

S

Figure 1 : a. Electronic structure of carbon and excited carbon [19], b. Shape of the s orbital and the p
orbitals (probability of presence of the electron) [20]

In this theory, electrons from the s sublevel and p sublevel can make a hybrid sublevel called
sp, sp2 or sp3 depending on the number of bonds needed. In Figure 2, the different types of
hybridization are shown for carbon, as well as the associated orbital shapes. We can say that
for sp3 hybridization, the orbitals are a mix of 25% s shape and 75% p shape, for sp2 33% and
66% and for sp 50% and 50%, which explains the different shapes. For different molecules,
carbon will behave differently, for CH, the hybridization will be sp3, for ethylene (C2H.) it will
be sp2 and for carbon dioxide (CO.,) it will be sp. Note that carbon always shares four electrons,
which means certain covalent bonds are doubled in organic chemistry, this is what is explained
by hybridization theory.

2 A covalent bond happens when two atoms share one electron each to make a shared doublet. There
is an overlap of two orbitals, one from each atom.
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Figure 2 : Hybridizations of Carbon

Figure 3 [21]: Allotropes of Carbon: (a) diamond, (b) lonsdaleite, (c) several sheets of graphene
forming graphite, (d) Ceso buckminsterfullerene, (e) Csao fullerite, (f) Czo fullerene, (g) amorphous
carbon, (h)zig-zag single walled carbon nanotube
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It is partially due to the different hybridization possible (i.e. possible number of bonds) that
carbon allotropes® are numerous, some of them are shown in Figure 3. In particular, in
graphene ((h) in Figure 3), we can see that each atom of carbon makes three covalent bonds,
which means, the electronic structure of carbon is sp2 hybridized. For each carbon atom, there
are three o-bonds from the direct overlap of the sp2 orbitals and one 1T-bond made from the
overlap of the p orbital, this is shown in Figure 4.

Figure 4 [22]: Carbon covalent bonds in a hexagonal/sp2 geometry

When two 1T-bonds overlap, which is the case here, the p orbital of each atom overlaps the p
orbital of the three neighboring atoms; the 1-bonds are called delocalized. These delocalized
m-bonds (electrons moving freely above and below the nuclei lattice) can give a first
understanding of carbon nanotube properties.

1.1.2. Electronic Properties of Graphene

To describe graphene’s electronic properties, we will start by calculating the band diagram.
We begin by defining the Bravais net and the first Brillouin zone of the honeycomb structure of
graphene in Figure 5.

kyh P

by S

Figure 5 : a. Definition of graphene’s Bravais lattice, b. Representation of the first Brillouin zone [23]

3 Different physical forms in which an element can exist; molecules made of the only element, arranged
in different shapes.
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Two atoms are sufficient to describe entirely the structure, we name them A and B. We obtain
the full net by translating the red zone along the a; and a2 vectors. 1, 2 and 8z are the vectors
giving the three nearest B atoms from an A atom.

We have,
3
=3 (@)
a/ 3
273 (—ﬁ)
And,

5=3(5) =5 (L) = =)

The vectors b; and b defining the reciprocal lattice, are defined by:
ai.b]'=21'[81]'

With &, ;, the Kronecker operator®.

ijo

This leads to,
b = Zn( 1 )
17 34 V3

()

As we have seenin 1.1.1, the relevant atomic orbital to consider is the p one forming 1 bonds,
which is in the perpendicular direction of the lattice. In a tight-binding representation, we have,
the following Hamiltonian [24] (Hamiltonian of tight binding with the nearest neighbors, with
obvious notations):

I:ITB,n.n. = —t E (ajdbjg + H. C.)
ij=n.n.
o

Where, t is the integral overlap between two p orbitals (2.7 eV [25]), i and j the indices of the
nearest neighbors, ¢ the spin of the electron equal to %1, a;, (and its conjugate a;ra) the
annihilation (creation, respectively) operator for electrons on site A, bj, (and its conjugate bjt,)
the annihilation (creation, respectively) operator for electrons on site B and H. c. the Hermitian
conjugate.

We also know that, because the potential is periodic (net of carbon atoms), we can use Bloch’s
theorem. The wave functions @ solution of Heisenberg equations (eigenvalues of the
Hamiltonian) are of the form:

Y(r) = e Tu(r)

With, r the position, k the wave vector and u has the same periodicity as the structure of the
crystal.
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This leads to the Hamiltonian in function of k [30]:
3

N 0 A
sz( . k) A= —t Zexpik~8,
A, 0 £

To find the energy bands equations in function of k, the last step is to determine the
eigenvalues of Ay:

1

3kya V3kya V3k,a\?
Ei(K) = £t <1 + 4 cos Zx cos 2y + 4 cos? 2y )

This allows us to plot the band diagram in Figure 6:

(@) , (b)

ENERGY

kx

Figure 6 : (a) Representation of the conduction and valence band in the first zone of Brillouin (b) Zoom
in on a Dirac cone [26]

We can note that there are particular values for which E (k) is equal to zero. This happens
exactly in the two points K and K’ from Figure 8. These points are called Dirac points. We have
what we call a degenerate band, graphene is a perfect semi-metal, a semi-conductor with a
gap equal to 0.

By performing a linear approximation around these points [27], we can extract particular
properties of the electrons. If we take k = K+ 8Kk, with |8k| << |K| we have :

E,(6K) = +hSkvg

With, A, Planck’s constant divide by 2m and vg, Fermi’'s velocity equal to 3]2'—‘;1'1: 1x

10° m.s~1.The dispersion equation is linear unlike the usual cases of 2D gases for which the
relation is quadratic [26]. The effective mass is thus equal to zero and the charges behave like
relativist particles with speed vy that does not depend on their energy. However, there are
limits to this approximation, because there are interactions with the defaults in the graphene

Joseph DE SAXCE | Ph.D. Thesis | University of Limoges | 2022 27
License CC BY-NC-ND 4.0



net. In that case we also need to have E; < y, where E; = kv is the energy of the charge
carriers, in order to have the aforementioned properties [28].

To go further, in [23] the band diagram is determined while also taking into account the
interaction with the second nearest neighbors. The equation remains the same, only a second
term with lower y, for tight binding with the further neighbors, is added. The band diagram is
shown in Figure 7. It is no longer symmetric with respect to the Fermi level, but the properties
stay true around the Dirac points.

Figure 7 : On the left the diagram with the second nearest neighbors taken into consideration, On the
right, a zoom on one of Dirac point.

Now that we have the electronic properties of graphene, we can properly determine those of
CNTSs. First, let us describe CNTSs.
1.1.3. Different CNTs and Chirality

Single wall CNTs (SWCNT) are described, mathematically and physically, as a rolled-up sheet

of graphene. To define the different types of CNTs, and because it will have an impact on their

properties, we define the chiral vector Figure 8. This vector, C, defines the winding of the sheet

of graphene to form a SWCNT. The properties of the CNT will depend on it. The vector C, is

defined using the base vectors (a1, az) of the graphene sheet, and a couple of scalars (n,m):
Cv =naq + ma,

We can then define the translation vector T as:

T = t1a1 + tzaz

With,
; 2Zm+n
1 — dR )
2Zn+m
2 — dR )
dr = GCD of (2m + n) and (2n + m)
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The length of C, defines the diameter of the CNT, while the length of T defines the distance
from which the CNT will repeat itself, (CNTs being periodic structures). If we define a as the
distance between two carbon atoms (a=0.142 nm), we have:

[1C|| = V3ayn? + m? + mn

Via
=2 (367 + )+ 4ut

Figure 8 [29]: Schematic of C,, chiral vector

From the couple of scalars (n,m), we can define the following three different types of
configuration shown in Figure 9:

e If m=0, the configuration is called “zig-zag”
¢ If n=m, the configuration is called “armchair”

¢ In all the other cases, the configuration is said to be “chiral”
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armchair zigzag chiral

Figure 9 [30]: Molecular models of SWCNTSs exhibiting different chiralities: (a) armchair configuration,
(b) zig-zag arrangement, and (c) chiral conformation

These different conformations will give the CNTSs different properties. While armchair tubes are
always metallic, others can be semi conducting or metallic (see 1.2.1). More precisely, if n=m
the tube will be metallic, if n-m is a multiple of three and n#m, the tube will be quasi-metallic
with a very small band-gap?®, and in all other cases the nanotube is a moderate semi-conductor.

We can note that controlling the chirality of the CNTs during the fabrication process is of crucial
importance, because it will determine their behavior. Many works have been published on this
subject [31], [32], however, to this date, the growth processes used do not permit it. That being
said, if the chirality of the CNTs is random, the probability for a CNT to be metallic is
approximately 1/3".

1.1.4. Multiwall CNTs

Multiwall Carbon Nanotubes usually have bigger dimensions, their diameters are bigger and
they are longer. They consist of multiple SWCNTSs sharing the same axis, each of them called
a shell, as shown in Figure 10.

Figure 10 [33]: Multiwall carbon nanotube

5 Energy gap between the valence electrons and the conduction electrons in a material. With that energy
electrons can go from the valence band to the conduction one. This makes the material conductive.
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Even though it is not the case in Figure 10, the inner shells can have their own chirality. What
does not vary is the distance between each shell, that we shall name d, that is equal to Van
Der Walls length (0.34 nm).

1.2. CNT Properties

Because CNTs are directly derived from graphene, we can deduce CNT electronic properties
from the ones of graphene. That is why, using the knowledge of the previous section, we will
deduce the properties of CNTs.

1.2.1. SWCNT Band Diagram

As we have said earlier, CNTs are conductive or semi-conductor, depending on their chirality.
We will try here to explain this particularity. Though we will mainly focus on the metallic
properties of CNTs in this thesis, it is important to understand the semi-conductor behavior of
SWCNT, for they are part of MWCNTS, the type of CNTs we will be using for our devices.

Because CNTs are rolled up sheets of graphene, the boundary conditions on the
circumference are periodic. This means the wave vector is quantified [34]:

C, k=2m-i
Where i is an integer.

We can deduce the electronic band structure of a CNT from the one of graphene. The
guantization condition is reflected in Figure 11. Slices cut out of the band structure of the first
Brillouin zone, indicated by the solid lines in Figure 11a.

M

N
| ' :
(@) l 21D 45 (b) (©)

Figure 11 : (a) Band structure of graphene (b) metallic CNT or (c) semiconducting CNT

The locations of the cross section of the cut lines in k—space with the Dirac cones determine
whether the resulting band structure is Figure 11. (b) Metallic or Figure 11. (c) Semi-
conducting. The condition for a CNT to be metallic is for one of the slice to cut one of the cones
at the apex, indeed, the band gap will be equal to zero.

To obtain the band diagram of a CNT, we simply superimpose each of the lone-dimensional
curves obtained from the cuts, as in Figure 12.
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Figure 12: Band structure of an (a) (10,10) armchair and (b) (10,0) zigzag nanotube [35]

Let us note [34] that the orientation of the slices depend on the chirality of the CNT and that
the distance between two slices is:

2m/|IC, | = 2/D

We define T, and C, as the reciprocal vectors of T and C,. The condition for a slice to cut
through the apex of the cone in K, is that the distance between X (the orthogonal projection of

K on T) and K is a multiple of ||C,|| (cf. Figure 13).

Figure 13: First Brillouin zone of graphene on which T;, C; and X are drawed

It is shown in [36] that we have:

+m
3

Meaning, that the CNTs are metallic if 2n+m is a multiple of three. A good approximation, given
the hypothesis we made, of what we said in 1.1.3.

- 2n
[|XK|| = [Cx |

Joseph DE SAXCE | Ph.D. Thesis | University of Limoges | 2022 32
License CC BY-NC-ND 4.0



1.2.2. Band gap of the semiconducting CNTs

In order to calculate the band gap between the valence band and the conduction band, E,, in
semiconducting SWCNT, we can use the equation as a first approximation [37]:
2y0a
g = D
As we can see, the more the diameter increases, the more the gap decreases. With diameters

important enough, at ambient temperature, the gap (between Fermi’s level and the conduction
band) is smaller than the energy given to the electrons by heat, Ej,:

Eh:kBT
With, kg Boltzman constant in J.K, and T, the temperature in K.

The electrons can go from the valence band to the conduction band, and the CNT behaves as
a conductor.

Other models have been developed to calculate the energy gap, more precisely [38], [39].

1.2.3. Electronic Properties of Metallic SWCNTs

At the nanoscale, Ohm’s law is no longer true, because conduction becomes quantized. In a
CNT an electron can propagate on a finite number of channels. For a SWCNT, the number of
channels is equal to two. Since a channel of conduction stems from the crossing of the
conduction band and the valence band, and since those two cross only at the Dirac points K
and K’, the number of channel is indeed equal to two [40].

One of the more important characteristics of metallic CNTs when it comes to their conduction
properties is the Mean Free Path (MFP). The MFP is the mean distance a charge carrier will
travel without collisions with another particle. The longer the MFP, the lower the resistance. As
we have seen in 1.2.1, an electron, or a hole, in a metallic SWCNT will behave as a Fermion.
It will behave as a relativist particle, with a half integer spin, respecting Dirac’s equation. Its
speed will be v;. That is why we say charge propagation in CNT sis ballistic and not diffusive
(Figure 14). The MFP has been studied and determined in [41] :

With gz and o, the variances of the local energy, t the jump energy to the nearest neighbor
and r the radius of the CNT, t was determined to be 2.8 eV in [42].

Even though much approximatively, the formula below is also used:
MFP =~ 1000D
With D, the diameter of the CNT. The MFP increases with the diameter.
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Figure 14: Above, diffusive conduction of charges, below, ballistic conduction of charges.

1.2.4. Electronic Properties of MWCNTSs

As we said earlier, MWCNTSs are composed of multiple SWCNTs sharing the same axis. We
also showed earlier that there is roughly a probability 1/3™ for a SWCNT to be metallic. Thus,
a simple statistical calculus, leads us to think that MWCNT generally be metallic. Indeed, for a
MWCNT with more than three shells, the probability for one shell to be metallic is very high
(0.7 for three shells). And, if one shell is metallic, the whole CNT is metallic, provided you have
contact with all the inner shells i.e. that the CNTs are not closed (cf. 1.3 Fabrication).

Defaults can exist in SWCNT, and they usually are present. They can arise from topological
exceptions, wrong hybridization, missing bonds or even doping from other materials than
carbon. These defaults, reduce the MFP of the charge carriers, and increase the resistance. It
is worthy to note that for MWCNTS, these defaults affect the inner shells less because the
outer wall shields them. This makes MWCNTs more likely to conduct. The outer wall itself is
just as prone to defaults as a SWCNT.

Finally, the most important factor that makes MWCNTSs “metallic” is its diameter. Indeed, its
diameter is usually much bigger than for SWCNTs. This means that even if some shells are
semi-conducting, because their diameter is big, the energy gap is small. As we saw in 1.2.2,
at ambient temperature, the energy given to the electrons can allow them to jump from the
valence band to the conduction band. For a temperature of 300K, a simple numerical
application gives a minimum diameter of 20nm, if we want kzT to be bigger than the gap
between Fermi’s level and the conduction band. Furthermore, even if the diameter is not quite
20 nm, the electrons still have a reasonable probability (f;) to appear on Fermi’s level, following
Fermi-Dirac distribution:

Where E; is the energy level of the valence band just below Ey or the conduction band just
above.

Because, there are an important number of sub-bands in a shell with a big diameter (1.2.2,
number of slices proportional to D), their cumulative effect on the probability imply there can
be numerous conductive channels. By consequent, a MWCNT with a lot of large shells can be
a good conductor.
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The exact number of conductive channels in a shell can be calculated by adding the
probabilities:

1

Nchannel/she” = IEi — EFI
sub bands €XP kT +1
B

For a MWCNT, the total number of channels is the sum of each number of channels per shells.

But the usually used formula stems from [43] approximation:

a- D + bl D > 3 nm
N 2
Ncanaux/paroi(D) { 3 D < 6nm

With D the diameter of the shell, a = 0.0612 nm~! and b = 0.425. The error of this model is
below 15% compared to the formula above. Because we know the internal diameter of a
MWCNT is half the outer one [44], we have:

p

NchanneIS/MWCNT = z a-D;+b
i=1

With D;, the diameter of the shell number i.

In [45], they explain the exceptional inductance they found, using the formula above. Ballistic
conduction was proved in [44], where they found a MFP of 25um for a single MWCNT.

1.2.5. Other CNT Properties

In this section, we will do a brief list of the CNTs properties that have been reported in the
literature.

CNTs can have huge aspect ratio, meaning their length can be considerably greater than their
diameter (between 1 nm and 100 nm). In [46], growth of CNTs a few decimeters long has been
reported, and in [47] an aspect ratio of 132,000,000:1 was measured.

CNTs have excellent strength. In [48], Young’s modulus® ranging between 100 GPa and 263
GPa have been measured, while 63 GPa is the value reported in [49]. As a comparison,
Young’s modulus of diamond is 1 TPa and for steel 200 GPa. Furthermore, CNTs are also
extremely flexible [50], [51], they can bend with a 45° angle and still be in the elastic
deformation domain and up to 110° without irreversible fracture.

CNTs have exceptional thermal conductivity. Numerous results have been published on
thermal conductivity of CNTs at room temperature [52]-[58]. Values range between 1750 and
5800 W/mK. Other materials used in electronics for their thermal properties, such as copper
or aluminium, have thermal conductivity of 400 W/mK and 239 W/mK. The gap of performance
is due to the difference in the mechanisms of heat propagation between metals and CNTSs. In
metals, mainly electrons propagate heat. In CNTs, thermal waves propagate through the
vibration of each carbon atom; it is called phonon heat propagation. This has led to many
studies regarding the possible use of CNTs in heat dissipation for electronics [59].

CNTs can withhold extreme current densities, up to 10° A.cm? (10° A.cm? for copper) and
their conductivity can be as high as six fold the one of gold [60]. It is due to the ballistic transport

6 Ratio between the axial force applied and the material deformation.
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of charges. It makes them ideal for micron scale interconnects, because other conventional
bulk materials are not as efficient due to electromigration, as we will see in Chapter 4.

Finally, CNTs have useful optical properties, mainly due to their narrow selectivity of the
wavelength [61]. For example, they can be used as optically controlled switches [62], or as
light emitting diodes (LEDs) [63] and photo detectors [64].

1.3. Fabrication Processes

There are different methods to fabricate CNTs. Depending on the application, research teams
or firms, tend to use one or the other. Indeed, if, a transistor (or a nano-needle) is a few nm in
dimensions, in mm-wave packaging applications, the dimensions range from a few tens of
microns to a few millimeters. This means the scale of production is very different; while one
CNT is sufficient for a transistor application; in our case, we will need much more to do a
50x50x50 um bump interconnect, for example. Fortunately, manufacturing methods, allow the
fabrication of single CNTs as well as billions of them in parallel. Furthermore, the length of
CNTs and the other parameters of importance can be controlled through fabrication.

In this section, we will mainly describe the Chemical Vapor Deposition (CVD) growth
processes. Because, the temperature of this process is around 700°C, it is not compatible with
typical mm-wave devices. That is why we will explain the different ways we can incorporate
CNTs in mm-wave devices, with a focus on the transfer process (the process we will use to
fabricate our devices).

In this work, all the CNTs used for fabrication and characterization were grown by our partner
in Singapore, CINTRA (special thanks to Simon Goh and Chun Fei Siah).
1.3.1. Arc Discharge and LASER Ablation

1.3.1.1. Arc Discharge

In ljima’s founding article [20], the CNTs were fabricated using the arc discharge technique.
The method is quite simple to implement and was the most used in the premises of CNT based
works.
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Figure 15: Arc Discharge Method Setup [65]
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The setup (Figure 15) consists of two electrodes (an anode and a cathode) placed in a
chamber filled by Helium at low pressure (between 200 and 900 mBar [66]). Both electrodes
are separated by approximately one millimeter. The anode is made of a metal containing
carbon, and the anode of graphite. A current is applied and sent through the two electrodes.
The arc discharges created will heat both anode and cathode surfaces, and temperatures of
4,000 K and 3,500 K will be reached on the anode and cathode, respectively. The carbon in
the anode will evaporate to the cathode and form carbon nanotubes structure on it.

We can note that a direct current (DC) is better than an alternative current (AC) to obtain CNTs
of good quality (less defaults) and that an anode made of graphite will give MWCNT (in
opposition to SWCNT for an anode made of metal containing carbon) [51]. This method gives
CNTs of good quality and is efficient to produce them in large numbers. However, the CNTs
produced are all different in length and diameter.

1.3.1.2. LASER Ablation

Though LASER ablation was used before, R.E Smalley group was the first to use LASER
ablation for the fabrication of CNTs in 1995 [67].

The setup is shown in Figure 16. It consists of a LASER, a furnace with a graphite (or metal
containing carbon) target inside and a copper collector. To produce CNTs, the furnace has its
temperature set to 1,500 K and a high energy pulsed beam (few hundred Joules) is sent on
the target. The Laser beam scans the surface of the target to get a uniform temperature and
carbon nanotubes stem from the target. Argon is sent in the chamber with a continuous flow
in order to carry the carbon particles to the cooled copper collector, where they can be
collected.

Furnace

Inert Gas \\ .

\x’ . \ . "J

/
Laser %raphlte Nanotubes
ot deposited at
collector

Figure 16 : Schematic diagram of Laser ablation set-up for CNT synthesis [68]

The CNTs obtained with this method are mostly SWCNTs. They arrive on the collector
agglomerated in bundles due to the Van Der Walls force. This process allows for excellent
guality CNTs (purity up to 90% [69]). Unfortunately, because this process is very expensive,
not efficient for large-scale production, and the fact that the CNTs are disparate and in bundles
(not aligned), it will not be used in our work.
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1.3.2. CVD Growth

CVD is a fabrication process that consists in depositing layers of chemical (in opposition to
Physical Vapor Deposition (E beam evaporation)) on a surface using the reaction that happens
between the volatile compound and the surface material. This process is often used in the
industry to produce thin films.

For the fabrication of CNTs using CVD, the reaction taking place at the surface of the material
is of the Vapor-Liquid-Solidification (VLS) type.

In this section, we will start by explaining the VLS mechanism, in order to describe the Thermal
CVD (TCVD) and Plasma Enhanced CVD (PECVD) processes.

1.3.2.1. VLS Principle and Equations

The VLS method is a way to grow a crystal on a surface through direct adsorption of a gas
phase. We will base what follows on the concrete example of CNTSs, yet other crystal can grow
using VLS, such as silicon nanowires [70].

The objectif is to grow a CNT on a silicon substrate. If we were to take the substrate and put it
in a chamber with a flow of carbonous gas and wait for the carbon atoms of the gas to
precipitate in silicon to grow out of it as a CNT, we would not have results. The VLS simply
proposes to add in the equation a little droplet of liquid gold (or alloy in general) typically a few
nm in diameter. Though what happens is not fully understood yet [71], the carbon atoms from
the gas will precipitate in the droplet and oversaturate it. Once there is no more room for the
new coming atoms, those push out of the droplet the ones already there. When the carbon
atoms are pushed out, they arrange themselves to form a CNT (if it is silicon atoms in the gas,
they form Silicon crystals). There is a schematic of the process in Figure 17. This process is
called VLS, because we have the three states in the reaction, vapour for the gas, liquid for the
alloy and solid for the crystal.
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Figure 17 : Widely-accepted growth mechanisms for CNTs: (a) tip-growth model, (b) base-growth
model [72]
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Here are a few equations ruling the VLS mechanism [73], [74]:

e The radius of the nanostructure (R) is given in function of the seed radius (r) by:

O1s
R=r ’1 - (—)?
Ow

With, g, and gy, , the liquid-solid and liquid-vapor interfaces tension energies. As expected,
we have R smaller than r.

e The flux of adsorbed atoms in the droplet (®ags) is given by:
Pg
4/ 27TmGkBTG

With, a the effective adsorption coefficient, P; the partial pressure of the gas, m; the mass of
the gas molecule, kz Boltzmann’s constant and T; the temperature of the gas.

Dues =

e The flux of desorbed atoms (Dqes) is given by:
P(r)
Ppes = @ ————x
4/ 27TmG kBTG
With,

20i01
P(r) = PyemksTc

With, P,, the vapour tension for an infinite diameter seed and £2;the seed volume.
To have growth, we need to have:
CI)ads > ches

Which gives a minimal seed radius:

Tmin = Des

These equations allow us to better understand how we can tweak the growth parameters in
order to obtain the geometry of CNT we want.

1.3.2.2. TCVD Growth

The steps of TCVD for CNT growth are as follows: catalyst preparation, growth of the CNTs
and end of growth.

On the substrate (silicon wafer), we deposit the barrier and catalyst layer. The catalyst layer is
a few nm in thickness of the wanted metal (iron for example). The barrier layer is made of
alumina (AI203), for example. We then put the catalyst and substrate in the furnace and heat
it. It ensues the formation of droplets of alloy, due to the difference of CTE coefficient between
the silicon substrate and the catalyst. The barrier layer is here to ensure the formation of the
seed by avoiding diffusion of the alloy in the substrate. We now have a substrate with multiple
seeds of the wanted dimensions (it depends on the catalyst thickness and temperature) as
seen in Figure 18.
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Figure 18 : SEM imaging of the catalyst after heating for different thicknesses

We then increase the temperature (between 550°C and 1200°C) and start the flow of gas
inside the chamber. Carbon precipitates in the droplets and carbon nanotubes start forming.
Different studies on different parameters show experimentally that:

The different precursors [75]-[79] impact the produced CNTs morphology [80]
The alloys that work best for CNT growth are Fe, Co and Ni [81]
The temperature affects the CNT structure [76]

The catalyst can also be solid [81]

The growth stops either when the gas flow is cut or when the droplets cannot adsorb the carbon
atoms anymore. This happens when a layer of carbon is totally covering its surface (Figure

19).

It is worthy to note that we can add a vapor to augment the quality of our CNTs [82]. For
example, if ethanol or water is added during the growth, it increases the quality by eliminating
amorphous carbon. It also allows for longer CNTSs, because the layer of carbon that can cover
the seed is eliminated [83]. A schematic is shown in Figure 19, to summarize the process.
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Figure 19 : Chemical Vapor Deposition (CVD) process principle. The central tube, which is surrounded

by a furnace, is the CNT growth location [84]
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TCVD will be the method used to grow the CNTSs that we will consider in this PhD work for the
fabrication of the studied devices. The CNTs produced are what we call VACNT bundles (or
CNT forest), an SEM picture is shown in Figure 20. It consists of multiple CNTs in parallel,
each stemming from a seed. This new material has particular properties that will be described
later in this work.

Top of the VACNTs

Side of the VACNTs

BAILTH

Figure 20 : SEM picture, from the side, of the VACNT forest grown by TCVD

1.3.2.3. PECVD Growth

PECVD consists in the same steps than a TCVD with an added plasma during the growth. The
setup is as shown in Figure 21.

RF
Power Supply

Matching
Network

Pressure
Water Gauge

S Pump
Cooling A

Sample
Load Slot

Gas Inlet —

Plasma —smmm- :
Metering Valve

000 @]
Heater

Argon Backfill

Pressure

=] Gauge

Wat
Cnoﬁlclg gl?;\;)el;

Matching

Network

I

RF
Power Supply

Figure 21 : Schematic of a PECVD setup [85]
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The plasma allows for lower temperatures, less dense forest and orientation of the CNTs [85].1t
also allows for self-standing CNTs as opposed to wavy CNTs from TCVD. As we have seen
the temperatures of the TCVD process range between (550°C and 1200°C), which is not
compatible with CMOS technology for example (400°C). The direction of the current in the
plasma will be collinear to the axis of the CNTs. Finally, we can note that less dense forests
can be useful if there is a need for single CNT measurement, where TCVD samples are two
tightly packed.

1.3.3. Transfer Process

Due to the very high temperature processes we cannot grow our CNTs directly on our devices
using TCVD [86]. Due to the lower density, and possible ionizing of the circuit [81] we also
chose not to use PECVD, though previous results have been obtained by this method [87].
The only remaining solutions is to grow separately our VACNT with CVD and find a way to
transfer them on our devices using compatible temperature processes.

Some research teams use spray-coating [88], brushing [89] or even inkjet printing [90] but the
resulting structure is fundamentally different then VACNT. Indeed, the CNT are oriented in a
random order, this is what we call CNT Buckypaper.

Fortunately, there is a possibility to take the separately grown VACNTSs bundles and bond them
to a receiving substrate. Various methods of bonding have been investigated in the literature
[91]-[93]. A schematic of the process is shown in Figure 22. The steps are: growth of the
VACNT bundles by TCVD on a separate substrate, preparation of the receiving substrate,
assembly of the two parts, bonding of the CNTs to the receiving substrate and mechanical
removal of the growth substrate.

!
E

Figure 22 : Schematic of transfer of VACNTs

As long as the bonding between the receiving substrate and the CNTs is stronger than the one
with the growth substrate, we can simply pull away the two parts and the CNTs will be
transferred.

Given the fact that we can grow CNTSs in pattern using TCVD by simply patterning the catalyst
[94], we can transfer the shape we want. The resolution of the catalyst patterning is the one of
classical photolithography process. That means we can have transferred VACNTs bundles
almost as small as we wish, the theoretical limit is the size of a single CNT. It is this fabrication
process that has been used throughout this thesis, the process will be described more
precisely in Chapter 2.
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1.4. Modellization of VACNT bundles

A full guantum mechanical treatment would be the most accurate method to model our VACNT
bundles. It can be applied using Density Functionnal Theory but it is not applicable in our case
because of the too great difference of dimension between a single CNT and the rest of the
mm-wave device (a few mm). Another solution, but still limited to the nanoscopic scale, is the
joint solving of electromagnetic and quantum equations. We face one of the most common
problem when trying to use nanomaterials at the bigger scale, the modellization of billions of
elements.

In this section, we will start by developing the simple CNT circuit model in DC, and then develop
circuit models in RF for SWCNT, MWCNTs and MWCNT arrays. We will conclude by
presenting the bulk equivalent model from [95] for VACNT bundles.

1.4.1. CNT DC circuit model

In the case of DC, a CNT behaves as a resistance. Its resistance is decomposed as three
types of resistances in series:

e The contact resistance R
e The quantum resistance Rq
e The CNT resistance Rcnt

In this section, we will define and describe each of these resistances.

1.4.1.1. The contact resistance R

This resistance models the difficulty with which the electrons can go from the CNT to the
material in contact with it. This contact resistance has mainly been studied for metals.

As we can expect, it depends on the contact surface (roughness, etc.) and the material. It
varies between a few kQ and a few MQ [96]—-[101].

We can add that the contact resistance depends on the shape of the end of the CNT. If it is
closed (Figure 17) and only the outer shell is in contact with the surface, the resistance will be
higher. If it is open, and the contact is made with the inner shells as well, the resistance will be
lower [102].

Finally, the study in [L01] shows contact resistance decreases with CNT diameter.

1.4.1.2. The quantum resistance Rq

The quantum resistance stems from the fact that electron propagation is CNTs is quantized
(cf. 1.2.1). There is a limited humber of channels of conduction in a CNT, and only two spins
can propagate in each. This limitation gives [103]:

h

= 2
NspinNchannele

Rq
With, h Planck’s constant, e the elementary electron charge, Nspin the number of electron spin

for the channel and Nchannel the number of conducting channels.

For a SWCNT, there are only two conduction channels giving a resistance of 6.45 kQ. This
value is quite high. To remedy the high resistance, CNTs are usually used in bundles in DC
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applications. Using MWCNT also reduces the resistance because the number of conducting
channels is higher.

1.4.1.3. The Carbon Nanotube Resistance Rent

This resistance contrarily to the quantum resistance, depends on the length of the CNT, it is
distributed. Because electron propagation in CNTs is ballistic, it only appears if its length is
bigger than the MFP. This resistance was measured in [104], the formula is [103]:

l
Rewr =R 7p

CNTs with few defects will increase MFP and thus, decrease resistance.

We can now obtain the DC resistance of bundles of VAMWCNT, the formula is obtained by
summing the resistances defined above for an individual CNT and consider multiple similar
CNTs in parallel:

RCl + RCZ +RQ + RCNT

Rpundte =
NCNT

With Rc1 and Re2 the contact resistances at each CNT end and Nent the number of MWCNTS.
Though this formula is useful for Nanopackaging (DC interconnects in Chapter 1V), we are
mainly interested by the RF behavior of CNTs. We develop them in the next section.

1.4.2. RF circuit models

1.4.2.1. SWCNT RF circuit model

We will consider in this part the CNT to be “above a ground plane”, meaning the CNT is parallel
to a theoretically infinite metallic plane. We can then use the model of the transmission line to
describe the propagation of an EM wave along the CNT. The distributed parameters of the
CNT line are shown in Figure 23:

—_ CES

Figure 23 : Transmission line model of a SWCNT [84]
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Rq is also present but not distributed so not included in the RF transmission line model. There
is no conductance because we consider the surrounding medium to be vacuum, which is
lossless. The other five distributed components are thoroughly explained in [105], [106], and
comes from Burke’s article on Luttinger liquid theory applied to carbon nanotubes [107].

The magnetic inductance Lm and the electrostatic capacitance Ces come from the classical
electromagnetic equations for a conductive wire paraIIeI to a ground plane:

Uol
— 0 —
Ly = o arcosh( )

27'[50 l
CES = d
arcosh(a)

With a the CNT radius, d the distance between the CNT and the ground plane (d>a), | the CNT
length (dx) and ¢, and u, the vacuum constants.

The distributed resistance Rent and Rg the quantum resistance remain the same because they
depend on the number of channels, and it remains the same as in DC in RF, a priori.

The kinetic inductance Lk and quantum capacitance Cq stem from the quantum effects of
electron propagation in 1D conductors [refs]. The equations are:

4e?
CQ/channel = h_vp
h
LK/channel = FUF

With h Planck’s constant, e the elementary charge and v, Fermi’s velocity.

Co will be negligible compared to Ces and Lm will be negligible compared to Lk, for small CNT
diameters [87].

1.4.2.2. MWCNT RF circuit model

We will consider in this part the MWCNTSs to be open-ended, and that the contact is made with
all the shells. A circuit model for such a case has been developed in [106].

The quantum resistance is adjusted with the number of conducting channels in the MWCNT.

The outer shell is simulated just the same way as a SWCNT would be. The inner shells, all
with different diameters have the same distributed elements as in the previous part to the
exception of Cgs, which does not have the same expression anymore (no longer wire parallel
to the ground, but coaxial transmission), and Lw, which is being considered to be 0.

Furthermore, different physical phenomena that were not happening for SWCNT need to be
modelled, the tunneling conductance Gt between two shells and the mutual inductance
between a shell and its two neighbors. The equations are:

Znsol
Ces = Doyt
In
(Dout - Zd)
1
onD;,l
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41 )_1+Dout+Din
ml

Ho
Mgpey = P (In (D
out

With, d the distance between the two shells (Van Der Walls), Di, the diameter of the inner shell
of the caxial structure, Do the diameter of the outer shell and ¢ the tunneling conductivity
between two shells. The circuit model is presented in Figure 24.

Figure 24 : MWCNT transmission line, equivalent circuit model

1.4.2.3. Bundle of MWCNT Circuit Model

If we were to do hybrid simulations, combining the use of the circuit software ADS to HFSS for
example [81], the computer processor would not allow for billions of circuit lines in parallel each
representing a CNT in a bundle. That is why we need to simplify the circuit first, by neglecting
what can be neglected and sum what can be summed. To simplify the problem, we will
consider every CNT to be the same if only for their position in space.

Mutual inductance, tunneling conductance and coupling capacitance are not considered, they
were shown to be negligible in [108], [109].

The number of CNTs divides resistances and inductances in series, and capacitances in
parallel are multiplied. We obtain, with the previous notations:

h 1
232 NchannelNCNT

1
RCNT/Bundle = RQ/Bundle m

RQ/Bundle =

h [
2UF‘?2 NchannelNCNT

LK/Bundle =
eZ

CQ/Bundle = h— INchannetNent
Uk

21g,

d /dz
ll’l(a + ? - 1)

This model is a circuit one, though very useful for interconnect modelling, lacks to represent
certain aspects of the CNT forest we will use for our devices in this work. For example, we

CES/Bundle = INcnT
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cannot model EM characteristics such as the reflection of an EM wave on a VACNT bundle,
or the radiation pattern of an antenna, etc.

That is why an equivalent bulk model was developed previously in our research team [62] and
we will briefly explain the equation behind it in the next section.
1.4.3. The Bulk Equivalent model

The complete development of the model is explained thoroughly in [62], [95]. The steps of
obtention are as follows: we first model individual CNTs as hollow metallic tubes; we then find
the equivalent nanowires; and finally, we determine the bulk equivalent model properties
(Figure 25).

From hollow tubes ... to nanowires ... to an anisotropic bulk material

Z Z Z

UTr 0 0
Tarray (z) = UT‘ 0
Opxial

o oo
oo C

- o
N

OcNTA(z) = Otin,o Dyt () (

\

Complex surface Complex 3D Complex 3D
conductivityon mmmmmm) conductivityon mmmmmm) [ conductivity
the CNT shell the NW volume averaged over

the array and
Other effects taken into account with X,Y — applied along
effective conductivity (0 for most cases) the CNT axis (2)
only.

Figure 25 : Schematic illustration of the obtention of the anisotropic bulk model

Because, the diameter of the CNTs is very small (few nm) compared to the wavelength we are
working at (mm-wave), we consider the use of a bulk equivalent model to be coherent.

Slepyan and Masimenko [110] model CNT quantum properties by an equivalent hollow tube
with complex conductivity. The conductivity is obtained using the semi-classical approximation
based on Boltzman kinetic equation and tight-binding theory [111]. We have:
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2
2e“vp

o, ~—
CNTSUS ™ m2ha(v + jw)

With, e the elementary charge, vr Fermi’s velocity, i Planck’s constant divided by 21, v is the
relaxation frequency and w the angular frequency.

This formula is valid for SWCNTSs only, and for w <
THz [112].

% , or a frequency below a few tens of
A bulk nanowire equivalent to this hollow tube is obtained by equalizing the impedances of the
two types of tube (hollow, nanowire).

Finally, by averaging the conductivity of the nanowire bundle (bundle of vertically aligned
nanowires in hexagonal geometry), we obtain the conductivity in the direction of the axis of the
nanowires:

2
8e“vp

Oaxial = m

CNT

With, D¢yt the density of CNTs in the bundle in number/area.

Also, by using the effective medium theory (Bruggeman), we have an expression linking the
lateral conductivity of the equivalent material to the nanowire conductivity and the conductivity
of the embedding medium (vacuum here). This leads to:

Orateral = 0

5@2(%—1)(1

With 6, the distance between two nanowires, and a the radius of the nanowire. This is verified
in TCVD grown forests were the density reaches 10*® CNTs/m? maximum [113].

To summarize, the bulk equivalent model for VACNT bundles conductivity is the following
tensor:

Olateral 0 0
X = 0 Olateral 0
0 0 OAxial

This model has been developed for VASWCNT and has been compared to the circuit model
from 1.4.2.3 with good accordance [62] for interconnects. This model is the one we use in all
the Finite Element Method (FEM) simulations of this manuscript.

Though the model was developed for VASWCNT arrays, it can still be used for bundles of
MWCNT with good accordance with measurements results [81]. Indeed, this model shows two
important things common to all bundles of nanowires: the conductivity is anisotropic (provided
the distance between the wires is sufficient) and the conductivity depends on the density of the
array. Numerical applications are presented in Table 1.
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Table 1 : Values of Conductivity (in S/m) for Different Densities and Different Frequency

Denr (CNTS/m2) 10GHz 20GHz 50GHz 80GHz 100GHz
1013 2.95e3 2.68e3 1.62e3 9.34e2 6.72e2
104 2.95e4 2.68e4 1.62e4 9.34e3 6.72e3
1015 2.95e5 2.68e5 1.62e5 9.34e4 6.72e4
1016 2.95e6 2.68e6 1.62e6 9.34e5 6.72€5

1.5. Characterization of VACNT bundles

The previous paragraphs show that some parameters will change the way VACNT bundles
behave, especially electrically. Whether it is the number of shells, the type of CNTs, their
diameter, their quality or more importantly, the density, the conductivity will vary greatly
depending on these parameters. Moreover, all these characteristics will also impact all the
other properties; thermal, mechanical, optical, etc. Thus, it is critical to have ways to
characterize the grown samples from TCVD.

VACNTSs bundles is a difficult material to characterize for a least two reasons:

- The main difficulty resides in its definition: billions of CNTs in parallel. Indeed, for a few
tens of microns square, the bundle is already composed of billions of CNTs and it is the
properties of the individual CNTs that give the bundle its properties. We would need to
have the characteristics of each CNT to have the exact behavior of the bundle. Yet
characterizing one CNT takes time, let alone billions of them.

- The second difficulty is the limitations implied by the fabrication process, we cannot have
samples of any dimension we want, the bundles are to be supported by a substrate, they
have to be perpendicular to the substrate, etc.

In this section, we will present a few of the characterization methods we have used to
characterize our samples. These methods go from the observation of one CNT to the overall
DC conductivity of a bundle.

1.5.1. Characterization of the CNTs

To determine the structure of the individual CNTs , two methods are usually used. TEM allows
for “direct observation” of the CNT, while Raman and XPs allow scanning an area with multiple
CNTs and extracting the average characteristics of this area.

1.5.1.1. Tunneling Effect Microscope (TEM)

The tunneling effect microscope is actually the first tool used to observe CNTSs, it is widely used
in the domain of nanotechnologies. It consists of sending electrons in a sample and measure
the transmitted electrons. Because of the known equations of the tunnel effect, in function of
what is transmitted, an image can be atrtificially created. This method allows to see as little as
individual atoms.

To observe the TCVD grown CNTs used in this PhD work, we must fabricate a sample thin
enough to allow for the tunneling effect to happen. In order to do that, CNTs are diluted in
water and then a sample is kept between two glass plates. A TEM image obtained using this
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method is shown in Figure 26. We can see a MWCNT and determine its diameter and number
of shells. We usually do several measurements and the mean gives the average CNT in the
forest.

Figure 26 : TEM image of a Multiwall CNT in CINTRA

1.5.1.2. Raman and XPs

Raman and XPS are used not for determining the geometry of the CNTs but their structural
guality (type of covalent bonds). Both are Spectroscopy method. For Raman, a beam is sent
toward the sample and the reflected beam is measured with a CCD captor. For XPS an X-ray
beam is sent on the sample and the emitted phonons of the sample are measured.

Depending on the electronic structure of the sample, the shift in frequency (Raman), or the
wavelength of the emitted (photoelectrons) will give information.

In our case, it will give us the amount of sp2, sp3, CO, etc. bonds in the sample. The ratio
between the number of sp2 bonds and the rest gives the quality of the CNTs (for a perfect CNT
there are 75% of sp2 bonds (1.1.1)). For a high ratio of sp2 bonds, we can deduce a high
number of CNTs compared to other possible carbon structures without sp2 bonds. Results for
Raman and XPS of our samples are shown in Figure 27.
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Figure 27 : Left Raman shift of our CNT samples, and Right, XPS spectrum
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The different colors relate represent different growth processes tested in CINTRA. In the case
of the Raman scan, the ratio between the two intensity peaks ID and IG is directly linked to the
percentage of sp2 bonds. The smaller the ratio, the less defects will be present in the CNTs.
For different growth times (black, red and pink curves), 20 minutes, 30 minutes and 40 minutes
the ratios are 0.783, 0.783 and 0.971 respectively. Which means if the growth time is too long,
the quantity of defects will increase. Yet, in order to achieve a certain height, the growth time
has to be increased; one must find a compromise. The XPS spectrum on the right gives the
binding energy spectrum of the samples. Different binding energies correspond to different
types of bonds. By measuring the area below the curve, it is possible to obtain the different
percentage of each bond in the sample. These measurements complete well the Raman scan,
and are in accordance.

1.5.2. Density measurements

The most used method to calculate the density of VACNT bundles is the use of a microbalance,
conjugated with TEM observations. TEM observations give the average of the dimensions of
the CNTs outer and inner diameter Rout and Rin, the average weight is given by [114]:

McNT=VeNTPgraphite

With, Venr = m(Roue> — Rin>), the average volume of the CNT and Pgraphite the density of
graphite.

By measuring the weight of the substrate before and after CNT growth, one can obtain the
number of CNTSs, by dividing the total weight by the weight of the average CNT.

However, this method does not take into account that not all structures in the forest are CNTSs.
There can be amorphous carbon, or other carbon oxygen composites, whose weight will be
counted as CNT.

1.5.2.1. X-ray

In this section, we will explain the X-ray method developed by Hart’'s team in [115], [116]. This
method is the most complete to determine accurately the CNT bundle density.

Synchrotron
X-ray beam
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Figure 28 : Schematic of the X-ray characterization method [115]
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As shown in Figure 28, here is how the outline of how the method works: an X-ray beam is
generated and it goes through a forest of CNT, we then gather the scattering data on a screen
behind the forest.

Here is how it works precisely step by step:

Step 1: We apply Beer-Lambert-Bouguer law. We calculate the ratio between the intensity
before and after the sample and we can infer the volume mass of the slice we are lighting.

ln(IT0

Pm = 7]
t [l

6

pm is the local mass density, I, the intensity before going through the forest, I the intensity
after the beam went through the forest, t the thickness of the forest (forest depth in the direction

of the beam) and % the total mass attenuation coefficient (3 cm?/g for graphite for an X-ray
energy of 10keV).

If we say all the CNTSs are aligned, we can deduce their number directly from the mass density
calculated above. We consider the tubes are hollow tubes with walls having the same density
as graphite. We just need to know their radii, which can be done by TEM.

Unfortunately, the tubes are wavy. And, one tube takes more space if he is wavy than straight
(Figure 29), the number of CNTs is an overestimate if we stick to the simple calculus. Plus, all
the CNTs do not have the same diameter, we have to take an average of many measurements
made by TEM (Figure 26) and it takes time.

4h

. -

Figure 29: Schematic of the space taken by wavy CNTs, Source: [116]

With the X-ray method we are not only able to precisely determine the distribution of the
diameters of the CNTs but also their waviness which allows us estimate very precisely the
density of the forest.

Step 2: A series of scan for different distances to the top of the sample (middle of the focal
spot to top) are then made. For each distance from the top of the forest, a scan is made, and
the intensity in function of the scattering vector is plotted. In Figure 30, the scans are
superimposed on the same graph. For each scan, the fitted model (explained below) is also
plotted.
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Figure 30: Measurements of the outcoming intensity function of the wavenumber for different heights
[116]

We then try to fit those curves (for each distance from the top) with the following model:

First the repartition of CNT diameters in the forest is supposed to be Gaussian, the probability
of a CNT to have a diameter R is given by P(R) below:

_ 1 —(n(R) - )
P(R) - Ro_mexp[ 20_2 ]
With,
1 oRr?
U= ll‘l(R) —Eln(l +?
And,

og?
o= 1n(1 +?)

With R the mean diameter and o the variance of the diameter.

The scattering model used is the one of the hollow tubes [117], it is described below:

1(q) = AF(@)S(q)
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S(q) is the factor due to particle-particle scattering, it is equal to one because there are no such
phenomenons for Carbon-Carbon bonds for these wavenumbers.

F(q) is the form factor, linking the scattering to the shape of the structures in the sample (hollow
tubes in our case). It is given by the following equations:

F(g) == 1.()
q —q c\q

_Jy P(®OF*(@.R,©)dR
B J;” P(R)AR

I.(q)

2[J;(Rq) — c/1(cRq)]
qR(1—c?)

f(q,R,c) = ApR

With L the length of the CNTSs, c the ratio of the outer and inner diameters of the CNTs and J; the
spherical Bessel function of the first kind.

We can vary R, oz and c to fit the experimental results. Once we are fitting the experimental
data we have the repartition of the CNT diameters in our sample and we can go to the next
step, which is obtaining the waviness of our CNTs.

Step 3: In order to obtain the waviness (or the corrected height c.f. Figure 29), we scan for
different angles between the beam and the forest, we rotate the sample around the z-axis
(angle o different than the one in figure 28). We then have the experimental data I(¢g), for
different azimuthal scans. We can extract from it the corrected height of our CNTs (waviness)
[116].

The corrected height of our CNTs, 4l = A4z , is given by:

3 1
1=G7"
With,
f= %(3(0052(#) -1
And,
n _ ,
(cos?p) = foz(lz(¢)5m¢005 d)d¢o
JEU(g)sin(p))do

From Step 2 and 3 we have the distribution of diameters and the corrected length respectively.
Given that we have the volumic mass from Step 1, we can now determine the density of CNTs.
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Measurements were made in CINTRA, by Chun Fei Siah, the PhD student of project TRICOT
working there, using the SWAXS Nanoinxider. The setup is shown in Figure 31.

CNT Thickness (T): 10 mm
CNT Height (H): 540 um
Focal spot radius: 100 um

X-ray beam

Figure 31 : Above, photo of the X-ray Measurement setup (by Chun Fei Siah), Below, Schematic of
the sample position

The intensity measurements for different heights are plotted in Figure 32. As we can see, the
measurements are not exploitable. The forest has a height of 500 um (measure with SEM),
which means we should have the different steps in intensity:

- For Z between 0 and 0.2 mm, the beam is partially blocked by the silicon wafer (radius of
100 um), the intensity should increase but still be low.

- For Z between 0.2 and 0.4 mm, the beam is totally blocked by the CNT forest (height of
500 um), the measurements give the CNT density.

- For Z between 0.4 and 0.7mm, the beam is partially blocked by the CNT forest, the
intensity should increase to its maximum, when nothing is in between the source and the
receptor.

However, this is not what is observed in Figure 32. The noise in the measurements is too high
to extract coherent values.
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Figure 32 : Left, Intensity measurements for different Z (position of the beam relative to the top of the
forest), Right, Scan for different wavenumbers for Z=0.4 mm

The size of the beam was t0o important compared to the height of the CNT forest, which
implied scattering noise from the silicon supporting the forest. Indeed the beam size in Hart’s
article is 10 um in diameter, which is 20 times smaller than the one we can obtain with the X-
ray machine in CINTRA. It is explained by the fact that Hart’'s team uses a synchrotron, an
equipment to which, in this PhD work, we do not have access. Furthermore, the forest used in
their article are a few millimeters high against a few hundred of microns in our case (the
fabrication process we use aims for bigger density and we cannot achieve important heights).

If we consider the values between 0.3 mm and 0.4 mm to be correct, we can apply Beer-
Lambert-Bouguer law. I, is taken to be the value of the measured intensity for Z=2mm, where
the beam is well above the top of the CNT forest. Step 2 and Step 3 are skipped and we
consider straight CNTs with a radius of 5 nm. The thickness of the forestis 10 mm. The calculus
is explained below.

The volumic mass of the forest (p,,,) is given by:

I
ln(TO)
Pm = m
t —_
&
Numerical application :
ln(1626090)
m = —222000 = 54241073 g fem?

The mass of a single CNT is given by:
McenT = Pgraphite * Venr

With pgrapnice bEING the mass density of graphite and Veyr = 7 % (Roue> — Rin®) * h the volume
of a CNT (hollow tube of height h, outer diameter R,,; and inner diameter R;,, (taken to be
equal to half of R,,¢, c.f 1.1.4)).

Numerical application (height of 1 cm, R,,; and R;,,, 5 nm and 2.5 nm from TEM observation):

meyy = 2.26 1w+ ((5e —9)? — (2.5 —9)?) = 1.33x 1071 g
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The number of CNTs in a given volume V is equal to:
Pm*V

MmcNT

Nent=

Numerical application for 1 cm?:

N 5.42%1073
CNT™ 1 33%10-16

This means that the density of CNTs is equal to 4.07*10%" CNTs/m?2,

=4.07*1013

The density values for different Z are given in Table 2.

Table 2 : Values of Conductivity (in S/m) for Different Densities and Different Frequency

Z(mm) 0.3 0.35 0.4

Deyr (CNTS/m?) | 4.07%10%7 g*1016 1.7*10%7

The values we find are one order of magnitude than the highest values reported in the literature
for as-grown CNTs (non modified after growth) [82], [114]. However, the value we find is
probably higher than the reality for two reasons. The first reason is that the size of the beam is
guite bigger than in the reference, meaning there is probable reflection on the silicon wafer,
leading to lower transmitted intensity and over evaluated density. The ratio of forest height to
beam diameter is 40 times lower for our measurements than in the reference article [116]. The
second reason is that the waviness of the CNT was not taken into account, thus reducing the
effective volume occupied by a CNT, leading again to an over evaluation of the density.

Regarding the characterization set-up we used in Singapore, it would be possible to obtain
results by opening the X-ray machine and use a diaphragm with the correct aperture, thus
obtaining an available characterization method for the grown CNT forest. However, with this
particular type of machine, the manufacturer does not allow the opening. It was decided to
investigate other density measurements experimentations in order to cross the results with this
set of measurements.

1.5.2.2. Densification

Another method that can be used for density measurement is densification. This method is
interesting not only for the insight it gives on the density but also for the fabrication processes
it gives way to.

The principle of the method is the following one:
Step 1: CNT shapes are grown, typically circular pillars or square ones.

Step 2: A liquid is dropped on them and, by capillarity; the CNTs will be drawn together. We
assume the maximum density achieved after densification is the value given in [118].

Step 3: By measuring the ratio of the initial surface to the one after densification, we will have
the density of the CNTs we have grown before densification. The surface ratio is equal to the
density ratio (density before densification (the unknown) and after densification (known)).
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SEM pictures of this method, from experimentation in CINTRA, are shown below in Figure 33:

SED 5.0kV WD22mmP.C.30 HV . x80 200pm SED S5.0kY WD32mmP.C.300 HV. _ x85
Figure 33 : SEM pictures of the densification method (CINTRA), in red area after densification, in
green area before densification

Theoretically [118], after densification, the density is equal to the maximum density attainable
for CNTs. After densification, the distance between each CNTs and its neighbors is equal to
Van der Waals distance. This gives a density of 10*" CNTs/m?2. This density is a theoretical
value for bundles of SWCNTs (3 nm diameter), supposing that all the CNTs are perfectly
vertical, it does not account for waviness. Furthermore, we probably have a density a bit lower
for MWCNTSs (our case) due to their bigger diameter (5nm). However, with this value, for
samples fabricated in CINTRA, we find densities of 2.5*10® CNTs/m?.

This value is coherent with the values reported in the literature [82]. Yet, it is one order of
magnitude higher than the highest density reported in Hart's article [116] (X-ray
characterization). It is probably partially due to the fact that the CNTs used in [116] are not high
density CNTs. Indeed, in order to obtain consequent heights (a few millimeters) it is not
possible to achieve very high density. But it is also probably due to the fact that, pretty much
as the microbalance method, this characterization does not take into account the waviness of
the CNTSs.

Nevertheless, this densification process can be interesting if we want to engineer different
types of shapes. Here are a few examples of how to use the densification process in order to
make interesting shapes (Figures 34):
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Figure 34 : (a) lllustration of the experimental setup of the vapor densification. The chip
carrying CNT forests was placed on a lid above the boiling solvent, collecting controllable
amount of solvent. (b) lllustration of the mechanism of the vapor densification. After collecting
and evaporating different amounts of solvent, the CNT forests can be densified to different
degrees. (c) Un-densified CNT forests. (d—h) CNT forests densified after exposing to the
solvent vapor for 20 (d), 30 (e), 40 (f), 50 (g), and 60 (h) seconds. (i) Aligned CNTs in an un-
densified forest. (j) Closely packed aligned CNTs in a densified forest. (k, I) A needle-like
densified CNT forest with small dimension (~2 um in diameter) and high aspect ratio (~10).
(m) CNT forests made upside down by a transfer process, with densified parts on the bottom
and un-densified parts on the top. Source: [119]

1.5.2.3. FIB-SEM-TEM blade

Because we could not use the X-ray method, and because we have doubts about the results
obtained from the densification method, we decided to cross the previous results with another
method. We came across the idea for this method due to an equipment that became newly
available in Xlim during my PhD, we decided to call this method the FIB-SEM-TEM blade.

It consists in observing a TEM blade. This blade is of a different kind than in 5.1.1.Instead of
diluting the CNTs in a liquid and then making the observation. The blade is cut out directly in
the forest using a Focused lon Beam (FIB). This is interesting because, we do not modify the
way CNTs are arranged by diluting them. For example, if CNTs tend to intertwine themselves,
forming ropes of several CNTs, we can observe it.
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We decided implement this experimentation in Limoges. This experimentation relies on a FIB-
SEM machine that was bought in common between XLIM and IRCER (a laboratory in Limoges
researching on Ceramics). The engineers from XLIM (M. Rougier) and IRCER (M. Carles) in
charge of this heavy equipment brought me their knowledge and competences, and realized
the following steps of the process:

Step 1: We deposit a rectangle of platinum of Lum thickness on the top of the CNT forest
(fabricated by CINTRA), in order to hold the CNTs together (Figure 35).

Step 2: We dig holes on each side of the deposited rectangle, in order to allow for the FIB to
cut perpendicularly to the CNTs (Figure 35).

Trapezoidal Hole ik
dug using the FIB "

Sp - 1 um layer of Platinum

Landmark for the
process dug by
the FIB

Vertically aligned CNTs
/

EHT = 3.00 kV

FIB Lock Mags =

Figure 35 : SEM image of Step 1 and 2

Step 3: The FIB cuts the shape of the blade, while leaving a little support area (Figure 36).

Cut made by the FIB
to define the shape

of the blade \ e

Support

L

n EHT = 3.00 KV
SEM FIB Lock Mags =No !

Figure 36 : FIB image of Step 3
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Step 4 : A probe comes in and is soldered to the free end of the blade (Figure 37).
Step 5: The FIB cuts the last support of the blade (Figure 37).
Step 6: The blade is transported to a support fit for TEM observation (Figure 37).

Figure 37 : SEM images of steps 4 to 6

Step 7: The blade is soldered to the support using platinum.
Step 8: The probe is cut off using FIB.

Step 9: The blade is then thinned to 100nm thickness using the FIB, and observed with the
TEM.
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The TEM image of the blade is a projection of the slice into a plane. We observe the transmitted
electrons. That means all the CNTs present in the blade will be projected on the plane of the
image. Thus, we can count the number of CNTs present in a certain section of the blade. Given
that we know the thickness of the blade (100 nm) and its width (width of the TEM image taken),
we can deduce the number of CNTs per unit area. By analyzing different areas and different
blades, we can have a mean estimate of the density. But more interestingly, we can see if
CNTs are intertwined together (nanoropes).

Unfortunately, we encountered some problems, Due to the structure of TCVD grown CNTS,
during step 3, the CNTs from the blade bend. It is because they are not hold by their bottom
part anymore. As a result, only the upper half of the blade can be properly thinned and
observed in the TEM. However, due to the thinning process (Step 9), a lot of platinum atoms
deposit on the CNTs and since they are much heavier than carbon atoms, we cannot see the
CNTs. Another longer blade will be fabricated for the defense in order to be able to observe
the CNTs with TEM.

1.5.3. Conductive properties

The characterization processes we are trying to implement have one objective: determining
the conductivity of our material, in order to provide an accurate model of the RF devices under
consideration. Density measurements, give an estimate of the sample conductivity through the
bulk equivalent model from 1.4.3. However, instead of determining the structure of the forest,
to incorporate the values in an equivalent model, one can also try to experimentally measure
its conductivity.

1.5.3.1. DC conduction

The measurement of VACNT bundle resistance grown by PECVD has been made in [84]. The
CNTs are grown using PECVD, which allows for this type of measurement between two gold
lines (Figure 39). Indeed, the CNTs are horizontally grown. The grown CNTs are Double Wall
CNTs (DWCNTSs).

Silicon

Horizontally Grown CNTs

Gold
Ground Signal Ground CPW

Figure 39 : Measurement Setup for DC and RF CNTs conductivity measurements [62]
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The resistance of the CNT bundle was measured using DC probes on the signal of the CPW
lines, and removing the resistance due to the gold portions.

By defining the conductivity o as:
L
RS

with, L the length of the bundle, R the resistance and S the cross-section, the authors obtain a
conductivity of 10* S/m. This value is quite low, but the density of CNTs obtained for PECVD
growth is quite lower than for TCVD

o

Because we do not choose the direction of growth in TCVD, we cannot use this method. We
can think of methods if the possibility of transfer is taken into account, but the transfer method
will induce a different behavior than directly grown CNT, with higher contact resistances.

1.5.3.2. RF conduction

The method from [84] (1.5.3.1), can also be used for RF measurement. The authors simply
measured the S-parameters of the structure using GSG probes connected to a VNA on the
CPW lines. The equivalent parameters of the transmission line for the CNT bundle have been
extracted from the RF measurements and deembedding

The use of the resonant cavity method [120] is not applicable directly in our case. First, the
area of the samples needed is too big for the fabrication utilities in CINTRA. Second, the
anisotropy of the VACNTSs does not allow for the usually used modes to appear. For detailed
explanations, see Appendix 1.

To palliate this problem, we fabricated cavities using the transfer process (1.3.3). However,
these measurements will strongly depend on the fabrication process, due to the assembly
process, as we will see later in this work (see section 2.5).

To conclude, three different methods were investigated in order to evaluate the density of a
CNT forest: X-ray measurements, densification, and FIB-SEM-TEM blade. Though we do not
have definite results yet, we estimate the density to be around 10*® CNTs/m?. By incorporating
this estimate into P. Franck’s model, we evaluate the axial conductivity of the CNTs that will
be used in this work to be around 2*10° S/m.

However, the CNTs conductivity can also be evaluated experimentally. To the knowledge of
the author, no RF values have been reported in the literature, probably due to their uncommon
anisotropic property and the restricting fabrication process. A process will be shown later in
this work, but its results depend strongly on the fabrication process ( see section 2.5).

1.6. VACNT Bundles Nanopackaging Applications

We will now give examples of how VACNT bundles have been used, in the industry and in
research, for nanopackaging. We will focus on the three following fields: Thermal
Management, EMI shielding and Antennas. There are other ways to use CNTs for
Nanopackaging such as Interconnects but they are not presented in this section, either
because we will have a particular focus on it in the other chapters, or because they are not
known to the author, the number of CNT published research being simply too great.
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1.6.1. Thermal Management

Of the different nanopackaging applications for VACNT bundles, thermal management is one
of, if not the most, studied. With the downscaling of transistor circuitry and the increasing power
needed for faster calculation [121], the power loss of chips has consequently increased. The
excess power is mainly dissipated as heat, which increases chip temperatures, and becomes
more and more critical as circuits are more and more 3D integrated. Indeed the stress induced
by thermal variations will reduce the chips longevity, reliability and performances [121].

This evolution in electronic devices calls for better thermal management. Of the different
solutions proposed, chip integration that allow for better heat dissipation are intensely studied,
though other solutions such as processor architecture also give viable solutions. To reduce the
temperature locally on the chip, one must transfer it first to a larger area than can itself be
cooled via liquid or air convection. Thus many materials have been under scrutiny for their high
thermal conductivity that allow for the quick transport of heat waves, mainly metals, but also
VACNT bundles. We can note here that for thermal isolation, CNT buckypapers have shown
very low thermal conductivity (74 W/mK at room temperature), meaning high isolation [122].

Not only do VACNTs bundles have theoretical exceptional thermal conductivity, they are also
incredibly lightweight, and have interesting mechanical properties. This makes them ideal
candidates for Thermal Interface Materials (TIMS) [123]. TIMs are used to improve heat
transfer between the chip and the heat sink. The heat sink is the part that allows for dissipation
of the heat in the surrounding medium. It usually is in the shape of multiple fins in parallel in
order to maximize surface, for optimal convection, and in metal (e.g. copper). The problem is
that if the contact is not good between the heat sink and the chip, the resulting thermal
resistance will impact heat dissipation. That is why TIM materials are usually placed between
the two, they have to fit the shape of the two surfaces in contact and are usually pastes. The
topology of a chip with heat sink and thermal paste is presented in Figure 40.

RO B BT, 71 e face
R R R materid

Heat .
Chip . Heat spreader
) O 0 0 0 ¢
Substrate

Figure 40 : Usual topology for heat dissipation of chips [123]

VACNTs bundles make ideal candidate for TIMs due to their mechanical and thermal
properties. They can be used in three different ways, either, as is, or, embedded in a medium
that can be a metal or a polymer, Figure 41.
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Figure 41 : Different TIMs materials using VACNT bundles [123]

The use of VACNT bundles as cannot happen through direct growth, for the temperature
processes are too high. Different transfer processes have been studied and the most promising
one (with the lower contact resistance) uses a layer of Indium, that penetrates a certain amount
in the top of the CNT forest [124], the contact resistance was shown to decrease ten fold.
However, because the conductivity of air is only 0.02 W/mK, the use of VACNT bundles will
benefit greatly from an embedding medium with high thermal conductivity.

The first medium that was studied is copper [125]. It was inserted in the VACNT bundles using
electrodeposition, and it was shown that the thermal conductivity increased. The problem is
that it no longer was as flexible and could not fit the curves of the surfaces as well. Furthermore,
it could not claim to be lightweight anymore.

This led to the study of different polymers as embedding media [126]-[128]. These materials
show the best thermal conductivity of all the materials using CNTs. In [128] the thermal
conductivity was measured to be 8.2 Wm™ K™, Furthermore, these materials remain flexible.

Finally, it is worth to note that VACNTSs can also be used directly as heat sinks due to their high
aspect ratio as shown in [129] . The performances were as good as a copper heat sink with a
noticeable weight reduction. The heat sink was machined from a VACNT forest using laser. A
picture of the heat sink and its performances are presented in Figure 42.
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Figure 42 : Left, SEM picture of the chip and the CNT heat sink, Right, Performances for different H2
flows for VACNT heat sink and copper heat sink [129]
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Figure 42, shows on the right the measured performances of the CNT fins compared to the
same Copper fins for different H2 flows. As we can see, both types of fins have very similar
performances, while copper is a bit better for higher H2 flows, VACNTs seem to be better for
lower flows.

1.6.2. Antennas

With the scaling down of transistors (down to 7nm in today’s processors) the limiting factor is
no more the processing time but the communication between the chips (Multiple chips are put
in parallel for faster calculations) [130]. The communication between the chips is done using
classical interconnections, and the resulting delay becomes a limiting factor. In addition, as the
number of transistors increases there will be less room for interconnects that will eventually
interfere with one another. Furthermore, the size difference and the ensuing impedance
mismatch, as well as the contact resistances are recurrent problems. It is because of this
context that the idea of wireless interconnections is under particular scrutiny.

The idea is to replace interconnections by communicating antennas. An antenna working at a
particular frequency, by having a given length, as shown in Figure 43, would replace each
interconnection. Because the size of the antennas is inversely proportional to the working
frequency, such interconnects would work in the 60 GHz to 100 GHz band [131]. It is also
possible for two chips to communicate using a set of nano antennas on each of them replacing
interconnects, as it has been shown in [132], for nano metallic dipole antennas up to 90 GHz.

Proposed architecture
Frequency-> channel -> interconnect

Long nanotube
antennas, each
resonant at a
different frequency.

mm

Integrated
Nanosystem

N

i
K
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Figure 43 : Possible configuration of a system using CNT antennas [133]

CNTs as radiating elements have been particularly studied because of the possible size
reduction of the antennas they could induce. On the one hand, studies show that the low speed
of surface plasmons can shift the resonance frequency to the THz [134]-[136], and an antenna
behavior of a bundle of MWCNTSs has been observed in [137]. On the other hand, the following
studies [133], [138], [139] show that due to the high kinetic inductance of CNTs, the speed of
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electromagnetic waves is only 2% of the one in vacuum, which allows for a 50 fold size
reduction. This result is applicable for frequencies lower than THz but above 53 GHz, as shown
in [140], for a dipole antenna.

The main problem of single CNTs antennae is impedance mismatch, which is why use of
bundled VACNTs monopole antennae has been studied in [62], [81], [141]. Different
geometries (antenna with parabolic reflector, antenna array) at different frequencies (90 GHz
and 300 GHz) have been studied, but experimental results have not yet shown great potential.
The principal problem comes from the fabrication process, because the shapes with high
aspect ratios (higher than 5) are difficult to transfer. In addition, the VACNT array should be
particularly conductive (at least 10 S/m [62]) for good efficiency.

These antennas have been studied in XLIM before [81], [141], but fabrication problems were
encountered. As of today, with the transfer process developed by CINTRA, it should become
possible to fabricate and measure such structures.

1.6.3. EMI Shielding

With dwindling dimensions, the distance between circuits diminishes, and EM interferences
become a growing concern. To protect signal integrity, the use of shielding techniques is often
used. As of today, the different methods used are numerous [142]-[144] , via fencing,
grounding, guard rings, metal casting, etc. The idea is to shield a circuit from another using
materials or structures that reflect or absorb the incident EM waves.

CNTs are widely studied for this application; they are either embedded in a material, mixed
with other composites or coated to increase shielding performances [145]-[148]. However, one
of the most promising ways is to directly use densely packed VACNT arrays as walls [149]. In
order, for this to work, one must first be able to transfer the CNTs on a via fence, which was
accomplished in CINTRA in collaboration with XLIM. When coupled with a via fence to avoid
coupling through the substrate, the footprint does not increase, and the weight of the material
make it particularly interesting for applications in which weight matter, such as satellites.
Though the material has a theoretical anisotropic conductivity, experimental results show an
improvement in shielding of 10 dB as shown in Figure 44, equivalent to a kovar wall of the
same dimensions. The comparison is made between the coupler without and with the CNT
wall and with a kovar wall.

— 5 width, w/ CNTFW (measured)
« 5 width, w/ Kovar (measured)
354 =—+=15 width, w/o CNTFW (measured)
1 width, w/ CNTFW (measured)

Microstrip Lines

i 2 3 4 5 6 1 8 9 10
Freq (GHz)

Figure 44 : Left, Photo of the coupler with the VACNT wall, and right, measurements of the isolation
with Kovar, VACNTSs or nothing on the via fence in the middle (of different widths) [149]
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As we can see, the measurements with a kovar wall show approximately the same isolation
than the measurements with the VACNT wall. Furthermore, the improvement in isolation is
around 10 dB between the measurements without the VACNT wall and with the VACNT wall.

To improve isolation, the use of a Faraday cage has been studied [150]. But the problem of
the electrical contact between the top plate and the top of the CNT walls is still being studied.
This application seems promising and THALES Singapore has filed a patent [151].

1.7. Conclusion

We started this chapter by explaining what CNT were and what their properties were. We then
explained the fabrication processes, thus describing what were VACNT bundles, the material
we will be studying for different Nanopackaging applications. Because modeling and
characterization are problems often faced when using nanomaterials at the bigger scale, we
decided to present different ways to apprehend each of them. This allowed us to lay the
foundations of VACNT Nanopackaging methods. We finished by presenting three different
Nanopackaging applications used in the industry or still studied in research.

The next three chapters will each be focused on a different aspect to integrate VACNT bundles
in mm-wave devices for packaging applications: air filled waveguides, slow-waves and
interconnects. As we will see the three of them are constituent bricks of the idea developed in
the TriCOT project, a functionalized interposer.
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Chapter 2: CNT Smart Interposer: A butler Matrix as Proof of Concept

As time goes by, the demand for mm-wave modules up to 100 GHz keeps on growing. They
are used in more and more fields, high-resolution sensors, THz imaging, radars for
autonomous vehicle, etc. But if one field in particular represents the need for such modules, it
is 5G, the fifth generation of mobile networks. Indeed, the promises of 5G: higher data rates
(at least equal to the fiber optic ones 10 Gbit/s, if not more), and lower latency (from 40-60 ms
in 4G to 1-10 ms in 5G [4G vs 5G how will next generation improve on the last]), have pushed
wireless systems to work at higher frequencies, in the millimeter wave band.

However, this colonization of the mm-wave band, associated with the increasing humber of
functions and need for miniaturization, faces a few technological bottlenecks, one of them
being packaging. Indeed, the smaller dimensions, the proximity of the chips, and new the no
more negligible high frequency phenomena, raise a few problematics: 3D heterogeneous
integration, high frequency interconnection, densification, functionalization, etc.

To solve these problems, we propose a new type of packaging i.e. a functionalized interposer
based on VACNT forest. We can note that the thermal and shielding properties of VACNT
forest are of interest in this application. This concept was developed in the ANR project
TRICOT.

Interposers were first developed by IBM and Bell Labs in the 80s to allow for better chip to chip
performances [152]. As of today, interposers are used to minimize the footprint and increase
performances of multiple chips modules [153], but none is functionalized, to the knowledge of
the author. They consist of “substrates having through VIA interconnections at the same input-
output (I/O) pitch as the chips on one of its sides (fine 1/0s) and the same 1/Os as of packages
or boards on the other side (coarse I/Os compared to chips side)”. Their purpose is to reroute
and adapt pitches of the different connections.

Before explaining further the principle of our CNT functionalized interposer, we will explain the
application which we have used it for, as to have a concrete example for the figures.

Recent announcements related to the E-band (60-90 GHz), demonstrated that it could be used
as a complementary spectrum band to the lower band for 5G communication. The [71-86 GHZ]
sub-band is arranged into two 5 GHz bands [71-76] and [81-86] to address 5G millimeter wave
backhaul [154], [155]. Due to this need, the plan of TRICOT was to fabricate a phased array
with a Butler Matrix in the [71-86] GHz band using the functionalized interposer technology.
The realization of such a device would serve as a proof of concept for the packaging
technology.

The phased array is composed of three distinct elements: a SP4T switch, the Butler matrix and
the array of antennas. Because we want to do a mm-wave package consisting of a phased
array, we considered that two elements could be found as integrated chips, the SP4T switch
and the butler matrix; the antenna array is an array of patch antenna directly on the RF
substrate.

For a classical interposer technology, the topology is presented in Figure 45. And, in Figure
46, we have a schematic of the same package but with the functionalized interposer in which
we have the Butler matrix, and the antenna array on top of the interposer. We can see that
there is improvement in the footprint. Though it is not shown in the 2D drawings, one can
mentally visualize how the CNT interposer allows multiplying vias, just as any other interposer.
Such a property will be better developed in Chapter 4.
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Figure 45 : Schematic of the topology for a classical interposer
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Figure 46 : Schematic of the topology for a CNT functionnalized interposer proposed in TRICOT

We will now explain exactly, how we manage to functionalize the CNT interposer so that it
behaves as a Butler Matrix.

To understand how a Butler matrix can be formed into a VACNT forest, one must first admit
that for some propagating modes, the VACNT forest acts as a metallic wall, even though its
conductivity is anisotropic. We will go over this property of the VACNT later in this chapter.

If we define where CNTs are placed on the RF substrate, we can create an air filled designs
(delay lines, couplers and crossovers) needed as elementary blocks to design the Butler
Matrix. The ground below the top substrate forms the cover of the structure, the walls are made
of VACNT, and the bottom is metal from the top of the RF substrate. This is illustrated in Figure
47.

Our partners at RFIC lab developed the same principle for an interposer in [156]. The
interposer differs by using porous alumina membrane filled with vertically aligned metallic
nanowires. Therefore, the resulting SIW structures are not air-filled. Interesting results were
published during the course of this PhD in [157].
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Figure 47 : Left, Schematic of the functionalized Interposer, Right, Topology of a Butler matrix with
VACNTS seen from above.

In this section, we will have a particular focus on the realization of waveguide with VACNTs
walls. It is the base of the Butler Matrix and if we can make a waveguide, the other functions
will be easily made afterwards. Thus, we will begin by a state of the art mainly about guiding
structures at high frequency, so that we can compare to our results. We will then develop from
previously obtained results by M. Cometto (previous PhD student [86]), and the problems
faced, to our last batch of devices measured.

2.1. State of the art of high frequency Butler Matrixes

When it comes to interposers, the review [153] offers a good insight on the problematics and
promises of the technology. Three technologies share the attention of the research field,
silicon, organic and glass with glass seaming to be the most viable one. These technologies
can be functionalized using Through Silicon Vias (TSV) [158], [159].

In this section, we will focus our bibliography on Butler matrixes and wave guiding structures
technologies for high frequency applications. [160] gives a more thorough study of the following
state of the art and can be a good complement. A recapitulative table with the main values is
given at the end of this section (2.1).

2.1.1. Beam Forming Networks and Butler Matrixes

At higher frequencies, attenuation is higher in air. This leads to a deterioration of the signal
[161]. One solution to this problem is the use of high gain antennas. However, for None Line
Of Sight communications, the signal needs to “find” the right direction. Thus, antennas that can
scan a certain area, while having high gain, are of major importance. That is what led to the
study of multi-beam antennas [162]. In order to achieve such an antenna (without servos, for
speed related issues) one needs beam-forming networks, devices that rely on the
constructive/destructive interferences of an array of “isotropic” antennas. By tuning the delay
of the signal brought to each antenna, we can obtain different directivity.
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There exist different types of beam-forming technologies that can be divided in two categories:
active and passive. The search for passive beam-forming network (BFN) stems from the fact
that component of BFNs are needed in large numbers, and consequently, should not be costly
[163]. There are numerous topologies that can be used for BFNs: the Butler matrix, the Blass
matrix [164], the Nolen matrix [165], Rotman’s lens [166], the monopulse antenna [167], etc.
Depending on the size of the antenna array or the specific needs of the application, these
topologies can vary slightly between two devices [168], [169].

The Butler matrix is by far the most studied topology, due to its advantages over the other
counterparts, such as perfect matching, isolation and equal power division that can be obtained
at the same time [170], [171]. In addition, BM has a larger bandwidth, structural simplicity and
lower losses.

The Butler matrix was first described by Jesse Butler and Ralph Lowe in [172]. A Butler matrix
usually has N inputs and N outputs, with N being a power of two. We will consider as a
convention for the signal to be on the inputs side and the antennas on the output ports though
the BM is perfectly symmetric and can receive as much as emit. The topology of a 4x4 BM is
shown in Figure 48.

z X 3-dB Coupler p— - 0, = —48.6°

Pty
0 Port | B 450 pmmy L (0 Lo Port5
1 T, .
Port 2
Port 6
Input
. | Antenna
signal 0

+90° @, = +48.6°

Figure 48 : Working Principle of a conventional 4x4 Butler matrix[160]

The input signal is divided into four sub signals each going to one of the output antennas. By
going through different elements of the matrix for each, 3-dB coupler fixed phased delay lines
and crossovers, each of them will have a different phase in the outputs. If the distance between

two antennas is equal to % (with A the wavelength in the propagating medium), depending on

the port chosen for the input signal, the phase increment of the four antennas will be: 45° for
port 1, 135° for port 2, 270° for port 3 and 315° for port 4. This results in four different beam
directions in the xy plane, 6, = 14.5°, 6; = 48.6° and their opposite due to the symmetry of the
matrix. For 3D direction, one only needs to use two Butler matrixes for two antenna arrays
perpendicular planes.

The three main focus on which researchers and industrials have worked regarding Butler
matrixes are: reduction of the size of the structure, augmenting the bandwidth and reducing
the side lobe level of the beam pattern [169]. The two main transmission technologies used for
fabricating Butler matrixes are Microstrip line technology and Surface Integrated Waveguide
(SIW) technology.
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2.1.2. Microstrip Butler matrixes

This technology is probably the most used when it comes to Butler matrixes. It presents the
advantages of being easy to fabricate as well as being well understood. A non-exhaustive list
of Microstrip based structures is presented below in function of size reduction, bandwidth
increase or side lobe reduction.

Because Butler matrixes have their size increase exponentially with the number of antennas
(64x64 for MIMO in 5G has been reported in [173]) numerous research have been published
on size reduction. One of the most conventional way to do so in Microstrip technology is to use
meander lines as in [174], where a 34% size reduction has been reported in the 2.4GHz band.
[175] uses back to back bilayer Microstrip in the 4GHz band in order to avoid 0 dB crossover
so as to simplify the design and consequently reduce size for 8x8 Butler matrix. In [176], the
use of stub loaded transmission lines allows for a 45% decrease in size at 2.4 GHz. In [177],
at 1GHz, the use of slow-waves allows for the Butler matrix to as little as 5.8% of its original
size.

To increase the bandwidth (up to 14% at 30 GHz) the idea is to avoid using branchline couplers
which have a narrow bandwidth [169]. This results in multilayer structures using most of the
time three section directional couplers, or coupled line couplers [178]-[183].

Some results about side lobe reduction have been obtained in [184]-[186]. The solutions rely
on unequal split power.

Though the Microstrip technology can be used to make Butler matrixes in the mm-wave band
[184], [187], [188], [189, p. 10] it is difficult to implement at these frequencies because of the
higher radiation losses and manufacturing processes. Much more often, the SIW technology
will be used.

2.1.3. SIW Butler Matrixes

Due to its lower insertion losses than planar structures, high quality factor, high power
capability, low weight, etc. SIW has attracted a lot of interest for high frequency butler matrixes,
ranging from 5G applications, to radars, and imaging systems [190], [191].

The reduction of size will be discussed in chapter 3. Basically, the methods used mainly rely
on reducing the size of the SIW structure in itself [192] and multilayer topology [185], [193, p.
38], [194]-[196].

To increase the bandwidth, many different solutions were explored [197]-[207], such as
increasing the order of the modes to TE20 [200], [201] or implementing multiple slots elements
[202]-[204].

Finally, to reduce side lobes, [208] proposes to reduce the number of crossovers. Though not
many works have been published for SIW matrixes, the techniques from Microstrip are also
applicable.

2.1.4. Other Technologies for High Frequency Passive Components

While the two technologies afore mentioned make up for a lot of percentage of papers, other
technologies can be used. Though all of the technologies we will present in what follows, have
not necessarily yet been put to the test of a full Butler matrixes, high frequency devices were
fabricated and nothing suggests the technology cannot be transposed to a BM.
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First and foremost we have classical metallic volumic devices, such as [173], but as they are
not really compatible with mm-wave packages (due to the dimensions attainable with the
fabrication processes), and more often use for defense application, we chose not to develop.

The second technology is the groove-gap technology [209]. It consists of replacing the lateral
walls of rectangular waveguides by “beds of nails”, thus making a metamaterial with a
forbidden band, provided the dimensions are chosen correctly. It presents the advantage of
not necessitating good contact between the cover and the top of the “bed of nails”, which is
very interesting for high frequency applications where leakage current is a crucial matter.
Groove gap Butler matrixes have been demonstrated for 5G applications [210] or higher
frequencies [211, p. 3], [212]. The problem of this technology is again that it takes a lot of space
if air filled. For higher frequencies groove gap can be substrate integrated [213], [214] and
have a much smaller footprint.

There is also the air filled SIW technology, a technology well mastered by our partners in
Grenoble RFIC Lab. This technology was reported in [215] by Ghiotto, who still works on this
topic to this day at IMS Bordeaux. This technology consists of SIW for which the propagation
zone is of air. The vias are still embedded in a substrate, but by stacking differently machine
substrate, one can achieve such a feat. It has the advantages of enduring higher powers than
classical SIW [216], and having low insertion losses [217]. Let us note that, because air is the
propagating media, it has a higher footprint, which can be reduced using slow-wave [218].

Finally, additive micro manufacturing processes derived from MEMS, have allowed high
frequency devices to be made. Since the original publication [219] by Blondy’s team in
Limoges, other devices using the same fabrication process were made [220], [221]. The range
of frequency is from 140GHz to 340GHz. It is due to the low attainable height by cleanroom
electrolysis processes (200 um). However, one could apply this technology at lower
frequencies, with slightly lower Q factors.

In Table 3 is a brief recap of the performances of the different technologies for 4x4 Butler
matrixes. For more exhaustive recap tables, one may look at [160].

Table 3 : Recap of the performances of the different technologies at mm-wave

Ref. Technology | Freq. Footprint BW Transmission | Phase
GHz) | mmxmm) | (%) (dB) Error (%)
[187] | Microstrip | 30 20 X 20 14% -7 dB +2.5°
[195] | SIW 60 150 x 150 23% -7.5dB +1.4°
[210] | Groove Gap | 26 200 x 200 10% -4dB NA
[196] | SIW 70 50 x 15 5% -7dB +5°

The difference in footprint and bandwidth between [190] and [191] is mainly due to the size
reduction method implemented. Such methods will be described in Chapter 3.
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2.2. Previous results

In this section, we will present the previous results obtained by M. Cometto [86] on air filled
waveguides with VACNT lateral walls, and the issues encountered.

2.2.1. Guiding of EM waves using CNT walls

Let us consider the waveguide shown in Figure 49. The waveguide consists of two parallel
metallic plates (3 um of gold layer supported by a silicon substrate) and two lateral walls made
of VACNTSs.

Gold VACNT

Layers Walls

Top Substrate

-

Figure 49 : Topology of the Waveguide, propagation direction in y

A full EM 3D simulation can be done by using Ansys HFSS, for the VACNT walls, the model
of the anisotropic conductivity’ (explained in 1.4.3). The design is shown in Figure 50, without
the top substrate in order to see the TE10 propagative mode. The dimensions of the wave-
guide are: 3 mm width and 0.5 mm height. For a classical rectangular waveguides (width of a
and height of b) the cutoff frequency of the TE and TM modes are given by:

m

u' n
fe=5 D+ G)*

a

Where u' is the speed of light in the propagating medium, and (m,n) a couple of integers that
cannot both be 0, the order of the mode. Visually, these m and n numbers represent the
number of half periods of the standing electric wave (magnetic for TM) in the cross-section
plane of the waveguide (m along the a-dimension, n along the b-dimension of the waveguide).

If ais bigger than b, the fundamental mode is the TE1O0. In that case, the width of the waveguide
determines the cutoff. In our case a 3 mm width gives a cutoff at 50 GHz. The height of 0.5
mm does not impact the cutoff, it was chosen due to fabrication possibilities.

" HFSS solves Maxwell equations in each elements of the mesh and equalizes the continuity conditions
at each frontier. In the case of an anisotropic material, Maxwell equations remain the same but with
tensors for the material properties. Thus, HFSS allows having anisotropic materials in designs.
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Figure 50 : HFSS E Field magnitude surfaces for the TE10 mode

3D EM simulation confirm that only Transverse Electric (TE) modes can propagate in such a
structure. This is explained by the fact that the current in lateral walls is longitudinal for
Transverse Magnetic (TM) modes, i.e. in the direction of propagation. Indeed, such a current
cannot exist in our anisotropic walls, which conductivity is in the z direction (Ohm’s law). For
the same reasons, TE modes of the type TEOn, with n a non zero integer, do not propagate in
this device, because the theoretical necessary current is not aligned with the CNTSs direction.

Due to the strong similarity in behavior to SIW, this type of structure can be considered as Air-
Filled SIW.

In Figure 51 we have plotted the transmission (S21) of such a waveguide between 40 GHz
and 120 GHz . The transmission losses for a density of 10®* CNTs/m? are around 0.12dB in
the passband for a length of 10 mm.

Frequency (GHz)

40 50 60 70 80 90 100 110 120

=512 - Scond="10' ———S512 - Scond="'100' S12 - Scond="'1000"
———512 - Scond='10000" =———S12 - Scond='100000"

Figure 51 : Transmission of the VACNT Air Filled SIW without transitions, for different densities
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The behavior of the waveguide in the whole E band is satisfactory, for a density above 10%3
CNTs/m? (insertion losses above -1dB on the band). The bandwidth of the waveguide ranges
approximately between propagation of the fundamental first mode TE10 (50 GHz) and the
second mode TE20 (100 GHz) (first second mode to appear).

2.2.2. First device design

To devise a way to excite the structure, it was chosen to short a CPW line on the bottom plane
to the top cover using a VACNT stub (Figure 52). This solution was considered among others
for various reasons we will detail later in 11.4.

GS§ Probe VACNT Stub
Position Shorting the
CcPW

Input CPW

T t T
Line ransparent Top

Substrate and
Metallization to
0 15 3 (mm) see the Stub

Figure 52 : Design of the Input/Output Accesses

The principle of this excitation is as follows. The CPW lines penetrates in the VACNT
waveguide structure where after a certain length its signal is shorted to the metallization of the
top of the waveguide. In order to have a good matching between the CPW line and the WG
two things can be tuned, the taper before the stub and the penetrating length. By shorting the
signal, a magnetic field is created around the short-circuited pillar and it couples with the
magnetic field of the TEL10 WG mode. One can note that if the pillar is at a short distance from
the top layer (less than 10 um in our case) the excitation still works by coupling the resulting E
field between the top of the stub and the cover, and the E field of the TE10 mode, Figure 53.

Top Substrate Top Substrate

Bottom Substrate Bottom Substrate

Figure 53 : Different Excitation Couplings
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The 3D EM simulations for such a structure (ideal contact with the stub) yield the following S-
parameters, Figure 54. The whole structure was simulated, meaning both transitions and the
waveguide. The adaptation is not -10 dB on quite the whole E band. Yet, by shifting the cutoff
frequency to lower ones we could get such a result. Our targeted band for the TRICOT project
is 71-76 GHz or 81-86 GHz.

Frequency (GHz)
40 60 80 100 120 140 160

S-parameter (dB)

-40

Figure 54 : 3D EM Simulated S-parameters for the whole Waveguide with Back to Back transition [86]

2.2.3. First Designs Fabrication
All the fabrication steps for these devices were done in CINTRA.

The first design was fabricated using direct growth of the CNTs on the substrate [86]. However,
due to the high growth temperature (around 700 °C), the gold layer flaked (Figure 55) and the
measured waveguides showed no transmission. Indeed, the difference of Thermal Expansion
Coefficient (TEC) between silicon and gold is important, 2.6e-6 K'* and 14 K reciprocally, and
consequently when the temperature rises the gold layer expands more than the silicon
substrate thus creating flakes when the temperatures decreases back to room temperature

Figure 55 : a. SEM picture of the Waveguide and b. Optical Microscope Picture of the Access Line
(gold flakes)
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In accordance with the conclusions that we have deduced from this first run, it was decided
to use a transfer process, with lower process temperatures. The design was also changed to
showcase the different shapes that could be transferred. The triangles on the side of the
walls are used as mechanical support for the top cover (Figure 47).

Frequency (GHz)
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—S1
— 812
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Figure 56 : a. Design of the waveguide, b. Preliminary simulated S-parameters [86]
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The transfer process, developed and optimized by CINTRA in collaboration with XLIM, is
described in Figure 57. Let us go through it step by step:

o Step 1: The CNTs are grown on separate substrate using TCVD

e Step 2: The patterns of the waveguide (pillars, walls, support and markers) are
deposited on top of the CNT forest in gold. This is done by using evaporation (E beam)
through a shadow mask®.

e Step 3: The patterns of the waveguide (pillars, walls, support and markers) are
deposited on top of the bottom substrate in SAC 305°. This is done by using
evaporation (E beam) through a shadow mask.

e Step 4: The separately grown VACNTSs and the bottom substrate are aligned with one
another and contact is made. Pressure and temperature profiles are applied so as to
have good gold-SAC-gold bonding. Temperatures do not go above 200°C.

e Step 5: The two substrates are separated, CNTs remain only where there was bonding.

8 Metallic plate with holes used as a mask for certain applications.
9 Alloy used for soldering purposes, Tin, Silver (3%) and Copper (0.5%), hence the name.
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Figure 57 : Steps of the Transfer Process (Patented by CINTRA)

Only remains the cover for the device to be fully assembled, at this step of the project it was
simply manually deposited. Later in this work, different assembly processes were investigated.

2.2.4. First Desigh Measurements

These measurements, as well as all the RF measurements of this PhD,were made in XLIM, in
the PLATINOM platform, with the precious help of Damien Passerieux. The measurements
were divided in two bands: 10 MHz to 65 GHz and 65 GHz to 105 GHz. The equipment can
be pushed to have 10 MHz to 110 GHz but the results are not yet coherent.

For the 10 MHz-65 GHz band, the measurements were made using 125 um pitch infinity
probes, a probe station made in XLIM and a PNA-X. The 65 GHz-105 GHz S-parameters were
measured using the following bench: a Vectorial Network Analyzer (VNA), PNAX N5247A from
Keysight, coupled to two millimeter-frequencies converters from VDI. The probe station is the
PM8 from Cascade Microtech and the probes are the Infinity|110-S-GSG-100-BT from
Cascade Microtech. Pictures of the benches are shown in Figure 58.

Figure 58 : Measurement Bench in XLIM, Left 10 MHz to 67 GHz, Right 75 GHz to 105 GHz
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Quite a few devices were measured, one of the measurements is presented in Figure 59. As
we can see, the transmission between around 70 GHz is noisy but gives an idea of the S-
parameters. More importantly, we can estimate a -3 dB cutoff frequency around 50 GHz, from
the S21 behavior. We witness the same cutoff frequency as simulated, which partly validates
the EM modeling of our devices. Unfortunately, the transmission level after 50 GHz hovers
around -15 dB, much less than in the simulations (around -1 dB).

Frequency (GHz)
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Figure 59 : Measurement S-parameters of a waveguide fabricated using the transfer process (design
Figure 56) in the 10 MHz-110 GHz band, in red, transmission, in blue, adaptation [86]

Because the cover is manually attached, measurements applying different pressures on the
cover of a same device were also made (Figure 60).

Frequency (GHz)

0 10 20 30 40 50 60
D 1 1 1 1 1 1
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Figure 60 : Transmission for three different cover assembling processes, red, blue and green
(explained below) [86]
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The red curve represents the transmission of the device, when pressure was applied on the
cover during the measurement, the blue one, is the measurement after releasing pressure and
the green one is for a cover gently set on top of the CNTs without other pressure than the one
from its weight. As we can see, changing the pressure on the cover impacts the transmission.
The explanation is that it is probably due to the nature of the contact between the cover and
the top of the CNT walls. Because there is no solder, by applying pressure, the leakage
decreases.

The poor contact between the cover and the top of the CNTs was confirmed in [86] by SEM
observation and EM backsimulations showed that a gap as little as 1 um could explain such
losses (Figure 61).

Cover of the device

Vertically aligned
CNTs wall

Frequency (GHz)
0 10 20 30 40 50 60

S-parameter (dB)

Figure 61 : Top, SEM picture of the gap between the top of the walls and the cover, Bottom left,
simulated density of electric field for a waveguide with a gap (leakage through the gap), Bottom right,
simulated transmission with and without gap [86]

It was also shown in [81] that by applying too much pressure the CNTs were crushed which
led to a height reduction down to 20 um (the simulated optimal height is of 200 um). For a CNT
height of 20 um, the simulations show a transmission level around -15 dB [81].

Though the transmission levels are very low, the fact that we estimate a cutoff frequency at 50
GHz is encouraging. It shows that the CNTs are at least conductive to a certain amount and it
shows the equivalent bulk model used for VACNTSs gives a good estimation of the EM behavior.

To conclude, the poor performances of the waveguide can come from different things:
e The poor contact between the CNT walls and the bottom and top metallic covers
e The crushed CNTs leading to a height too small (20um instead of 200um)

e The excitation pillar having poor contact with the top and bottom metallization
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e The intrinsic conductivity of the CNTs being too low
This led to three different actions:
- try different fabrication processes for better contacts
- change the excitation method to limit the unknowns (pillar contact)

- characterize the CNTs and the assembly process.

In what follows we will go more in details about these three actions, in order.

2.3. Changes in the Fabrication Process

The way the devices are assembled and the mode propagating (TE10) make them particularly
prone to leakage currents and sensible to this type of assembly. That is why the fabrication
process was particularly studied.

In this section we will present the different changes that were introduced in the fabrication
process, during this PhD work, and the different observations that were made. These technical
evolutions have been elaborated in close collaboration between CINTRA and XLIM. The work
presented in this section relied heavily on Chun Fei Siah and Simon Goh fabrications in
Singapore. The different structures were fabricated in CINTRA and measured in XLIM.

2.3.1. Assembly of the cover
Because it is the one major unknown of the fabrication process. The first thing that was studied
is the attachment of the cover.

2.3.1.1. Design Changes

The first thing to do in order to improve the fabrication process was to make the design
compatible with the fabrication process. The effect of wall thickness is shown in Figure 62.
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Figure 62 : Top, S21, transmission for different wall thicknesses, Bottom, S11, adaptation for different
wall thicknesses

As we can see, changing the wall thickness does not impact transmission and adaptation, as
long as the wall is thicker than 200 um. For an isotropic metal, the skin depth § is given by:

1

6 = —
VT prof
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With, po = 4 * 1077 = 1 F /m, the permeability of free space, u, = 1, the relative permeability
of our metal, o = 1.62 = 105 S/m, the conductivity of our metal (according to chosen density),
and f =50 GHz. We obtain a skin depth of 5 um, which is coherent with our simulations.
Though skin depth evaluation might not be directly applicable to an anisotropic material, which
iS our case, it can give insight.

Thus, it was decided to keep the exact same dimensions as the waveguide in Figure 52 but to
have bigger lateral CNT walls'?, and to add some space on the sides in case we might need
spacers™, as shown in Figure 63.

Devices in 2.3.1.2 and in 2.3.1.3 have the same design as in Figure 52 but it does not change
the conclusions that were drawn.

Lateral Room for
Eventual Spacers

Larger CNT Walls
for Support

0 A 10 (mm)

Figure 63 : New Design with Bigger Walls and Room for Spacers

The use of groove gap technology was also investigated . The idea was to replace our lateral
walls, by periodic structures made of CNTs. Each wall would consistin a bed of VACNT bumps.
In a similar way that bed of nails is used in classical waveguides, the bundles of VACNTs
would replace the “nails”. The interest behind the groove gap technology is that waves cannot
propagate between the top cover and the lateral walls (bed of nails), thus, pushing aside the
contact issue. Unfortunately, the anisotropy of the VACNTs does not allow for the forbidden
band to appear.

The changes in the air-filled waveguide design that fundamentally change the behavior of the
structure are explained in 2.4 to 2.6. This small change in the design presented here was done
for simpler fabrication processes, but does not change the response of the structure in itself.

10 1t was observed in CINTRA that growth of VACNTSs bundles of different areas have different speeds,
which leads to different heights. In the previous design, the support could be taller than the walls,
which we want to avoid.

11 Physical pieces of a given height to intersperse between bottom and top substrate to avoid crushing
of the device.
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2.3.1.2. Gold-SAC-Gold cover attachment

To make sure there is no gap, the first proposition is to solder it using the process described
in Figure 64.

The attachment process is as follows:

Step 1: Fabricate the bottom part of the device and transfer the CNTs as in Figure 57.
Step 2: Fabricate the cover of the waveguide using classical photolithography processes.
Step 3: Using a Shadow Mask, deposit gold on top of the transferred CNTs

Step 4: Deposit SAC305 on the cover of the device where we want soldering to happen with
the CNTs

Step 5: Assemble the two parts, and solder with proper pressure and temperature profile.

w
bl

;

Device Bottom Substrate

Figure 64 : Solder Process for the cover, in chronological order from left to right, and top to bottom

Devices were fabricated and measured. The S-parameters are shown in Figure 65.
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As we can see, the measurements show no cutoff frequency at 50 GHz. The problem with

Figure 65 : Measurements of the Gold-SAC-Gold waveguide

this process lies in the use of the shadow mask. Indeed, the shadow mask is difficult to align
with the bottom device without crushing our CNT walls and pillars2. The height of the device
was measured at 20um using SEM. The shadow mask probably has ripped some part of the
VACNTSs walls off, because we do not see a cutoff, in the transmission.

12 This is not a problem during the transfer process, because the crushed CNTs are not transferred.
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Figure 66 : Measured height using Keyence 3D numerical microscope, the thickness of the substrate
is 500 um, meaning the height of the CNT is 30 um approximately

2.3.1.3. H20E glue on the cover

The second method to solder the cover to the top of the CNTs, that was investigated was a
simpler one. The idea originated from our partners in Palaiseau, the IlI-V lab. It consisted in
covering the cover with H20E glue and then gluing the cover directly on the top of the CNTs.
There are pros and cons to this method.

The main advantage is that it is easy to implement, one simply needs to find a way to spread
a uniform layer of H20E on the cover. The method used to do it was artisanal serigraphy, two
pieces of 50 um-thick tape were placed on the sides of the cover, and an initial dot of glue was
spread using a doctor’s blade so as to fill uniformly the area. After removing the pieces of tape
the resulting layer of H20E is about 50 um. The cover was then gently deposited on top of the
waveguide walls, with a weight of 10g, and cured for a night at 80°C (Figure 67).
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Figure 67 : Fabrication Process of the Silver Coated Cover

The main inconvenient of this process is that it could potentially degrade the transmission
parameters. Indeed, adding a layer of H20E glue will greatly decrease the conductivity of the
cover. Initially, the considered cover is in gold (with a conductivity of 4.1e”7 S/m), but by adding
a layer of H20E glue, the transmitted wave will be degraded by the poor conductivity of the
glue.

The H20E glue was characterized in XLIM using the resonant cavity method at 10 GHz
(Appendix 1), an average conductivity of 3e® S/m was found .

Devices were fabricated in CINTRA and lll-V lab, and the measurements done in XLIM, are
shown in Figure 68.
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Figure 68 : S-parameters of the waveguide with a H20E cover
We still have a transmission level at -15dB.
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We determined the height of the WG using SEM. The picture is shown in Figure 69.

Cover
(Silicon)

Bottom Substrate
(Silicon)

Vac-High PC-Std. 10kV x 110 —2 00 1M 005469
XLIM- PLATINOM

Figure 69 : SEM image of the distance between the top and bottom substrates, approximately 110 um

As we can see, the distance between the top and bottom covers is 110 um maximum. Yet, the
thickness of the silver glue layer is 50 um. That implies a WG height of 60 um, which is not
optimum according to the 3D EM simulations (we remind that the optimal value between the
top and bottom covers should be 200 um).

In order to see if the layer of silver decreased greatly the performances, we decided to try a
similar process. Instead of spreading glue all over the cover, it was decided to put it only on
top of the CNTs.

2.3.1.4. H20E glue by stamping

In parallel, of the other changes in the fabrication process, the use of spacers was introduced
at this point. In order to avoid the crushing of the CNTs witnessed precedingly, the use of
spacers was introduced in the fabrication process. Basically, they are pieces of silicon wafer
(384um) that we intersperse between the bottom and top substrate, more on that in 2.4.

The fabrication process used in order to deposit glue only on top of the CNTSs, thus theoretically
diminishing the losses is described in Figure 70.
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Figure 70 : Fabrication Process of the new type of Waveguide

Two of these waveguides were fabricated and observed using SEM, before measurements.
As we can see on the images of Figure 71, the contact seems to be good, and this time, we
have the correct height of 384 um, that is the height of the spacers used. However, transport
from Singapore to Limoges might have damaged the structure.

Lateral Walls
Excitation Pillar

Layer
Jep — of Sliver
Substrate

Glue
Bottom |~ CNTs
Substrate

Figure 71 : SEM pictures of one of the waveguide curtesy of Chun Fei Siah and Simon Chun Kiat Goh
in CINTRA

The measurements still show a transmission level around -15 dB, in Figure 72. The
measurements are compared to the 3D EM simulation of the waveguide for a height of 384 um

(Figure 72)
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Figure 72 : Measurements and 2D EM back-simulation of the structure, Top, transmission, Bottom,
Adaptation

The transmission level is still around -15 dB, however, the simulated S-parameters show that
for a height of 384 um, the transmission parameter has greater amplitude variations, because
the waveguide is not well adapted. Still, we have losses in the structure.

This time the attachment of the cover is good, as shown by a measurement of a waveguide
with a cover that was only deposited and not soldered using H20E glue. The fabrication
process was the same but the cover was not attached, meaning we have glue on top of the
CNTs, but the cover was not bonded. The measurements are shown in Figure 73.
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Figure 73 : Measurement of a waveguide with cover not soldered

As we can see, the transmission for the device which cover was only deposited (not bonded)
(Figure 72) is lower than when the cover is bonded (Figure 73). This suggests that the contact
between the cover and the top of the excitation pillar and bumps is happening. However, there
might be an important contact resistance.

The losses of the structures can come from many variables, misalignment of the pillars, high
contact resistance between CNTs and cover, low VACNT conductivity, bad electrical contact
from transfer, etc. There is a need to simplify the structure in order to be able to extract data.
Which is what will be done in sections 4, 5 and 6 of this chapter.

2.3.2. Other Fabrication Process Changes

Our partners in CINTRA made many other fabrication changes and observations, as part of
Chun Fei’s PhD work in CINTRA for the TRICOT project.. We will mention a few of them in this
paragraph.

The use of Teflon spacers proved to be ineffective due to its high deformability. Indeed, height
of devices were measured to be 50um while, 200 um spacers were used. The pressure applied
for attachment of the cover was too great.

The growth of CNTs migrated from the Black Magic to the FirstNano CVD. This allowed for
CNTs of better quality using H20 etching, but also potentially longer.

Because the CNTs are crushed during the transfer process, the height before and after transfer
is not the same. An extensive study has been made to determine the height ratio in function of
initial height. This allowed for a better control of our devices height.

To conclude, many different fabrication processes were tested but all show high losses. The
losses can still come from too many parameters to allow us to conclude on poor conductivity
of the CNTs. That is why it was decided to explore several changes in the design of the test
structure, in order to have less unknowns.
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2.4. Different excitation methods

As the simulations show in Figure 74, if there is a gap too important between the top of the
input/output pillar and the cover, while good contact is present with the top of the CNT walls,
the transmission decreases greatly. The adaptation is also very sensitive to such a gap. As we
said earlier, different areas grow at different speeds and behave differently during transfer.
Furthermore, any misalignment or bending will reduce transmission levels.
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Figure 74 : 3D EM Simulated S-parameters for different gaps between the pillar and the cover primary
axis on the right for S21, secondary axis on the right for S11, Top, gap of 6 um, Bottom, gap of 20 um
(density of 10 CNTs/m?) (Scales on the right are for the adaptation, on the left for transmission)

To remove this major experimental unknown, different ways of excitation were investigated.
Both of them will be presented in what follows. Due to the fragility of our devices no volumic
excitation was studied [222], [223], only planar to rectangular waveguide transitions.
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2.4.1. Short-Circuited CPW Line

The excitation method investigated by our TRICOT partners from Grenoble is presented in
Figure 75. It is a well-studied method for the excitation of SIW structures [160], [224]. In this
design, the transition is modified a bit. The access line is a CPW which transition to a grounded
CPW (GCPW) in the aperture, to finish short circuited in a triangular shape inside the cavity.
The different parameters :

- Wcpw, Ws1, d, Wgcpw, Ws2, allow to tune the impedances of the lines,
- |1, 81 and By will determine the bandwidth and coupling of the excitation,

- and Wyq the cutoff frequency of the waveguide.

Silicon Cover

Roger RT Duroid 5880

CNTs

Figure 75 : Transition design from RFIC lab [160], a, zoom-in on the shorted CPW, b, design of the
waveguide with input/output, c, cross-section of the device with different layers

The 3D EM simulated results show very good adaptation and insertion losses on the whole E
band, Figure 76.
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Figure 76 : 3D EM Simulated S-parameters for waveguides of different lengths
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The different lengths simulated WG obey the following equation:
Li=Ly+iAL, 0<i<4

With AL = 0.9 mm close to a quarter wavelength. These different lengths were chosen in order
to extract the intrinsic parameters [160] of the waveguide without the transition (Explanation of
the Thru-Line calibration in Appendix 2) [225], shown in Figure 77.
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Figure 77 : Intrinsic parameters of the Waveguide (Simulations) [160]

The quality factor (%) at 80 GHz is about 400, and the attenuation is 0.015 dB/mm, for

simulations with a density of 10> CNTs/m? (close to results in Figure 51). Unfortunately, to
design such an excitation at these frequencies, there was a need for a low permittivity
substrate, in order to allow transfer of energy to the propagating medium, i.e. air (permittivity
equal to 1). And, to avoid propagation of substrate modes the substrate needed to be 254um
thick maximum. This led to the use of ROGERS RT Duroid 5880 (with a thickness of 0.127
mm and a relative dielectric permittivity of 2.2), a flexible substrate?2,

The assembly was too difficult (because of the flexible substrate), and colleagues at CINTRA
observed delamination of the CNT forest on the substrate, Figure 78.

delamination
BO0pM  —

Sample = Fob 28, Sample 2346 Aug 13, 2020

SED 5.0kV. WD32mmPie ~ % . SED 5.0kV WD33mmP.C.50 HV  x17

Figure 78 : a, Top View of the Fabricated Waveguide and b, Side View, with Delamination Highlighted

13 Hard and thin substrates with low permittivity are hard to find, because they are either porous (air
inside of permittivity 1) or use more Teflon as constitutive.
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Still, we made measurements in RFIC Lab and in XLIM. The same experimental behaviors
were measured in both cases. The results are shown in Figure 79.
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Figure 79 : Measurements of Grenoble’s Waveguide in XLIM

We can observe the cutoff frequency around 50 GHz and a behavior in transmission globally
similar to the theoretical one , except for the transmission level. This later is around -10 dB at
55 GHz and then slowly decreases with higher frequencies down to -20 dB at 110 GHz. The
higher the frequency the more sensitive the mode is to poor contact with the lateral walls. In
[160], more measurements are made and analyzed.

To conclude, this type of excitation can be a solution but it remains difficult to fabricate as the
measurements show. The losses in transmission are quite high due to delamination of the
CNTs on the flexible substrate which induces leakage.

2.4.2. Slot excitation

In this PhD work, we investigated the slot excitation approach to generate the TE10 mode in
the WG. It was investigated because it was in adequacy with our final objective, the Butler
Matrix. Indeed, we want to excite the array of antennas using slots, in order to gain space. This
method is usually used to excite antennas [226]—-[228]. The principle is to have a microstrip on
one side of a substrate and a slot in the ground plane on the other. We then assemble another
substrate on the side of the ground plane with a patch antenna, the new substrate is between
the slot and the antenna. The radiating fields through the slot will excite the antenna. The
schematic oh this structure is shown in Figure 80, from the original article of D. M. Pozar [226].
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Figure 80 : Schematic of the slot excitation [226]

In our case we will consider this approach to excite the TE10 mode in the waveguide, the same
way as in [229]. The H-field of the microstrip will leak through the slot and couple with the H-
field of the TE10 propagating mode. The principle and design are shown in Figure 81.
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Figure 81 : a. HFSS design of the device (cut in the yz plane), b. Coupling Schematic of the Slot
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As we can see on Figure 81.a, a transition from CPW to microstrip is needed in our case. That
is due to the fact that we do measurements using GSG probes. To optimize that transition
different designs found in the literature were studied [229]-[233], but the best performances
were from the design in Figure 82.a.

| — |
0 1.5 3 (mm) 0 1.5 3 (mm)

Figure 82 : Different designs for transitions between 50 Q CPW and Microstrip: a. Linear taper, b.
Circular ground [229], c. Steps of 50 Q intermediary CPW, d. Linear Taper without Lateral Ground
Planes

This method was previously investigated by Cometto in [86] but had transmission levels around
-5 dB for only one transition (simulation between the CPW input and the middle of the CNT
waveguide). We suppose it was due to the use of a silicon substrate for the CPW. Due to its
high permittivity compared to the one of air, the propagating medium in the waveguide, the
coupling was too low.

We propose to use ROGER 4003 of 254 um thickness, which permittivity is 3.3, as in [229].

The main design rule to follow as a starting point is to place the slot at a distance of Tg, with

A4 the guided wavelength in the microstrip, of the end of the microstrip line. Since the line is
open ended we will have a maximum H-field there. The other parameters, such as the width
of the waveguide, its height, the shape and orientation of the of the slot [86], [234]-[236], etc.
will play on the adaptation. The best simulated results are shown in Figure 83.
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Figure 83 : Above, Transmission and Adaptation, Below, Insertion Losses

As we can see the insertion losses are quite high (around -3 dB) in the 71-86 GHz band
(TRICOT application). Yet the simulations were made without dielectric and metallic losses,
which means the losses are due to radiation. Using different shapes of slots one might obtain
better results, or as it was shown in [86], by introducing VACNT in the waveguide for slow-
wave effect.

To conclude: The simulated performances of this type of excitation are far from as good as the
performances (for the different types of slots tested so far) of the shorted CPW line excitation
from the previous section. Furthermore, the fabrication process is quite complicated because
the substrate has to be etched both on top (for the microstrip and CPW to microstrip transition)
and on bottom (for the slot) and alignment is difficult to achieve perfectly. Also, due to the CNTs
flexibility, our devices might not be so robust and having to put the probes on top of our devices
is another challenge. Finally, the high losses we already witnessed in previous measurements,
and the poor performances compared to the simulations of the waveguide with the shorted
CPW excitation, did not encourage us to further invest ourselves with this excitation.
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Note regarding the Butler Matrix : However, the excitation of the antenna array, should be less
difficult (from waveguide to patch antenna). The substrate used for antennas usually have a
permittivity of 2.2 for better efficiency*.

To conclude the study of the different excitation methods described in this section 2.4, the best
design is Grenoble’s in terms of adaptation and transmission. But unfortunately it is too difficult
to fabricate. The flexible substrate cannot be glued to another hard substrate below for reasons
we will see in the next section (2.5). The slot excitation was deemed to have too low
transmission to be fabricated, but by changing the substrate and the shape of the slot, one
might get better results.

2.5. Characterization of the CNTs

Because we had troubles to explain the waveguide experimental S-parameter behavior, it was
decided to study a simpler test structure : a rectangular cavity, excited by shorted CPWs. This
allows two things: to have simpler designs with simpler backsimulations and analysis of the
results; and to have a characterization method for the fabrication process.

From this point on, we will call “equivalent conductivity”, the conductivity extracted from the
cavity measurements. This conductivity comprises the conductivity of the VACNTs and the
contact resistance due to transfer and assembly of the cover. This “equivalent conductivity”
depends on the fabrication process, but it can be directly implemented in all the air-filled
designs of the BM (waveguide, coupler, crossover) simulations. For cavities fabricated
differently but with the same CNTs, we can obtain different values. These cavities allow to
characterize in their whole (CNT quality, transfer quality, assembly quality) the fabrication
processes, the higher the “equivalent conductivity”, the better the fabrication process

The structure is presented below, in Figure 84. It is a rectangular cavity in all points similar to
the previously shown waveguides, except for the excitation. As we want to extract from
measurement the unloaded Q factor of the cavity, we don’t need strong input/output coupling
to generate resonance modes. Then, the cavity is excited using shorted CPW lines.
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14 The energy stored in the substrate is equal to %ﬂf eEE*dV [237]
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Figure 84 : Design of the cavities

A table with all the dimensions of the cavity is given below.

Table 4: List of dimensions of the cavity

Parameters wc Ic op w g gs Is stubg | hc

Dimensions (um) | 3730 | 4970 | 67 50 33 30 50 300 500

With such dimensions (and a density of CNTs equal to 10®* CNTs/m?) the resonant frequency
is around 50 GHz, and the S21 around -10 dB at the peak, in order to determine the unloaded
Q factor (by neglecting the external Q factor) . The excited mode is the TE101, we chose this
mode because the electric field is aligned with the CNTs just as in the waveguide. The
conductivity we determine is thus the one in the direction of the CNTs axis. If we wanted to
determine the lateral conductivity we would have excited a TM mode, for which the currents
are perpendicular to the CNTSs.

The simulations for different CNT densities while keeping the same dimensions for the CPW
input /output accesses show that the S-parameter are modified. That implies that the Q factor
of the cavity varies. This is what was expected as the density determines the conductivity of
the CNT wall. The S-parameters are shown in Figure 85.
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Figure 85 : Simulated S-parameters for different densities of CNTs in the lateral walls

The different unloaded quality factors are listed in the Table below.

Table 5: Quality Factors of the cavity for different CNT densities (Height of cavity is 500um)

CNT Density (CNTs/ m?) | 1e13 leld lel5
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Unloaded Quality Factor | 113 400 675

We now have a way to characterize the CNTs. Yet, one can argue that when we fabricate the
cavities, depending on the contact resistance created by the transfer process or the closing of
the cavity, we will have different quality factors, as explained earlier. That much is true.
However, if we bear in mind that our objective is the interposer, or at least the waveguide, such
a characterization is what we want. We characterize as a whole, the fabrication process and
the CNTSs.

Cavities were fabricated but we failed to see any obvious resonance at 50 GHz, as shown in
Figure 86.
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Figure 86 : Measured S-parameters of the cavity

We now need to come back a bit on an important point that was not mentioned until now. While
we were measuring the devices, instead of placing them directly on the metallic chuck of the
probe station, we would usually place an absorbent between the device and the chuck (in
orange), as shown in Figure 87. This was done because it was observed, experimentally, that
the measured S-parameters were less noisy., It was strange because the substrate we used
was 500 um thick and the fields of a CPW are concentrated near the surface. The substrate
was supposed to be big enough to isolate from the chuck. We thought it was due to the silicon
being slightly conductive and interacting with the chuck.
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Device
Absorbant

Figure 87 : Photo of a device with the absorbent below [86]

Meanwhile a cavity was being fabricated by the IlI-V lab. The cavity was fabricated using the
process from 2.3.2, with silver glue all over the cover. An X-ray image of the cavity was taken
to check the quality of the walls between the two silicon substrates in Figure 88.

CNT support

Cavity Walls

CPW Line

Figure 88 : X-ray image of the assembled cavity

Our partners measured it and were not able to measure any resonance, without absorbent
(Figure 87). Then new measurements were done with several absorbents and, finally, they
obtained the results from Figure 89.
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Figure 89 : Above, S-parameters of the cavity measured in IlI-V lab, Below, Phase of S21 with the
inflexion point at the resonant frequency

The different “absorbents” tried are shown in Figure 90, they consist of anti-electrostatic
discharge plastic boxes for active devices.
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Figure 90 : Anti-Electrostatic Discharge boxes used as absorbents

These measurements were also confirmed in XLIM for the same cavity with the same
absorbent, and with another RF high frequency absorbent (datasheet in Appendix 3), though
the response is not as clean, probably due to transportation, Figure 91.

Frequency (GHz)

30 40 50 60 70

= Abs Orange

4B e Abs Xlim

Abs lI-V

Figure 91 : Measured Transmissions (S21) of the cavity with different absorbents, the orange one from
figure 76, IlI-V lab absorbent (plastic box) and MF-117 from XLIM

The measured quality factor of the cavity is 17. However, the cavity height was measured to
be 110 um, the thickness of the glue layer was taken at 30 um and the data sheet of the MF-
117 absorbent was used (Appendix 3). This back-simulation gave us a density of 7e!?
CNTs/m?, Figure 86. Let us note we characterize the fabrication process too (with the defects
due to the contact resistance and others) and that the density of the VACNTSs is probably
higher.
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Figure 92 : Top, 3D EM Backsimulation of the Cavity, Bottom, Schematic cross-section of the cavity
That study on a resonant cavity permits to

- Validate the theoretical approach according to the agreement between EM simulations
and measurements

- Estimate the properties of the transferred CNTs and CNTs bundle , we are considering

- Validate the transfer process, even if it has to be improved

We also noticed that the absorbent decreased transmission (during back-simulations), which
prompted us to analyze the effect of the absorbent on the waveguide simulations.

We decided to redo all the 3D EM simulations of the WG with the different boundary conditions
below the substrate. Until now, all the simulations by HFSS were made within an air box, which
faces, distant of lambda/4 from every edge of the device, acted as a radiation boundary. It
meant the device was surrounded by air in all directions.

The waveguide we simulated is shown in Figure 93, its cutoff frequency is at 25 GHz. We
lowered the working frequency for faster simulations.
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Figure 93 : Waveguide with a 25 GHz cutoff, cover made of gold on silicon is transparent

We consider three boundary conditions (Figure 94):

- In the first case, we place a Perfect Electric Conductor (PEC) boundary condition on
the airbox face in contact with the bottom face of the substrate, equivalent to the chuck

- The second case is the one where air is surrounding the device (paragraph above),

- and the last one is the simulation of the measurement setup with the absorbent
between the device and the chuck (PEC boundary condition on the bottom face of the

absorbent).

Radiation Boundary

Air
4 - CNTs

Alumina { Waveguide N B B
M veesice W || [

L]

Radiation Boundary
Radiation Boundary

Air

Air

3 B N

MF-117 absorbant

PEC Boundary PEC Boundary
Figure 94 : Different simulation setups

The results of the simulations are plotted in Figure 95.
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Figure 95 : Above, Simulated S parameters with a ground Plane, Below, Simulated S-parameters with
the MF-117 absorbent and air underneath

We notice two things:

- it is not possible to place our device directly on a ground plane without degrading
greatly the performances because of parasitic modes in the substrate,

- and, the use of an absorbent, while eliminating the parasitic modes, decreases the
transmission levels from 1dB to 5 dB.

Furthermore, the simulations for the waveguide which cutoff is at 50 GHz, were done again,
with stronger convergence conditions in terms of EM simulation and it appears that substrate
parasitic modes start propagating after 80 GHz, as shown in Figure 96.
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Figure 96 : Waveguide Simulations with Substrate Modes appearing after 80 GHz (Air Below)

At this point, it is important to note that all the measurements presented in section 2.3 were
done using the RF absorbent from XLIM for cleaner results, though it has not been said earlier.
The measurements made on the orange absorbent were not as clean. It does not change the
conclusions about the fabrication processes because the transmission levels remained at the
same levels.

Still, as we have seen in simulations, the use of an absorbent greatly decreases the
transmission levels measured (Figure 95). In order to check that the transmission levels around
-15 dB that we measured in section 2.3 are not due to the absorbent, we decided to do the
following experiment. We hoped to gain a few dBs, but at -15 dB the difference is les flagrant
as we will see. Measurements of a new waveguide (H20E all over the cover) with Rohacell
between the bottom substrate and chuck were made Figure 97. Rohacell having a permittivity
similar to air, the idea was to have a measurement setup close to the simulation design with
air all around (Figure 94). However, the transmission levels do not increase, since we are
already as low as -15 dB. The measurements are a bit more noisy using Rohacell, probably
due to the fact that at these frequencies its permittivity is not quite exactly of one.
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Figure 97 : Above, Measurements of the waveguide on Rohacell, Below, Measurements of the
waveguide on the absorbent, Below, Measurements of the waveguide on the chuck
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To conclude and summarize:

o Ourinitial guess that with a substrate thick enough, we would not have parasitic modes
in the substrate because the fields of a CPW are concentrated on the surface was
proven to be wrong. Because there are discontinuities in the input/output lines
(excitation) we have to compare the thickness of the substrate to the wavelength in

silicon ASi“CO“:J_%rf:l mm, at 90 GHz. If we do not want substrate modes to appear

the thickness should be below AS”% ~ 125 um.

o The use of an absorbent below the substrate decreases the transmission levels greatly,
and is not a viable solution, as it adds a layer to the mm-wave package.

e Elevating the bottom substrate on the sides so that it is above air is a complicated
process (layer of air between motherboard and package), and works only for
frequencies up to 70 GHz.

e The CNTs along with the transfer process using H20E glue were characterized and we
found an equivalent density of 7e'> CNTs/m? or a conductivity of 5.6*10° at 50 GHz.

On Grenoble side, simulations were made using air below the substrate as a boundary
condition. This was probably due to the fact that they planned to measure their devices on a
special foam [160] due to its fragility. However, when doing the simulations with a ground plane
substrate modes appeared meaning this design is difficult to implement for the interposer
application (Figure 46).

That is why we decided to change the design of the waveguide, so as to avoid substrate
modes. Because the “equivalent conductivity” of the “CNTs and H20E glue assembly” was
found to be 5.6*10° S/m, the fabrication process will also be changed.

2.6. New waveguide design without substrate modes

2.6.1. Design of the devices

To avoid substrate modes and dependence on the bottom substrate boundary condition, it was
decided to use grounded CPW. Four designs were simulated:

¢ two pillar excited waveguides (Air-Filled SIW) of different lengths to extract their intrinsic
properties with VACNT lateral walls in the band 81-86 GHz

e a cavity resonating at 50 GHz to characterize the fabrication process

e acavity resonating at 80 GHz to characterize the fabrication process closer to our target
band (81 to 86 GHz)

We decided to use pillar excited waveguides for different reasons: it will allow to see if such an
excitation is possible; it will show the minimal size limit is now smaller with the new fabrication
process (I1.6.2); it was a design we were more familiar with in XLIM.

Should one want to try to do RFIC lab excitation method with vias, it should be possible, and
a wider bandwidth would be achieved.

In the event the waveguides do not work, the process will still be characterized using the
cavities (no pillars).
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In order not to have substrate modes, vias were used around the CPW accesses and pillar.

The design rule is to have no resonating structures with length lower than AS“”S% , itis usually

2

approximated by a distance between the vias below % The waveguide structure is

shown in Figure 98.

100 um x 100um pillar

CNT walls Alumina substrate

Resonating Length = 2d + 2h < B o T o )

Ground plane - W

Figure 98 : Design of the waveguide

The design was made with a bottom substrate of alumina with a thickness of 254 um, the vias
have a diameter of 150 um. We are at the lower limit of the fabricant’s capabilities (Thin Film
Products). The vias will be conic and might touch each other on the ground plane, but that is
not a problem in our case. The height of the waveguide is 110 um for optimal performances.
The input/output pillars’ base are squares with 100um side. The simulated S-parameters for
two lengths, 6 mm and 6.9 mm, are shown in Figure 99.
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Figure 99 : Above, Simulated S-parameters for the 6 mm waveguide, Below, for the 6.9 mm

The adaptation for both lengths is below 15 dB in the target band: 81-86 GHz, the insertion
losses are around -1 dB. The two lengths allow to extract the intrinsic properties of the
waveguide using a simple Thru-Line calibration (Appendix 2).
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Figure 100 : Extracted Beta (Left) and Alpha (Right) in the 81-86 GHz band

We find a propagation constant of approximately 1320 rad/m at 83.5 GHz, and an attenuation
constant of 0.012 dB/mm. We can note that we find very similar values than the ones extracted
from the shorted-CPW design in Figure 77. This is logic because; we simulated our
waveguides with the same parameters, in the end, the “intrinsic waveguide” (without the
transmission) is the same.
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However, we can say their transition has better performances, wider bandwidth, lower insertion
losses (0.5 dB instead of 1 dB for us), and better adaptation. This is partly explained by the
CNT pillar (only 10° S/m).

Two cavities were also designed at 50 GHz (3.7 mm width, 5 mm length and 0.5 mm height)
and 80 GHz (2.4 mm width, 2.86 mm length and 0.5 mm height). The designs and simulated
S-parameters are shown in Figure 101.

0 25 5 (mm) 0 2.5 5 (mm)

Frequency (GHz) Frequency (GHz)
49 50 51 79 80 81
-20 —511 10 —521
dB —s21 dB —5s11
-40 -20
-60 -30

Figure 101 : Design of the 50 GHz and 80 GHz associated with their simulated S-parameters

The same process of measurements and backsimulations explained in section 2.5, can be
used with these new cavities. The cavities have been simulated with a height of 500 um. During
fabrication 500 um thick spacers will be used.

2.6.2. Fabrication process

The fabrication process (CNTSs, transfer and assembly) was characterized and we found that
the equivalent conductivity was not high enough for acceptable performances. After several
discussions with CINTRA, we decided to change the fabrication process. The fabrication
process is described in Figure 102.
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Figure 102 : Fabrication Process for the new devices, Left to Right top to bottom in order
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Step by step, the process is as follows:

Step 1: The CNTs are grown on a separate substrate using pre-patterning of the catalyst so
as to have the shapes of the pillar and walls. The resolution of the grown patterns is as low as
the classical photolithography processes allow it. Thus allowing for pillars 100x100 um where
we were limited to 200x200 um with a shadow mask.

Step 2: The substrate with the patterned CNTs is totally covered with a layer of gold using E-
beam.

Step 3: The patterned CNTs are transferred on the cover using gold to gold bonding.

Step 4: The transferred CNTs on the cover and the cover are totally covered with a layer of
gold using E-beam. There are no particular shapes with gaps on the cover that we could short
circuit.

Step 5: The cover with the transferred CNTs covered in gold is flipped onto the bottom part of
our device and gold to gold bonded. (110 um spacers are used)

This process allows for theoretical overall better conductivity of our devices since only gold is
used and no H20E glue. The fabrication process for the cavities is the same.
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2.6.3. Measurements

Two long and two short waveguides have been manufactured in CINTRA, and were measured
in XLIM (10 MHz-67 GHz and 75 GHz-110GHz bands). The measurements are shown in
Figure 103.
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Figure 103 : On the top, Measurements for the long waveguides, On the bottom, Measurements for
the short waveguides

As we can see, the transmission levels are much higher than with the previous designs. Of the
four devices, only the second short waveguide (bottom right) has insertion losses similar to
previous designs (around -10 dB). It is probably due to bending of the pillar on access 2, that
was reported by CINTRA during the fabrication process.

In the targeted band 81-86 GHz band, S21 are now close to -5 dB in average. The return loss,
is around -10 dB. The transmission and adaptation, in the 40-110 GHz band, are plotted on
separate graphs in Figure 104, for the “top right” and “bottom left” measurements (second long
waveguide and first short waveguide).
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Figure 104 : S-parameters of a long waveguide (a. and b.) and a short waveguide (c. and d.)

The insertion losses are around -5 dB and the adaptation is below -10 dB for both waveguides
in the frequency band (81-86 GHz).

The insertion losses are still quite important. They are probably due to two different factors:
- The “equivalent conductivity” of the CNTs
- Miss-alignment or poor contact of the input/output pillars

Indeed, we can note that the adaptation outside the band is around -5 dB, when in simulations
(Figure 99) it is around -0.8 dB. This is typical of resistive dissipation of energy. This energy
loss is due to the pillars. If the excitation pillars have a high resistivity, energy is dissipated.
This phenomenon occurs before and after cutoff because the resistivity of the pillars do not
vary much within this range of frequencies. The high resistivity of the pillars can be due to two
things, a low “equivalent conductivity”, and a gap between the top of the CNT pillars and the
cover. Simulations of these phenomenons are shown in Figure 105 and 106.
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Figure 105 : Simulated S-parameters for different gaps between the pillar and the cover a. Adaptation,
b. Transmission
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Figure 106 : Simulated S-parameters for different densities a. Adaptation, b. Transmission

As we can see, the losses are mainly explained by the low “equivalent conductivity” of the
CNTs. A gap between the top of the pillar and the cover creates poor adaptation that we do
not see to this extent in our measurements. In order to do complete back-simulations, we would
also need to know the exact positions of the excitation pillars, a misalignment changes the
adaptation.

The measured propagation constants Alpha and Beta are given below, and superimposed with
the simulated ones (Figure 107).
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Figure 107 : Above, Simulated and measured Beta, Below, Simulated and measured Alpha

As we can see, the measured losses are higher than the simulated ones. This is due to the
lower conductivity of the walls in reality than in the simulations. Furthermore, Beta is higher in
simulations than in measurements, probably due to different lateral dimensions between
experimental and simulated waveguides.

A this point it is interesting to compare our results to the ones obtained in [157], by the RFIC
Lab team, for the same type of structure using nanoporous membrane filled with vertically
aligned metallic nanowires. The structure and measurements are shown in Figure 108.
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Figure 108 : Top, schematic of the integrated waveguide in nanoporous alumina filled with metallic
nanowires, Bottom, measurements and simulations for waveguides designed for the V and W bands
[157]

As we can see, the results are quite similar. The insertion losses are quite high for these
structures also. However, the adaptation is several dB better. The transition from CPW to the
integrated waveguide, used for these structures, is the one described in 2.4.1. Compared to
the pillar excitation, it has better simulated performances, and it is less sensitive to the
fabrication processes. If we can find a way to implement this excitation in our structures, we
can expect much better results.
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In parallel, several cavities (50 GHz and 80 GHz) were fabricated and measured. The cavities
were designed with weak coupling, for more accurate conductivity extraction. Due to high
losses, the measurements are more difficult to interpret; the resonances are not clearly visible.
Measurements of a 50 GHz cavity and of a 80 GHz cavity are shown in Figure 109.
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Figure 109 : Measured S-parameters of a 50 GHz cavity (top) and 80 GHz cavity (bottom)

As we can see, the transmission levels are quite low, below -40 dB for the 50 GHz cavity, and
below -30 dB for the 80 GHz cavity. It is difficult to extract the resonances of the cavities from
the parasitics.

In order to improve the cavity measurements, and be able to extract conductivity
measurements, two steps need to be taken. First, during the design, one should not aim for a
resonance at -15 dB for a density of 10> CNTs/m?. Indeed, for lower densities the resonance
peak might not be detectable in the noise of the measurements. Second, during the fabrication
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process, the spacers used should be bonded more strongly. Indeed, during transportation of
the devices from CINTRA to XLIM, some spacers broke away from the cavities and might have
damaged the CNT walls. In general, the height of the cavities is 500 um, much more than the
110 um of the waveguides, which make them much more prone to deterioration after transport.

2.7. Conclusion

In this chapter, we have studied the different possibilities and problems raised when it comes
to the fabrication of air-filled waveguides based on VACNT bundles. Different fabrication
processes were studied, and a characterization process was used to determine the “equivalent
conductivity” of our process (from growth of the VACNTs to assembly). The characterization
of one of the processes was made, showing a low “equivalent conductivity” around 5.6*103
S/m. This low value is due to the contact resistance from the transfer process and assembly
of the cover and/or the quality of the CNTs. The characterization structure revealed the
problems caused by substrate modes in our designs. This prompted the creation of other
designs without this flaw. These devices were fabricated and measured. While the
performances are better, they are not at the state of the art. The pillar excitation causes some
problems in practice.
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Chapter 3: VACNTSs for slow wave effect

We showed in the previous chapter how it is possible to use VACNTS to guide electromagnetic
waves. However, the propagating medium being air, which permittivity is one, it implies a
bigger footprint. Furthermore, the chips on top of the interposer are getting smaller and smaller
which make them unlikely to become the limiting factor in terms of footprint. Since we aim at
using the CNTs as an interposer, the room on the RF substrate (usually materials with high
permittivities such as alumina (9.8) or silicon (11.2)) might not be sufficient to host a whole
Butler Matrix on top. That is why it is crucial to find a way to reduce the size of the interposer.
While until now we have not exploited the anisotropic conductivity of our VACNT bundles, per
say, but rather used them as we would have isotropic metallic walls, interestingly, we can make
use of the anisotropy of the nanomaterial for size reduction. This property of VACNT bundles
is immensely profitable in that it allows for an important size reduction while avoiding the
dielectric losses that come with high permittivity materials that are often used for this purpose.
In addition, the use of VACNTSs for size reduction is perfectly compatible with the fabrication
processes we have presented before.

In this chapter, we will start with a brief state of the art of the different technologies that allow
the miniaturization of propagating RF devices. Next, we will explain more in details the slow
wave effect. Then we will modelize the possible improvement of the devices using this
technology. Finally, we will present an experimental proof of concept at 20 GHz in order to free
ourselves from the fabrication uncertainties that were raised in chapter 2.

3.1. State of the art

With the increasing number of telecommunication channels in mobile phone, or for multimedia
broad band applications, the number of devices needed has increased inside our connected
appliances. Thus, the need for miniaturization is increasing [238]. There are two main ways to
miniaturize devices. The first one is to aim for higher integration and functionalization through
new topologies and design methods, such as filter antenna co-design [239], [240] or new ways
of packaging [238], [241]. The second one aims for miniaturization of the devices themselves
using high permittivity materials [242], or particular micro/nano engineered propagating
mediums [243]. The two approaches are not separate from each other and are often combined
in the literature, such as 3D printed high permittivity ceramics [244] or highly integrated SAW
packages [238].

Since their development in the early 2000s by Ke Wu [245], [246], SIW have drawn a lot of
attention for their interesting properties. They consist of a thin dielectric substrate with metallic
plates on top and bottom, pierced with rows of vias. The rectangular section made by the vias
and the two metallic planes confine the fields, provided that the vias are close enough to each
other compared to the wavelength. Compared to classical metallic waveguides, they have the
advantage of being low weight, of having high integration capabilities while maintaining a rather
low cost of fabrication. Compared to classical planar technologies such as CPW or Microstrip
lines, SIW have lower radiation losses, due to the fields being confined in a rectangular section,
and therefore higher quality factors. However, they do suffer from high footprints, the ratio
between the height of the SIW and its width is usually quite large. In order to reduce this
footprint, many research teams have studied ways to reduce the lateral dimensions [247]-
[249]. In this section, we will have an overview of the different miniaturization methods
described in the literature.
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3.1.1. Ridged SIW

This first method is directly derived from the ridged technology in classical metallic rectangular
waveguide [250]. The idea is to change the section of the waveguide by introducing a ridge in
the waveguide, Figure 110. This ridge will decrease the cutoff frequency of the fundamental
mode TE10. Indeed, the ridge being in the center of the waveguide, where the electrical field
is maximum, will induce a capacitive load. For the same dimensions a and b, the waveguide
will work at a lower frequency, which means miniaturization. We can note that for the first mode
of superior order, TE20, the electric field is equal to zero in the center of the waveguide; the
cutoff frequency of this mode remains almost the same. This implies a greater bandwidth.

Single Ridge Double Ridge

a

>

S

Figure 110 : Cross-sections of Single Ridge and Double Ridge rectangular waveguides

This method was used for SIW structures by simply replacing the ridge, by a row of blind vias
[251] or a row of blind vias connected by a thin plate [252] as shown in Figure 111. The
fabrication process is similar to the LTCC one with multiple layers soldered together.
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This method is particularly used for increasing the bandwidth of the waveguides. It has been
combined with the drilling of non-metallized holes near the metallic posts on the sides, to
achieve a bandwidth improvement of 232% [253]. The idea is that by reducing the effective
permittivity on the sides of the section, where the second mode maximum electronic fields are
located, this mode is pushed even further into higher frequencies.

3.1.2. Folded SIW

This method is also directly derived from classical rectangular waveguides technology, it was
first presented in [254]. The idea is that by bending a rectangular waveguide in its lateral
dimensions, the fundamental mode will remain the same since the boundary conditions do not
change. If the guide is bended enough it is equivalent to it being folded. Different folding
topologies are presented in Figure 112.

Figure 112 : Different cross-section topologies for folded waveguides a. Rectangular waveguide, b.
Septate coaxial, c. C-shape folded, d. Thrice folded and e. T-shape folded

To the knowledge of the author, the first use of folded SIW is reported in [255], for a T-shape
topology. Since then, the C-shape has also been studied [256]-[258] even though it is more
difficult to excite due the disappearance of the vertical symmetry of the electric field. Folded
SIW devices in the literature include: a Quadri-Folded SIW bandpass filter in [259], a 180 GHz
to 220 GHz bandwidth folded SIW [260], a ring coupler [261], etc.

However, the fabrication processes require multi-layer technologies, such as LTCC, implying
higher cost fabrication and the losses are usually slightly higher than in ordinary SIWs [247].

3.1.3. Half mode SIW

The first article which reports the use of half-mode SIW is published in 2006 [262]. The idea is
as follows. In a classical rectangular waveguide, and by extension for SIW, the fundamental
mode is the TE10 (provided the width is bigger than the height). This mode has a symmetric
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plane along the transmission’s direction, which is equivalent to a magnetic wall. In the case of
SIWs, the ratio of width to height is usually very high. This leads to the fact that simply “opening”
the SIW in the middle, by removing any metallization will be equivalent to a magnetic wall. The
resulting structure is called a half-mode SIW. It is shown in Figure 113.
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Figure 113 : Picture of a manufactured Half-mode SIW on PCB [262]

Half-mode and regular SIW structures present approximately the same insertion losses [262].
However, in a complete integrated system, there are still some radiation losses that can affect
the neighboring elements.

The use of this topology has been reported for couplers [263], power dividers [264] and
antennas [265], but the main use is for filter applications [266]-[269]. Indeed, the humber of
symmetric planes in the case of a circular cavity for the TE101 mode is infinite. This allows for
consequential size reduction of the resonators. In [247] a list of different filters made with this
technology, called partial mode SIW (PMSIW) devices, is given. With resonators as little as
1/32" of a cylinder [270], the authors obtain a 96.87% size reduction when compared a filter
with full resonators. However, we can note that the size of the devices decreases
logarithmically with the angle of the resonator.

3.1.4. Slot loaded SIW

The idea, for slot loaded SIW, is to shift resonance frequencies of cavities by inductive or
capacitive loading. In order to load the resonators, the metallic surface is patterned and the
generated reactive effects will shift the frequency [271]. Depending on the shape of the pattern
and the mode of the cavity, one can shift differently the resonance frequency.

In [272], the use of C-shaped slots on top of the resonators, such that they couple with the
magnetic field, allow for a size reduction. In [273], the shifted mode is the TE102 using an H-
shape slot in the middle of the cavity. In [274], the authors use a T-shaped open ended stub in
the center of the cavity. In [275], a size reduction of 70% is achieved using open ended
semicircular slots. The structures are presented in Figure 114.

We can note that this method, is only applicable for the size reduction of filters or resonant
cavities, which we do not have in a Butler Matrix. But such devices are always used to filter
the signal coming from the antennas.
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Figure 114 : a. C-shaped patterns [272], b. H-shaped pattern [273], c. Open ended T-stub [274], d.
Semicircular patterns [275]

Interestingly, it is perfectly possible to extrapolate this technique and to load the top metallic
plate with smaller patterns (compared to the wavelength), that will have a distributed capacitive
or inductive effect. In the circuit equivalent model of the waveguide, the values of the
inductance and capacitance will vary and thus change the propagation constant. The
designers can tune the design in order to increase/decrease one or the other and change the
cutoff frequency. This has been done by Ke Wu’s team in [276] and [277]. By loading the top
metallic plane with small Microstrip patterns acting as inductors in [276] or by soldering active
inductors [277], the authors manage a size reduction of 40% and 35% respectively. The
designs are shown in Figure 115.

Dielectric Material Dielectric Material
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Figure 115 : Designs of the miniaturized surface loaded SIW with distributed elements a. Inductance

from Microstrip pattern, b. Soldered Inductances
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3.1.5. Metamaterials Structures

Since the late sixties and the introduction of the notion of metamaterials by Veselago [278],
numerous applications have been found in the different fields of wave propagation. This field
consists of engineering materials (by adding resonant structures small enough compared to
the wavelength of the propagating wave) so as to obtain uncommon properties, such as
negative permeability and/or permittivity.

3.1.5.1. Split Ring Resonator

Of all the possible metamaterials technologies the most studied is probably the split ring
resonator (SRR). The magnetic susceptibility that ensues (coupling between the rings) allows
for negative permeability, a property not found in conventional materials. In the field of RF
devices, the most used is the complementary split ring resonator (CSRR), which is the dual of
the SRR, because it allows for negative permittivities [279].

In the case of SIW devices, the idea is to pattern the metallic plates with such structures. In
order to improve the frequency shifts, research has shown that adding stepped impedance to
complementary split ring resonators structures was more efficient. In Figure 116, different
structures are listed, that were implemented for SIW structures. In [280], the authors manage
to reduce the footprint by 60% approximately compared to classical SIW structure.

This technology can be applied to waveguides as opposite to the one presented before.
However, it has the inconvenient of being narrow band [281]. The behavior of the CSRR is not
broadband because it is based on a resonating behavior. However, with different sizes of SRR
broadband negative permittivity materials have been reported for higher frequencies (optics)
[282].

Figure 116 : a. Conventional CSRR [280], b. Stepped impedance CSRR [280], c. G-shaped Stepped
Impedance CSRR [283], d. E-shaped Stepped Impedance CSRR [284]

3.1.5.2. Other Structures

The use of other structures to obtain RF materials with unconventional properties is usually
referred to as the use of Composite Right/Left Handed Materials (CRLHM) in the literature.
Left handed materials (as opposed to right handed materials) are materials with negative
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permeability and permittivity. The term CRLHM is more complete term than Left Handed
Materials, which includes the possible right handed propagation in these materials.

In [285], the folded SIW topology is used to incorporate the left handed material properties in
the device. The plate used for folding is patterned to add distributed elements to the
transmission line model, and decrease the cutoff frequency, as shown in Figure 117.
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Figure 117 : (a) 3-D view of the unit cell for the proposed CRLH transmission line based on the FSIW.
(b) Top view of the middle metal layer in the unit cell. (c) Equivalent circuit model for the unit cell [285]

The motifs can also be engraved on the top metallic plates as shown in the following articles
[286], [287], [288, p. 3]. A size reduction of approximately 50% compared to classical SIW is
obtained. Another drawback of these metamaterials is the decreasing size of the patterns at
higher frequencies, which make it difficult to implement in classical fabrication processes for
SIWs.

All the technologies mentioned above are often mixed in order to achieve even greater size
reduction as shown in [282], [289], [290].

3.2. The Slow Wave Technology or decoupling Electrical and Magnetic fields

In the literature, the term slow-wave is generally used for any method that decreases phase
velocity in propagating structure. Hence, all of the methods aforementioned can be considered
as slow-wave technology and using high permittivity substrates can also be considered as
slow-wave technology (phase velocity being directly linked to permittivity of the propagating
medium). In previous articles the physical phenomenon that will be detailed in this section has
been referred to as the slow-wave effect. That is why, in the ANR TRICOT project this is the
term that was used. However, this term does not reflect the particularities of the phenomenon
at stake and can lead to confusion with other technologies. In the following section it will rather
be referred to as the decoupling of the electrical and magnetic fields.
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3.2.1. Planar slow wave

In the 70s, the democratization of planar transmission lines in the microwave ranges, and the
performances of transistors such as the MESFET relied on the quality of the semiconductors
used. Semiconductors, such as silicon or GaAs of the IlI-V family, with high resistivity allowed
for transmission lines with good performances. Consequently, monolithic integration seemed
liked a promising prospect. Yet, the wavelengths of the propagating waves at these
frequencies were simply too big. The price of the semiconductors at that time was too high to
make matching networks, filters or couplers integrated to the single crystal substrate [291]. It
is for this reason that the slow-wave effect arising from decoupling the electric and magnetic
fields was studied by Hasegawa in [292]-[294], in order to reduce the dimensions.

The first article to theorize the existence of the slow-wave propagation mode is [295], in which
the authors study the behavior of interconnects on bi-layered substrates (Si-SiO2). However,
the first article to experimentally observe the slow-wave propagation is [294]. In this article, the
microstrip on Si-SiO, bi layered substrate is analyzed numerically using the model of the
parallel plate waveguide (Figure 118).

strip conductor
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Figure 118 : Line structure and coordinate system for analysis, a. Microstrip line on Si-SiO: substrate,
b. Its parallel plate waveguide model [294]

The introduced effective permittivity and permeability of the bi layer substrate allow for the
characterization of the fundamental modes. The SiO; layer is considered to be a lossless
dielectric. Three different modes are characterized depending on the frequency and the
conductivity/resistivity of the Si layer:

- The product of the frequency and the resistivity of the Si layer is high enough that the
dielectric loss angle of this layer is small. In this case, the Si layer behaves as a
dielectric substrate, and we have the conventional TEM propagation.

- The product of the frequency and the conductivity of the Si layer is high enough to yield
a small depth of penetration. In this case, the Si layer behaves as a ground plane, and
we have TEM propagation in the SiO; layer. If the skin depth is too big, the system
becomes highly dispersive.
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- The frequency is not so high and the resistivity is moderate. In this case, the Si layer
behaves differently than in the two previous cases, and we have slow-wave
propagation.

Figure 119 shows the different fundamental modes propagating in function of frequency and
resistivity of the Si layer.
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Figure 119 : Resistivity-Frequency domain chart. Permittivity of SiO2 and Si, 4 and 12 respectively.
The hollow points and full points are measured Slow-wave and TEM modes respectively. Numbers
next to them give the width of the microstrip.[294]

The field distribution analytically determined in the article shows an interesting phenomenon
that explains the low phase velocity. The electric field is concentrated in the SiO- layer while
the magnetic field is present in both layers. Meaning all the active power is transmitted through
the SiO; layer while the magnetic energy stored in the waveguide is mainly in the Si layer in
that it is thicker (b2>> bi). The sum of these energies is transmitted in the propagation direction
through the thin SiO; layer. The propagation velocity slows down owing to the energy transfer
at the interface.

This decoupling of the electric and magnetic fields was further exploited the authors in [292],
[293] on GaAs substrates. Unfortunately, these structures had high losses because conduction
takes places in a semi-conductor during the exchange of magnetic and electric energy.

Fortunately, more recently, the slow wave CPW structure in [293], that decoupled the electric
and magnetic field using patterned floating ground strips perpendicular to the direction of
propagation was later improved in order to have high quality factors by other teams in [296]—
[298], due to new topologies attainable with the new fabrication processes. The structure is
shown in Figure 120, as well as the measured quality factors that are the state of the art.
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Figure 120 : a. Schematic of the cross-tie structure, b. Measured quality factors of the lines with
different W, S and G dimensions

Finally, in 2014, a slow-wave microstrip line using vertically aligned nanowires in a porous
alumina substrate was showcased by our partners RFIC Lab [299]. The structure is shown in
Figure 121. Since then different passive devices were thought of using this technology,
inverted microstrip [300] and Butler Matrix [301].
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Figure 121 : Schematic of the microstrip on porous alumina with nanowires

The idea is that the electric field cannot penetrate in the membrane while the magnetic field
lines are left untouched. Indeed, on the one hand, the vertically aligned wires, do not allow a
vertical electric field to exist (the electric field is vertical in the case of TEM mode). And, on the
other hand, the magnetic field is not impacted because it is perpendicular to the direction of
the metallic nanowires. The difference in the distribution of the field lines between a classical
microstrip and a microstrip on a porous membrane with metallic nanowires is schematized in
Figure 122.
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Figure 122 : Classical Microstrip vs Decoupled Fields Microstrip, with field lines

To conclude, the separation of the fields is the same in all the designs presented above. In
terms of equivalent transmission line model : the capacitance (C) increases due to the smaller
area occupied by the electric field, the inductance (L) remains the same because the magnetic
field is not disturbed. For a transmission line the phase velocity (v,,) is given by:

1

V., =
¢ VIC
Thus, the phase velocity decreases, and we have the slow-wave effect. In order to augment
the slow-wave effect one might aim to increase the inductance as well [296].

3.2.2. Volumic slow wave with vias

The first article transposing the slow-wave technology (decoupling of the electric and magnetic
fields) to SIW structures was published in 2014, by our partners in Grenoble [302]. A schematic
of the structure’s topology is shown below, in Figure 123.
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Figure 123 : Schematic view of the proposed SW-SIW (a) 3D view. (b) Transversal cross section of
the SW-SIW (example with five internal via-holes)
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Two PCB layers compose the structure. The bottom layer consists of the lateral vias that make
up the lateral walls, the bottom metallization and vias in the propagation zone. The top layer
consists of the lateral vias that make up the lateral walls and the top metallic layer. The two
layers are assembled together to form a SIW, which has a bed of blind vias in its propagation
zone. The space between the blind vias has to be smaller than an eighth of a wavelength. The
idea is the same as the one used for planar structures. The electric field for the TEL10 mode
cannot penetrate in the bed of vias because it is collinear to the vias. The magnetic field is
perpendicular to the direction of the vias and is not obviously disturbed. The structure is
simulated using the finite element method and the density of both electric and magnetic fields
are plotted in Figure 124.

- 90 kV/m

0kV/m
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Figure 124 : Cross-section view of the sw-siw in the middle of a transversal via-holes section for a via-
diameter $=400 um. (a) electric field magnitude. (b) magnetic field magnitude. (h1=0.813 mm,
h2=0.3 mm).

The simulation results confirm the intuitive reasoning. The electric field is confined above the
bed of blind vias, thus increasing the shunt capacitance, capacitance being inversely
proportional to the distance between two metallic plates. The magnetic field is more or less left
undisturbed and occupies the whole section of the guiding structure, meaning the inductance
remains the same as in a classical SIW. As a result, the phase velocity decreases i.e. the
equivalent permittivity increases.

The measurements of the S-parameters were in accordance with the simulated ones, and
showed reduction of size of 40%. We can note that an excitation method (Microstrip to SIW)
was proposed as well as a comprehensive study showing dependence of the blind vias’
diameter and height for size reduction.

This idea was prolongated in [249], by instead of using two layers, with only one containing
blind vias, the authors used three to have better ratio between the space occupied by the
electric field compared to the space occupied by the magnetic field. The topology of the
structure is shown in Figure 125.
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Figure 125 : Cross-sectional and 3D view of the new SW-SIW design. (a) 3D view (b) cross-sectional
view.

No experimental results were shown, probably due manufacturing difficulty. The three layers
stacked vertically, can induce a lot of losses due to the localization of current maximums for
the TE10 mode. However, the simulations show better bandwidth. The slow-wave factor (ratio
of phase velocity between the slow wave structure and the SIW) is roughly the same.

To overcome the losses that come from multilayer fabrication (also present in the bilayer
original structure), the authors in [303] come with the following idea. They virtually reduce to
zero the distance between the top of the vias and the metallic top plane. The vias are simply
not blind but connected to the top layer. In order to allow propagation, the top surface is
patterned. The geometry of the structure and the spatial distribution of fields are shown in
Figure 126.

Figure 126 : Left, Schematic view of proposed SW-SIW: (a) 3-D view. (b) Super-cell of the proposed
SW-SIW. (c) Unit cell of the SW-SIW, Right, Cross section of the proposed SW-SIW: (d) E-field. (e) H-
field.

As we can see, the gaps between the top metallization and the top part of the “mushroom” vias
allow the electric field to propagate on the surface. Meanwhile, the magnetic field occupies the
whole substrate. The authors realize a band pas filter (BPF) using this technology and manage
a size reduction of 58.8% compared to classical SIW structure.
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Finally, in [304], a 73% reduction of the longitudinal length is achieved. A schematic of the
device is shown in Figure 127.
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Figure 127 : Geometrical configuration of the proposed SW-SIW with dimensional parameters. (a)
Exploded 3-D view. (b) Transversal cross section of the SW-SIW.

This improvement of size reduction compared to [302] is explained by two things. First, the
capacitance has increased because the surface of the capacitance has increased (the top of
the vias is replaced by a full metallic plate). Second, the inductance increases. Indeed, by
adding the patches on top of the vias, the current path is lengthened i.e. permeability is
increased, as shown in Figure 128.
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Figure 128 : Current vector distribution on the SWS in a unit element of the SW-SIW. (a) 3-D view. (b)
Back view. (c) Heuristic diagram
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3.2.3. Anisotropic metallic materials for slow-wave applications

At higher frequencies, the vias’ diameter and interspace need to be smaller, the dimensions
being directly linked to the wavelength. Unfortunately, current fabrication processes do not
translate well to lower dimensions. This is what limits the technology presented before to
frequencies below 30 GHz.

However, nanomaterials such as VACNTs or nanowires (NWs) might be an answer to such a
technological bottleneck. The solution that was thought of in the project TRICOT, was to
replace the bed of blind vias by VACNTSs or vertically aligned nanowires. Provided the density
of the CNTs or NWs is sufficient, the behavior of the vertically aligned nanomaterials can be
assimilated to a bulk anisotropic material. During the course of this PhD, our partners in
Grenoble, RFIC Lab, published measurements of a waveguide (E band) partially filled with
nanoporous alumina filled with vertically aligned nanowires as proof of concept [218].

The electric field cannot penetrate in the aligned nanowires, but the magnetic field is
undisturbed because perpendicular to the uniaxial conductivity. The propagation of the TE10
mode should be modified in the same way as with blind vias.

3.3. Application to the Butler Matrix

It is particularly interesting in our case to add VACNTSs in the propagation zone of the air-filled
SIW with VACNT walls. Indeed, the material used for the slow wave effect is the same than
the one for guiding the electromagnetic waves. Thus, the fabrication process is easily modified
to incorporate the slow wave effect in our functionalized interposer.

Simulations were made using the finite element method and the bulk equivalent model of our
VACNTS, to verify the behavior of a partially filled waveguide with VACNTs. The simulation
design is shown in Figure 129. The simulated structure consists only of the rectangular
waveguide without the transition from CPW to rectangular TE10 mode. The excitations consist
of waveports, which allows us to directly extract the propagation constants from HFSS. The
height of the waveguide is taken to be 110 um and the width 2.7mm, the same dimensions as
the last designed waveguide of Chapter 2.

Waveport

h l
Figure 129 : (a) Exploded 3D view, (b) Schematic of the section

Height plays an important role in the slow-wave effect. The ratio between the height of the
waveguide and the height of the slow-wave CNT pattern (h) is called the filling factor. The
bigger the filling factor the bigger the propagation constant. The effect of height (h) of the
VACNT pattern used for slow wave is plotted in Figure 130. With increasing aspect ratio, the
field is more confined, leading to an increased capacitance and higher propagation constant.
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Figure 130 : Beta for different heights of VACNT patterns in the center of the waveguide (for a fixed
pattern width of 2.7 mm)

However, for a filling factor too high, the losses will be too important to have interesting
performances as a waveguide. Indeed, the dielectric losses (L;) will increase with the square
of the electric field (equation below), and the metallic losses will increase with the current in

the nanotubes.
Ld = fff Ed |E|2dV

The frequency shift does not depend much on the width of the pattern as long as the width of
the pattern is close to the width of the waveguide as shown in Figure 131. The width of the
waveguide is of 2.7 mm. The cutoff frequency for pattern widths of 2 and 2.5mm is almost the
same. It then decreases, for 1.5mm and 1mm.
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Figure 131 : Beta for different width of VACNT pattern (for a fixed height of 75 um)
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The effect of density is an important case to study. If the density of CNTs is not important
enough, the conductivity will not be very high and the current going through the nanotubes will
not be sufficient to create the magnetic field necessary for separate energy storage. In Figure
132, beta was plotted for different conductivities in the direction of the CNTs. As we can see,
as long as the density is above 10** CNTs/m? (1.6*10% S/m at 50 GHz) it does not change the
propagation constant much.
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Figure 132 : Beta for different densities (conductivities), fixed height of 75 um and width of 2.7 mm)

For low densities, the behavior of the waveguide is different, there is a slow-wave effect since
beta is higher, but it is probably more due to the VACNTSs pattern behaving as a lossy metallic
wall (c.f. 3.2.1). No cutoff frequency can be determined.

Finally, in all the simulations made before, the lateral conductivity'® was taken to be zero.
However, if there is too much lateral conductivity in the VACNTS, the slow-wave effect will not
be happening at the same scale (smaller increase of beta). Indeed, the magnetic field cannot
propagate unless its direction is perpendicular to the conductivity. In case of high lateral
conductivity, the VACNTSs will behave similarly to an isotropic metal, which does not allow for
the slow-wave effect. The simulations were made for different lateral conductivities, and the
results are plotted in Figure 133.

The simulations show an increase in Beta even for a lateral conductivity of 10 S/m. However,
the slow-wave effect is much less visible, and a cutoff frequency cannot be extracted. That is
because of the way the waveport is defined (Figure 127). In fact, in order to see the real
behavior (TEL10 mode propagating in a waveguide with a smaller section) there is a need for a
Thru-Line calibration (see 3.4.6).

15 The “lateral conductivity” is the conductivity in the directions perpendicular to propagation. In the
conductivity tensor (section 1.4.3) it corresponds to the first two diagonal terms of the matrix (x and y
directions).
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Figure 133 : Beta for different values of lateral conductivities

Though we do not see it on the propagation constant Beta, the lateral conductivity can induce
high losses in the waveguides, as it is shown in Figure 134. For a slow-wave pattern of
respective height and width, 75 um and 2.7 mm, an axial conductivity of 1.6*10° S/m (10*°
CNTs/m?)and a lateral conductivity of only 10> S/m, the insertion losses amount to 3 dB.
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:ir _—
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Figure 134 : Losses if 100 S/m lateral conductivity

After the description of the main properties of the slow-wave effect for the intrinsic waveguide
(without the transitions from CPW to TE10 rectangular mode) we now come back to the whole
structure with transitions (pillar excitation).
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Adding a slow-wave pattern to our final waveguide structure is quite simple (in simulation). If
the properties of the VACNTSs are supposed well known, the adaptation (71-76 GHz band) is
even simpler to achieve because of a larger number of variables that can be changed. The
design of the structure is shown in Figure 135 as well as the S-parameters. For a slow-wave
pattern height of 75 um, in order to have the same cutoff frequency as the waveguide without
slow-wave pattern (Figure 99) we need a waveguide width of 1.6 mm. This is equivalent to a
lateral size reduction of 59%. Longitudinally, the size reduction can be obtained from the
previous curves for the propagation constant.

VACNTs for
Slow-wave effect
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Figure 135 : Slow waves for the total waveguide, Design and Simulated S parameters
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For further and more complete simulations regarding size reduction for the other passive
elements of the Butler Matrix (couplers and crossovers) the reader can refer to [160] from our
partners from the RFIC Lab in Grenoble.

3.4. Proof of concept at 20 GHz

Due to the fabrication difficulties, we had encountered for the simpler devices without the slow-
wave effect (Chapter 2), we decided to simplify the structure used for the proof of concept of
the slow-wave effect based on VACNTSs. Once the fabrication process of the air-filled structures
is finalized, the insight gained because of this simpler experimentation will allow for an easier
design.

The design we use in this section allows us to get rid of a certain number of unknowns (such
as current leakage) and makes back-simulations easier. Furthermore, the lower operating
frequency makes measurements easier, without the need of a transition design for the use of
CPW probes. Yet, it allows us to have better insight on properties of the CNTs we used, as
well as a proof of concept of slow wave effect.

3.4.1. Simulations

The chosen structure in order to highlight the slow-wave effect is presented in Figure 136.

WR51 waveguide \

WR51 waveguide

Aluminium waveguide with
inserable copper plate

Figure 136 : Proof of concept structure

The structure consists mainly of an aluminum rectangular waveguide with a section of 8 mm
width by 4.5 mm height (length of 10 mm or 15 mm). This waveguide has a cutoff frequency
for the fundamental TEL10 mode of 18.8 GHz. When connected to two WR51 waveguides,
whose recommended bandwidth is 14.5 GHz to 22 GHz, the simulated S-parameters are
plotted below (Figure 137).
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Figure 137 : Simulated S-parameters of the structure

As expected, we can observe the cutoff frequency of the aluminum waveguide between the
two WR51 waveguides whose cutoff frequencies are outside of the 14-24 GHz band. We can
note the adaptation stays below 10 dB in the 20 GHz to 24 GHz band.

By adding CNTs inside of the aluminum waveguide, we should see a shift in the cutoff
frequency. By comparing measurements for two different length of waveguides, we can extract
the propagation constant using the TL calibration (Appendix 2). However, it is difficult to grow
CNTs directly inside of the waveguide, given the fabrication process (Chapter I). The idea is
to insert a metallic plate (copper in our case) which would itself support the CNTSs, for an easier
fabrication process.

The three cases we can compare are the following ones: an empty waveguide, the waveguide
with a copper plate but without CNTs and the waveguide with the copper plate supporting
CNTs (Figure 138). The fabricated copper plates have a width of 8 mm (same width as the
waveguide). In reality, during fabrication, 100 um were removed, in order to make sure the
insertion in the waveguide was possible. The thickness of the copper plates is approximately
500 um. Two length of copper plates were fabricated, 10 mm and 15 mm, for each length of
aluminum waveguide.

Aluminium Waveguides

Copper

Copper Plate

/il : B, Plate | With
,\ s 74 i CNTs

0 15 30 (mm) 0 15 30 (mm) 0 15 30 (mm)

A C

Figure 138 : The three scenarios, A. Empty waveguide, B. Copper Plate without CNTs and C. Copper
plate with CNTs
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We can simulate the S-parameters of the three scenarios and superimpose the data on the
same graph in order to see the frequency shift (Figure 139).
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Figure 139 : Cutoff frequencies in the three scenarios, Above, S-parameters, Below, Propagation
constant

In scenario B, when only the copper plate is inserted in the waveguide, the cutoff frequency
does not shift compared to scenario A. This is expected because the cutoff frequency is
determined by the width of the waveguide for the TE10 mode, and adding the copper plate
only changes the height of the waveguide.
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In scenario C, the VACNTSs pattern on the copper plate has the following dimensions: 500 um
height, 8 mm width and 5 mm/10mm lengths for the 10 mm long and 15 mm long plates
respectively. The filling factor, ratio of CNT height to waveguide height, is 12.5%. The cutoff is
shifted to lower frequencies (approximately 1 GHz).of CNTs induce the slow wave effect and
the cutoff is shifted to lower frequencies (approximately 1 GHz).

3.4.2. Fabrication of the devices

The two aluminum waveguides were fabricated in XLIM, using an electroerosion fabrication
process . The two waveguides have different lengths (15 mm and 10 mm), in order to be able
to extract the propagation constants by a simple Thru-Line calibration. Multiple copper plates
were fabricated and sent to CINTRA in order to transfer CNTs on them.

In order to be able to transfer the CNT patterns on the copper plates, those were previously
polished . Indeed, if the roughness of the receiving substrate during transfer is too high, (above
several hundreds of nm) the CNTs do not adhere uniformly and transfer is not possible.
Furthermore, given the high temperatures of the transfer process (200 °C) and the ambient
humidity levels in Singapore (80% humidity in average in the year), we decided to electrolyze
the copper plates with gold to avoid oxidation.

The CNTs were transferred using 500 um spacers, in order to obtain the wished height. A
picture of the devices is shown in Figure 140.

15 mm long
waveguide

10 mm long
waveguide

10 mm long copper
plate with CNTs 15 mm long copper

plate with CNTs

'3”‘_""".[‘4&,“.““ || ELUT| PRV TR

11 2
ui‘ii‘nﬂi'ﬁnﬁﬁ%

Figure 140 : Aluminum waveguides and Copper plates with transferred CNTs

3.4.3. Measurements for classic CNTs

The two waveguides (15 mm and 10 mm long), in the different scenarios A, B and C (Figure
141), were measured using a ZVA 40 VNA from Rhodes&Schwartz, transitions from coaxial to
rectangular WR51 (Inoveos) and Maury Stability Plus coaxial cables. The setup is shown in
figure 139.
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Whole structure: Vice WR 51 rectangular  Aluminum  Copper Plate Alignement Rod
Aluminum Waveguide and Transitions waveguide Waveguide With CNTs

Figure 141 : Setup for the slow-wave measurements

The measurements are plotted in Figure 142 and 143.
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Figure 142 : Measurements for the 15 mm long waveguides
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Figure 143 : Measurements for the 10 mm long waveguide

We can clearly observe a shift to lower frequencies of the cutoff frequency. Furthermore, the
shift is roughly around 1 GHz, which is coherent with the measured heights of the CNTs placed
on the copper plates (500 um).

Using the Thru-Line calibration (Appendix 2) we can extract the propagation constant of the
waveguide in the three scenarios, the results are plotted in Figure 144 and superimposed with
the simulations.
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Figure 144 : Simulated and measured Propagation constants for the three scenarios, A, Empty
waveguide, B, Copper Plate Only, C, Copper Plate with CNTs
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First, we can note that the cutoff frequency of the simulated waveguide is a bit below the
simulated one. This is due to the fabricated waveguides having a slightly larger width. Second,
we can clearly see a shift for the measurements in scenario B. This is due to the copper plate
being narrower (smaller width) than simulated. In that case, we have space between the sides
of the copper plate and the lateral walls of the aluminum waveguide leading to capacitive
effects and a frequency shift (ridged waveguide 3.1.1). Finally, because these effects should
accumulate with the slow wave effect, we should have a bigger shift measured than in the
simulations for a height of 500 um. But, as shown in Figure 145, during transfer, the CNTs can
bend partially due to the force applied. This phenomenon has been observed before for other
devices and close-up SEM images of the slow wave samples should give useful insight. In the
bottom part of the slow-wave pattern the conductivity is anisotropic, and no slow-wave can
propagate, reducing the equivalent filling factor and the slow-wave effect.

Bending
of the CNTs

Figure 145 : SEM picture of the bending of the CNTs during transfer process on a previous device

However, we do have high losses that we do not explain. These losses most likely come from
lateral conductivity. That hypothesis will be tested later in section 3.5. .

3.4.4. Measurements for the sparse CNTs

Of the CNT samples that were made in CINTRA, it was decided to verify the impact of density
on the slow-wave effect. On one of the copper plates that was sent, low density CNTs were
transferred. The low density CNTs were obtained because of diffraction effect through the
chromium mask while catalyst deposition for CNT growth. The difference of density is visible,
in the SEM picture of Figure 146.
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Dense CNTs

SED

Figure 146 : SEM image of the lesser dense CNTs

Still, even with a lower density, the cutoff frequency shift was still approximately the same, as
shown in Figure 147. The propagation constant cannot be extracted because this type of CNTs
was only transferred on a 10 mm plate.
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Figure 147 : Frequency Shift for CNTs with lower density
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These measurements show that the slow-wave effect we are measuring is due to the
conductivity of the CNTSs. Indeed, in order to increase phase velocity, one can simply increases
the effective permittivity. This can be done by inserting a high permittivity medium in the
waveguide. In our case, for the shift we have and for a height of 500 um, we would need a
material of permittivity 10. Though the conductivity of VACNTs has been proven before, the
fabrication process could be flawed and the material a dielectric. However, from these
measurements, we can infer we are witnessing field separation and slow-wave propagation.
Indeed, for two different densities of the same material, the shift is almost the same. If the
material was a dielectric, the permittivity would not be the same (effective medium
approximation, Bruggeman’s models) and the shift would vary.

However, we still have to determine the source of the losses witnessed. Back-simulations will
be done in section 3.4.6.
3.4.5. DC measurements

To check if there was lateral conductivity, it was decided to do DC measurements. A schematic
of the setup is presented in Figure 148.

DC probe

DC probe DC probe DC probe
Sample 1: CNTs on Silicon Sample 2: CNTs on Copper
Lateral Resistance Lateral Resistance
— B — E— T —
| of the CNTs I | of the CNTs 1
v v |
Vertical Vertical Vertical Vertical
Resistance of the Resistance of the Resistance of the Resistance of the
CNTs CNTs CNTs CNTs
[ [ 7
! | | |
" Silicon Resistance —* " Copper Resistance —

Figure 148 : DC measurements for CNTs on two types of substrates, with the “equivalent” circuit

The DC measurement for sample 1 gives a resistance of 300 Q. The measurement for sample
2 gives 30 Q. The distance between the DC probes remained the same for the two
measurements.

Silicon resistivity is above 10* Q.m as given by the manufacturer datasheet. Furthermore, the
resistance of the silicon wafer was measured (still for the same distance between the two DC
probes) and was found to be 30*10° Q. This means silicon resistance is very high compared
to the measured value (300 Q).
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We can approximate the measured value for sample 1 (Rsgmpie1) With the following formula
(c.f. equivalent circuit Figure 146):

1 1 1

= +
Rsamplel Rlat Rvert + Rsilicon + Rvert

With, R,,; the lateral resistance of the CNTS, R,.,; the vertical resistance of the CNTs and
Rsiiicon the resistance of the silicon wafer.

Because, we have:

Rsilicon > Rsamplel

We can make the approximation:
Rlat ~ Rsamplel

We can approximate the measured value for sample 2 (Rsgmpie2) With the following formula
(c.f. equivalent circuit Figure 146):

1 1 1

= +
Rsamplez Rlat Rvert + Rcopper + Rvert

With, Rcopper, the resistance of the copper substrate. This resistance was measured and is
negligible in front of the measured value.

Furthermore,

Rlat > Rsamplez
Meaning that we can make the approximation:

R . Rsamplel
vert 2
Let us note here that R,,.,; includes the contact resistance due to transfer and the contact
resistance with the DC probe.

From these measurements, we can suppose the lateral conductivity of the forest is at least ten
times higher than its axial conductivity.

Finally, the measured silicon resistance is 30*10° Q i.e 10° times more than the evaluated
lateral conductivity of the CNTs (300 Q). If we consider an equivalent isotropic material similar
to silicon with a resistance of 300 Q, its resistivity would be 10° times lower. If we suppose our
silicon resistivity is equal to 10* S/m (datasheet pgicon > 10* 2.m), this gives a lateral
conductivity for the equivalent material of 10 S/m. The lateral conductivity of the VACNTSs is
probably close to this value.

Note: In all the above, we considered resistance to be directly proportional to the conductivity.
However, this is not necessarily true, the field lines do not have the same shapes for different
conductivities, the current path might differ leading to different coefficients between
conductivity and resistance.
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3.4.6. Back Simulations

In this section, we will try to explain the losses observed, through back-simulations, of the

fabricated devices.

The first reason that was considered to explain the losses was the contact resistance due to
transfer. Thus, we simulated our structures with a low conductivity layer between the copper
plate and the bottom of the VACNTSs pattern. The simulated propagation constants are plotted
in Figure 149 for three different cases: (1) Ideal case: the contact resistance between the
VACNTSs and the copper is supposed to be zero, (2) Lossy transfer: a layer of 1 um is added
between the CNTs and the copper plate with conductivity 10 S/m, (3) Levitating CNTs: the
layer of 1 um is considered to be air (infinite resistivity).
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Figure 149 : Top, simulation Setup, Middle, Simulated Beta, in the three simulation setups
(superimposed with measured Beta), Bottom, Simulated Alpha in the three simulation setups

(Superimposed with measured Alpha)
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It seems like the quality of the transfer process does not impact the results. This is simply
explained by the fact that as long as there is a region of space inside the waveguide where the
conductivity is “anisotropic vertical” and the electric field cannot penetrate. The electric field is
confined to a smaller area while the magnetic is not, giving birth to the slow-wave effect.

Note: Poor contact between the copper plate and the waveguide was also simulated, the slow-
wave effect is not impacted. It was verified in measurements by gluing the copper plate with
silver glue, to no avail. This is coherent with the explanation given above.

The second hypothesis was poor axial conductivity inducing metallic losses due to the current
inside the VACNTSs pattern. The simulation results are plotted below (Figure 150).

Frequency (GHz)

14,5 15,5 16,5 17,5 18,5 19,5 20,5 21,5

e 10715 CNTs/mA2 10712 CNTs/m”2
= 10711 CNTs/mA2

Measured Alpha

Figure 150 : Attenuation Constants For different CNT densities (measured attenuation superimposed)

As we can see, the low density cannot explain the high losses. Also, we can note that we have
different results from section 3.3 simulations. This is due to the definition of the waveports and
the way the propagation constants are calculated in HFSS. It is unclear how HFSS deals with
anisotropic materials in waveports, the present simulations together with the Thru-Line
calibration give more accurate results.

The third hypothesis was the presence of lateral conductivity. The simulated results are plotted
below (Figure 149). For each simulation two variables were changed, the axial conductivity
(density of the CNTs/m?) and the lateral conductivity. The idea was to find the correct couple
to fit both the measured propagation constants Beta and Alpha. However, it seems like the
couples fitting the measurements before cutoff are different from the ones fitting
measurements after cutoff. The reason is probably that the height used is not the correct one
due to bending of the CNTs (c.f. Figure 145).
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We can also note (Figure 151) that for higher values of lateral conductivity (100 S/m) the slow-
wave effect is less present, the propagation constant increases less. This is coherent because
the magnetic field is hindered by lateral conductivity.
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Figure 151 : Above, Beta, Simulated and Measured, Below, Alpha, Simulated and Measured

At this point it is interesting to compare our results with [218], from RFIC lab. The structure and
measurements are shown in Figure 152 below.

The structure relies on the same principle as ours i.e. air-filled waveguide partially filled with
an anisotropic conductive material. The measurements are made at a higher frequency (up to
70 GHz) than in our case (20 GHz). However, the same insertion losses are witnessed (Figure
152 b.). These losses are not explained in the article, their origin is under investigation.

In order to see if these losses are due to lateral conductivity (and not the fabrication process
of the SIW), it would be interesting to replace the CNTs in our structure by this nanoporous
membrane filled with metallic nanowires.
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Figure 152 : a. Schematic of the structure, b. Simulated and Measured S11 and S21, c. Simulated and
Measured S21 phase

3.5. Conclusion

We started this section with a brief state of the art of the existing miniaturization methods for
SIW. We then had a particular focus on the slow-wave effect. The use of VACNTSs for slow-
wave effect was then simulated for our structures (air-filled SIW with VACNTs walls) and
different parameters of the slow-wave pattern were studied (height, width, density, etc.).

We then decided to showcase the slow-wave effect at lower frequencies (20 GHz), for easier
fabrication. A new type of design was simulated and measured, and the propagation constants
were extracted. To the knowledge of the author, the slow-wave effect due to CNTs was
demonstrated for the first time. We then tried to explain the high insertion losses.

As perspectives, it would be interesting to replace the VACNTs of our device with other
anisotropic conductive materials: nanoporous membrane filled with metallic nanowires,
PECVD VACNTSs with lower density, VACNTSs coated with Boron-Nitride (an insulator) [305],
etc.
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Chapter 4: Interconnections

This last chapter describes a complementary work to the functionalized interposer technology
presented in the previous chapters. It is dedicated to a prospective approach applied to RF
interconnects based on VACNTs. The main idea is to propose an alternative technology to the
wire-bonding one.

Fortunately, CNTs is an ideal material for high frequency interconnects. Indeed, CNTs possess
properties particularly interesting in the case of interconnects. CNTs are highly electrically
conductive [44], highly flexible [49], and highly thermally conductive [56], have low CTE [306],
and can withhold extremely high current densities [307]. These properties led to CNTs being
intensely studied, in recent years, for high frequency interconnects [308]-[310]. Indeed, with
higher frequencies, interconnects tend to get smaller, leading to certain technological issues
(e.g. electro-migration [311]) for other more conventional materials (metal alloys).

In particular, VACNTs bundles as flip-chip bumps have been studied in the past [81], [87],
[106]. However, the flip-chip technology has one major drawback; the “on wafer”
measurements is not possible, due to the chip being face down. Furthermore, at higher
frequencies (above 40 GHz), wire-bonds are usually not used the chip to the substrate carrier
due to their high inductance behavior. That is why we propose an alternative approach (entirely
compatible with the smart interposer) to connect chips on substrate carrier. The functionalized
cover we propose is composed of CNT based RF and DC bridges respectively for RF and bias
interconnects. The topology of the functionalized cover is described in Figure 153.
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Figure 153 : Topology of the DC (black lines) and CPW (yellow lines) Interconnects on the
functionalized cover (up left) for a MMIC facing upwards (up right)
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In addition to the DC and RF interconnects, this cover allows the incorporation of other
VACNTSs packaging properties described in Chapter 1, such as EM shielding and thermal
management of the MMIC. A schematic for such a structure is given below in Figure 154.
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Figure 154 : Schematic of a fully functionalized cover with interconnects, EM shielding and Thermal
management

This topology is particularly interesting because it has the advantage of the wire bonding
process (MMIC chip facing upwards) while being transposable at higher frequency because
the inductance of the VACNTSs bridge (CNT bumps and line on the cover) is much lower.

In this chapter, we will start by a brief state of the art on interconnects technologies at high
frequencies, we will then propose a test structure for the proof of concept of VACNTSs bridges.
This test structure will be simulated, the fabrication process will be slightly improved in order
to be compatible with interconnects of a few microns, and measurements will be interpreted.
4.1. State of the art
In this section, we will go over the following different topics, in order:

- Problems of electro-migration in metallic interconnects

- Wire bonding compensation at high frequencies

- Previous results on VACNTSs interconnects

4.1.1. Electro-migration in metallic interconnects

The use of higher frequencies in telecommunications implies smaller dimensions for passive
devices. In particular, for interconnects, it means smaller diameter. Thus, it is possible that the
electric field present in these interconnects creates very high current densities. For current
densities above 10°% A/cm?, the electro-migration phenomenon can appear.

When the electric field is high enough, the force applied to the metallic cations is higher than
the force due to the “electronic wind”. The resulting force (F) is given by:

F=Z7"qE = Z*qpj.

With, Z* the effective number of charges, g the elementary charge, and E the electric field
given by product between the current density j, and the resistivity of the material p. When this
force is high enough the cations migrate toward the anode [312].
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The cations diffusion caused by electro-migration usually happens at the grain boundaries*® of
the metallic interconnects [313]. The equation linking the mass flux (/) to this diffusion is given
in [312] by:
,dc . CD'F

dx kT

J=-D

With, D* the diffusion coefficient, C the atom concentration, k Boltzmann’s constant, T the
temperature, and F the generalized form of the moving force.

The moving force F results from three phenomenon, the force from the electronic wind, the
gradient of temperature and the mechanical stress [314]. Inserting this in the previous equation
we obtain:

,dC CD* oT do

2 (—qZ'E - K—+0—
& T 4 +

=-D
J 0x 0x

With, K the thermal conductivity of the material, 22 the atomic volume, and o the mechanical
stress.

In the case of a homogenous material, the concentration gradient can be considered equal to
zero, and for current densities around 10° A/cm?, the gradient of temperature also. We obtain
the following simplified equation:

CD* CD* do

wr 12 E T oy

J=-

This equations shows that after a certain time the flux of cations due to the electric field is
compensated by the flux due to compression, giving a critical length below which there is no
resulting mass transfer [314]:

Lo,
Z*qpje

c

As a result of the electro-migration effect, cracks can appear in the interconnect (as shown in
Figure 154) leading to poor performances and even possible breakage.

Different solutions are proposed in the literature to palliate this problem, from changing the
materials [311], [315] to changing the topologies [316].

16 The interconnect is not monocrystalline but composed of multiple crystal grains.
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Figure 155 : (a) Initial Interconnect, (b), (c) and (d) Propagating crack in the interconnect until final
open failure [317]

4.1.2. Wire bonding Compensation

At higher frequencies (above 40 GHz), the reactance of wire-bonds (equivalent to an
inductance) becomes difficult to compensate, resulting in poor adaptation and performances
of the bonded devices. In this section, we will present the existing solutions to either reduce
this reactance or compensate for it.

The first way to decrease wire-bonds inductance is to double them. Indeed, by putting two
wire-bonds in parallel instead of one, the resulting inductance (L) is given by:

Lo LiL, — M?
4 L+ L, —2M

With, L, the inductance of the first wirebond, L,the inductance of the second wire-bond, and
M the mutual inductance. Because, we have M < min(L4, L,), the resulting inductance is lower
than L,and L,. We can also note that the mutual inductance is squared in the numerator and
not in the denominator, meaning that decreasingM, will decrease the resulting inductance. In
practice, the two wirebonds are placed as far to each other as possible. When the dimensions
of the outgoing/ingoing pads, we have this typical V shape, shown in Figure 154.
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Figure 156 : V shape of the doubled wire-bonds [318]

Another similar way to reduce bonding reactance is to use bonding ribbons, for which the
inductance is lower [319].

However, the reactance of the wire-bonds cannot always be reduced enough and sometimes
need to be compensated.

The most common compensation method is the use of capacitive pads “before” and “after” the
wire-bond in order to make a II type filter and compensate the reactance (Figure 157).

Capacitive
Pads

+$ TermG I—C N L ¥—C TermG
TermG1 - l C1 : L1 Co \L Cc2 i TermG2 -
Num=1 . C= Ccomp pF o : C= Ccomp pF : Num=2
Z=50 Ohm I . L=LwbnH I . 2=50 Ohm

Figure 157 : Above, Photo of a device with capacitive pads for the wire-bond [320], Below, Equivalent

Circuit model on ADS
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Unfortunately, this simple structure does not allow to compensate for wire-bonds with important
reactance at higher frequencies. Furthermore, the behavior of the capacitive pad is frequency
dependent making this method narrowband.

In [321] the authors propose two solutions to compensate for the reactance, matching with a
higher order filter, and self-matching half-wave wire-bonds. The two solutions are presented in
Figure 158. There are different inherent problems to these two methods, but the main one is
the quite narrow bands.

0
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Frequency in GHz Frequency in GHz

Figure 158 : Left, Photo and measurements of the higher order filter compensation, Right, Photo and
measurements of the half-wave compensation

Finally, the authors in [322] manage to compensate for a 150 um long wire-bond from 10 GHz
to 180 GHz (Figure 159). The idea comes from [323], where a symmetric higher order filter
centered on the wire-bond is used to compensate for it. This method is more broadband than
in [321] because the filter is symmetric.

The problem of this method is that it implies that both sides of the wire-bond can be designed,
the motherboard and the MMIC, which is usually not the case. The MMIC is usually supplied
by a third party.

That is why VACNTS bridges can be particularly interesting.
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Figure 159 : a. Photo of the compensated wire-bond, b. Equivalent Circuit Model, c. Measurements

4.1.3. VACNT interconnects

The first millimeter-wave interconnect using VACNTs bundles was reported in [87]. The
structure and measurements are presented in Figure 160.
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Figure 160 : Top, Design of the structure, Below, Measurements and Simulations
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The structure is a flipped chip type structure. In this article, the chip consists in a CPW line.
Measurements and simulations are in good adequation. The fabrication process is as follows:
the bottom and top substrates are fabricated using classical photolithography processes,
VACNTSs are grown at the bumps locations directly on the substrates using PECVD, the “chip”
(or CPW line) is flipped onto the bottom substrate and the CNTs from top and bottom bumps
intertwine to make one unique interconnect.

A former PhD student in XLIM, Philippe Roux-Lévy, then transposed this result to higher
frequencies (75 GHz-105 GHz) [81]. This was allowed by the introduction of VACNTSs transfer
in the fabrication process. The structure’s design and measurements are shown in Figure 161.
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Figure 161 : (a) Isometric View of the structure, (b) Top view of the structure, (c), Simulated and
Measured S-parameters
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As we can see, good accordance is obtained between the simulated results and the
measurements. The simulated performances of a gold bump of the same dimensions than the
CNT bump are similar to what is measured. In [81] the losses due to the bumps are extracted
and found to be around 1.8 dB, a lot of the losses in Figure 161 are due to the CPW lines.

However, further investigation showed that the CNTs were crushed during the fabrication
process [81], changing slightly the interpretation of the results. The results are currently being
further analyzed using different simulation methods combining 3D EM software and circuit
simulation on ADS.

4.2. Functionalized Cover Proof of Concept

4.2.1. Design and Simulations

The design of the structure is shown in Figure 162. As in [81], [87], the “chip” consists in a CPW line.
The CPW line is bonded to the input/output accesses through the VACNTSs bridges when the cover is
flipped.

Substrate Carrier

Input $
Access Output
Access
CPW line
« chip »
0 2 4 (mm)
Functionalized Cover
VACNT:
VACNTSs : o dges
burmps \ Interconnects

6 2 4 (mm)

Figure 162 : Design of the structure, Top, Substrate Carrier with Input/Output lines and CPW line
“chip”, Bottom, Functionalized Cover with VACNTs bridges
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The CPW lines have a gap of 40 um and a signal line width of 50 um. The VACNTs bumps are
50 um x 50 um x 50 um cubes.

The simulated performances are plotted in Figure 163..
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Figure 163 : Simulated performances of the VACNTSs bridges

As we can see, the adaptation is below -10 dB on the whole 75 GHz to 105 GHz. We can
notice that the performances are quite good on a large bandwidth, even though no optimization
was done on the bridges geometry.

The same structure was simulated with wire-bonds of 25 um diameter (c.f. Figure 164). As we
can see, the reactance of the wire-bonds does not allow for a good adaptation and good
performances.

Wire-bonds Frequency (GHz)
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Figure 164 : Left, design with wire-bonds, Right, simulated performances of the design with wire-bonds

4.2.2. Fabrication Process

As we said earlier, the VACNTs bumps are 50 um x 50 um x 50 um cubes. Yet the fabrication
process used for the previous interconnects [81], had a minimum size limitations of 200 um.
The use of a shadow mask to deposit a gold layer on top of the CNT bumps did not allow for
lower dimensions.

Here we propose a fabrication process (Figure 165) that allows us to have bumps as little as
a few 100 nm? in section.
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Figure 165 : Fabrication process of the VACNTSs bridges

The steps of the fabrication process are as follows:
Step 1: Grow the VACNTs bumps on a separate substrate

Step 2: Deposit gold via evaporation on the whole substrate in order to cover the bumps with
a gold layer

Step 3: Fabricate using classical lithography process the CPW lines on the cover

Step 4 and 5: Transfer the CNT bumps on the cover using the transfer process (gold-gold
bonding)

Step 6: Deposit a gold layer on top of the CNT bumps using the ZEISS Crossbeam 550,
deposition process (resolution as low as 100 nm x 100 nm)

Note: For Step 4, we cannot do the same as Step 2 in order to have a gold layer on top of our
CNTs. If we evaporate gold all over the substrate we will short circuit our lines. For the
waveguide fabrication, we could deposit gold through evaporation because there was no
pattern on the cover.

Step 7: Fabricate using classical lithography process the Input/Output lines and the CPW on
the bottom substrate

Step 8: Bond the functionalized cover to the bottom substrate through gold-gold bonding
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The process in step 4 i.e. the deposition process in the Crossbeam 550 is described in Figure
165.

| ® o0
CQ TRl
Specimen

Figure 166 : Schematic display of the beam chemistry process of deposition. It shows the supply of
precursor through the Gas Injection System (red). They (temporarily) stick to the surface and are
decomposed by the beam into a volatile component (green) and a non-volatile component (blue) that
deposits on the surface. Some neutral gas molecules in the vacuum chamber are shown in gray. [324]

4.2.3. Measurements

The devices are currently being fabricated, the measurements will be added to the manuscript
for the defense.

4.3. Conclusion

In this brief chapter, we proposed to investigate the performances of VACNT interconnects. A
new type of CNT bridge for the high frequency interconnects of RF chips was designed and
simulated. This prospective approach is an alternative one to the current technology for RF
interconnect which is based on wire-bonding technology. In addition, the proposed approach
offers the possibility to manage the chip thermal behavior and its EM shielding by applying the
same design and fabrication process. That could be of large interest for the 3D packaging of
future millimeter and sub-millimeter wave devices.

A new fabrication process was established using cutting edge technology available in our lab,
allowing for lower pattern dimensions in future devices. Measurements and interpretation will
be added for the defense.
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Conclusion

The research reported in this thesis was funded by the Agence Nationale de la Recherche
(ANR) as part of the project TRICOT (Emerging Technology for RF and Millimeter-wave
Circuits based on Carbon Nanotubes). This project was in the context of ultra-compact
millimeter-wave systems manufacturing and in particular we planned to develop E-band
demonstrators (71-86 GHz). An original concept of functionalized interposer has been
proposed, in particular by integrating a beamforming circuit (Butler matrix). In this PhD work
we investigated this new type of nanopackaging based on VACNTSs for mm-wave devices. The
different aspects of a functionalized interposer based on VACNTs were investigated.

We started this manuscript by describing the properties of the material used (VACNTS). We
began by giving the theoretical equations that govern CNTs behavior. We then gave the
properties of VACNTSs that arose from these properties. Different methods to investigate the
structure of VACNTSs (particularly density) were developed. These experimentations gave us
useful insights on the material.

In the second chapter, the design of an air-filled SIW with lateral walls of CNTs was
investigated. The structure was designed and simulated using an equivalent bulk model
developed for VACNTSs. Different fabrication processes were investigated. A characterization
method of our fabrication process was established. A new design, more robust was developed
and to the best of our knowledge, very encouraging experimental performances have been
measured for the first time, with transmission level at -5dB around 81-86 GHz. These
measurements contribute to validate both the design and fabrication approaches, even if future
improvements are needed.

In the third chapter, the miniaturization of the air-filed SIW was investigated. The
miniaturization was necessary because the device being air-filled, it had a bigger footprint. The
theory of the slow-wave effect has been described and applied to a dedicated test structure
based on a TE10 mode waveguide. This later has been design and fabricated in order to
validate the possible use of the VACNTSs to provide a slow-wave effect. And to the best of our
knowledge, the slow-wave effect due to CNTs has been experimentally showcased for the
first time.

In the fourth chapter, an alternative RF interconnect approach based on VACNTSs has been
briefly described. The potential electrical performances of the RF VACNTSs bridge has been
studied and a test structure has been designed. The fabrication process is mainly based on
the CNT transfer process used in the previous chapters, and a specific step has been proposed
to allow the fabrication of small CNTs based interconnect (around 50umx50um in section).
Unfortunately, the test structure is still under fabrication and it is not possible to present
measurements in this manuscript.

The perspectives are numerous, let us go through them chapter by chapter.

Regarding the air-filled SIW, the design needs to be optimized in order to have a better
excitation that has less losses. Then the fabrication process needs to be improved. In order to
characterize different fabrication processes tested one should use the resonant cavities
designed for this. Once this is done, one should design the other base bricks of the 4x4 Butler
matrix, the couplers and the crossover. Once this is done, the performances of the whole Butler
matrix should be tested with an antenna array.
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Regarding the slow-wave technology, the test structure should be used to characterize other
anisotropic materials, such as nanowires or BN coated nanotubes. Once the problem of the
lateral conductivity is solved. The slow wave effect needs to be integrated in the structures of
chapter 2 in order to reduce the footprint of the Butler matrix. Again the performances with the
slow wave should be tested with an antenna array.

In the fourth chapter, once the interconnects are validated. The EM shielding and thermal
management need to be investigated. This prospective part of this PhD work is very promising
in the context of 3D heterogeneous integration for millimeter and submillimeter devices. It can
offer numerous perspectives and impacts for a better management of RF interconnects and
thermal behaviors and EM shielding.
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Appendix 1. The resonant cavity characterization method for conductivity
In order to characterize the conductivity of a material the process is as follows.

Let us consider a resonating cavity with a removable cover made of the same material, as
shown below.

Material of Unknown
Conductivity

Cover of the Cavity

/

Circular resonating
Cavity

Step 1 Step 2

Step 1: The resonating frequencies of the TEO11 and TEO12 modes are measured. The
dimensions of the cavity can be extracted from these measurements. The quality factor of the
resonant mode TEOlp (with p an integer different from 0) is measured. We can deduce
analytically the conductivity of the material in which the cavity is made. Indeed, we know the
analytical expression of the fields in the cavity for the TEO1p modes, and the quality factor (Q)
is directly linked to the conductivity by the following equations:

Wa

=2n—2
Q=2m;

With, W, the stored energy and W the energy lost in a period (T).

1 1
=L [[[ o= Le [[[ e

With H and E the magnetic and electric fields in the cavity, u the permeability of the media in
the cavity (usually air) and ¢ the permittivity of the media in the cavity.

We have,

W or the energy lost in a period is linked to the power lost in a period (P) by
W =PT

The power lost in a period can be written as the sum of, the power lost through coupling (Pex),
the power lost through dielectric losses in the media (P4) and the losses through the Joule
effect in the walls.

Pex and Pq are usually considered equal to zero if the cavity is weak coupled and the loss
tangent of the media is low, respectively.
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P; is directly linked to the conductivity by:

1
szstﬁH.H ds

With, R, = ﬁ = —Vji_lf the superficial resitance of the walls of conductivity and permeability
19s 1

o; and py respectively.

At the end of Step 1, the conductivity of the material consisting the cavity is known and the
dimensions of the cavity also.

Step 2: In this step, the cover of the cavity is changed with the material of unknown conductivity.

The quality factors vary because the losses due to the Joule effect in the cover depend on its
conductivity.

A decrease in the quality factor corresponds to an increase in P;. This increase in P; can
directly be linked to the conductivity variation of the cover through the analytical expression of
P;. Indeed, P; is the sum of the losses in the lateral walls, the bottom plane and the cover.

Note: The TEO1lp modes are used because the quality factor does not depend on the quality
of the contact between the cover and the cavity. There is no leakage because there is no
current at the interface.

Unfortunately, if we suppose we transferred CNTs on a metallic cover to close the cavity with,
the fields would go through the CNTSs, as the electric field is perpendicular to the direction of
the CNTs. The CNTs would not be characterized.
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Appendix 2. Thru Line calibration
The Thru-Line calibration principle is as follows.

Let us suppose we are trying to extract the S-parameters of a device named DUT (Device
Under Test) and that this DUT is not directly measurable. Transitions (e.g. from CPW to SIW)
are needed to excite the structure. Let us name these transitions X1 and X,. A schematic is
given below:

X, DUT X, Line

X4 X, Thru

If we have two devices of different lengths, the shorter one can be considered to be the Thru
and the bigger one the Line.

The transfer matrices of these two devices are given by:
Trine = Tx1TpurTx2
Trnru = Tx1Tx2

With, Ty, and Ty, the transfer matrices of the transitions X1 and X; respectively, and Tpyr the
transfer matrix of the DUT.

Let us define the matrix Q by:
Q= TLL’neTThru_1
All the matrixes are invertible because the devices are supposed passive.

We have,

Q= TXlTDUTTXZTXZ_lTX1_1 = TXlTDUTTXl_l

Meaning that Q and Ty, are similar.

Thus Q and Ty have the same eigenvalues.
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If we suppose that a single mode is propagating in the DUT (a good approximation if the
adaptation is good enough), we have:

—]/l 0
Tpyr = [eo eyl]

With, y the propagation constant of the mode and [ the length of the DUT.

Hence, if we measure Tthu and Tune (Obtained from the S-parameters) we can calculate the
eigenvalues of Q that will give us the propagation constant in our DUT.
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Appendix 3. Data sheet MF-117 absorbent

The electromagnetic constants of the MF-117 high frequency absorbent were given by the
manufacturer (EMERSON & CUMMING Microwaves Products). They are presented below:

Physical Properties :

MF
Colour Dark Grey
Service Temperature, °C <180
Density, glcc 36-49
Hardness (Shore D) 85
Tensile Strength, kg/cm? 560
Thermal Expansion per °C ~30x 109
Water Absorption, % 24 hours <0,3
Thermal Conductivity, (W/mK) 0,98
Volume Resistivity (Ohm.cm) >10"
QOutgassing :  TML (%) 0,51(MF110)
CVCM (%) 0,01(MF110)

Typical Electrical Properties Legend
K' Real part of the permittivity (dielectric constant)
tan 84 Dielectric loss tangent
K" Imaginary part of the permittivity (loss)
M’ Real part of the magnetic permeability
tan & Magnetic loss tangent
M Imaginary part of the magnetic permeszbility (loss)
dB/cm  Attenuation per unit distance
dB/in  Attenuation per unit distance

12I/Z3 Normalized impedance magnitude ratio

Frequency (Hz) Frequency (GHz)

102 103 10* 10° 106 107 108 1 3 8.6 10 18

dB/em | 0 0 0 0 0 0 0,09 1,3 5,0 21 32 57
1ZVzs | 0:32 | 032 |.0:34.  |:035 |:037 | 030 | o047 |042. |o042 ! 033 | 033 |i033
K 195 | 158 120 85 62 48 38 28 229 | 214 | 21 20,6
Tan 0,18 | 0,21 023 | 024 |022 |018 |o012 | 009 |[o006 |002 |002 |002
K” 35 |33 28 20 14 8,6 46 25 1,4 042 | 042 | 041

yiany | 50 |50 5,0 5,0 50 5,0 48 4.1 34 1.2 1,1 1,0
Tan 0 0 0 0 0 0 0,1 020 | 0,39 1,36 1,5 2,00
* 0 0 0 0 0 0 048 | 0,82 1,33 1,63 1,7 2,00

dB/em | 0 0 0 0 0 003 | 027 |28 110 | 46 56 119
|zvz, | 016 | 018 020 | 024 |028 032 |o036 |039 |o040 [030 |031 0,33
K 260 | 205 145 95 70 52 40 32 258 | 238 | 236 | 230
Tan 040 | 039 | 036 | 031 026 | 020 |o014 | o008 |[007 |005 |003 |004
wn 1NA on EN an 10 1N Ee ae 10 14 10 n 74 nnon
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Développement de Solutions Originales pour I'intégration 3D de Dispositifs RF et
Millimétriques a base de Nanotubes de Carbone

La montée en fréquence des dispositifs de télécommunication est intéressante pour plusieurs
raisons. En effet, le nombre croissant de dispositifs connectés ces dernieres années a fait que
les bandes de fréquences plus basses, généralement utilisées, sont devenues surchargées.
De plus, afin d’augmenter le débit des connexions sans fils (afin de pouvoir atteindre des
niveaux comparables a ceux de la fibre optique) il est nécessaire d’augmenter les fréquences
de fonctionnement. Toutefois, la montée en fréquence pose de réels défis technologiques au
niveau de I'équipement a cause des dimensions plus petites, du comportement des matériaux
traditionnels a hautes fréquences, d’effets parasites, etc. Nous étudions dans ce manuscrit les
possibilités apportées par les nanomatériaux (en particulier les Nanotubes de Carbone (NTC))
dans le domaine du packaging pour les dispositifs millimétriques. Nous proposons dans un
premier temps de décrire les propriétés physiques du matériau que nous utilisons, a savoir les
paquets des NTC alignés verticalement. Dans un deuxieme temps, une topologie innovante
d’interposeur fonctionnalisé a base de NTC est proposé et une preuve de concept est
fabriguée et mesurée. Dans un troisieme temps, les effets de miniaturisation possibles grace
aux NTC sont étudiés et mis en évidence. Finalement, 'apport des NTC dans le domaine des
interconnections est abordé.

Mots-clés : dispositifs millimétriques, nano-packaging, interposeur, NTC

Development of Original Solutions for the 3D Integration of RF and Millimeter-wave
Devices Based on Carbon Nanotubes

The shift to higher frequencies of wireless communications is interesting for several reasons.
Indeed, the increasing number of connected devices these last years has made the lower
frequency bands (traditionally used) overcrowded. Furthermore, in order to increase the data
rates of wireless communications (to match the ones of the fiber optics) it is necessary to
increase the used frequencies. However, higher frequencies come with lower dimensions and
more difficult fabrication processes, lossy behavior of the traditionally used materials, and
parasitic effects that become no more negligible, etc. In this manuscript, we study the
possibilities that nanomaterials (in particular Carbon Nanotubes (CNTSs)) in the domain of
packaging for millimeter-wave devices. In a first chapter, we describe the physical properties
of the material we use, namely bundles of vertically aligned CNTs. In the second chapter, an
innovative topology of a functionnalized interposer based on CNTs is presented, and a proof
of concept device is fabricated and measured. In a third chapter, the miniaturization effects
due to the use of CNTs are investigated and highlighted. Finally, the contribution of CNTs in
the domain of high frequency interconnects is approached.

Keywords: Millimeter-wavedevices, nano-packaging, interposer, CNT



