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Introduction

1.1 Thesis motivations

The author believes that a famous sentence can well illustrate the spirit of
this work:

“Give me a lever long enough, and I will move the world."
— Archimedes of Syracuse

Archimedes perceived that the need of a specific tool or, more in general,
a specific technology, could determine the accomplishment of complex tasks
otherwise unachievable.

Historically, the development of new tools and technologies has deter-
mined incredible advances in sciences. A suitable example is represented by
the microscope, that since its first applications by Antoni van Leeuwenhoek
(1632 - 1723), gave priceless contribution to medicine, biology, metallurgy
and much more.

Moving closer to our field, the invention of the transistor in 1947 by
Shockley, Brattain and Bardeen has been the starting point for the devel-
opment of an entire new generation of electronic devices. It is impossible to
enumerate the amount of tools and different technologies developed starting
from this simple device, but we can definitively state that nothing as the
science of electronics has changed so much our lifestyle in the last 60 years.

The enormous (social, industrial, economical) potential of IC technology
has been the main force that motivated companies, research centers and
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Gate Drain Drain
Source ;
High—K Source /‘
dielectric

Oxide

Silicon substrate

Figure 1.1: FinFET transistors possess a much wider gate dielectric layer
(surrounding the fin shape) than do MOSFET transistors and can use mul-
tiple fins [1].

scientists towards the fabrication of new, low cost and better performing
electronic devices. This continuous growth can be effectively summarized
by the Moore’s law, according to which the number of transistors in an
integrated ciruit will double every 2 years.

Although true for many years, it is now clear that the route of the
scaling can not be pursued anymore. New paradigms have to be explored
to overcome intrinsic material physical limitations causing electrical and
thermal leakages, easy breakdown a.o., and fabrication tool limitations,
lithography resolution above all.

As already shown by Intel [1], new transistor architectures, such as the
Three-dimensional FInFET (see Fig. 1.1), represent a feasible solution to
overcome some of the above mentioned issues .

These serious limitations affect not only digital components, but also,
and in a more stringent way, analog devices, particularly passives. Indeed,
in such class of components, the performance are mainly driven by physical
parameters that can not be easily scaled. For example, the performance
of a capacitor can be enhanced, in a first approximation, either using new
materials with higher dielectric constant (k) value, or reducing its thickness.
However, as already shown in 2009 by Banerjee [2], on chip large capacitance
can be achieved also using new 3D high aspect-ratio capacitor architectures
in combination with special deposition techniques, such as Atomic Layer
Deposition (ALD). As shown for the FInFET transistor, the new 3D high
aspect-ratio capacitor architecture opened a viable route to overcome typical
capacitor limitations [3].
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Other passive devices that strongly suffer from intrinsic physical limita-
tions are high frequency (THz or sub-THz) antennas. The need for higher
frequencies working communication links, as well as the fascinating scenario
opened by the terahertz sensing potential, are currently driving the research
for highly efficient, low losses and miniaturized planar antennas. The fab-
rication of such (integrated) components working at these frequencies has
to deal with the extremely large losses typical of the conventional materi-
als (dielectric and silicon substrates) used in Complementary metal-oxide-
semiconductor (CMOS) technology. Therefore, it is clear that to overcome
the intrinsic limitations of currently used configurations and materials, new
engineering approaches have to be explored.

In this thesis the advantages of conventional CMOS techniques in com-
bination with specific functionalities and characteristics provided by nan-
otechnologies are exploited for the realization of innovative passive devices.
Although working in completely different frequency range, these compo-
nents can both fulfill a fundamental role in providing efficient solutions in
their respective field of application.

1.2 Planar antennas for mm and sub-mm wave-
lengths

Nowadays, planar antennas working at mm or sub-mm wavelength are quite
attractive in applications such as short-range communication [4], automo-
tive radars [5] and, more recently, imaging radars [6] (see Fig. 1.2,1.3,1.4).
Despite the advanced design of these systems, RF front-ends and antenna
are still realized on two different substrates and then connected. Since all the
electronic is realized by means of Monolithic Microwave Integrated Circuits
(MMIC), an ideal solution would be to fabricate the antenna directly on the
same substrate. This architecture has many benefits such as the reduced
request of space, lower integration costs and less weight. Miniaturization of
such components has an enormous advantage in terms of functionalities as
well, since it strongly reduces the losses (conduction losses given by the finite
conductivity of conventional materials). Moreover, considering that losses
increase with frequency, the miniaturization becomes especially relevant in
the growing field of THz sensing.

From the fabrication point of view, the integration of such antennas in
an IC process presents also other advantages. By exploiting the extremely
high resolution of conventional lithographic system, thin and complex an-
tenna structures can be effectively realized. Moreover, the high reproducibil-
ity in accuracy of the IC lithography allows the fabrication of large antenna
arrays directly on a single wafer, thus further reducing the overall system
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Figure 1.2: An antenna in package designed to work in around 60 GHz [4].

indino

Figure 1.4: A chip micrograph of the antenna receiver at 90 GHz [6]
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costs.

However, the fabrication of planar antennas still presents many funda-
mental issues, such as the radiation efficiency. A typical planar antenna
fabricated in a IC process is first patterned on a metal substrate with con-
ventional lithographic/etching techniques and, eventually, is suspended on
a membrane by releasing the substrate (usually silicon). This architecture,
however, offers a very poor efficiency, since the antenna radiates its energy
50% in the positive z direction and 50% in the negative z direction. Half
of the power send to or received from this device is then lost. Especially at
very high frequency (i.e. Terahertz) where the power generated is already
very limited and the losses are higher, the antenna efficiency decreases dra-
matically.

A solution to this limitation, would be the insertion of an artificially
engineered layer with high dielectric constant (so called Artificial Dielectric
Layer) on top of the antenna. The fabrication of a new type of Artificial
Dielectric Layers by using CMOS compatible technology represents one of
the main topic of this dissertation.

1.3 Miniaturized solid state supercapacitors

As mentioned in the first section, also other passive devices, such as capac-
itors, can greatly benefit from new design strategies. Due to the growing
demand for high performance, light and portable electronic devices (such
as mobile phones) and wireless sensor networks, there is the need for small,
powerful and reliable supercapacitors directly integrated in the system.

Nowadays these supercapacitors are realized in many different ways,
generally combining a conventional design with high surface-area electrodes
to enhance the charge storage area. Usually, as in the case of electrochemi-
cal supercapacitors, this solution implies the use of porous nanostructured
electrodes, mostly based on carbon [7-9].

However, as explained in more detail in Chapter 6, the use of elec-
trochemical supercapacitors is still problematic for many applications. In
fact, these components are usually bulky and realized with hazardous lig-
uid materials, that also poses issues to their integration in proximity of
electronics. For this reason, it would be interesting to realize fully solid
state supercapacitors, with a small footprint and fabricated with IC com-
patible materials, so to benefit from available large volume manufacturing
capabilities. Recently, it has been shown that with these devices very high
capacitance can be indeed achieved but their fabrication process is far from
being scalable [7,8,10-13]. .

In the last two decades, by using a technique called Atomic Layer De-
position (now also adopted in many CMOS fabrication processes) very thin,
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conformal and high quality solid dielectric thin layers, such as Aluminum
Oxide and Hafnium Oxide, can be achieved. If used in combination with
high aspect ratio conductive nanostructures (realized on a large scale) and
a second conductive and conformal counter electrode, this would allow the
realization of fully solid state dielectric supercapacitors. With the introduc-
tion of a new generation of commercial PECVD tools (such as the Aixtron
reactors), wafer-scale fabrication of nanostructures, such as carbon nano-
tubes, can be achieved and at a relatively low temperature (< 500 °C). The
high surface area offered by carbon nanotubes bundles can be effectively
used as frame to build a high aspect-ratio solid-state supercapacitor. By
coating the tubes surface with a dielectric and a conductive layer, the large
surface area provided by the CNT bundles can be exploited for the capaci-
tance enhancement.

1.4 Thesis Outline

This thesis can be considered as divided in two parts. In the first one, the
fabrication of an Artificial Dielectric Layer (ADL) for antennas working in
the Terahertz frequency range will be presented. In Chapter 2, the reader
will be introduced to the main fields of application of THz sensing. Particu-
lar relevance will be given to the sources and detectors developed during the
last decades. In Chapter 3 we introduce an artificially engineered material,
fabricated by conventional silicon processing techniques, that enhances the
dielectric constant of a conventional dielectric layer. Due to the extreme
difficulties in the measurements of the material properties in the THz fre-
quency range, different techniques need to be used to fully characterize both
conventional and engineered materials. For this reason, two completely dif-
ferent approaches have been used to study the optical properties of the ADL
and the results are reported in Chapter 4. In Chapter 5, an alternative ma-
terial is introduced as dielectric layer in the ADL fabrication, to further
explore the properties of CMOS compatible materials in the THz frequency
range.

While the first part of this work is related to the realm of the very high
frequencies, the second part is related to the lower frequency range (up to 1
MHz). In the sixth chapter a new concept of supercapacitors, based on the
coating of high aspect ratio carbon nanotubes forest with a solid dielectric
layer is presented. This device shows a very high capacitance density while
keeping its characteristic capacitive impedance up to 1 MHz. Similar devices
[14] cease to work as they are supposed to, at much lower frequencies (10-
20kHz). In Chapter 7, a complete electrical analysis and modelling is carried
out, to illustrate the performance of the presented capacitor and its working
principle. Due to the innovative fabrication process required to achieve a
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large electrode surface area, a detailed analysis of the coating process of
the Carbon nanotubes is reported as well. Finally, the conclusions and
suggestions for the future work are presented in Chapter 8.
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Terahertz sensing technology

In this chapter Terahertz (THz) radiation for sensing applica-
tion is introduced. The most interesting phenomena related to
its generation and sensing are presented and two of the most
important application areas, i.e. space science and life science,
are illustrated. A brief overview of THz sources and detectors
currently available is given, trying to indicate the major break-
throughs in the generation and detection of this radiation. The
challenges in the fabrication and use of THz devices, especially
antennas, will be discussed and a particular class of engineered
materials, called Artificial Dielectric Layers (ADL), will be be
proposed as possible solution to overcome some of the antenna
limitations.
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2.1 Terahertz radiation

Historically, the term terahertz refers to the wavelength range between
1000 — 100pum (300 GHz - 3 THz) [15]. Due to the fact that terahertz
radiation begins at a wavelength that goes from one millimeter to shorter
wavelengths, it is sometimes referred as the submillimeter band.

Falling between infrared and microwave radiation, THz radiation shares
some properties with each of them. Like the infrared and microwave radi-
ation, its propagation follows a line of sight and due to the low energy it
is non-ionizing. Like microwaves, terahertz radiation can penetrate a large
number of non-conducting materials (i.e. clothing, paper, cardboard, wood,
plastic and ceramics).

As its photon energy spans from 1.2 to 12.4 meV (see Fig. 2.1), THz
radiation is related to a wide amount of natural phenomena, going from the
molecular vibrational modes of many molecules [16,17] to the emission of
cold interstellar gas and dust clouds and to the universe very first light. THz
frequency range remains one of the least tapped regions of the electromag-
netic spectrum, being for long time a prerogative of astronomers, chemists,
planetery and space scientists to detect and catalog lines for lightweight
molecules.

2.1.1 Terahertz radiation sensing for space application

It is correct to state that the whole Universe bathes in terahertz energy,
although only a fairly little part of it is revealed and cataloged [15].

The wavelength covered by the THz spectrum corresponds to a photon
energy between 1.2 —12.4 meV or to an equivalent black body of 14 — 140K.

Terahertz Waves

TERAHERTZ

RADIO MICRO GAMMA

F ) INFRARED ~ ULTRAVIOLET ~ X-RAYS BAYS

l | l | | l 1 l l | | | l l |
10¢ 10° 10" 10% 10" 10" 10" 107

The terahertz spectral region (40GHz to 4THz or 7.5mm to 75um)
sits between microwaves and the far infrared

Figure 2.1: The electromagnetic spectrum from radio frequencies to gamma
rays. Terahertz radiation bridges the gap between the microwaves and the
infrared, covering a very wide portion of the whole spectrum
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Figure 2.2: Radiated energy versus wavelength showing 30-K blackbody,
a typical interstellar dust and some key molecular line emissions in the sub-
millimter range [15].

As showed in Fig. 2.2, the emissions from interstellar clouds, light and heavy
molecules lie between these energies. Recently, it has been estimated that
almost 40000 individual spectral lines can be distinguished in this frequency
region, and most of them are still not related to a precise chemical compound
[15].

Probably, one of the most outstanding results concerning the universe
observation in THz frequency is the mapping of the cosmic microwave back-
ground (CMB) radiation. This radiation is assumed to be the thermal radi-
ation remnant of the Universe formation event, the Big Bang. Its photons
are the oldest light observable, the first to escape from the plasma of elec-
trons, protons and photons that populated our universe for 3.79 - 10° years
after the Big Bang.

The newest set of images of the CMB radiation are coming from the
Planck ESA satellite, launched in 2009 and deactivated in 2013. This satel-
lite covered the visible sky in 9 different bands, from 20 to 857 GHz, giving
a map of the CMB radiation with unprecedent resolution (see Fig. 2.3).
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The Planck one-year all-sky suruey Cesa {c) ESA, HFI and LF consortia, July 2010

Figure 2.3: Planck view of the microwave sky, covering frequencies from 30
GHz to 857 GHz. (Image: ESA/LFI and HFI Consortia).

Thanks to this result, it has been possible to determine with more precision
some fundamental cosmological parameters such as the age of the universe
(now pointed at 13.81 billions of years) and the universe expansion rate
(67.7 (Km/s)/Mpc).

Many molecules, e.g., water, oxygen, carbon monoxide, nitrogen, to
name a few, can be probed in the terahertz regime. However, the water
present in the Earth atmosphere generates strong absorptions, making any
ground-based observation impossible (except from very few high-altitude ob-
servatory, aircrafts, or balloon platforms). For this reason, dedicated THz
space telescopes have been realized, such as the Herschel ESA telescope. As
opposed to the Planck telescope, designed to create a map of the observable
universe, Herschel is designed to study specific sources, such as galaxies and
stars formation with particular attention to the relative interaction with the
interstellar dust. The satellite contains different instruments, that cover the
wavelength range from 55 to 625 pum. It is correct to state that THz as-
tronomy research pushed engineers and physicists towards the realization of
source and detectors with outstanding performances. Part of these achieve-
ments will be shown in the next sections, with particular attention to the
sources and detectors.
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Figure 2.4: Absorption coefficient of triply deionized water at 292 K be-
tween 100 MHz and the ultraviolet (UV) [16].

2.1.2 Terahertz technology for life science

The very low energy levels of THz radiation are particularly suited for ap-
plications concerning life sciences. Indeed, with energy bounded between 1
and 12 meV, terahertz photons can not damage cells or tissues (no resonant
absorption), while giving only generalized thermal effects. Consequently,
applications to life science could be envisioned [16]. Some of the benefits
offered by THz sensing are :

e THz radiation is non-ionizing.
e Less scatter than IR/optical due to longer wavelengths.

e Time-domain imaging uses amplitude and information in reflection
or transmission, which can be used to generate 3D images.

However, as clearly shown by decades of research, the absorption of THz
photons in water represents a serious issue towards the use of the radiation
as sensing for ¢n vivo or in vitro organisms. Indeed, as shown in Fig. 2.4,
the broad absorption loss of THz energy in pure deionized liquid water is
so strong that can compete with the best black body.

The absorption law follows the Debye relaxation model (spherical ro-
tation in a viscous media) in polar liquids at least up to 1 THz [16]. By
assuming a common Beer’s law power penetration dependency in depth,
Pout/pP,,, = e~ " the absorption is higher than 2000 dB/cm at 3 THz. Any
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Figure 2.5: (a) The main vibration modes in water. (b) A schematic
diagram to illustrate the differences between intra (a) and inter-molecular
(b) bonding in water [18].

organic tissue with a relevant percentage of water would then be impene-
trable to this radiation.

The vibration and libration modes of water molecules are illustrated in
Fig. 2.5 [18]. Water molecules may vibrate in a number of ways. In the gas
phase, the vibrations involve combinations of the symmetric stretch (1),
asymmetric stretch (v3) and bending () of the covalent bonds. The vy |
v3 and vy vibrations lie in the mid- to far-infrared.

In water, the infrared and Raman spectra are complicated due to vi-
brational overtones and combinations with librations. Hydrogen bondings
also complicate the situation. Since these bonds are much weaker than the
covalent (intra-molecular) bonds, their bondlengths are much longer (1.97
A versus 0.96 A), resulting in modes at THz frequencies. This is illustrated
in Fig. 2.5(b).
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Figure 2.6: Left : Terahertz image of a fresh leaf. The attenuation of THz
radiation through the leaf is mainly due to the water inside the leaf. Right :
THz image of the same leaf after 48 hours. The water has evaporated from
the leaf, except from the stem [19].

However, single-molecule vibration modes in the Terahertz absorption
spectra of the water can not explain all the observed features. Particu-
larly, as shown by [20], it is more likely that the observed Debye relaxation
phenomena observed have to be attributed to collective motion of atoms.
Rgnne et al. [20] show that the mechanisms of absorption is related to
different response time of weakly hydrogen bonded and strongly hydrogen
bonded water molecules clusters. While weakly bonded clusters can reorient
under the action of the electromagnetic field with a small activation energy
(resulting in a fast relaxation time), the more strongly hydrogen bonded
molecules have to wait until the hydrogen bonds become weak enough so
they can orient (resulting in a slower relaxation time).

As mentioned above, due to the exceptionally high absorption losses at
terahertz frequencies, the penetration through biological materials of any
substantial thickness is impossible. However, the same high absorption
coefficient that limits penetration in tissue also promotes extreme contrast
between substances with lower or higher degree of water saturation.

This property has proven advantageous in the examination of water
uptake and distribution in plants [21] (see Fig. 2.6), as well as in the severity
of burns on necrotic skin samples [22] and in tumor morphology [23] (see
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Figure 2.7: This figure shows two terahertz images generated using the
maximum of the reflected pulse (Emaqs in a) and the ratio between maximum
and minimum of the reflected pulse (Emaz/Emin in b). In the E,q. image all
the tissue is shown, tumor with surrounding adipose tissue. In Eae/Emin
only the tumor is visible and correlated well with the tumor shown in the
histology image (c). [24].
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Figure 2.8: Measured absorption coefficient for carbon monoxide (CO) and
nitric oxide (NO).

Fig. 2.7).

As many emission and absorption lines correspondent to rotational and
vibrational excitations of gas molecules are in this frequency band, gas spec-
troscopy also represents an important THz sensing application.

Usually the absorption spectra of gases are detected in a Time Domain
Spectroscopy system (see Section 2.2 and Section 2.3), by placing a cell with
a certain analyte in the path of a THz beam.
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An example is shown in Fig. 2.8, where the measured absorption coef-
ficient for carbon monoxide (CO) and nitric oxide (NO) molecules show a
wide set of rotational transitions. By evaluating the measured center fre-
quency, a particular gas can be identified. The detection sensitivity of such
systems is mainly determined by the SNR of the system, the absorption
coefficient of the sample, and the absorption length within the measurement
cell. Depending on these parameters, concentrations in the ppm range have
been detected [17] .

2.2 Terahertz sources

The most difficult component to realize in the submillimeter-wave band is
an efficient terahertz source. There are several fundamental explanations
for this. Conventional electronic solid-state sources based on semiconduc-
tors, such as oscillators and amplifiers, are limited by reactive parasitics or
transit times that cause high-frequency rolloff, or they have simple resis-
tive losses that tend to dominate the device impedance [15,25-27]. Tube
sources suffer from simple physical scaling problems, metallic losses, and
the need for extremely high fields (both magnetic and electric), as well as
high current densities [28-32]. Optical sources, like solid-state lasers, must
operate at very low energy levels (meV), comparable to that of the lattice
phonons, although cryogenic cooling can partially solve this problem. More
successful techniques for generating terahertz power have come from fre-
quency conversion, either up from millimeter wavelengths, or down from
the optical or IR [33-35]. Many approaches have been tried. The most
successful milliwatt sources are laser (far-IR to submillimeter) pumping or
reactive multiplication through GaAs Schottky diode (see Fig. 2.9) [15].
Terahertz sources can be basically divided in :

e Upconverters : the power is generated starting from lower frequencies
multiplied through a non-linear process.

e Downconverters : frequency downconverter, mainly from otpical fre-
quencies.

2.2.1 Upconverters

The need for narrow-band compact solid-state THz sources is being driven,
at least partially, by space applications such as FIRST/Herschel, which
cannot fly bulky power-consuming lasers or short-lived very-heavy kilovolt-
driven tube sources. In order to get power from the W band (75-110 GHz) to
terahertz frequencies through solid-state upconversion, several octaves must
be covered. The most efficient terahertz sources are, therefore, composed of
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Figure 2.9: Schematic of a planar Schottky diode with zoom (blue ellipse)
in of the metal-semiconductor junction [36].

in-chains lower order multipliers. Nowadays, sources based on multipliers
mostly use planar GaAs Schottky barrier diodes [15,35,37]. Multiplier
chains driven by amplified sources at 100 GHz can reach 1200 GHz with 75
uW at room temperature and over 250 W when operate in the presence
of a controlled cooling system (with temperature around 120 K) [38,39].

More recently, by using a room temperature device based on chain GaAs
amplifier, the group of Maestrini and Siegel [40] realized a tunable terahertz
source working between 2.48 and 2.75 THz. This device can deliver 18 uW at
2.58 THz. When used in combination with microbolometers, these devices
can be used for sub-mm heterodyne detection in space missions.

2.2.2 Downconverters

The most diffused technique for generating terahertz energy is nowadays the
downconversion from the optical regime. Two principal methods are known
to produce both narrow band and broad-band energy. The first technique,
photomixing, makes use of offset-frequency-locked CW lasers focused on a
small area of a photoconductor with very short lifetime (less than 1 ps). This
pulse generates carriers between closely spaced (1 pm) electrodes printed
on the semiconductor.

The laser induced photocarriers short the gap producing a photocurrent,
that is coupled to an RF circuit or antenna that radiates the terahertz
energy. The resulting power is narrow-band, phase lockable, and readily
tuned over the full terahertz band by slightly shifting the optical frequency
of one of the two lasers [15,41,42].

A second technique for producing terahertz energy from downconversion
is based on using a short pulse (femtosecond) optical laser to illuminate
a gap between closely spaced electrodes on a photoconductor generating
carriers, which are then accelerated in an applied field (< 100 V). The
resulting current surge, which is coupled to an RF antenna, has frequency
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Figure 2.10: A nonlinear polarization P is generated by the incoming field
FE with frequency w, mediated by the second order nonlinear susceptibility
x2. When continuous laser beam hits the crystal, a small voltage is measured
across it. Conversely, when very short laser pulses are applied, a very short
polarization is produced that is of the duration of the pulse and has the form
of the pulse envelope. By Maxwell‘s equations, the polarization P will act
as a source term, radiating an electromagnetic pulse in the far field. For
laser pulses that last less than a picosecond, the result will be a very short
electromagnetic pulse with frequency in the terahertz range [43].

components in the terahertz.

The same output spectrum can be obtained by applying short laser
pulses to a crystal with a large second-order susceptibility (x?) like zinc
telluride (see Fig. 2.10). Since the higher order susceptibility terms are
indicative of nonlinear response, the resulting mixing of the Fourier compo-
nents produces a time-varying polarization with typical terahertz frequen-
cies. The power is radiated by antennas printed on the crystal (or the
photoconductor), with a band varying from 0.2 to 2 THz (depending on the
type of pulse) and often very low power levels (1072 to 1076 Watts).

2.3 Terahertz detectors

While research on terahertz sources has to face and solve still many the-
oretical and technological limitations and issues, very sensitive terahertz
detectors have been developed during the last decades. Near-quantum-
limited detectors that can measure broad-band and extremely narrow-band
signals up to or exceeding 1 THz have already been reported [44—46]. The
main differences between detection at terahertz frequencies and detection
at shorter wavelengths lie in the low photon energies and in the rather
large Airy disk diameter (hundreds of micrometers). The first condition,
for example, implies that ambient background thermal noise almost always
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dominates naturally emitted narrow-band signals and either cryogenic cool-
ing of the detector elements or long-integration-time radiometric techniques
is required.

It is possible to differentiate between two large categories of THz detec-
tors, i.e. heterodyne detectors and direct detectors.

2.3.1 Heterodyne detectors

Heterodyne detectors are based on the use of semiconductors [15] and are
usually dedicated to the study of Earth and planetary science. In these
systems, a local oscillator source at the THz frequency of interest is mixed
with the received signal. The downconverted signal is then amplified and
measured. Typically, the downconversion is achieved by using single Schot-
tky diode mixer [46-49]. With this technology, a planar Schottky-diode
mixer has been operated successfully at 2.5 THz for sensing applications in
space [50]. In general, these devices are used when high spectral resolution
is required.

By using cryogenic cooling is possible to achieve higher sensitivity in het-
erodyne superconductor detectors, as demonstrated by Weinreb and Kerr
already in 1973 [51]. Among the different superconductive structures, the
most widely used is the superconductor-insulator-superconductor (SIS) tun-
nel junction mixer (used for application from 100 to 1200 GHz). In this
device, the current flow mechanism relies on the photon-assisted tunneling
process (see Fig. 2.11) discovered by Dayem and Martin [52], [53].

2.3.2 Direct detectors

As opposed to heterodyne detectors, direct detectors are usually used when
there is no need for very high spectral resolution. The main technologies
that have been developed during the last years involve conventional bolome-
ters based on direct thermal absorption and change of resistivity (see Fig.
2.12 a)), microbolometers that use an antenna to couple power to a small
thermally absorbing region or Golay cells based on thermal absorption in a
gas-filled chamber (see Fig. 2.12b) [55-58].

An outstanding example of THz detectors that combine SIS technology
and bolometers is the Heterodyne Instrument for the Far-Infrared (HIFI)
spectrometer on the ESA satellite Herschel. It is a very high resolution
spectrometer and the first space instrument using superconductive hetero-
dyne receivers, covering a frequency range from 480 GHz to 1500 GHz. The
HIFT instrument provides also detectors for higher frequencies, from 1410
to 1910 GHz, realized with hot electron bolometer technology.

Starting from a W-band synthesizer module delivering 100 mW to 150
mW at room temperature, the frequency was multiplied to reach the de-
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Figure 2.11: Energy diagram and current-voltage curve of a

superconductor-insulator-superconductor junction (SIS). The typical geom-
etry of a SIS junction is shown in the insert. Dashed line is current-voltage
of SIS junction when submm radiation is applied [54].
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Figure 2.12: a) A typical bolometer architecture. An absorber element
(in red) is connected to a thermistor, a resistor element that changes its
resistivity with the temperature. A heat sink is connected to the sensitive
area to dissipate the loaded heat. b) A Golay cell. The incident radiation
is absorbed by the gas contained in an isolated chamber. One side of this
chamber consists of a thin membrane, part of an optical read-out system. The
radiation absorption induces gas heating and a consequent increase of the gas
pressure. The membrane deforms consequently, resulting in a variation of the
membrane shape measured by a photodiode.
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Figure 2.13: The Superconductor-Insulator-Superconductor device with an
expanded view of the mixer circuit. This device were used in the 480 - 1250
GHz observations and were fabricated by a consortium between NASA and
ESA (Image credit: ESA/Herschel).

sired frequencies. Unlike the W-band power modules, the frequency mul-
tipliers were passively cooled to 120 K to significantly increase the output
power of the highest frequency local oscillator chains. Among the reason of
this improvement, we can cite the enhanced GaAs mobility due to the low
temperature, thus improving the intrinsic performance of each diode; the
reduced ohmic losses associated with the waveguides; the on-chip matching
circuits due to the decrease in phonon scattering [36]. The final performance
achieved by using these novel architectures of power-combined frequency
multipliers at submillimeter-wavelengths leads to generated power between
40 and 100 W in the different detection bands.

2.4 Present challenges

Due to the increase in the wireless data traffic of the last few years, there
has been an increasing demand for much higher speed communication links.
Following this trend, wireless Terabit-per-second (Tbps) links are expected
to become a reality within a few years. In this context, the very large band-
width provided by the THz band opens opportunities for applications which
demand ultra-high data rates, both for conventional networking (5G Cel-
lular Networks, Terabit Wireless Local Area Networks) and short distance
communication.

However, such applications are still far from being realized, mainly due
to fundamental limitations such as the intense absorption spectra of the
Earth atmosphere in the THz frequencies. Indeed, as shown in previous
sections, water represents the most striking limiting component, with thou-
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Figure 2.14: Calculated absorption coefficient values of water vapor at
296K for 10 (red), 30 (orange), 50 (green), and 90 (blue) percent relative
humidity [59].

sands of absorption lines, due to its complex rotational and vibrational spec-
tra (see Fig. 2.14). Moreover, as also shown in the previous sections, the
lack of high power sources and easy-to-fabricate detectors partially confine
the use of this radiation to its lower boundary (i.e. below 500 GHz).

Despite these limitations, the fabrication of transceivers working in the
lower THz domain has been recently accomplished by exploiting silicon-
germanium (SiGe) and silicon BICMOS/CMOS technologies. A major ad-
vantage of SiGe CMOS is the use of multi-level metallization with low-loss
transmission lines to build integrated passive elements, such as antennas,
for a real system-on-a-chip technology platform. By using this technology,
cut-off frequencies above 300 GHz have been demonstrated [60], although
the use of such devices remains confined to imaging application where a
large bandwidth is not necessary.

However, in SiGe and silicon technologies major challenges that still
need to be addressed are the intrinsic device speed limitation for the cut-off
frequency and the maximum operating frequency placed at 200 — 300 GHz.
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Particularly in the case of CMOS technology, the presence of unwanted
parasitics and other (i.e. conductive) loss mechanisms, are serious limiting
factors [61].

One of the main (passive) THz component that requires a careful design
and fabrication to avoid any unwanted losses are the antennas. CMOS
integrated planar antennas are becoming an important design aspect of low-
cost millimeter-wave systems since they remove the loss and cost associated
with transitions in and out of the silicon chip [62,63]. Planar antennas,
compared to the complex and bulky three dimensional antenna geometries,
are not only light weight and simple to fabricate, but they can also be
designed to achieve very high performance. This renders them attractive
not only for commercial low-cost mobile devices, but also for the high-end
applications such as radar, satellite communication and space.

Many on-chip antennas have been already proposed, but most of them
present high loss and low gain due to the low metal conductivity or the prox-
imity of a very close ground plane to the radiating structure [64]. Moreover,
the physical properties of the substrate on which the antenna is printed (per-
mittivity and thickness) can cause further performance reduction. When
printed on electrically thin (A\/10, where X is the central working frequency
of the antenna) dielectric substrates, antennas are matched over narrow
bandwidths and radiate half power in the upper space and half power in
the lower space. A practical approach to increase the front-to-back-ratio
and the matching bandwidth is to use a dense and electrically thick (\/4)
dielectric slab. However, by increasing the thickness and the permittivity
of the substrate unwanted surface waves can be triggered, causing further
loss in the radiated power and degrading the radiation patterns.

The above highlighted problems are the motivation for the design and
realization of of innovative planar antenna solutions, which can be fabricated
using commercial processes, e.g., printed circuit board (PCB) or monolithic
microwave integrated circuit (MMIC) technology. The first part of this
dissertation is centered around the design of planar electromagnetically en-
gineered superstrates, which not only exhibit high surface-wave efficiency
over a broad frequency band, but also results in a enhanced front-to-back
ratio for an antenna radiating in their presence.



A 300 GHz CMOS-technology based
antenna/ADL system

In this chapter the effectiveness of artificial dielectric layers
(ADL) to enhance the front-to-back ratio of planar antennas at
300 GHz is demonstrated. The ADL working principle is de-
scribed, highlighting the advantages offered when used in com-
bination with planar antennas. A new antenna/ADL device
working at 300 GHz is then presented. By means of numerical
simulations, the relevant parameters of the antenna (gain, re-
flection coefficient, front-to-back radiation ratio) with and with-
out the ADL are extracted. Finally, an antenna/ADL prototype
is fabricated using a newly developed CMOS compatible process.

25
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3.1 Artificial Dielectric Layers

Artificial dielectrics (ADs) were proposed in late 1940 to design low-loss and
light-weight lens antennas [65]. An AD consists of non-resonant periodic
metallic structures embedded in a host material in order to increase its
equivalent relative permittivity. The working principle of AD is that the
propagation of an incident wave in a uniform dielectric material is delayed
when the material contains small periodic metallic inclusions arranged in
a particular scheme (see Fig. 3.1). The field scattered by the metallic
inclusions, when added to the incident field, creates an effective equivalent
delay [65—67], resulting in a higher equivalent dielectric constant.

ADL-based integrated solutions have been recently proposed for THz
frequency domain spectroscopy [68] and THz anti-reflection coating [69].
In [70], the authors have exploited the concept of ADL in commercial CMOS
technology to reduce the size of on-chip passive components. This has fi-
nally led to a significant reduction of losses, since the losses are directly
proportional to the device physical dimensions.

Planarity, integrability, and ability to reduce the physical size of in-
tegrated components, render ADL a promising candidate for the antenna
design. It is known that in the case of planar and integrated antennas, a
good front-to-back radiation ratio ( 10 dB ) can be achieved using a dense
dielectric slab of thickness in order of quarter wavelength A;/4. Here )4 is
the wavelength inside the dielectric (with dielectric constant €) at the cen-
tral frequency of matching bandwidth. However, the surface wave efficiency
of these antennas is quite poor and the 3-dB radiation beam width of the
far field radiation pattern can be severely affected [71,72].

3.2 Advantages of using Artificial Dielectric
Layer (ADL) in antenna design

A non-planar solution to the low radiation efficiency issue is to use a dielec-
tric lens with matching layers. The matching layers are used to minimize
the losses due to multiple reflections inside the lens [73-75]. A planar so-
lution that can bypass a dielectric lens was presented in [63]. In this work,
the antenna is printed on an additional low-loss quartz wafer, glued on the
chip to increase the distance form the ground plane, and aperture-coupled
to the feed structure. The antenna achieved a peak efficiency of 60%. The
40% loss in efficiency is due to the excitation of the substrate modes. Fur-
thermore, a strict alignment accuracy is required between the antenna and
the on-chip feed lines. A similar kind of solution has also been proposed for
on-chip antenna arrays by the same authors in [62].

In [66], it was shown that ADLs can be exploited to increase the front-
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Figure 3.1: Artificial dielectric layer embedded in a host dielectric. (a)
Three dimensional sphere and (b) cylinders and (c) planar two dimensional
metallic strips.

Figure 3.2: Artificial dielectric layers embedded in a host medium with
relative permittivity e, to realize an equivalent effective homogenous medium.
Each layer is composed by an array of electrically small patches.
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Figure 3.3: Double slot antenna schematic. In the inset (red ellipse), the
feeding line given by the coplanar waveguide is shown. S and G indicate the
signal and ground, respectively.

to-back radiation ratio of planar antennas printed on a electrically thin
dielectric slabs, in X-band. Thanks to the enhanced anisotropic properties,
virtually no power loss in surface waves was observed. To ensure that no
surface waves are excited, the characterization of the dispersion properties
of ADL slabs in [76,77] can be used, which is based on an analytical study
of the spectral Green’s function of these slabs.

In this chapter a 0.3 THz version of the double-slot antenna enhanced
by an ADL superstrate proposed in [66] is presented. In Fig. 3.3 and 3.4 a
schematic view of the structure is shown. A coplanar waveguide is here used
as feeding line (see 3.3 inset) of the radiating slots. On top of the antenna,
the ADL is then realized by alternate depositions of metal (aluminum) and
dielectric (silicon oxide). The non-resonant patches composing the ADL,
as depicted in Fig. 3.2, are hosted by an electrically thin silicon dioxide
slab with relative permittivity enost = 4. Such value is increased by the
presence of the ADLs to an equivalent relative dielectric constant e.g = 32,
for normally incident waves. The ADL superstrate does not suffer from
surface-wave losses. This is due to the fact that, in virtue of the anisotropy,
the waves incident at small angles do not feel the larger effective dielectric
constant, which would otherwise induce surface-wave modes. The super-
strate and the antenna have been fabricated using a specifically developed
IC based process and the silicon on the back side of the antenna has been
etched off. Measured results are reported and compared with simulations.
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Figure 3.4: (a) Double slot antenna fed by CPW lines and (b) 3D view of

the antenna/ADL device (only 3 layers of the ADL stack are shown here).



30 A 300 GHz CMOS-technology based antenna/ADL system

Table 3.1: Physical Dimensions of the Antenna and ADL in pum

Lstot | lsep | Weior | w1 | wo | w3 | daar | dz | waa
195 (300 | 25 [465[ 1 | 8 | 90 | 5 | 10

3.3 Enhancement of dielectric constant using
Artificial Dielectric Layer

The double-slot antenna is shown in Fig. 3.4(a), with a co-planar waveguide
(CPW) feed. The antenna is loaded by artificial dielectrics superstrate
placed at a distance of 5 pym above the antenna (see Fig. 3.4(b)). The
dimensions of the antenna and the ADL are summarized in Tab. 3.1. The
geometrical parameter have been selected so that the antenna is matched
around the frequency of 300 GHz and the ADL exhibit an effective dielectric
constant of 32 for the waves which are incident along the broadside direction.
The effective enhancement of the host material by the ADL, in an infinite
homogeneous dielectric environment, is reported in Fig. 3.5. The equivalent
dielectric constant is calculated using the formulation described in [76, 77].
This graph shows that for a transverse magnetic (TM) incident wave, the
equivalent permittivity of the enhanced medium approaches the one of the
host substrate, i.e. 4, when the angle of incidence tends to 90 degrees.
However, in case of transverse electric (TE) incidence, the dielectric constant
tends to a higher value. The effects of this property were investigated in [77],
where the dispersion characteristic of these slabs were described in detail
by means of an analytical method.

The total height of the host silicon dioxide substrate is 35um, which is
electrically equivalent to \;/14. Within this slab, an ADL consisting of a
stack of 7 layers, each separated by 5um along the z-axis (see Fig. 3.4(b)), is
realized. This results in a slab with effective height of 0.2A.f¢ at 0.3 THz. A
starting point for the design has been obtained by following the guidelines
outlined in [66] and by using the tools described in [76,77]. While this
allows for a fast selection of quasi-optimal geometrical parameter, the final
structure with the details of the feed has been fine tuned using a commercial
EM solver.

3.3.1 Simulated Results

Figure 3.6 shows the simulated reflection coefficient with and without metal
losses. As expected, the finite conductivity case (aluminum with conduc-
tivity o = 2.6 x 107 S/m) shows a broader bandwidth of the reflection
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Figure 3.7: Simulated front to back radiation ratio.

coefficient, due to ohmic losses. In the fabricated device, the metal thick-
ness of the antenna layer is 2um, while it is 0.5um for the ADL patches.
In both cases, the thickness is well above the skin depth at 0.3 THz. The
—10 dB impedance matching bandwidth of the antenna ranges from 295
till 320 GHz (8% relative bandwidth). This value is typical of a resonant
double-slot antenna and not reduced by the presence of the ADL, which has
broadband and non-resonant characteristics.

In order to quantify the advantage of using the ADL inclusions, a ref-
erence double-slot antenna loaded only with a 35um slab of silicon dioxide
has been designed and manufactured. This antenna without ADL is also
matched at around 300 GHz, as shown in Fig. 3.6.

The simulated normalized radiation patterns of the antenna, with and
without ADL, are reported in Fig. 3.10, at 305 GHz. It can be observed
that the antenna with the ADL has a front-to-back ratio greater than 10
dB. On the contrary, the antenna in absence of the ADL, loaded only by
an electrically thin slab, exhibits a front-to-back ratio lower than 1 dB,
since almost equal power is radiated in the two half spaces above and below
the slot ground plane. Figure 3.7 shows the variation of the front-to-back
ratio as a function of the frequency for the two antennas. The values for
the ADL loaded antenna are higher than 10 dB over the whole matching
bandwidth, and linearly increasing with frequency, due to the increasing
electrical thickness of the ADL slab. Instead, the reference antenna has an
almost frequency independent front-to-back ratio of about 0.7 dB.
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Figure 3.8: Simulated antenna efficiency: (a) comparison with a reference
antenna (i.e., without ADL) for a PEC case; (b) evaluation of ohmic losses
using aluminum as metal for the antenna layer and the feeding line.
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CPW
feeding

Figure 3.9: (a) Schematic drawing of the extended of CPW line to feed
the antenna. (b) The simulated radiation pattern in E and H-plane after
inclusion of extended CPW.

In Fig. 3.8(a), the gain and directivity for the antenna with and without
ADL using a metal with zero resistivity, also called perfect electric conductor
(PEC), is shown. This plot shows that the difference between the gain
and directivity around the central frequency of the matching bandwidth
for both antennas is negligible within the accuracy of the simulations. This
means that surface waves, which in principle are allowed to propagate (TMy
mode), are essentially not excited. The gain presented here also includes the
mismatch losses. In the same graph, the comparison between the directivity
of the two antenna reveals an enhancement of 2.2-2.6 dB for the ADL loaded
antenna. This improvement occurs without compromising on pattern purity
or surface wave efficiency. Note that, in simulations, surface wave losses are
too low to be estimated accurately despite the use of absorbing boundary
conditions along the lateral directions (z and y).
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Figure 3.10: Simulated (normalized) (a) E-plane and (b) H-plane radia-
tion pattern in dB at 305 GHz. The solid and the dashed line represent the
antenna with and without the ADL, respectively.
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The simulated gain obtained in the case of lossy metal (aluminum) for
the ADL loaded antenna is shown in Fig.3.8(b). It is 2 dB lower than the
PEC case. By means of numerical simulation, it has been estimated that
the ohmic losses accounts for 1.3 dB within the slot antenna and 0.7 dB
within the ADL.

To feed the double-slot antenna, a 50 Ohm CPW line is used to carry
the input power to the center of the H-slot from one side of the antenna,
as depicted in Fig. 3.9(a). Such a feed introduces an asymmetry in the
E-plane pattern (see Fig. 3.9(b)), due to the coupling of the CPW lines
with the parallel lines forming the H-slot and with the ADL. However, this
asymmetry is kept to a minimum, by designing the CPW as small as possible
(strip width of 5 pum and slot width of 2 pum) so that the field is confined
in a small region and couples weakly with the antenna structure. On the
other hand, such approach comes at the cost of increased ohmic losses due
to strong currents in the inner conductor of the CPW. The total losses due
to the 860um long line are estimated to be about 2 dB.

3.4 Fabrication using CMOS-technology

The combined antenna/ADL structure has been built using as substrate a
high resistivity (3.5k2- cm) n-type silicon (Si) wafer with 100 mm diameter,
(100) crystal orientation and thickness of 500 + 25um. The use of a high-
resistivity substrate is mandatory since the charge carriers cause high losses
and these losses are even higher in the THz frequency range [78,79]. The
main steps of the fabrication process are shown in Fig. 3.11.

The devices are realized using a 20 x 20 mm die design (see Fig. 3.12),
giving a total of 12 dies on a single wafer. To avoid any cross talk between
antennas, the distance of radiating structures has been chosen to be larger
than 4 mm. The die is divided in three parts: the antenna/ADL structure
on the top left side, the reference antenna on the top right part and the test
structures (used for de-embedding the feed lines) on the bottom part (see
Fig. 3.12). Further details about the test structures are given in the next
section.

In Fig. 3.13, a schematic cross section of the device is shown. The
structure can be divided in three main sections: the feeding/pads section
(A), the feed transition (B) and the antenna/ADL one (C). A 2 mm long
CPW with uniform width connects the contact-pads, where the wafer probe
is landed, to a transition region. In this latter region, the CPW lines undergo
a series of tapers and transitions to account for the different z-stratifications
along the line. Finally, the feed line is connected to the double-slot antenna
that radiates in the presence of the ADL. The antenna/ADL system is
suspended by removing the silicon substrate, to avoid that the power is
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Figure 3.11: Main steps of the fabrication flow of Antenna/ADL device.
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Antenna/ADL

Test structures

Figure 3.12: Top view of the die containing the antenna/ADL, the reference
antenna and the calibration structures. The dashed area indicates where the
silicon is removed from the back of the wafer.

radiated into silicon and then to enhance the effect of the dielectric contrast
given by the ADL.

The fabrication processs starts with a thin (100 nm) low-pressure chem-
ical vapor deposition (LPCVD) low-stress silicon nitride (SiN) layer on the
silicon as hard mask for the back-side etching of the wafer, followed by 200
nm of plasma enhanced CVD (PECVD) silicon oxide to be used as electrical
insulating layer and stopping layer for the further etching steps. The an-
tenna layer was realized using a 2 pm thick pure aluminum layer deposited
by radio-frequency (RF) sputtering, using an SPTS Sigma 204 DC mag-
netron system. The deposition temperature of the aluminum was 350°C,
resulting in a layer conductivity of about 2.6 - 107c/m. The residual stress
of this layer is 290 + 23 MPa and has been measured using a TENCOR
stress-meter.

The patterning of the metal layer is realized by first coating the wafer
with a 2 pm layer of SPR 3017M positive photoresist and then using I-line
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W PECVD low-stress Silicon Oxide (SiOz)

Figure 3.13: Schematic cross-section of the antenna/ADL structure. The
device can be divided in three main parts: the feeding/pads area, the tran-
sition region and the antenna/ADL structure. The overall length of the
structure is 4 mm, including the pads and the entire ADL length.

lithography (ASML PAS 5500/80 wafer-stepper) to define the features.

After the photoresist development, a dry etching process based on chlo-
rine chemistry has been used to pattern the aluminum. The etching pa-
rameters, such as the gas ratio, etching time and depth uniformity, have
been carefully optimized. This is because unwanted effects like over-etching
or iso-etching could have resulted in larger features, compromising the
impedance matching between the feed and the antenna. Moreover, any
aluminum residuals in the thin slots could have shorted the antenna or the
feeding lines in some points. For these reasons, accurate scanning electron
microscope (SEM) inspections of the thin slots have been performed after
the etching and the resist stripping (see Fig. 3.14 and 3.15). The PECVD
silicon oxide deposited under the antenna layer prevents any damaging of
the silicon nitride during the metal etching.

As explained in the previous sections, to ensure a correct matching
between the slot antenna and the feeding lines, an accurate transition has
been designed and the result is shown in Fig. 3.16. The structure in region B
is designed to implement the transition between the large CPW lines (region
A), with a inner conductor width of 22um, and the CPW lines feeding the
antenna slots (region C), with a inner conductor width of 11pm.

After the antenna fabrication, a separation layer of 5um of silicon oxide
is deposited in a PECVD Novellus Concept-One reactor. The ADL consists
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Figure 3.14: SEM picture showing the double slots antenna. The grey
area is the pure aluminum layer while the dark area is the landing layer of
PECVD silicon oxide.
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Figure 3.15: SEM picture showing a detail of the double slots antenna.
The thick aluminum layer is clearly visible and the measurements confirm
the thickness of 2um. No visible aluminum residuals are present in the the
structure. The thin opening marked by A are only 1pm wide.
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Figure 3.16: SEM picture of the transition region on the antenna feeding
line.

of a stack of 7 metal layers embedded into a thick layer of PECVD silicon
oxide. As first step, a pure aluminum layer (500 nm) is deposited using the
same tool and deposition condition of the antenna layer. A layer of 2um
of SPR 3017M positive photoresist is used to define the ADL area. Each
ADL layer consists of an array of 16x16 square patches that effectively
cover the entire antenna radiation area. The patches are 85um wide with a
separation of 10um in the xy plane. All the layers are patterned by means
of I-line lithography and dry etching process. The details of the fabrication
are shown in Fig. 3.17. After the patches definition, a layer of 5um of low-
stress (—30MPa) PECVD silicon oxide is deposited. Since the ratio between
the height of the oxide layer and the metal patches is more than 10, step
coverage is not an issue. After the oxide deposition, a new metal layer is
deposited and etched. These process is repeated 7 times. A protective layer
of 1uym of PECVD oxide is deposited to prevent possible damages of the
ADL during the remaining process steps.

To achieve an effective enhancement of the dielectric constant, an ac-
curate control of the oxide thickness and alignment of the metal patches is
fundamental. By means of optical reflectometry (Leitz MPV-SP) measure-
ments, the thickness of the layers was determined and carefully monitored
during all process steps. The close-up of the ADL cross section (Fig. 3.18)
clearly shows the metal patches embedded in the oxide layer. A maximum
thickness deviation of about ~80 nm on the entire wafer area is measured.
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Figure 3.17: Series of SEM picture showing the ADL during the fabrication
process. A) The 5um silicon oxide layer is deposited on top of a metal patch
layer (see in the inset the layer stack). The brighter area in the figure are
given by electron charging phenomena in the SEM. After the silicon oxide
coating, the aluminum layer is deposited and the patches defined by I-line
lithography. In B) the photoresist layer is clearly visible and the measured
thickness is ~ 2um. Using a dry etching process, the patch layer is defined
(C) and the relative distance between the patched measured (D).

Numerical simulations have confirmed that such variations have negligible
effects on the ADL properties.

Using a similar process, a reference test-antenna has been realized on
the same substrate, to allow a comparison between the antenna gain with
and without the ADL. This structure is similar to the one presented in Fig.
3.13 and visible on the right side of Fig. 3.12. These antennas are covered
only by the thick oxide layer used to realize the ADL, but no metal patches
have been inserted in the fabrication flow.

After the ADL deposition, a final etching is required to remove the thick
layer of silicon oxide that covers the antenna contact pads. Due to the large
amount of oxide to etch, a single dry etch step would require a very thick
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Figure 3.18: SEM cross-section showing a detail of the fabricated ADL
stack. The overall ADL is & 39um thick.

photoresist layer to protect the structures and a very long (more than 1
hour) plasma etching. Such long process could cause unwanted phenomena
such as photoresist burning or large non-uniformity in the etched layer. For
these reasons, a wet/dry combined etching has been performed. To protect
the structures, a 12 p m layer of SPR 3017M photoresist has been used.
After the resist patterning, the oxide is etched in a buffered hydrofluoric
acid (BHF) 1:7 solution (etch rate 290 nm/min), for 75 minutes. This step
removes approximately 2/3 of the oxide layer, with a very high uniformity
on the wafer area. A final dry etching step is then performed in a Drytek
Triode 384T oxide dry etcher. SEM inspection has been performed on the
wafer (see Fig. 3.19) and clearly show the thick oxide being etched and the
aluminum layer exposed.

To release the antenna/ADL membrane and the test-antenna mem-
brane, a silicon wet etching in a 33 wt % KOH at 85 °C has been performed
on the wafer backside. The windows were previously patterned etching the
LPCVD silicon nitride layer with a dry etching process. Then, using a spe-
cial holder, the wafer front-side has been protected from the solution. After
the etching (5 hours and 30 minutes), a final rinsing (HNO3 and water) is
performed to clean the wafer. The inspection of the etched cavity has shown
that a small mismatch (65 + 10pm) in the KOH opening position (point P
in Fig. 3.13) is present. This is probably due to a variation of the wafer
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Figure 3.19: SEM cross-section showing a detail of the silicon oxide after
the etching. The sample is here tilted 456 to show the inner part of the
cavity. The wet etching gives a round corner on the top of the silicon oxide
layer (see the schematic in the inset). Approximately 25 pm of silicon oxide
are removed with this process. The remaining 13.5¢ m are removed by a
final dry etching.

thickness and a front-to-back misalignment of the silicon nitride mask used
to pattern the wafer backside.

3.4.1 Mechanical simulation

Due to the large dimension of the membranes, possible bucklings needs to
be evaluated to ensure that only small deflections (if compared to the wave-
length) are present. Unwanted deformation of the membrane could indeed
induce lens-effect in the field propagation, causing a wrong estimation of
the optical properties of the material. As the presented materials have a
very high refractive index, even relatively thin dielectric slabs could induce
a wave-front distortion. Some preliminary evaluations can be carried out by
comparing the aspect ratio of the fabricated ADL membranes with earlier
work on suspended structures. As shown by Ziebart et al. [80], high as-
pect ratio pre-stressed (—60.7 MPa) membranes of PECVD silicon nitride
present a first order buckling mode when the a/t ratio is below 600. When
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Figure 3.20: Mechanical simulation of one octave of the membrane. Sym-
metrical boundary conditions are applied on the side of the membrane por-
tion.

the a/t ratio is larger than 800, higher buckling modes become relevant,
breaking the geometrical symmetries of the membranes. It is important
to remark that the membranes presented in this work are realized using
different materials (silicon oxide and aluminum) and a layered structure.
These design differences make a comparison with the structures presented
by Ziebart not straightforward. However, the most relevant parameters,
such as the residual stress, Young modulus and aspect ratio, are compara-
ble with the values presented in the work of Ziebart. The ADL membranes
here fabricated have an a/t ratio of & 40.

These values are well below the limits set up by Ziebart, so only a first
order buckling mode should occur. However, due to the different materials
used and the layered structure of the ADL, an analysis is required to ensure
the flatness or quasi-flatness of the membrane. For this reason, an accurate
analysis of the membrane profiles has been carried out using a white light in-
terferometer and the results compared to finite element module simulations
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of the membrane deformation.

The mechanical properties of the ADL were simulated by using the
Comsol Solid mechanics module, using linear elastic approximation. Due
to the large dimensions, the geometrical symmetry of the membrane was
used to reduce the number of elements to compute. As shown in Fig. 3.20,
the ADL membrane was divided in 8 sections. Using symmetric boundary
condition on the membrane section side and rolling condition on its vertex,
it is possible to simulate a complete membrane by simulating only one octave
of it.

Due to the large high aspect ratio of the membranes, a simulation of the
entire membrane requires long time and a powerful calculator. Moreover,
the thin multilayer structure of the ADL, that alternates metal patches (0.5
pm thick) with silicon oxide (5 pm thick), results in a complex mesh with a
very large number of elements. To solve this problem, an effective interlayer
that takes into account the mixed mechanical properties of the aluminium
(patches) and the silicon oxide (the host matrix) has been here proposed.
As shown in Fig. 3.21 a-b) the base element of the interlayer consists of
a single metal patch surrounded by the host silicon oxide. The thickness
of the interlayer is the same as the metal patch thickness. Using Comsol
simulation tool, the mechanical properties such as residual stress, Young
modulus and Poisson ratio of the single element have been evaluated. The
properties of the interlayer are calculated by creating an array of the single
patches and averaging over the volume the relevant mechanical parameters.

A large number of simulation (see Fig. 3.21(c)) have been performed,
up to arrays of 100 single patch elements. The results show that the layer
properties such as stress become almost constant already 25 elements. Small
variations of the average stress are present in the range 25 — 100 elements,
giving an average residual layer stress of 288 MPa. These variations can be
attributed to the relatively coarse mesh used. With the same process, the
poisson ratio and the Young modulus of the layer have also been evaluated.

3.4.2 Deformation of the Antenna/ADL layer

To validate the presented method, the membrane deformation has been
evaluated for the Antenna/ADL device and compared with profile measure-
ments. In this case, the ADL is deposited directly on top of a 2 pm pure
Aluminum, used to fabricate the antenna used to generate the 300 GHz e.m.
field. This variation respect the original ADL design is taken into account
by inserting this layer in the mechanical simulation performed in Comsol.
However, the patterning of the metal layer is not considered in the simula-
tions since involves only a very small percentage of the aluminium area (<
2 %) and then any eventual change in the layer stress is considered negligi-
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Figure 3.21: Mechanical simulation of the metal patch/oxide layer. The
thickness of the structure is 0.5 pm. As expected the stress concentrates
at the membrane corners, but do not overcome 450 MPa. In c) it is shown
how the layer stress varies as a function of the patches. Saturation is reached
already by inserting 25 metal patches. Minor changes are due to the relatively
coarse mesh used.
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Figure 3.22: The deformation of the fabricated Antenna/ADL membrane
under compressive stress. The simulated displacement (a) is compared to
the measured 3D profile (b). The displacement along the z axis is plotted in
correspondence of the membrane center (c), showing the very good agreement
between the simulated and the measured results.
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ble. To evaluate the membrane deformation after releasing, a profile of the
membrane is carried out using a white light interferometer. By plotting the
deformation of the layer along a line crossing the membrane in the center, it
is possible to evaluate the vertical displacement of the structure. As shown
in the Fig. 3.22, the maximum vertical displacement is approximately 1.1
pm and occurs in the center of the membrane, as expected.

The relative small aspect ratio of the membrane (1 : 40) results in a
simple buckling of the membrane, without any high order deformation of
the layer. These results indicate that after the releasing, the membrane
presents a deformation in the order of 6-1073 ), ¢ inside the metamaterial.
No relevant deformation of the layer is then affecting the wave-front.

3.5 Conclusions

An innnovative antenna/ADL device is presented and the radiation effi-
ciency of the system analyzed by means of numerical simulations. When
placed on top of the radiating double-slot antenna, the front-to-back radi-
ation ratio of the antenna/ADL shows a strong enhancement (higher than
10 dB over the matching bandwidth), while preserving a clean radiation
pattern. Moreover, due to anisotropic permittivity of the ADL, no surface-
waves are excited, thus further maintaining the radiation pattern purity and
increasing the overall system efficiency.

An dedicated, low temperature (< 400°C), CMOS compatible process
is used to realize the proposed antenna/ADL design. By using low stress
silicon oxide and aluminum layers, the ADL is fabricated on top of a double
slot antenna, directly patterned on a thick aluminum layer. By removing the
backside silicon with wet etching, a high aspect-ratio composite membrane
is finally obtained. The deformations due to the residual stress are analyzed
and compared to numerical simulations, showing that only minor deflections
of the membrane are present, thus avoiding unwanted lens effects.

In the next chapter, the optical properties of the presented structure
will be evaluated by using two different approaches and compared to the
theoretically predicted ADL properties.
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ADL characterization

The optical properties of the fabricated artificial dielectric layer

are measured. Two different measurements methods are used,
one that relies on the generation of the THz radiation with
the integrated antenna and the second one that use an exter-
nal source to probe the artificial dielectric membrane. Both
measurements confirm the expected properties of the Artificial
Dielectric Layer.

o1
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4.1 The antenna measurements

To evaluate the relevant parameters of the antenna in the presence of the
ADL, a dedicated measurement setup has been used. This system allows the
mapping of the antenna (near-field) radiative region, that is later converted
in the (far-field) radiation pattern by Fourier transform. The radiation
pattern and the gain of the antenna show a very good agreement with the
theoretical predictions, thus confirming the overall efficiency enhancement
given by the ADL.

4.1.1 The antenna measurement setup

The near-field measurement setup depicted in Fig. 4.1 [81]. It consists
of an Agilent vector network analyzer (PNA-X N5242A) working from 10
MHz to 26.5 GHz. Frequency extension modules, to operate the VNA in
the WRO03 band (i.e. 220-325 GHz) from OML Inc. are used. The feeding
to the antenna is realized by using GGB Cascade Infinity ground-signal-
ground (GSG) waveguide probes with pitch equal to 100um. The measured
insertion loss of this probe (1 dB) was taken into account by a preliminary
calibration step. To avoid the reflections from the metal chuck, commercial
absorbers (ECCOSORB MMI-U) are placed below the antenna. A linearly
polarized, WR-03 open ended waveguide (OEW) is used to sample the near
field of the antenna under test (AUT) on a rectangular grid, while the AUT

3-D
movement
grid

waveguide
probes,

Near-field
scanning
grid

Figure 4.1: Schematics of the near-field measurement setup (not to the
scale).
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Figure 4.2: The fabricated (a) chip micrograph, (b) TRL structure, and
(c) simulated and measured reflection coefficient.

is kept stationary. The distance between each spatial sample point was
set to be A\g/8 at 300 GHz, to obtain a high resolution data. The vertical
distance (along the z-axis) of the OEW tip from the AUT is about 3.5 mm,
i.e. radiative near-field region.

4.1.2 The measurement procedure

The fabricated chip (shown in Fig. 4.2(a)) was placed on a metal chuck.
A 105pm long feeding pad to land coaxial probes and a feeding line was
added on the back of the antenna, as labeled in the chip micrograph in Fig.
4.2(a). The length of this line was selected to be 2 mm, to trade off loss
levels with scan area: on one hand, a too short line would cause the bulky
wafer probe to be too close to the antenna, limiting the near-field scanning
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area needed for the radiation pattern measurements; on the other hand a
line that is too long would introduce too high losses reducing the accuracy
of the measurement.

4.1.3 Results and discussion

The long line (i.e., 2mm) is de-embedded from the measured data employ-
ing a thru-reflect-line (TRL) technique [82]. Figure 4.2(b), shows on-chip
test structure that are fabricated on the same die as that of the antenna
(see Fig. 3.12) and are measured to apply TRL procedure. The measured
de-embedded one port reflection coefficient is presented in Fig. 4.2(c), com-
pared with the simulation results. There is a frequency shift of 6% between
the measured and the simulated values. As pointed out earlier in section 3.4,
a mismatch during the KOH etching process has resulted in an offset of point
P (see Figure 3.13) by a distance of 65 + 10pum. The S11, recomputed af-
ter including the above-mentioned mismatch in the simulation, is shown in
Fig. 4.2(c). The error difference between simulation and measurement is
now reduced to 3%. Also, the measured and simulated reflection coefficients
starts to show a similar trend at the low end of the frequency band (250-280
GHz).

The measured normalized amplitude and phase of the electric field ra-
diated by the AUT in the presence of probe is shown in Fig.4.3 (a) and
(b), respectively. Since the AUT and OEW are linearly polarized, only the
x-component of the near field was measured. The scan area is rectangular
and the maximum of the electric field is around z = 0 and y = 0, which
denotes the center of the AUT. The acquisition of near field data along the
—z-direction is limited by the presence of the GSG waveguide probe, which
is an usual limitation in these type of measurements [63,83,84].

The effect of the OEW is de-embedded from the far-field pattern of the
AUT by using a standard probe correction technique [85]. The far-field
radiation patterns in the upper hemisphere, obtained by Fourier transform
of the near-field data, are shown in Fig. 4.4, in the frequency range from 300-
315 GHz. The patterns in the H-plane show an excellent agreement with
the simulations. The E-plane patterns are asymmetric and oscillatory. The
reason is the scattering from the probe, which interferes with the antenna.
Also, the patterns are shown till £45°, because the near-field scan area is
restricted to £1.5 mm (see Fig. 4.3) by the presence of the wafer probe.
Since the near-field area is limited along the z-direction the accuracy of the
radiation pattern measurements decreases for angles greater than +23°.

The relative difference between the broadside gain of the two antennas
(with and without ADL) is presented in Fig. 4.5. Both simulations and
measurements show an improvement of about 2 dB for the ADL loaded an-
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Figure 4.3: The measured near field at 300 GHz a). Normalized amplitude
in dB b). Phase in radians.

tenna with respect to the reference one. The measured results are presented
in a frequency range of 20 GHz centered at 300 GHz, where the simulated
reflection coefficient is well matched for both antennas (see Figure 3.6).

At a later moment, a scan over a bigger aperture in the direction where
there is no feed probe was carried out. The measured near field data is
shown in Fig. 4.6(a) at 300 GHz. A symmetric near field data is obtained
artificially by mirroring the near field data (see Fig. 4.6(b)) with respect
to the z-axis (x = 0). Exact symmetry conditions are also imposed on
the simulated near field data from CST. The far field patterns after post-
processing are shown in Fig.4.6(c) for both the cases. A better agreement
can now be observed between the simulations and the measurements. This
approach for artificially symmetrizing the pattern gives an indication of how
the antenna would operate in a realistic application scenario, in which there
would be no feeding probe.

Also the reference antenna without the ADL was measured. A compar-
ison between the simulated and the measured far field radiation patterns is
shown in Fig. 4.7, at 300 GHz. Although not shown for the sake of brevity,
the radiation patterns at other frequencies show a similar agreement.
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Figure 4.4: Measured(-) and the simulated (- -) radiation pattern (dB)
with ADL.

4.2 Time domain spectroscopy measurements

To further confirm the optical properties of the ADL, the optical properties
of the material have also been measured using a Time Domain Spectroscopy
(TDS) measurement setup. For these measurements, a new set of devices
has been prepared. Although the multilayer structure remains the same,
the ADL membrane is much wider. In fact, as the THz beam spot measures
few squared millimeter, the area available using the Antenna/ADL design
would have not been large enough to guarantee a uniform illumination.
Part of the THz beam could have indeed hit the wall of the silicon KOH
cavity, resulting in unwanted reflections. For this reason, 5 X 5 mm square
membranes have been fabricated.

The process used is similar to the one presented in the previous sections,
with the obvious absence of the antenna layer. As the membrane are much
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Figure 4.5: Simulated gain of the two antennas, with and without the
ADL loading; the relative gain difference is also reported and compared with
the measured one.

larger, new mechanical simulations have been performed, to ensure that no
major deformation are present. As in the case of the Antenna/ADL layer,
a white light interferometer has been used to map z displacement of the
membrane.

As shown in Fig. 4.8, the membrane presents only a first order buckling,
resulting in a very small deformation in the center (less than 5.5 um). This
result confirms that such membranes can be indeed realized on a larger scale
and that the resulting deformation are in the order of 1073 times the side
dimensions.

4.2.1 The Time Domain Spectroscopy system

Fig. 4.9 shows the system used to perform measurements on the ADL layers.
A femtosecond laser (center wavelength 775 nm) that generates 450 mW of
average power, and produces 15 fs pulses with a 72 MHz repetition rate hits
the surface of a SI-GaAs crystal. On the surface of the semiconductor, two
silverpaint electrodes are painted with a separation of 0.4 mm. The sample
is glued, using silverpaint, on two 2 mm thick and 1 cm wide copper strips,
separated by 2 mm. Each copper strip forms a contact to one silverpaint
electrode only. The copper strips have two functions: they serve as electrical
contacts to the voltage source and they provide a good sink for any heat
generated in the GaAs crystal. Indeed, when the GaAs is illuminated, an
average electrical power of about 5 W is dissipated in the crystal.

A 50 kHz, 400 V square wave ac bias voltage is applied to the emitter.
As reported in [86], by changing the voltages from 400 to —400 V the THz



58 ADL characterization

9 0
0 1
E 3f 1 e
>
0F . ] 20
-5 0 5
y [mm] (a)
5 0
| -10
20
5
(b)
30
% \60
| 20-15-105 0

(c)

Figure 4.6: The near-field expressed in dB (a) measured, and (b) obtained
after applying symmetry to the measured data. (c) Measured (-) and the
simulated (- -) far-field radiation pattern (dB) in E-plane. The process of
symmetry has also been applied for simulated antenna.
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Figure 4.7: Measured (-) and the simulated (- -) radiation pattern of the
antenna without ADL loading at 300 GHz.

signal changes sign as well, resulting in a signal detected by the lock-in
amplifier that is twice the signal one would get when the applied voltage
switches between 0 and 400 V only.

A silicon hyperhemispherical lens is glued on the back of the crystal to
focus the emitted radiation in a more forward direction. The material to test
is inserted in the optical path of the THz beam. By comparing the shape
of the original subpicosecond THz pulse with the one transmitted inside
the material, it is possible to calculate the frequency dependent refractive
index.

A slightly different version of the final stage of the setup (green ellipse
in Fig. 4.10) was used. After passing through the desired optical path (i.e.
through the ADL membranes in this specific case), the THz beam passes
through a 2-mm-thick piece of polystyrene foam. The polystyrene foam has
a refractive index of 1.017 with a very low absorption coefficient (less than
1 ecm™1), that blocks any small infrared signal around the emitter.
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Figure 4.8: The deformation of the fabricated 5 mm ADL membrane un-
der compressive stress. The simulated displacement (a) is compared to the
measured 3D profile (b). The displacement along the z axis is plotted in cor-
respondence of the membrane center (c), showing the very good agreement
between the simulated and measured values.
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Figure 4.9: Terahertz time domain spectroscopy setup. The green ellipse
indicates the final stage of the setup and is described in Fig. 4.10.

A small prism is glued onto the foam. The prism is used to combine the
THz pulse with a synchronized, time-delayed, horizontally polarized probe
pulse. Both the THz beam and the probe beam are focused onto the detec-
tion crystal. The probe beam then passes through a quarter-wave plate and
a Wollaston prism that separates the two orthogonal polarization compo-
nents of the beam. These components are finally focused into a differential
detector that measure the electric field of the THz pulse.

4.2.2 Results and discussion

In Fig. 4.11 the pulse shape of the TDS setup with (dashed blue line) and
without (solid black line) the ADL membrane is plotted. It is clear that the
presence of the device cause a delay of the THz beam. From this values it
has been possible to extract the refractive index of the ADL, as shown in
Fig. 4.12.

Two different measurements are reported (dashed lines). A comparison
between the plots indicated that the measurements do not precisely match
the predicted refractive index value. However, by averaging the two curves,
a fair comparison with the theoretical prediction is obtained. The mismatch
between the simulations and measurements can be possibly caused by the
following effects.

e Finiteness effect of the ADL thickness :
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Figure 4.10: a) The THz detection setup, with PS a 2-mm-thick polystyrene
foam sheet, L a lens, PBS a polarizing beamsplitter, and A/4, a quarter
waveplate. The small triangle on the polystyrene plate is the gold coated
prism. b) The differential detector. D1 and D2 are photodiodes of type
BPW34 from Siemens.
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Figure 4.11: The THz field in the time domain. The reference pulse (no
sample) is reported in black. The pulse shape with the sample inserted in
the optical path is reported in blue.

7 . . . . . . . .

6.5 ]
= 6 |
5
e}
=
Sss) ]
2
2
& st ]
(]
a4

45¢ ~

02 022 0.24 0.26 0.28 0.30 0.32 0.34
Frequency (THz)

Figure 4.12: Refractive index (real part) of the ADL membrane. The
dashed lines represents two different measurements. The solid line is obtained
by averaging these data. The averaged value is ~ 5.7 around 300 GHz, as
predicted by the simulations.
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This effect usually arises when a finite thickness ADL slab is used
instead of an infinite ADL slab to obtain the constitutive parameter
of the effective homogeneous medium [77].

e The tilting of the sample with respect to the polarization of the inci-
dent beam :
The positioning system in our measurement setup allowed to orien-
tate the membrane with respect to the incident beam with a relative
uncertainty of ~ 5° — 10°.

4.3 Conclusions

On-chip integrated antennas typically radiate in the presence of either a
lossy silicon substrate or an electrically thin grounded slab. This leads to
either high dielectric losses or very narrow bandwidths of operation. We
demonstrate that artificial dielectric superstrates previously proposed at
lower frequencies and using printed circuit board technology, increase the
radiation efficiency of such antennas at 300GHz. A conventional double slot
antenna is loaded by an ADL superstrate that substantially increases the
front-to-back ratio.

For the fabrication of the antenna and the ADL superstrate, we devel-
oped a low-temperature CMOS back-end compatible process. By using pure
aluminum as metal and silicon oxide as dielectric host matrix, the ADL was
deposited directly on top of the antenna structure.

The anisotropic properties of the proposed artificial slab allows to achieve
high surface-wave efficiency. This is because the ADL is dense and electri-
cally thick for waves radiated by the slot in directions close to the normal,
whereas it has lower permittivity and is electrically thin for the waves radi-
ated in directions almost parallel to the slab.

The antenna has a front to back ratio larger than 10 dB, with essen-
tially no power launched into surface waves. Also an antenna without ADL
loading has been fabricated and used as a reference solution to quantify the
enhancement due to the ADL. The simulated results indicate an improve-
ment of about 2 dB, confirmed by the measurements.

The key feature of the proposed ADL superstrate solution is that they
can be designed and manufactured independently from the antenna and
the ICs. They can be used as add-on components since no alignment is
required between the antenna and the superstrate layers. Also, ADL are
broadband because of their non-resonant periodic nature. This concept can
be beneficial for any on-chip radiating structure, including antenna arrays.

Although the oxide/aluminum base ADL represents a reliable choice to
increase the efficiency of planar antennas, the deposition of the thick (5 um
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) oxide inter-layers requires a relatively long deposition and a long etching
process to remove it from the measurement pads.

In the next chapter PECVD Silicon Carbide, is proposed as possible
alternative host medium to the silicon oxide. This material with a larger
refractive index, can allow the deposition of thinner separation layers, thus
reducing processing time and complexity.
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Silicon Carbide based ADL for
higher frequencies

In this chapter the use of PECVD Silicon Carbide as possible
alternative to silicon oxide layer in ADL fabrication process is
discussed. The surface and mechanical properties of the layer
are presented. The optical properties in the THz are measured,
showing a very high refractive index in a large bandwidth. The
design of a SiC-based ADL is then presented, indicating that a
substantial decrease in the ADL thickness can be achieved.

67



68 Silicon Carbide based ADL for higher frequencies

5.1 PECVD Silicon Carbide as structural ma-
terial for ADL fabrication

During the last decades, silicon carbide (SiC) layers have been used in the
fabrication of many microsystems such as waveguides [87,88], hotplates [89]
and MEMS [90,91]. Due to the high mechanical strength, good thermal
conductivity and remarkable chemical inertness, SiC layers are also suitable
as structural material and protective coating for MEMS working in harsh
environments [89,92,93]. When exposed to very high temperatures (1050 —
1200 °C'), this material naturally forms a silicon oxide layer [94,95], thus
making it also suitable for the fabrication of Metal-Oxide-Semiconductor
(MOS) devices.

To the author knowledge, very limited literature exists on the use of
SiC for THz applications. Due to the the intrinsic wide-bandgap, SiC has
been used in the fabrication of impact avalanche transit time (IMPATT)
diodes [96]. In fact, if compared to traditional Si and GaAs based devices,
SiC based diodes can operate with higher output power levels and higher
breakdown voltages .

As demonstrated in the previous sections, ADLs can be effectively used
to enhances the properties of THz planar antennas. However, if low refrac-
tive index materials, i.e. silicon oxide, are used in the ADL fabrication, the
resulting device is quite thick (~ 40um). To effectively reduce the thickness
of the ADL, high refractive index dielectric materials are then required [66].

Here we present amorphous PECVD SiC layers as alternative dielec-
tric layer in ADLs fabrication. The mechanical, optical and morphological
properties are discussed, to evaluate the suitability and compatibility of
this material with the fabrication of large ADL membranes. By using a
TDS spectroscopy setup, the refractive index of this material is measured,
showing very high values in the 0.2 — 2 THz range. Finally the design of a
SiC-based ADL is presented, resulting in a thickness reduction of a factor
2.44 with respect a similar silicon oxide based device.

5.2 Deposition and structural properties of
SiC layers

Silicon carbide layers were deposited in a Novellus-Concept PECVD re-
actor, using SiH, and C'H, as precursors. Measurements of the residual
thermal stress have been performed using a TENCOR-Flexus stress meter.
By tuning the precursors ratio, the stress of the layer was reduced up to 25
MPa (tensile). In Table 5.1 and 5.2 the deposition parameters and the main
layer properties are reported. The thickness and the optical properties of
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the layer are determined by spectroscopic ellipsometry, using a Tauc-Lorentz
dispersion relation (see Fig. 5.1).

A complete surface characterization has been performed with AFM tech-
nique to ensure that only small grains are present, as shown in Fig.5.2 and
5.3(a-b). The average grain size on the surface is &~ 17 nm, with an esti-
mated roughness of 0.1 nm.

5.3 SiC refractive index in THz frequency

The THz refractive index of SiC has been investigated by using the Time Do-
main Spectroscopy (TDS) setup presented in described in section 4.2. With
this system, the real part of the refractive index has been evaluated over
a large bandwidth (0.2 - 2 THz). As in the case of the silicon oxide-based
ADL, large and undeformed membranes have been fabricated to effectively
measure the layer properties.

The membranes were realized starting from p-type < 100 >, 100 mm,
silicon wafers. A thin (100 nm) layer of low stress LPCVD SiN is first
deposited as hard mask for the back-side etching of the wafer. The SiC
layer (~ 20 pm) is then deposited, using the abovementioned low stress
recipe (see Table 5.1 and Table 5.2). To release the membrane, the backside
SiN is first patterned and the silicon removed by wet etching in a 33 wt %
KOH at 85°.

The result of this process are large (5 mm x 5 mm) and flat membranes
(See Fig. 5.4). No buckling of the membrane is observed, due to the low
residual tensile stress.

Temp. SiHy CHy RFpower

°C (sccm)  (sccm) (W)
400 250 3000 750

Table 5.1: Deposition conditions of the PECVD a-SiC layer.

Dep. rate Stress Refr. index (n) Refr. index (k)

nm/min (MPa) at 633 nm at 633 nm
60 25 2.69 0.05

Table 5.2: Main properties of the PECVD a-SiC layer.
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Figure 5.1: Refractive index of the PECVD a-SiC in the 250 — 1600 nm
frequency range extracted from ellipsometric analysis. A marked absorption
in the ultraviolet part of the spectrum is present, while at lower energy (near-
infrared) the k goes rapidly to zero.

Figure 5.2: SiC surface as obtained by AFM analysis.
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Figure 5.3: Grain analysis of the SiC surface on a 0.25 um? area. The
average grain dimension is roughly 7 nm.

Figure 5.4: Microphotograph of the PECVD-SiC membrane (view from the
backside).
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Figure 5.5: Silicon carbide refractive index between 0.2 and 2 THz. The
curve shows a parabolic behaviour, presenting at least two different band (
0.42 — 0.5 THz and 0.85 — 0.97 THz) where the n value shows only small
variations.

In Fig. 5.5 the refractive index between 0.2 and 2 THz is presented.
The observed trend follows a Cauchy dispersion relation. It is possible to
observe that there are at least two different bands where the refractive index
is practically constant (see dashed lines). The first one (n = 6) is centered
around 450 GHz and spans almost 100 GHz, while the second one (n =4 )
is centered around 900 GHz and covers a larger bandwidth (850 —970 GHz).

5.4 Silicon carbide based ADL

By using the design rules presented in the previous chapter, it is possible to
realize ADLs working in these frequency range. Due to the SiC properties,
the final thickness of these ADLs will be consistently reduced if compared
to silicon oxide based devices. In Table 5.3, the relevant design parameters
for an ADL working around 450 GHz are reported. The resultant thickness
(tapr) for a SiC based ADL is ~ 9 pm. If realized by using silicon oxide,
the same ADL would have been 22 pm thick.

The calculation of these parameters has been carried out by using the
same criteria reported in [66] and applied in the fabrication of the an-
tenna/ADL device presented in the previous section.



5.5 Conclusions 73

Table 5.3: Physical Dimensions of SiC-based ADL. The data are calculated
by choosing a central frequency of 450 GHz.

dadi ‘ d. ‘ Wadl ‘ Niayers ‘ lADL (,um)
19 (12| 2 | 7 | 9

5.5 Conclusions

The use of silicon carbide as alternative material in ADLs fabrication is
discussed. The material shows almost zero residual stress and an extremely
low surface roughness. By using the same fabrication process presented in
the previous chapter, large SiC membranes are fabricated and the refractive
index measured by using a TDS setup. The results indicate that SiC has
a very high refractive index in the 0.2 — 2 THz range. In two different
bands (each of them 0.1 THz wide), the SiC refractive index presents a
constant values (6 and 4, respectively) and, consequently, can be used in
the fabrication of ADL devices. By using the same design criteria presented
in the previous chapters, the relevant parameters for a SiC-based ADL are
then established. The results show that the final thickness of SiC-ADL
membranes can be reduced by a factor 2.44 compared to similar silicon
oxide-based devices.
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MHz passive components :
Supercapacitors

In this chapter existing supercapacitors technologies are in-
troduced. Conventional supercapacitors architectures are re-
ported and their performance discussed in detail. To over-
come their limitations, an innovative solid state supercapacitor
is presented. This device is based on the use of metallic carbon
nanotubes (CNTs) as electrodes. By using Atomic Layer Depo-
sition (ALD), the large surface area of the CNTs is exploited by
conformal dielectric and conductive layers, resulting in a high
specific capacitance and a large operating frequency range.
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6.1 Introduction

There is a great demand for the manufacturing of high performance, light
and small size electronic devices, such as mobile phones and wireless sensor
networks. Their ability to perform a large variety of operations is intrin-
sically coupled with energy requirements, driving the necessity of a new
generation of compact and efficient energy storage devices. In this regard,
there is a great interest in high performance supercapacitors. These devices
represents a reliable choice to store energy, ensuring high power density and
high specific capacitance. The extremely fast discharge rate, typical of such
devices, make them suitable for applications where temporary energy stor-
age is requested, such as regenerative car breaking. Using a supercapacitor,
the energy dispersed by the vehicle during the braking can be stored and
then used when large power boosts are needed.

However, supercapacitors are also attractive as on-chip components (see
Fig. 6.1). In fact, the ability to fabricate large capacitance devices is a key
step in modern heterogeneous integration (i.e. System in Package tech-
nologies) [97, 98], where large decoupling/filters supercapacitors are often
necessary. Usually these devices are realized by deep trenches in silicon
that are subsequently coated by a conformal dielectric layer. Highly doped
polysilicon is then used as capacitive counter-electrode.

In this chapter a fully solid state supercapacitor is presented as pos-
sible alternative to such class of devices. The supercapacitor is based on
dense CNTs bundles coated with aluminum oxide and titanium nitride de-
posited by Atomic Layer Deposition and results in a capacitance density of

dacoupling and
PLL capacitors

transcaiver die
(QUBIC4)
160 pm thick

F1%' level interconnect bondpads
(active die to passive die)

lead frame — =23 loyel interconnect bondpads

passive die assive dis to leadframe
300 pm thick ipessivadio r )

Figure 6.1: Passive die in a Bluetooth radio module [97].
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Figure 6.2: The typical architecture of a double layer capacitor (EDLC).
The charge is stored electrostatically in the Helmholtz double layer that
generates at the interface electrode/electrolyte. By realizing porous or/and
nanostructured electrodes, the surface area increases, thus increasing the
accumulated charge.

25 nF /mm? and operates up to a frequency of 1 MHz.

6.2 Supercapacitors

With the term supercapacitors we usually refer to high capacitance devices
that store from 10 to 100 times more energy per unit volume (or mass) than
conventional capacitors. Supercapacitors can be divided into two main cat-
egories, electrochemical supercapacitors (EDLCs) and dielectric solid state
supercapacitors, according to the different mechanism that allows the charge
storage.
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6.2.1 Electrochemical supercapacitors

The term electrochemical supercapacitors usually refers to devices that store
electrical charges using liquid or solid electrolytes. These devices can be de-
vided in Electric Double Layer Capacitors (EDLCs) and pseudocapacitors.

The EDLCs store the electrical charge at the electrode-electrolyte in-
terface (see Fig. 6.2), providing high power density with excellent charge-
discharge cycling stability [99-101].

Conversely, in pseudocapacitors, the storing mechanism is based on the
charge transfer between the electrode and the electrolyte (faradaic mecha-
nism). These devices present a higher specific capacitance with respect to
classical EDLC devices [102]. The electrolytes that allow the charge trans-
fer /storage used in these two types of devices are mainly liquid ones, but
solid-state electrolytes have also been reported [7,8,10-13].

The performance of electrochemical supercapacitors can greatly bene-
fit from the use of nanostructured electrodes, such as carbon nanotubes,
graphene or nanotemplates [7-13,103]. In 2011 Shen et al. [104] have shown
that by using electrochemical capacitors with composite nanostructured car-
bon as electrodes, it is possible to achieve a very high capacitance density
(up to 90 mF/cm? in the 0.1-25 Hz frequency range).

Despite the relevant high capacitance values, the use of electrochemi-
cal supercapacitors in the IC industry still represents a challenge. In fact,
the use of a liquid electrolyte, often highly toxic and corrosive, in proxim-
ity of electrical circuits, requires a solid encapsulation of the electrolyte to
avoid any possible leakage. The packaging problems associated with this,
makes the integration in a conventional IC process quite complex. Fur-
thermore, the use of electrolyte capacitors is still problematic in particular
applications, such as space and automotive, as the different environmental
conditions (e.g. high temperature, pressure) in which the capacitors are
subjected to, limit the choice of suitable electrolytes [14,105].

Given the abovementioned issues related to the use of a liquid elec-
trolyte, many solid-state electrolyte supercapacitors have been presented as
a possible solution to overcome these limitations.

In general, in these devices, a solid or gel polymers is used as electrolyte,
but the poor ionic conductivity at room temperature typical of these chem-
ical compounds seriously limits their performance [103].

As in the case of EDLCs capacitors, the use of electrodes engineered with
nanomaterials can partially solve this issue. In fact, Yang et al. [10], have
demonstrated that the ionic mobility of the electrolyte can be substantially
improved by using a graphene-flakes doping.
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6.2.2 Solid-State supercapacitors

Solid-state supercapacitors employing conventional dielectric layers, as op-
posed to electrolytes, to store the charges, could be an interesting alter-
native to realize devices working at high frequency that can be integrated
in a conventional IC process [14]. The most common architecture of a di-
electric solid-state supercapacitor involves the coating of high aspect-ratio
electrodes (deep silicon trenches, porous structures or carbon nanotubes)
with an insulating material and a conductive layer that works as counter
electrode [2,14,106-111]. Such electric components are very attractive as
power sources because the physical, rather than chemical mechanism of en-
ergy storage avoids among others, hysteresis, short cycle-life and low rates of
charge and discharge. In fact, compared to a conventional electrochemical
supercapacitor that stores charges using electric double layers or faradaic
mechanism, a dielectric solid-state supercapacitor uses only surface charge
to accumulate the power. The main limitation to the use of solid-state su-
percapacitors is then the low energy density due to the limited electrodes
surface area generally available.

6.3 High aspect ratio 3D electrodes for su-
percapacitors

As pointed out in the previous sections, dielectric solid state supercapaci-
tors are quite interesting as storage device to be integrated directly on chip.
However, their energy density is still quite low if compared to electrochem-
ical supercapacitors.

A typical architecture of integrated dielectric supercapacitor is the Metal
Insulator Metal (MIM) one [108-110]. The small size, the relatively sim-
ple fabrication process and their high reliability make them appealing for
large scale application such as decoupling of CMOS microprocessor units
[107-109]. These high speed ICs often require large amount of current in
bursts, generating switching noise. To protect the electronics, large decou-
pling capacitors are used which require large -and costly- physical space on
the chip. A single high capacitance device could then be placed directly on
the die, freeing space for other components. Although they can be fabri-
cated with IC technology [2,107-110], , still present drawbacks such as low
specific capacitance [109], or limited operating range of frequency (less than
200 Hz) [2].

6.3.1 CNTs as electrodes

As demonstrated by [2,14,106-111] high aspect-ratio nanostructures can be
effectively used as large surface area electrodes. Among the materials used
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for this application, carbon nanotubes are the ideal candidates to realize a
scaffolding that effectively enhances the surface area of the supercapacitor.

For example, by using ALD coatings on singlewalled CNTs, a high vol-
umetric capacitance of 20mF /cm? has been obtained by Pint et al. [14], but
at high frequency (> 10 KHz) the impedance of these devices significantly
deteriorates.

6.3.2 Atomic layer deposition in high aspect ratio su-
percapacitors

Due to its intrinsic high conformality and the high quality of the deposited
layers, the atomic layer deposition technique is the most suitable technology
to coat high aspect ratio nanostructures, such as porous electrodes or carbon
nanotubes bundles [2,14,98].

Atomic layer deposition (ALD) has emerged as an important technique
for depositing thin films for a variety of applications. The International
Technology Roadmap for Semiconductors (ITRS) has included ALD for high
dielectric constant gate oxides in the MOSFET structure and for copper
diffusion barriers in backend interconnects [113,114]. In addition, ALD has
met challenging requirements in other areas including the deposition of high
quality dielectrics to fabricate trench capacitors for DRAM [115].

ALD is able to meet the needs for atomic layer control and conformal
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Figure 6.3: Step coverage and deposition rate Vs. deposition technique
[112].
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(a) Trimethylaluminum injec- (b) Reaction with the OH-
tion in the chamber. groups and methane formation.

(c) Saturation of all the surface (d) Water injection in the
sites. chamber.

(e) Formation of new hydroxyl (f) Saturation of all the sur-
groups. faces sites.

Figure 6.4: Different steps of the atomic layer deposition of Aluminum
oxide [116].
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deposition using sequential, self-limiting surface reactions (see Fig. 6.3).
This process is based on binary reaction sequences where two surface reac-
tions occur and deposit a binary compound film. Because there are only a
finite number of surface sites, the reactions can only deposit a finite num-
ber of surface species. If each of the two surface reactions is self-limiting,
then the two reactions may proceed in a sequential fashion to deposit a thin
film with atomic level control. The self-limiting aspect of ALD also leads
to excellent step coverage and conformal deposition on high aspect ratio
structures. Some surface areas will react before other surface areas because
of different precursor gas fluxes. However, the precursors will adsorb and
subsequently desorb from the surface areas where the reaction has reached
completion. The precursors will then proceed to react with other unreacted
surface areas and produce a very conformal deposition.

A schematic showing the sequential, self—limiting surface reactions for
Aluminum Oxide ALD deposition is displayed in Figure 6.4. The deposi-
tion process starts with the injection of the first precursor (Tetramethylalu-
minum, TMA) and with its reaction with the oxydryl groups that naturally
terminate the silicon surface (see 6.4 a-c)). Once the precursors pulse is
finished, a purging flow of nitrogen is injected in the chamber to evacuate
all the residual TMA vapor.

After this step, the second precursor, in this case water, is injected into
the chamber and starts reacting with the H-C-H groups left by the first pre-
cursor (see Fig. 6.4 d-e)). The by-product of the reaction (in this particular
case methane) is continuously evacuated to prevent any stagnation phenom-
ena. Once the reaction is terminated, a first monolayer of aluminum oxide
is formed. The deposition continues with a new purging flow of nitrogen in
the chamber and then with injection of the first precursor.

The self-limiting nature of the surface reactions also produces a nonsta-
tistical deposition because the randomness of the precursor flux is removed
as an important factor. As a result, ALD films remain extremely smooth and
conformal to the original substrate because the reactions are driven to com-
pletion during every reaction cycle. Because no surface sites are left behind
during film growth, the films tend to be very continuous and pinhole-free.
This factor is extremely important for the deposition of excellent dielectric
films.

6.3.3 A supercapacitor based on ALD coated CNTs

By using ALD to deposit Aluminium Oxide (Al303) as dielectric layer and
Titanium Nitride (T%N) as high aspect-ratio conformal counter-electrode on
2 pm long MWCNT bundles, a three-dimensional nanostructured capacitor
array based on double conformal coating of Multiwalled Carbon Nanotubes
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Figure 6.5: Left) A 3D view of the nanostructured capacitor array. The
coated CNTs bundle is buried in a TEOS oxide layer. The inset shows a
detail of the double ALD coating of the CNTs. Right) Cross-section view of
the device.
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Figure 6.6: High resolution SEM images of ALD coated carbon nanotubes
bundles.
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Figure 6.7: FIB cross-section of one bundle.
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(MWCNT) bundles has been realized. The devices have a small footprint
(from 100 pm? to 2500 um?) and are realized using an IC wafer-scale man-
ufacturing process with high reproducibility (< 0.3F — 12F deviation).

As shown in Fig. 6.5 the carbon nanotubes bundles form the first elec-
trode, while the AlsO3 and TN, both deposited by Atomic Layer Deposi-
tion (ALD), are used as dielectric and high aspect-ratio conformal counter-
electrode, respectively. No functionalization is used to achieve a conformal
coating of the CNTs, probably due to the presence of defects that act as nu-
cleation sites for the ALD growth [111]. An example of ALD coated CNTs
bundles is given in Figs. 6.6 and 6.7.

6.4 Conclusions

In this chapter the existing types of supercapacitors have been briefly in-
troduced. The advantages and drawbacks related to their use for different
applications have been discussed. To overcome some of the abovementioned
limitations, a new design of a fully solid state supercapacitor has been pre-
sented. This device exploits the large surface area given by dense CNTs
bundles to realize a high aspect ratio counterelectrode.

The electrical performance of these devices will be presented in the
next chapter, together with a complete characterization of the materials
employed for their fabrication.
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A fully solid state nanostructured
supercapacitor : Design and
fabrication

In this chapter the fabrication, modeling and characterization
of a fully solid state (dielectric) supercapacitor is presented. A
significant increase of the capacitance due to the enhancement
of the electrodes surface area is observed. The effect of the ALD
gas precursors diffusion into the CNTs bundles is studied. Op-
tical, chemical characterization of the material is carried out.
Finally, a study on the dielectric breakdown of the device has
been performed, relating the observed dielectric coating defects
to the measuredobserved electrical data.
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7.1 Device layout

Three device sets with an area of 100 ym?, 625 ym? and 2500 um? were
fabricated based on the design depicted in Fig. 6.5.

In order to estimate the maximum theoretical capacitance of the ca-
pacitor a simple electrostatic model has been implemented. As depicted
in Fig. 6.5, the ALD coating on the CNTs generates a high aspect-ratio
counter-electrode with enhanced surface. However, every single multiwalled
nanotube consist of a series of coaxial carbon nanotubes that generates a
more complex structure. Previous theoretical work [117] estimates that the
charge distribution on a multiwalled CNT is mostly concentrated on the
CNT’s outer shell. The contribution given by the single nanotube can be
therefore calculated by considering it a cylindrical capacitor :

2mel
Cont = In(Zt)

Tin

(7.1)

Where L is the length of the nanotubes, r;, is the average CNT radius
(7.5 —10 nm) and r,,; is the external cylinder radius obtained by summing
rin and the Al>Osz thickness. The overall counter electrode area is then
calculated considering a density of 1019 — 101! % The ratio between the
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Figure 7.1: Measured and theoretical capacitance VS device area. The
green line is the capacitance of a conventional planar capacitor with the same
footprint of the realized device. The blue line is the measured capacitance of
the ALD-CNT enhanced capacitor and the red line represent the theoretical
capacitance of the ALD-CNT capacitor that fully utilize the large surface
area offered by the CNTs. The capacitance trend of the measured device
(blue curve) is consistent with the predictive model (red curve), while it is
clear that the ALD coating process does not completely exploit the CNT
surface area, resulting in a lower device capacitance.
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Figure 7.2: The charge density profile on the TN counter-electrode. The
short range interaction between two adjacent C NT gives a reduction of less
then 0.35 % of the charge density.

bundle and the planar capacitance of an equivalent planar capacitor of the
same footprint is then calculated. Using an average CNT diameter of 15
nm, a thickness of the dielectric layer of 15 nm, a bundle length of 2um
and a dielectric constant of 8.5, the average Chyna/Cpian ratio is 34. From
the capacitance measurements the best Cpynd/Cpian ratio obtained is 5 (625
pum? sample). The comparison between theoretical and measured capaci-
tance, together with the values for the corresponding footprint equivalent
planar capacitors, are reported in Fig. 7.1. Although the measured devices
show a constant capacitance enhancement when compared to the planar
capacitance, the theoretical enhancement that could be achieved for a com-
plete coating of the CNTs (red curve) indicate much higher capacitances.
A possible explanation can be related to a limited contribution of the CNT
surface area, due to incomplete coating of both dielectric and top electrode
layers.

Due to the nanometric distance between the coated CNTs, the elec-
tric field generated between the coated CNTs can represent a not negligible
contribution to the total capacitance calculation. This effect has been eval-
uated using Comsol Multiphysic 4.3 simulation tool. On a single unit cell
composed by two CNT covered by alumina and T%N, a voltage drop of 1
V has been applied and the relative charge density has been plotted as a
function of the distance between the tubes. The carbon nanotube has been
simulated as a simple metal layer with a fixed conductivity. The simulation
shows that the charge density is constant in the range 5 — 30 nm, indicat-
ing no significant interaction between the electric fields generated cross the
tubes. Changing the average distance between the tubes from 1 to 5 nm
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(see Fig. 7.2) the charge density is decreased by 0.35 %. From this simula-
tion results that the small-range interaction between the tubes gives a very
limited contribution on the computed capacitance value.

7.2 Device fabrication

The capacitors were realized starting from MWCNT bundles that work as
first electrode. A 100 mm p—type Si wafer substrate was coated with a 500
nm tetraethyl orthosilicate (TEOS) oxide to electrically insulate the silicon
from the top layers. A stack of 500 nm of 7% and 50 nm of T%/N was then
sputtered using a Trikon (SPTS) Sigma sputter coater. A 2 pm layer of
tetraethylorthosilicate (TEOS) oxide was then deposited using a Novellus
Concept One PECVD reactor. The wafer was then coated with 1.5 pm AZ
nLOF2020 negative resist, exposed and developed to define the cavities in
which the CNTs are later grown. The exposed oxide was etched using a
Drytek etcher with fluorine chemistry.

7.2.1 CNT

As catalyst for the CNTs growth, Fe deposited in a Solution CHA e-beam
evaporator and patterned by lift-off process, was used. The CNTs were then
grown at 500 °C in a BlackMagic Pro 4" inch CVD reactor. More details
on the CNTs growth process can be found in Ref. [118]. The direct use of a
dense (10'* CNT-cm=2) MWCNT bundle as electrode is one of the key step
to achieve a very high capacitance density device. From HRTEM analysis
the average CNT diameter is 15 nm (Fig. 7.3). The raw CNT Raman
spectra show that the average ratio between D and G band intensities is
1.10+0.01 using multiple measurements and averaging. As previously shown
by Tuinstra and Koenig [119] this ratio can be related to the electron mean
free path L, by :

@) ~ L. (72)

Where C(A) is 4.4 nm for A = 514nm, the laser wavelength used in our
Raman spectroscopy setup. This ratio results an average mean free path of
~ 4 nm.

7.2.2 ALD alumina and titanium nitride

The capacitor dielectric is a 15 nm thick layer of Al;O3 deposited by means
of ALD technique, using an ASM F-120 reactor. With the same technique, a
conformal counter electrode, a 15 nm thick layer of Tt N, was then deposited.
The precursor used were Trimethylaluminium (TM A) and deionized water
(H20) for the AloO3 (15 nm) while for the T%N we used TiCly and N Hs.
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(b)

Figure 7.3: : a) HR-TEM of the CNT. The black spot inside the CNT are
the iron catalyst particle. b) The average CNT diameter is 15 nm.

The counter-electrode was then covered by a 2 um layer of Al/Si to provide
a robust electrical contact between the nanostructure and the measurement
probes, while the back electrode was contacted through an opening in the
oxide, as indicated in Fig. 6.5.

The deposition of Aluminum Oxide and Titanium Nitride was carried
out increasing the exposure time of the MWCNTs to each of the precur-
sors. To allow a complete depletion of the reaction products inside the
dense bundles, the time of the purging step was consequently increased. No
special functionalization steps were necessary to ensure the coating of the
nanotubes.

The optical properties of the ALD layers were analyzed by means of
spectroscopic ellipsometry. The refractive index of the Al;O3 films has been
extracted using a Cauchy dispersion relationship with Urbach absorption :

b  cn

n(\) = an+ 35 + 35 (7.3)
KO = aneapfon (5~ -] (7.4)

and found to be in the 1.5-1.7 range from 1600 nm to 300 nm (see
Fig. 7.4), as previously reported [120]. The growth rate at 300°C was
0.11 »m/cycie. Similar analysis has been performed on the TiN layer. To



A fully solid state nanostructured supercapacitor : Design and
92 fabrication

extract the thickness and the optical properties of the layer (see Fig. 7.5),
a Drude-Lorentz dispersion relationship was used :

2
w, S
(n +ik)? = e(w) = €00 — ﬁ + Z cﬂ% (7.5)

where in the Drude contribution hw,,, is the unscreened plasma energy
and I'p a damping factor. The factor wy,, depends on the concentration of
the conduction electrons :

Ne?
egm*

Wpy = (7.6)

where NN is the density of conduction electrons, e is the electorn charge,
€ is the permittivity of the free space and m* is the effective mass. The
Lorentz oscillators are described by their energy positions hw,; , oscil-
lator strength f; , and damping (broadening) factor «,. Finally, € is
a background constant, larger than unity due to the contribution of the
higher-energy transitions that are not taken into account by the two Lorentz
terms [121].

The extracted growth rate of TiN is between 0.02 and 0.04 nm/cycle,
which is consistent with values reported in literature [122].

The resistivity of this layer was measured using four-probe technique
and found to be 300 puQ2-cm, slightly higher than what reported in previous
work [123]. The relevant material properties are summarized in Table 7.1
and 7.2.

To further investigate how the different deposition parameters affect the
stoichiometry of the layers, a complete chemical analysis by means of XPS
has been performed. In Fig. 7.6 a) the XPS depth profile of the alumina
layer is shown. The chemical constituents (aluminum and oxygen) are in-
deed in the 2:3 ratio, as expected by the nominal alumina stoichiometry.
The XPS depth profile (see 7.6 b)) of the TiN shows that in the overall
length of the sample there is presence of oxygen.

A more detailed analysis of the binding energies of the Titanium is
reported in Figure 7.7. The T42p peak typical of TiN [ [124]] is clearly
present at 455 eV (Fig. 7.7), and a shoulder centered around 458 eV is
present as well. This feature is a common signature of the Ti2p related to
TiOz [125]. From the depth profile analysis it appears that the first 1 — 2
nm of TWN is mostly TiOx. In Fig. 7.7 a clear shift of the T%2p peak
from 458 eV towards 455 eV is observed, indicating that TiN layer starts
prevailing on the TiOx. The presence of the initial titanium oxide layer is
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Figure 7.4: Refractive index of the ALD Al3O3 layer. The optical properties
have been modeled with a Cauchy dispersion law.
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Figure 7.5: Refractive index of the ALD TiN layer. The optical properties
have been modeled with a Drude oscillator and two Lorentz oscillators.
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Figure 7.6: : XPS depth profile of 15nm thick Al3O3 (Top) and TiN (Bot-
tom)layers. The Al2Os and TiN layer constituents are in the expected ratio
2:3 and 1:1, respectively. In the TN layer, presence of oxygen, which is
responsible for an increase in resistivity for the very thin layers, is observed.
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Figure 7.7: XPS depth profile of Titanium Ti2p line of the T%/N sample.
The dashed lines show the shift of the binding energy of the T2p line.

Precursor A Purge A Precursor B Purge B

Al203 TMA H>O
Time(s) 2 6 2 8
TiN TiCly NHs;
Time(s) 4 12 4.8 8

Table 7.1: Deposition conditions of the ALD Al3O3 and the TN layers

responsible for the increase in resistivity observed in this very thin layers,
as compared to values reported for thicker layers [123].

To further confirm the CNTs are effectively coated by alumina, EDX
analysis was performed on ALD Al;Os coated CNT. In Fig.7.8 (Top), a
high resolution image of a coated CNT is shown. The total thickness of
the coated CNT is &~ 47nm. The elemental counts image (Fig. 7.8 Bot-
tom) show that a ~ 15 nm thick layer of Al;Os3 is indeed present around
the CNT structure. Previous studies have shown that the ALD coating of
the CNTs requires a chemical pretreatment to promote the anchoring of
the ALD precursors to the CNTs surface. However, defects of the CNTs
morphology can work as nucleation sites for the ALD precursors, leading to
a more uniform coating [14], [111]. The low temperature process (500°C')
we used to grow CNTs could be responsible for the large presence of defects
of the nanotubes [111]. In the center area of the graph the carbon count is
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Figure 7.8: Top) HRTEM image of Al2O3 coated CNT. The multiwall
structure of the tube is clearly visible (green arrows). The ALD coating
is cleary visible around the CNT. The red line (AB) shows the EDX scan
region. (Bottom) Elemental count vs position graph (Line AB).
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Material AlO3 TiN

Temperature 300° 400°

Pressure 1 Torr 1 Torr

Growth — rate 0.9 nm/cycle 0.019 nm/cycle
Refractive index 1.61 at 633 nm 1.92 at 633 nm
Density 2.3 g/cm3 4.8 g/cm,3

Stress 300 +£60 M Pa (tensile) 400 £60 M Pa (tensile)
Resistivity — 300 puf2-cm

Dielectric constant 8.5 —

Table 7.2: The optical, mechanical and electrical properties of the Al2O3
and TiN layers
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Figure 7.9: Raman spectra performed on the CNT after the alumina coat-
ing. As can be seen from the characteristic D band (1350 cm-1) and G band
(1580 cm-1), only minor changes on the spectra are visible after the ALD
deposition.

significantly large, due to the presence of the CNT. The multi-walled struc-
ture of the tube is now clearly visible. The TEM analysis indicate that the
spacing between the CNT shells is 0.34 nm. To confirm that the nucleation
of the AlsO3 preserve the morphology and the physical properties of the
CNT, Raman spectroscopy on the coated nanotubes has been performed
and reported in Fig. 7.9.

No relevant changes of the spectra of the CNTs occur during the ALD
alumina deposition, suggesting that the CNTs are not damaged by the ALD
process.
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Figure 7.10: a) Top view of the CNTs bundle after the double ALD coating;
b) Optical micrograph of the capacitors. Two different bundles sizes (10210,
and 25225 pm?) are shown. The red line indicates the cross section for the
TEM . c) TEM cross-section of the device . The close ups corresponding to
the positions 1 and 2 clearly show the ALD coating on the CNTs.

In Fig. 7.10 (a) the capacitor array after the double coating process
with a close-up on the corner of the structure, showing the high density of
the CNT bundle in the inset. The device top view is shown in Fig. 7 b).
Clearly visible in the figure are the CNT bundle area and the back contact
openings. Using a thin lamella prepared by FIB ion milling (see the red cut
line in Fig 7b)), a final TEM cross section was then performed to show the
internal structure of the capacitor (Fig.7.10 ¢)). The top part of Fig. 7.10
shows the overall device (here the 100 um? sample) structure while the two
insets show the detail of the coating and the porous structure of the CNT
bundle.

7.3 ALD precursors diffusion in CNTs bun-
dles

Calculations based on the presented model show that the nanotube coating
is effective in the first 300 — 350 nm of the bundles, while the deepest part
of the bundle is partially inaccessible to the ALD precursor gas.
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Figure 7.11: Gas diffusion inside the CNT bundle. The 3D model depicts
schematically the diffusion process. During the TM A (or other precursors)
pulse, the gas molecules are carried together with the nitrogen carrier gas.
The diffusion is mainly driven by the partial pressure of the precursor inside
the gas mixture (typically from 1% to 3%).
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To explain this phenomenon an ALD precursor gas diffusion model into
the CNT bundle was developed (see Fig. 7.11). The gas diffusion through a
CNT membrane has already been described in [126], mainly to analyze the
filtration properties of this material. Due to dense porous structure of the
bundles, gas transport is a combination of surface diffusion, Knudsen diffu-
sion, and viscous flow. However, when the mean free path of the diffusion
species is larger than the pore diameter of the membrane, Knudsen diffusion
becomes prominent, and there are more collisions with the pore walls than
those among gas molecules. The gas (here in particular is represented the
diffusion of the TM A precursor) mean free path in our ALD reactor can
be estimated in A = ﬁﬂi—idﬂj = 1.357%m, that is 4 order of magnitude
larger than pore dimension. This implies a Knudsen diffusion mechanism
since the ratio d,... >> 1 [126]. In this diffusion regime, the molar flux
can be obtained from Fick’s law as:

eDg AP

= K= (7.7)
RTLp 2

where € is the porosity, Dx the Knudsen diffusion coefficient, AP is the

pressure drop, R the universal gas constant, 7" the absolute temperature and

p the porosity (estimated by the CNT density). The resultant molar flux is

a
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Figure 7.12: : Top) The molar flux is depicted for an average pore dimen-
sion of 10 nm. The molar flux drastically reduces of a factor 5 at 400 nm.
Bottom) Molar flux calculated for different pore dimension, corresponding to
different thickness of the deposited dielectric.
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Figure 7.13: Impedance of the capacitor array. Both real (left) and imagi-
nary part (right) are shown. The device presents the typical behaviour of a
capacitor in the entire frequency range under study.

represented in Fig. 7.12 (a). As can be noticed, the molar flux drastically
decreases of a factor 5 at 400 nm, suggesting a lower penetration of the
gases inside the bundle. The comparison between electrical measurements
and the gas diffusion model, confirms that the ALD deposition has been
effective in sufficiently covering the first 350 — 450 nm of the CNTs inside
the bundle.

It is important to underline that the diffusion profile in Figure 7.12 a)
depicts the molar flux during a single ALD cycle. In fact, due to the layer-
by-layer deposition, characteristic of ALD, the pore dimension decreases,
giving a different diffusion profile of the molar flux. To show how this
phenomena can affect the diffusion profile, three different pore dimensions
have been chosen (10, 5 and 3 nm) and the relative molar flux estimated (see
Fig. 7.12 b)). The linear dependence of the molar flux from the pore size
determines a consequent reduction of the gas precursors quantity flowing
inside the CNT bundle. Eventually, the reduction of the pores dimensions
and the consequent low amount of precursors diffusing in the cavity can
generate very thin layers of alumina at the bottom of the CNT bundles
that, as observed, can cause a dielectric breakdown of the device even at
the relative low voltages used (1.1 — 1.3 V).

7.4 Measurements and results

7.4.1 Impedance

Impedance measurements using a conventional LCR meter were carried out.
Three device sets with different area (100 um? to 625 um? and 2500 pm?)
are here presented to study the effect of device scaling on its performance.
Prior to any measurement, an open calibration step was performed to cancel
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Figure 7.14: The parameters C (capacitance), R, (series resistance) and R,
(parallel resistance) are extracted fitting the impedance data with a model
that accounts for leakages due to the not ideal behaviour of the dielectric
layer.

the contribution of any parasitic component of the measurement system. In
Fig. 7.13, a typical measured impedance curve of the realized capacitor is
presented. The device is purely capacitive over the entire frequency range
under study (103-10° Hz). This behavior represents a significant improve-
ment respect to previously presented work (see for example Ref. [14]), where
at high frequency no simple circuital model was able to explain the observed
curves. The real and the imaginary part of our device impedance can be
instead effectively modeled using a simple circuit scheme as depicted in Fig.
7.14. According to this, the impedance can be written as:

RP

Zreal — Rs + H—TCQ]%% (78)
w2R2

2 (7.9)

Zima = T o9 1o
9T T2 R2

where C' represents the capacitance component of the device, w is 27
times the frequency, R, is a resistor that takes into account the leakage
component eventually present, while R is the series resistance of the ca-
pacitor. In table 7.3 the best-fit parameters of the capacitors impedance
are reported. The relevant capacitors parameters were extracted from the
presented model to take into account the non-ideal behavior of the capac-
itors. Discontinuous or locally thinner AlsO3 layers can indeed generate
an unwanted resistive behavior due to the electrical shorts between the ca-
pacitors electrodes, thus explaining the observed impedance curves. The
non-uniform coating of the overall length of the CNTs was probably related
to the relatively high base pressure (1 Torr) inside our ALD reactor which
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Table 7.3: Capacitor array best fitting parameters. The very high parallel
resistance of the 100 pum? indicates a very small number of defects in the
aluminum oxide layer.

Area C Rs Rp C_C(wg
(um*)  (F) ©) (k) (F)

100 2.5E —12 3500 719 +0.03F — 12
625 1.17E —-11 110 11 +0.05F — 11
2500 1.06E —10 800 0.8 +0.12FE — 10

limits the precursors diffusions through the CNT bundles, and the limited
percentage of gas precursors injected in the chamber during each ALD cy-
cle. From the data reported in Table 7.3 it is clear that the devices with
the smaller area (100 um?) present a very high parallel resistance (in the
order 700 k€?), meaning that the ALD coating of the CNTs has been quite
effective. The series resistance of these devices is in the order of 3.5 k2. The
second device set has a surface area of 625 um?, more than 6 times higher
than the first device set. These capacitors present a low parallel resistance
of 11 k2, while the capacitance is almost 5 times higher. The third device
set has an area of 2500 pum? and a very low parallel resistance of 0.3 kSQ.
More than 16 devices for each size were measured on the wafer area and only
a small deviation of the capacitance and density values observed, indicating
the good reproducibility of the fabrication process. To verify the effective
enhancement of the presented design, we compared the obtained values of
capacitance with a planar capacitor of the same footprint and evaluated the
capacitance density.

The results are summarized in Table 7.3. Compared to the capacitance
of a planar device with the same footprint (Fig. 7.1), the ALD coating on
the CNTs increases the effective capacitance of a factor 4.2 — 5.

7.4.2 Dielectric breakdown voltage

The electrical robustness of the capacitors here presented has been evalu-
ated studying the dielectric breakdown voltage (B-V) of the Al2O3 layer.
Previously reported breakdown field of the aluminum oxide deposited by
ALD occurs around 5 MV/em [127]. However, these measurements have
been performed on conventional parallel plate capacitors. In all the mea-
sured capacitors the B-V is found to be in the 1.1 — 1.3 V range at low
frequency (1 KHz).
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Figure 7.15: a) HRTEM image of the alumina coated tube. It is possible
to see that some region of the tube are indeed coated with a thinner alumina
layer. b)Dielectric breakdown simulation using Comsol 4.3. a )Electric po-
tential of the CNT structure, thinning the Al2O3 to simulate a defect in the
ALD coating. c¢)The resultant maximum electric field is then plotted as a
function of the thickness. For a 2 nm thick Al2Os layer, the field overcome
the value of 5 MV /cm, causing a dielectric breakdown in the layer.

Given the nominal alumina thickness, the resulting electric field inside
the alumina layer, should not exceeds 2 MV /cm. However, the ALD coat-
ing on CNTs can present imperfections, regions in which the thickness of
the layer is reduced that can generate higher electric field between the elec-
trodes. The TEM image in Fig. 7.15 (a) shows a progressive thinning of
the Alumina layer on a portion of the coated CNTs. To estimate the critical
thickness at which the breakdown occurs, a simulation of the electric field
on the CNT- Al;O3 interface has been realized using Comsol Multiphysic
4.3 software. As shown in Fig. 7.15 (b) the CNT has been depicted as a
simple metal cylinder with a rounded top-side. The cylinder is then covered
by a dielectric layer that simulate the Al,O3 layer. On the top boundary
of the alumina layer the voltage at which the breakdown experimentally
occurs is then applied. Using the nominal dielectric thickness of 15 nm and
a voltage of 1.1 V, an electric field of 1.8 MV/cm is present at the dielec-
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tric/CNT interface that is well below the expected breakdown field. To
simulate a defect in the coating, we decreased the thickness of the layer in a
small region and consequently we mapped the resulting electric field. Sim-
ulations have been performed using 5 different value of alumina thickness,
as shown in Fig. 7.15 (c) and we observe a breakdown voltage of 5 MV
when the dielectric layer is 2 nm thick. This simulation indicates a possible
mechanism to explain the premature breakdown of the fabricated device.

7.5 Conclusions

A 3D solid-state nanostructured capacitor array has been realized by means
of atomic layer deposition coating of highly dense CNTs bundles. A 15 nm
thick layer of aluminum oxide has been employed as dielectric layer, while
a 10 nm thick layer of titanium nitride is deposited as conformal counter
electrode on top of the oxide. The ALD coating has been achieved without
any chemical pretreatment of the CNTs. Impedance measurements on these
devices show that the high aspect ratio design of the capacitor electrodes
effectively enhances the capacitor performances up to a factor 5 compared
to a planar capacitor with the same footprint. The area enhancement factor
has been explained modeling the ALD gas precursors diffusion inside the
CNT bundle. The results show that the gas flow undergoes a reduction from
300 — 350 nm deep inside the CNT cavity. A second set of simulations show
that reduction in the pore size during the ALD deposition implies a reduced
flow at the bottom of the cavity, eventually generating very thin dielectric
layers. This is supported by the analysis on the dielectric breakdown of
the capacitor. Using a finite element model simulation, we show that the
observed breakdown voltage ranging from 1.1 — 1.3 V can be effectively
explained considering a very thin (2 nm or less) alumina layer on the CNT.

Despite these limitations, the device here presented is the first known
example of large-scale manufacturable nanostructured capacitors. The very
high performance, the relatively simple and easy-to-integrate fabrication
process, and the thermal budget required (500°C reached during the CNT
growth) make these devices a very interesting alternative to the conventional
EDCL capacitors. Further improvements (e.g. a reduction in the CNT
density) are required to optimize the capacitance performance preserving
at the same time the observed low leakage currents.

In addition, the results of this investigation provide useful insights for
the coating of very high aspect ratio nanostructure [128]. This could be of
interest in other field of application where high quality coating are required,
like study of tribology on MEMS device [129] or the enhancement of optical,
mechanical and rheological properties of nanoparticles [130].
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8.1 Conclusions

The continue route of scaling for electronic devices has clearly shown that
new architectures have to be explored to overcome materials physical lim-
itations. The design and fabrication of high aspect-ratio electronic com-
ponents represent a promising choice to solve these critical issues. In this
dissertation we have applied this concept to fabricate a new generation of
high aspect-ratio MEMS components. These devices have been designed
to enhance the performance of conventional passive elements, particularly
high frequency (THz) planar integrated antenna and dielectric solid state
supercapacitors.

8.2 Artificial Dielectric Layers for efficient THz
integrated planar antennas

The integration of efficient high frequency planar antennas in a conventional
CMOS fabrication process is a fundamental task for the realization of high-
speed communication links and innovative sensing instruments. However,
due to intrinsic material and device physical limitations, high frequency
(sub-THz and THz) integrated planar antennas suffer from high losses and
very low front-to-back radiation ratio. These issues become a serious lim-
iting factor, especially for THz frequencies, where the generated power by
chain amplifiers is already quite low. In this thesis we have introduced a
new generation of metamaterials called Artificial Dielectric Layers (ADLs)
fabricated by using CMOS compatible technology.

These artificial dielectric layers consist of periodic arrays of metal patches
embedded in a dielectric host medium. By selecting PECVD Silicon oxide
and pure aluminum as dielectric and metallic material, respectively, we have
demonstrated that the performance of integrated planar antennas is highly
enhanced (gain improvement of 2 dB for an antenna/ADL system when
compared to a conventional antenna).

The mechanical and electrical properties of these materials have been
studied and properly tuned to enable the fabrication of the proposed an-
tenna/ADL structure. The residual thermal stress of the silicon oxide has
been lowered to -30 MPa, allowing the realization of high-aspect ratio com-
posite membranes. The fabricated membranes present a very low residual
buckling, thus ensuring no deformation of the radiation wavefront.

A numerical model has been proposed to characterize and predict the
buckling of the antenna/ADL membrane. Measurements of the vertical
displacement validate the correctness of the model.

The optical properties of the ADL have been measured using two dif-
ferent methodologies, both confirming the simulated layer properties. The
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first one relies on the measurements of the relevant antenna parameters,
such as radiation patterns and gain. A direct measurement of the ALD
refractive index has been carried out with a Time Domain Spectroscopy
(TDS) setup. The results show a very good agreement between simulations
and measurements.

The fabrication of ADLs at 0.3 THz requires thick layers of oxide to
separate the metal patches. The thickness of the dielectric layers can be
reduced by choosing a material with higher refractive index. We demon-
strated that PECVD amorphous silicon carbide (SiC) represent a viable
alternative to silicon oxide. This material presents very high refractive in-
dex in the 0.2-2THz range, with two large bands that can be used for the
ADL design. We calculated that a SiC-based ADL, working at a central
frequency of 0.45THz, would be 2.44 times thinner than a similar silicon
oxide based device.

8.3 Dielectric solid state supercapacitors as
efficient on-chip energy storage devices

The realization of high capacitance devices directly on chip represents a fun-
damental step for more performing and battery-lasting electronic devices.
This result can be achieved with so called supercapacitors. Conventional
supercapacitors, such as electrochemical supercapacitor, can not be directly
integrated in an IC process, due to the particular materials and architec-
tures used. Fully dielectric solid supercapacitor represents a viable solution
to overcome this limitation.

In this thesis we have demonstrated the fabrication of a fully dielectric
solid-state supercapacitor based on the ALD coating of carbon nanotubes.
This device has remarkable capacitance values and a large operating fre-
quency range (from 20 to 1 MHz).

We demonstrated that ALD coating can be performed on defective
CNTs withouth any chemical pretreatment, usually needed to activate the
nucleation surface sites.

An electrical model of the presented capacitor has been introduced.

The measured device capacitance has been correlated to the ALD pre-
cursor diffusion inside the CNTs bundle.

By using TEM analysis and numerical simulations, we demonstrated
that a possible mechanism behind the observed low dielectric breakdown
is the local reduction of the aluminum oxide thickness, due to the ALD
coating imperfections.
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8.4 Future work

The results and technological advances presented in this thesis open the
possibility to realize more efficient passive devices (high frequency antennas
and supercapacitors). However, further research is needed in order to obtain
fully mature components and commercially viable devices. Suggestions for
future research and potential applications that could be considered are given
in this Section.

Artificial Dielectric Layers

The measurements of the antenna radiation patterns and gain at THz and
sub-THz frequencies remain a challenging topic. The power generated by
the amplifier chain remains so low that any loss (conductive, radiative)
mechanism becomes relevant and severely degrades the signal transmission.
To avoid any frequency and impedance mismatch, the design and fabrication
of integrated planar antennas for THz applications requires an extremely
accurate control of the etching profile of metal patterns. In fact, unwanted
isotropic etch phenomena during the aluminum removal can change the rele-
vant antenna parameters design, such as the slots width. This would results
in a shift of the antenna central working frequency and also asymmetry in
the radiation patterns.

Although we successfully demonstrated the fabrication of a CMOS com-
patible metamaterial that enhances the performance of planar integrated
antennas, the fabrication process of the ADL remains long and the final
membrane very thick. As suggested in Chapter 5, new materials have to
be explored. Silicon carbide can represent a viable alternative, but further
research is necessary to optimize the fabrication steps of a SiC based ADL.

The fabrication of ADL working at lower frequencies cannot be sim-
ply achieved by conventional silicon oxide and metal layers. In fact, the
separation between the metal patches would results in an extremely long
deposition process, with risks associated to uniformity and wafers mechan-
ical stability. However, by exploring new dielectric layers such as polymers
(SU8, PDMS or similar), these issues can be solved. It is then important
to study in detail the mechanical and optical properties of these layers.

Nano supercapacitors

In this thesis, the use of ALD layers has been proposed to coat CNTs for the
realization of high-aspect ratio nanoelectrodes. Although the device that we
presented shows the feasibility of this technique, further research is required
to solve the issues related to the uniformity of the ALD coating process for
the dense forest of CN'Ts and the low dielectric breakdown voltage measured.

The diffusion process of the ALD precursors inside the CNTs bundles
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needs further investigations to optimize the device capacitance. By realizing
a setup similar to the one proposed in [126], it would be possible to directly
measure the amount of gas flowing through a dense CNT membrane.

The effectiveness of the ALD coating can be also validated by realizing
capacitors with different CN'Ts bundles height but same footprints. If the
measured capacitances values would be the same also for taller CNTs bun-
dles, the maximum precursors penetration depth would have been reached
and no further capacitance enhancements could be achieved .

The use of high-aspect ratio scaffolding as CNTs is advantageous for
the large surface area offered, but similar nanostructures, such as carbon
nanofibers, can be an interesting alternative. In fact, the ALD coating
could be more effective in bundles where the density is not that high as in
CNTs bundles. This will also bring benefits to the coating uniformity and,
consequently, to a larger capacitance enhancement and a higher dielectric
breakdown.
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Summary

High aspect-ratio MEMS devices for the next generation of
THz/MHz passive components

The realization of efficient passive devices directly on chip represents
one of the most intriguing challenges in IC fabrication processes. The per-
formance of such devices are intrinsically determined by physical parameters
that cannot be easily scaled, making the on-chip integration of such com-
ponents a complex task to solve.

To pursue the envisioned scaling towards the realization of more com-
pact and fast electronic devices, it is then clear that new, engineered mate-
rials and innovative device architectures have to be explored.

The aim of this dissertation is to provide the technological means to
implement the fabrication of two particular type of passive components,
integrated Terahertz (THz) planar antennas and solid state supercapacitors.

The first part of this thesis is dedicated to the realization of an effi-
cient THz planar antenna, directly on chip. The realization of more ef-
ficient sensing devices working in the THz range of frequencies open the
possibilities to exploit the enormous bandwith available for communication
purposes. Moreover, an extremely large amount of physical phenomena can
be explored by using this radiation, such as for cosmic back-ground radi-
ation and molecular spectroscopy. However the sensing devices employed
for these applications suffer from poor performance due to limited radiation
efficiency and the lack of efficient power sources. These topics are discussed
in Chapter 2.

As most relevant scientific contribution of this work, a new engineered
anisotropic material, called Artificial Dielectric Layer (ADL) working in
the THz frequencies is introduced in Chapter 3. By embedding a periodic
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array of squared metal patches into a conventional dielectric host matrix,
we demonstrate that it is possible to obtain a new material with high and
anisotropic dielectric constant.

When placed on top a conventional planar antenna, this material en-
hances the front-to-back ratio of more than 10 dB, with almost no power
dispersed in surface waves.

Due to scaling of the ADL parameters with the frequency, PCB tech-
nologies cannot be used to fabricate this component (and the antenna it-
self). For this reason we decided to employ integrated circuits fabrication
technologies. This choice permits the possibility to use the large variety of
materials available in a integrated circuits (IC) laboratory for the fabrica-
tion.

The use of different materials, with tunable mechanical properties, is
fundamental to the realization of the antenna/ADL structure. This device
basically consists of a large suspended membrane in which both the antenna
and the ADL are integrated. Due to the high aspect ratio of the device, the
stress of the deposited layers is tuned to achieve only minor buckling effects.
Numerical simulations of ADL mechanical properties have been performed,
showing that is possible to predict the deformation of the membrane by
creating an effective layer that resembles the metal/oxide composite struc-
ture. With this technique, the computational time required to simulate the
post-releasing buckling has been drastically reduced, while preserving a very
good accuracy in the deformations calculation.

In Chapter 4 the measurements of the ADL properties are reported.
By measuring the antenna radiation pattern and the relative gain, the ef-
fectiveness of this material is demonstrated. As independent technique to
confirm the obtained results, the ADL optical properties have also been
investigated also by using a Time Domain Spectroscopy system.

In Chapter 5 an alternative version of the ADL is proposed. As dielec-
tric host material a layer of Silicon Carbide is used instead of the conven-
tional silicon oxide. This choice allows a consistent reduction in the ADL
final thickness, with obvious benefit for manufacturability.

In the first part of this thesis, it has been shown that a new, com-
posite high aspect-ratio metamaterial for THz applications can be realized
by using conventional IC technologies. The potential of this approach can
be exploited also in the fabrication of other passive devices. In the sec-
ond part of this thesis it is indeed shown that high aspect-ratio composite
nanostructures can be used as to build a new generation of fully solid state
supercapacitors.

In Chapter 6 the concept of supercapacitor is introduced and the ap-
plications in the IC industry discussed. Nowadays these components are
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widely used in System in Package integration, as decoupling filters. More-
over, with the increasing demand of large power supply directly on chip, as
for harvester and mobile systems, there is a growing interest in efficient and
good performing integrated supercapacitors.

In Chapter 7 a new type of nanostructured supercapacitor is discussed.
This device is based on the use of metallic carbon nanotubes (CNTs) as
high aspect-ratio nanoelectrodes. By coating these nanostructures with a
dielectric and conductive layer, both deposited by Atomic Layer Deposition
(ALD), the electrode surface area is greatly enhanced, leading to very large
capacitance values.

The capacitor performance is evaluated by electrical impedance mea-
surements. By fitting the obtained data with an analytical device model,
the relevant capacitor parameters are extracted. As major scientific result,
the presented devices retail their capacitance in a wide range of frequencies
(1 Hz - 1 MHz), while similar devices presented by other groups fails already
at 10 KHz.

To evaluate the coating of the CNTs by the ALD layers, high-resolution
TEM analysis of the coated structures is performed. Moreover, the diffusion
of the gas ALD precursors into the porous CNTs bundles is studied in
detail, demonstrating that the coating efficiency decreases drastically after
a depth of 400 nm. The obtained capacitance values are in a very good
agreement with this theoretical model. Finally, the dielectric breakdown of
the devices is studied, showing that the premature breaking at 1.1 Volt can
be reasonably accountable to defects in the dielectric coating on the CNTs.
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Samenvatting

Hoge aspectverhouding MEMS voor de volgende generatie van
THz / MHz passieve componenten

Het realiseren van efficiénte passieve componenten direct op de chip is
een van de meest intrigerende uitdagingen in IC fabricageprocessen. De
eigenschappen van zulke apparaten zijn intrinsiek bepaald door fysieke pa-
rameters die niet eenvoudig kunnen worden geschaald. Dit maakt de op-chip
integratie van deze componenten een complexe taak om op te lossen.

Om het beoogde schaling, voor de realisatie van compacter en snellere
elektronische apparatuur, te behalen is het duidelijk dat nieuw ontwikkelde
materialen en innovatieve apparaat constructies moeten worden onderzocht.

Het doel van dit proefschrift is het leveren van technologische midde-
len voor de fabricage van twee bepaalde soorten passieve componenten:
geAfntegreerde terahertz (THz) vlakke antennes en vaste-stof superconden-
satoren.

Het eerste deel van dit proefschrift is toegewijd aan de realisatie van een
efficiénte THz vlakke antenne, direct op de chip. Het realiseren van efficién-
tere sensoren werkzaam in het THz frequentiegebied, opent de mogelijkheid
om de enorme bandbreedte, beschikbaar voor communicatiedoeleinden, te
benutten. Bovendien kan een zeer grote hoeveelheid fysische verschijnselen
worden onderzocht met deze straling, zoals kosmische achtergrondstraling
en moleculaire spectroscopie. Helaas lijden de sensorapparatuur gebruikt
voor deze toepassingen onder slechte eigenschappen vanwege de beperkte
stralingsefficidntie en het gebrek aan efficiénte vermogensbronnen. Deze
onderwerpen worden besproken in Hoofdstuk 2.

Als de meeste relevante wetenschappelijke bijdrage aan dit werk, wordt
een nieuw ontworpen anisotroop materiaal, de zogenaamde kunstmatige
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diélektrische laag (ADL) werkzaam in de THz frequenties geAfntroduceerd
in Hoofdstuk 3. Door het inbedden van een periodieke reeks van vierkante
metalen stukken in een conventionele di€lektrische gastheer matrix, tonen
wij aan dat het mogelijk is om een nieuw materiaal te verkrijgen met een
hoge en anisotropische di€lektrische constante.

Wanneer dit boven een gebruikelijke vlakke antenne is geplaatst, ver-
hoogt dit materiaal de front-to-back-verhouding met meer dan 10 dB, met
vrijwel geen stroom verspreidt in oppervlaktegolven.

Door het schalen van de ADL parameters met frequentie, kan PCB tech-
nologie niet worden gebruikt om deze component (en de antenne zelf) te fab-
riceren. Om deze reden hebben we besloten om geAfntegreerde-schakelings-
fabricatietechnologieén te gebruiken. Deze keuze maakt het mogelijk om de
grote verscheidenheid van materialen in een geAfntegreerde schakeling (IC)
laboratorium voor de vervaardiging te gebruiken.

Het gebruik van verschillende materialen, met instelbare mechanische
eigenschappen, is fundamenteel voor de verwezenlijking van de antenne /
ADL structuur. Dit apparaat bestaat in principe uit een groot opgehangen
membraan waarin zowel de antenne als de ADL is geAfntegreerd. Van-
wege de hoge aspectverhouding van het apparaat, is de spanning van de
gedeponeerde lagen afgestemd zodat alleen geringe knik effecten verkregen
zijn. Numerieke simulaties van de mechanische eigenschappen van de ADL
zijn uitgevoerd. Deze tonen aan dat het mogelijk is de vervorming van
het membraan te voorspellen door het creéren van een effectieve laag die
lijkt op het metaal/oxide samengestelde structuur. Met deze techniek is de
rekentijd, die nodig is voor de simulatie van de verlossingsbuiging, drastisch
verminderd met behoud van een zeer goede nauwkeurigheid in de vervorm-
ingsberekening.

In Hoofdstuk 4 worden de metingen van de ADL eigenschappen ger-
apporteerd. Door het meten van de antenne stralingspatroon en de re-
latieve versterking wordt de effectiviteit van dit materiaal aangetoond. Als
onafhankelijke techniek om de verkregen resultaten te bevestigen, zijn de
optische eigenschappen van de ADL ook onderzocht met een tijddomein-
spectroscopiesysteem.

In Hoofdstuk 5 wordt een alternatieve versie van de ADL voorgesteld.
Als diélektrisch gastheermateriaal wordt een laag siliciumcarbide gebruikt in
plaats van de gebruikelijke siliciumoxide. Deze keuze staat een consequente
vermindering van de uiteindelijke dikte van de ADL toe, met duidelijke
voordelen voor de produceerbaarheid.

In het eerste deel van dit proefschrift is aangetoond dat een nieuw
samengestelde hoge aspectverhouding metamaterial voor THz doeleinden
gerealiseerd kan worden door de toepassing van gebruikelijke IC technieken.
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Deze methode kan ook worden benut bij de fabricage van andere passieve
apparaten. In het tweede deel van het proefschrift wordt aangetoond dat
hoge aspectverhouding van composiet nanostructuren kan worden gebruikt
om een nieuwe generatie volledige vaste-stof- supercondensatoren te bouwen.

In Hoofdstuk 6 wordt het begrip supercondensator geAfntroduceerd
en de toepassingen in de IC industrie besproken. Tegenwoordig worden deze
componenten veelal gebruikt in System-in-Package -integratie als ontkop-
pelingsfilters. Bovendien, met de toenemende vraag naar een grote voeding
direct op de chip, zoals voor energie oogst-en mobiele systemen, is er een
groeiende belangstelling voor efficiénte en goed presterende geAfntegreerde
supercondensatoren.

In Hoofdstuk 7 wordt een nieuw type nanogestructureerde supercon-
densator besproken. Dit apparaat is gebaseerd op het gebruik van met-
allische koolstofnanobuizen (CNTs) als hoge aspectverhouding nanoelec-
trodes. Door het bekleden van deze nanostructuren met een diélectrische
en geleidende laag, beide gedeponeerd met atomische laagdepositie (ALD),
is het elektrodeoppervlaktegebied sterk vergroot, wat leidt tot zeer grote
capaciteitswaarden.

De condensator wordt beoordeeld door elektrische impedantiemetin-
gen. Door het passen van de verkregen gegevens met een analytische ap-
paraatmodel, worden de relevante parameters van de condensator gewon-
nen. Als belangrijke wetenschappelijk resultaat, liggen de capaciteit van
de voorgestelde apparaten in een breed frequentiegebied (1 Hz - 1 MHz),
terwijl soortgelijke apparaten door andere groepen niet functioneren bij 10
KHz.

Om de bekleding van de CNTs door ALD lagen te evalueren, is een hoge
resolutie TEM analyse van de beklede structuur uitgevoerd. Bovendien
wordt de diffusie van het ALD voorlopergas in de poreuze CNT bundels
in detail bestudeerd. Er wordt aangetoond dat het bekledingsvermogen
drastisch daalt na een diepte van 400 nm. De verkregen condensatorwaarden
zijn in een zeer goede overeenkomst met dit theoretisch model. Ten slotte
wordt de diélektrische doorslag van de apparaten bestudeerd, waaruit blijkt
dat de voortijdige breuk van 1,1 Volt redelijkerwijs veroorzaakt wordt door
defecten in de diélektrische bekleding op de CNTs.
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