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Abstract

The vast majority of disruptive innovations in science and technology has been orig-
inated from the discovery of a new material or the way its properties have been
exploited to create novel devices and systems. New advanced nanomaterials will
have a lasting impact over the next decades, providing breakthroughs in all scientific
domains addressing the main challenges faced by the world today, including energy
efficiency, sustainability, climate and health.

The electronics industry relied over the last decades on the miniaturization process
based on the scaling laws of complementary metal-oxide semiconductors (CMOS).
As this process is approaching fundamental limitations, new materials or physical
principles must be exploited to replace or supplement CMOS technology. The aim of
the work in this thesis is to propose the abrupt metal-insulator transition in functional
oxides as a physical phenomenon enabling new classes of Beyond CMOS devices.
In order to provide an experimental validation of the proposed designs, vanadium
dioxide (VO;) has been selected among functional oxides exhibiting a metal-insulator
transition, due to the possibility to operate at room temperature and the high contrast

between the electrical properties of its two structural phases.

A CMOS-compatible sputtering process for uniform large scale deposition of stoichio-
metric polycrystalline VO, has been optimized, enabling high yield and low variability
for the devices presented in the rest of the thesis. The high quality of the film has been
confirmed by several electrical and structural characterization techniques, including
atomic force microscopy (AFM), Kelvin probe force microscopy (KPFM) and X-ray
diffraction (XRD).

The first class of devices based on the MIT in VO, presented in this work is the steep-
slope electronic switch. A quantitative study of the slope of the electrically induced
MIT (E-MIT) in 2-terminal VO, switches is reported, including its dependence on
temperature. Moreover, the switches present excellent ON-state conduction inde-
pendently of temperature, suggesting MIT VO, switches as promising candidates for

steep-slope, highly conductive, temperature stable electronic switches. A novel design
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Abstract

for the shape of the electrodes used in VO, switches has been proposed, targeting a
reduction in the actuation voltage necessary to induce the E-MIT. The electrothermal
simulations addressing this effect have been validated by measurements.

The potential of the MIT in VO, for reconfigurable electronics in the microwave fre-
quency range has been expressed by the design, fabrication and characterization of
low-loss, highly reliable, broadband VO, radio-frequency (RF) switches, novel VO,
tunable capacitors and RF tunable filters. The newly proposed tunable capacitors
overcome the frequency limitations of conventional VO, RF switches, enabling filters
working at a higher frequency range than the current state-of-the-art. An alternative
actuation method for the tunable capacitors has been proposed by integrating mi-
croheaters for local heating of the VO, region, and the design tradeoffs have been
discussed by coupled electrothermal and electromagnetic simulations.

The last device presented in this work operates in the terahertz (THz) range; the MIT in
VO, has been exploited to demonstrate for the first time the operation of a modulated
scatterer (MST) working at THz frequencies. The proposed MST is the first THz device
whose working principle is based on the actuation of a single VO, junction, in contrast

to commonly employed VO, metasurfaces.

Key words: Complementary metal-oxide-semiconductor (CMOS), metal-insulator
transition (MIT), functional oxides, Beyond CMOS, vanadium dioxide (VO), sputter-
ing, electrical characterization, atomic force microscopy (AFM), Kelvin probe force
microscopy (KPFM), X-ray diffraction (XRD), steep slope, temperature dependence,
electrothermal simulations, electromagnetic simulations, reconfigurable electronics,
microwaves, radio-frequency (RF), RF switches, tunable capacitors, tunable filters,
terahertz, modulated scatterer (MST).
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Sommario

La stragrande maggioranza delle innovazioni rivoluzionarie in scienza e tecnologia ha
avuto come origine la scoperta di nuovi materiali o un diverso uso delle loro proprieta
per realizzare nuovi dispositivi e sistemi. Si prevede che nuovi nanomateriali avanzati
avranno un impatto a lungo termine nei prossimi decenni, portando a innovazioni
in tutti i domini scientifici rivolti allo sviluppo di strategie sostenibili per le maggiori
problematiche del mondo attuale.

Negli ultimi decenni il progresso dell'industria elettronica si € basato su processi di
miniaturizzazione ben definiti per la tecnologia complementary metal-oxide semi-
conductor (CMOS). Dato che questo processo & in corso di raggiungere i suoi limiti
fondamentali, si pone il problema di individuare nuovi materiali o principi fisici per
sostituire o supportare la tecnologia CMOS. Lobiettivo di questa tesi consiste nel
proporre la transizione metallo-isolante osservata in alcuni ossidi funzionali come
un fenomeno fisico in grado di dare origine a una nuova classe di dispositivi Beyond
CMOS. Per convalidare sperimentalmente i progetti proposti, il diossido di vanadio
(VO,) e stato selezionato tra i vari ossidi funzionali che presentino una trasizione
metallo-isolante, poiché permette di lavorare a temperatura ambiente ed e caratteriz-

zato da un forte contrasto in proprieta elettriche per le sue due fasi.

Un processo di polverizzazione catodica compatibile con la tecnologia CMOS é stato
ottimizzato per produrre una deposizione uniforme a larga scala di VO, policristallino
stoichiometrico. Questo processo ha permesso di realizzare dispositivi ad alta affid-
abilita e bassa variabilita, presentati nel seguito della tesi. L'alta qualita del film sottile
depositato in questo modo é stata confermata da diverse tecniche di caratterizzazione
elettrica e strutturale, tra cui la microscopia a forza atomica, la microscopia a forza di
sonda Kelvin e la cristallografia a raggi X.

Il primo dispositivo basato sulla transizione metallo-isolante presentato in questa tesi
e l'interruttore elettronico ad alta pendenza a 2 terminali. Il dispositivo € stato caratter-
izzato con particolare cura per la dipendenza dalla temperatura della pendenza della

transizione originata da un segnale elettrico. Inoltre, gli interruttori presentano alta

\%



Sommario

conducibilita una volta attivati, indipendentemente dalla temperatura, suggerendo
che questi dispositivi possano essere dei candidati molto promettenti per realizzare
interruttori ad alta pendenza, alta conduttivita e stabili con la temperatura. Una nuova
forma degli elettrodi per questi interruttori basati sul VO, € stata proposta per ridurre
la tensione di attuazione necessaria per originare la transizione metallo-isolante.
Le simulazioni elettrotermiche riguardanti questo effetto sono state confermate da
misure elettriche.

Il potenziale della transizione metallo-isolante nel VO, per il campo dell’elettronica
riconfigurabile a microonde é stato espresso progettando, fabbricando e caratteriz-
zando interruttori a radiofrequenza con basse perdite, condensatori riconfigurabili
innovativi e filtri a microonde riconfigurabili. I condensatori riconfigurabili basati
sul VO,, proposti per la prima volta in questo lavoro, permettono di superare i limiti
in frequenza degli interruttori a radiofrequenza in VO,, permettendo di progettare
filtri in una banda di frequenze pit alta dello stato dell’arte attuale. Successivamente
e stato proposto in metodo di attuazione alternativo per i condensatori riconfigura-
bili, basato su microradiatori integrati per scaldare localmente le regioni di VO, e le
caratteristiche di progetto sono state discusse tramite simulazioni elettrotermiche ed
elettromagnetiche.

L'ultimo dispositivo presentato in questo lavoro opera a frequenze terahertz; la tran-
sizione metallo-isolante e stata usata per dimostrare per la prima volta un modulated
scatterer a frequenze terahertz. Questo modulated scatterer € il primo dispositivo
frequenze terahertz il cui principio di funzionamento si basi su una singola giunzione
in VO,.

Parole chiave: Complementary metal-oxide-semiconductor (CMOS), transizione metallo-
isolante, ossidi funzionali, Beyond CMOS, diossido di vanadio (VO,), polverizzazione
catodica, caratterizzazione elettrica, microscopia a forza atomica, microscopia a forza
di sonda Kelvin, cristallografia a raggi X, alta pendenza, dipendenza dalla temper-
atura, simulazioni elettrotermiche, simulazioni elettromagnetiche, elettronica ricon-
figurabile, microonde, radiofreqeunza, interruttori a radiofrequenza, condensatori

riconfigurabili, filtri riconfigurabili, terahertz, modulated scatterer (MST).
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|} Introduction

The exponential growth in performance of electronic devices since the invention of
the first working transistor in 1947 [1] has promoted revolutionary enhancements
in information technology (IT), from the early days of radio and television up to
the current era of the Internet of Things (IoT). The IT revolution has dramatically
influenced our interaction with the world and society in ways unforeseeable just few

decades ago.

The technological improvements necessary to sustain the ever-increasing IT require-
ments have been achieved for more than 40 years, since the invention of the Integrated
Circuit (IC) in 1958 [2], by increasing the transistor density on a chip. This trend has
been predicted by Moore’s Law of scaling of silicon ICs [3], according to which the
transistor density in an IC has doubled approximately every two years, as shown in

Figure 1.1.

The increase in transistor density in this time frame has been possible for decades
focusing mostly on device miniaturization, following the Metal-Oxide-Semiconductor
Field-Effect-Transistor (MOSFET) scaling rules introduced by Dennard in 1974 [4].
However, this approach became obsolete with the advent of nanotechnology, since
the behavior of nanoelectronic devices requires more complex models for which it is
not possible to apply simple scaling rules.

While approaching the scaling limits of conventional Complementary Metal-Oxide-
Semiconductor (CMOS) technology, new strategies are proposed by the annual reports
of the International Technology Roadmap for Semiconductors (ITRS) [5] in order to
keep improving the performance of electronic devices. These approaches are broadly
categorized in three classes: More Moore, More than Moore and Beyond CMOS.
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Figure 1.1 — Moore’s law, showing the exponential increase of the transistor count in
microprocessors from different semiconductor chip makers.

The More Moore strategy is based on keep following Moore’s Law by exploiting tech-
nology boosters for advanced CMOS devices, like high-mobility channel materials,

high-k dielectrics, multi-gate structures, strain engineering, and so forth.

On the other hand, More than Moore solutions target other challenges not directly
related to miniaturization and speed, such as energy efficiency or functional diver-
sification. The corresponding devices do not necessarily scale in density according
to Moore’s Law, but provide additional value implementing advanced functions, e.g.
integrated sensing and actuating, high-frequency communication and energy man-

agement.

Lastly, Beyond CMOS refers to alternative technologies developed in parallel to CMOS
and able to exhibit superior performance in different domains. These technologies
can be based on the study of the properties of new materials, or on the exploitation of
completely different information processing methods based on state variables other
than electric charge, such as spin orientation, phase state, strongly correlated electron
state, and so on.

The aim of this thesis was to identify a promising Beyond CMOS technology for re-
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configurable electronics and assess its potential for applications considering all the
aspects of the design process, from the growth of the required materials to the bench-
marking with alternative technologies.

1.1 Beyond CMOS: functional oxides for reconfigurable
electronics

One of the most promising Beyond CMOS strategies consists in exploiting the so-called
functional oxides. In CMOS technology, oxides are used just as electrical insulators
with a well controlled dielectric constant to control the field effect and separate
devices. In contrast to conventional oxides, functional oxides can be used in different
ways, such as transparent conductors for stretchable electronics [6] or non-volatile

memory elements [7].

Complex oxides were studied over the last century mainly from a materials science
point of view; the first functional properties that were exploited for applications were
ferroelectricity (in BaTiO3) and piezoelectricity (in PbZr,Ti;_yO3). The technological
advancements allowing to realize thin films of complex oxides enabled novel function-
alities in electronics, increasing dramatically the research interest in this field [8, 9].
In many cases, the properties of functional oxide thin films are highly dependent on
interface and defects, so atomic layer deposition (ALD) is recommended as a growth
technique to have a good control of crystallinity and defect density [10].

1.1.1 Adaptive oxide electronics

Among the several options offered by working with functional oxide thin films, what is
most interesting for reconfigurable electronics is the possibility to tune some of their
properties (internal states). This research area is commonly called adaptive oxide

electronics.

Functional oxides present several clear advantages that make them suitable for re-
configurable electronics, including fast switching speed, scalability to low dimension,
long retention time of the modified internal state, potential CMOS compatibility and

possible implementation of novel functionalities.

The internal states that can be reconfigured in a relevant way for electronic devices
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depend on the structure and properties of the functional oxide, and can include
electric resistivity, permittivity, polarization, magnetization and optical transmission.
The change in internal state is induced by an external perturbation, which can be of
different nature, including electric, magnetic, thermal or optical excitations. After the

excitation is removed, the material can keep or not the modified internal state.

The choice of a suitable functional oxide for the applications of interest starts from the
desired combination of tunable internal states and corresponding excitations. The
wide range of materials in this class allows to choose any combination among the
elements of the previous lists. Among the several possibilities favorable for recon-
figurable electronics, for this thesis it was decided to investigate materials showing
tunability of the resistivity by electrical excitations. This decision has been taken
for two main reasons: firstly, regarding the perturbation, it is preferable to keep the
same kind of excitation used for most alternatives for reconfigurable electronics, in
order to provide a more meaningful comparison of different technologies; secondly,
limiting the choice to the internal states tunable by electric perturbations, working
with electrical resistivity provides the largest margins of improvement in terms of

applications.

1.1.2 Resistive switching materials

Resistive switching functional oxides are usually classified and characterized accord-
ing to several parameters, whose combination determines their suitability to different
applications:

* number of tunable states: some resistive switching materials offer the possibility
to tune their resistivity continuously, while others only in discrete steps (two or
more).

e resistive ratio: ratio between the highest and lowest achievable values of re-
sistivity; values as high as 1 x 10° have been measured for HfLaOy [11] and
Gd,0s3 [12].

* switching speed: maximum time needed to change the resistivity from one
value to another; in most cases it ranges from few nanoseconds to few tens of
nanoseconds, resulting in a fast switching mechanism as compared to other
technology solutions for RF reconfigurable electronics.
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* retention time: time limit for a material to keep a tuned resistivity value; it is
generally highly dependent on the material and on the temperature.

* endurance: number of sustainable switching cycles between different resistivity

values before structural failure.

It must be noted that most of the materials in this category have not been characterized
for radio frequency applications, since they are mostly exploited for resistive switching
random access memories (RRAM) working with direct current, for instance using
TiO, [13]. One of the objectives of this thesis consists in developing a technology that
can be used for devices in very different frequency ranges, from DC to terahertz. For
this reason, it is important to make sure that the conduction mechanisms in the low
resistance state of the material are not limited in frequency in our range of interest.
Moreover, the dielectric constant of the material in the high resistivity state must be
considered to predict the effect of parasitic capacitances at high frequencies.

1.1.3 Functional oxides exhibiting a metal-insulator transition

One of the most remarkable effects exploited in oxide electronics is the one used for
the devices presented in this thesis: the Metal-Insulator Transition (MIT). Even in this
case the tunable internal state is the electrical resistivity, but there is no retention of
the tuned state after the excitation is removed.

MIT oxides are broadly categorized in three classes according to the physics underly-
ing the transition mechanism: in Peierls insulators the MIT occurs due to electron-
phonon interactions, in Anderson insulators it is due to disorder-induced localiza-
tion, while in Mott-Hubbard insulators it is caused by electron-electron interactions.
This phenomenon is observed in several transition metal oxides (TMO) behaving
as strongly correlated electron systems, in which metallic properties due to high
charge concentration can be inhibited by the repulsion of electrons and their resulting

localization at each atomic site [14].

The MIT in strongly correlated electron systems can be originated by external stimuli
of different nature, e.g. electric field, optical excitation, magnetic field and pressure.
However, the most straightforward way to observe the phase transition is by thermal
triggering in TMOs behaving as insulators below the transition temperature Ty,

and as conductors above. The effect of excitations of different nature is generally



Chapter 1. Introduction

cumulative, therefore for device applications it is preferable to select MIT oxides with
a value of Tyt only slightly higher than room temperature. Some of the most studied
functional oxides exhibiting the MIT are reported in Table 1.1, ordered by Tyr-

Table 1.1 - List of functional oxides exhibiting a metal-insulator transition.

Material Tyt
Fe304 121K
PrNiO; 135K
NdNiO3 201K
VO, 340K
SmNiOg 403K
TizOs 448K
LaCoOg 500K

Ti, O3 400K to 600K
NbO, 1081 K

1.2 Vanadium Dioxide for reconfigurable electronics

Vanadium Dioxide (VO,) is a paradigmatic example of a strongly correlated electron
system, exhibiting a MIT in correspondence of a structural phase transition at the
temperature Tyt = 340K, accompanied by a steep change in electrical resistivity and
near-infrared transmission [15-17]. This behavior is qualitatively described in Figure

1.2, showing the following effects obtained by decreasing the temperature below Tyr:

1. phase transition from a tetragonal rutile structure with regularly spaced vana-
dium atoms (V-V = 2.87A) to a monoclinic phase with alternate shorter (2.65 A)
and longer (3.12 A) V-V distances;

2. opening of an energy gap Eg ~ 0.6 eV in the vanadium 3d conduction band;

3. steep increase in resistivity, reaching up to 5 orders of magnitude in bulk VO,.
Since the discovery of the MIT in VO, more than 50 years ago, this material has been
widely-studied by a large community of theoretical and experimental condensed-
matter and materials scientists, in order to unravel the physics underlying its switching

mechanism. In fact, the exact nature of the physical mechanisms responsible of the
MIT in VO is still under debate, with different research groups divided on the question

6
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Figure 1.2 — Dependence on temperature of VO, resistivity, crystal structure and
electrical band diagram.

whether the structural phase transition is sufficient to explain the insulating nature of
the low temperature phase (Peierls transition), or whether strongly correlated electron
states play a dominant role (Mott-Hubbard transition) [18], as suggested by most
recent findings [19-22].

In parallel to this field of research, VO, has attracted interest in terms of possible
device applications, due to the fact that, differently from the majority of functional
oxides exhibiting a MIT, the transition occurs near room temperature (RT). More
recently, increasing research interest in VO, has been induced by the possibility to
trigger the MIT by excitations of nature other than thermal, with the demonstration
of electrical, optical and strain-assisted transitions. The electrically-induced metal-
insulator transition (E-MIT) is particularly interesting due to the the report of ultrafast
switching times (of the order of few ns [23]), allowing to envision promising solutions
for oxide electronics [24].

As a consequence, several applications for VO, have been proposed in a broad range
of fields: thermal sensors [25], chemical sensors [26], optical modulators [27-29],

7
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optoelectronic memories [30], memristive elements [31,32], metamaterials [33, 34],

all-thermal solid state devices [35], fast switches for logic [36] and high-frequency

switches [37].

In conclusion, VO, has been selected for this thesis as a promising material to develop

a Beyond CMOS technology for reconfigurable electronic devices working in a wide

frequency range, addressing applications ranging from DC to the terahertz regime.

1.3 Structure of the thesis

This thesis is structured as follows:

Chapter 2: CMOS-compatible VO, sputtering and device integration
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This chapter reports the development
of a technology for CMOS-compatible
VO, electronic switches, exploited for
most of the devices characterized in the
rest of the thesis. The chapter starts
with an introduction on the challenges
related to the deposition of high qual-
ity VO, thin films and a brief review on
different deposition methods. In this
work, reactive magnetron sputtering has
been optimized to achieve stoichiomet-

ric polycrystalline VO, on Si/SiO, sub-

strates. The quality of the film is assessed by structural and electrical characterization.

Planar 2-terminal VO, electronic switches with different geometrical parameters have

been fabricated as test structures to characterize the electrically-induced MIT.

Chapter 3: VO, MIT for steep-slope electronic switches

Highly conductive, temperature stable steep-slope switches are discussed in detail

in this chapter. After a general introduction on previous work on VO, electronic

switches, their applications and the main active fields of research, the potential of VO,

for steep-slope switches is discussed by a comparison with alternative technologies.
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The fabricated VO, 2-terminal switches
are electrically actuated, comparing the
operation with current or voltage bias
and discussed in the context of the elec-
trothermal actuation model based on
Joule heating. The measurements of the
slope and of the current in the ON state
are performed in a wide temperature
range, allowing to assess for the first time
their low temperature dependence. The
second part of the chapter is devoted
to the study of an optimized electrode
shape for the VO, switches, designed in
order to decrease their actuation voltage.
The design is driven by electrothermal
simulations, and the working principle
is validated by the electrical character-
ization of the fabricated devices. The
chapter is concluded by measurements
at cryogenic temperatures, performed to

provide further insights on the role of the electric field in the E-MIT in VO, switches.

Chapter 4: VO, MIT for reconfigurable RF functions
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This chapter presents the design, fabrica-
tion and characterization of different de-
vices based on the MIT in VO, as enabler
of tunable high-frequency functions. Af-
ter a general introduction on the avail-
able technologies for RF reconfigurable
electronics, compared in terms of the rel-
evant figures of merit, the state of the art
of VO, RF switches and tunable filters is
discussed. CMOS-compatible, low-loss,

highly reliable VO, RF switches are thoroughly characterized up to 40 GHz, discussing

the dependence of the insertion loss on the DC bias current, the effect of the para-



Chapter 1. Introduction

sitic components and the comparison between electrical and thermal actuation. A
possible optimization step for the RF switches is proposed, discussing the possibility
to dope VO, to increase its conductivity in both the structural phases. In the second
part of the chapter, novel digitally tunable capacitors are introduced, fabricated and
characterized by thermal actuation. The VO, tunable capacitors are then exploited to
design tunable and switchable bandstop filters operating at higher frequency ranges
than what demonstrated in other works based on conventional VO, RF switches. The
chapter is concluded with the discussion of an alternative actuation method for VO,
tunable capacitors and filters, studying by coupled electrothermal and electromag-
netic simulations the feasibility of integrating microheaters for local heating of the
VO, regions.

Chapter 5: VO, MIT for reconfigurable THz functions

In this chapter it is reported for the first
time a modulated scatterer working in
the THz range, enabled by the VO, MIT.
After a general introduction on the prop-
erties of THz electromagnetic radiation
and a review on the state-of-the-art of
VO, THz devices, the VO, THz modu-
lated scatterer is presented. The main
design equations of the modulated scat-
terer are discussed and an optimization

process based on electromagnetic simu-

lations is performed. The resulting fabri-
cated design is characterized up to 2 THz
using terahertz time domain spectroscopy, and the working principle of the device
is validated measuring a modulated signal much higher than the noise floor up to

around 0.8 THz, confirming for the first time THz operation for a modulated scatterer.

Chapter 6: conclusions and perspectives

The last chapter summarizes the main contributions of the thesis and discusses short-

term and long-term goals for further investigations related to MIT and VO, devices.
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4 CMOS-compatible VO, sputtering and

device integration

This chapter presents the VO, sputtering deposition method developed at EPFL and
its integration in a CMOS-compatible process for reconfigurable electronics based
on VO, MIT. This process has been employed for steep-slope VO, switches (chapter
3), VO, RF switches (section 4.2), VO, tunable capacitors (section 4.3.1) and VO,

microwave tunable filters (section 4.3.2).

2.1 Introduction on VO, thin film deposition methods

Several techniques have been explored in order to achieve high-quality, cost-efficient
and reproducible deposition of VO, thin films.

The quality of the deposited VO, thin films for reconfigurable electronics is assessed
in comparison to the electrical characteristics of bulk VO, single crystals [38, 39],
exhibiting a steep decrease in resistivity of 5 orders of magnitude (typically from
10Qcmto 1074 Qcm) at Ty =340+ 1Kand a very narrow hysteresis width (0.5-2 K)
observed for Tyt in heating-cooling cycles.

Unfortunately the deposition of VO, thin films is a challenging task, currently consti-
tuting a very active field of research with different proposed solutions and optimiza-
tion strategies. Part of the difficulty in the process is due to the fact that, as illustrated
in Figure 2.1, VO, is not the only stable vanadium oxide phase. Due to the multi-
ple valence states of Vanadium, other oxide phases, like the ones described by the
general formulas V,0,,-1 (n=2,3,4,5,6,8) and V02,41 (n = 2,6) are also possible,

complicating the goal of achieving pure stoichiometric VO, thin films.

11
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2.1. Introduction on VO3 thin film deposition methods

The influence of stoichiometry on the quality of the MIT in VO, [40] is due to the fact
that other intermediate phases exhibit metal-insulator transitions with different char-
acteristics, as shown in Figure 2.2, with most of the phases having a Tyt lower than
room temperature. Therefore, only VO, films with good stoichiometry can present a
high resistivity modulation effect at temperatures practical for reconfigurable elec-
tronics. Despite these challenges, high-quality VO, thin films have been deposited on
a variety of substrates and exploiting different deposition techniques.

2.1.1 Influence of the substrate on VO, deposition

The properties of VO, thin films are strongly affected by their crystallinity, interface to
the substrate and localized strain, therefore in order to obtain MIT characteristics as
close as possible to those of bulk VO, single crystals it is necessary to be able to grow
high-quality epitaxial thin films [42].

Heteroepitaxy of VO, has been achieved with different deposition techniques, but
the choice of the substrate is limited by the need to match the lattice constant and
the angle of the lattice vectors with the ones of the monoclinic VO, crystal system.
An added complication is present for the deposition techniques working at high
temperature, because of the possible mismatch in thermal expansion coefficient
between VO, and substrate, and because of the structural phase transition of VO,
while cooling down to room temperature after deposition, which can induce a variety

of defects and dislocations due to stress.

Despite these difficulties, epitaxial VO, thin films have been grown on Magnesium
Fluoride (MgF>,) [43], Titanium Dioxide (TiO,) [44-46] and Sapphire, the single crystal
form of Aluminium Oxide (Al,O3). Sapphire is the preferred choice due to its easy
availability, good stability at high temperatures, lower reactivity with oxides, and espe-
cially, good matching between its hexagonal lattice and the monoclinic form of VO,.
As a consequence, VO, thin films grown on Sapphire can exhibit MITs with resistivity
ratios higher than 4 orders (typically from 10 Qcm to 10~ Q cm) and narrow hysteresis
window AT < 2K [43,47-50], with particularly good results (ratio of 9.4 x 104 working
on the R-cut plane (1012) of Sapphire [51].

Working with other substrates does not allow to grow epitaxial VO, thin films, and the
MIT characteristics of the resulting polycrystalline VO, are generally degraded both in

terms of resistivity ratio and hysteresis width.

13
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2.1.2 VO, deposition techniques

The most common deposition techniques employed for VO, thin films are the follow-

ing:

* Pulsed Laser Deposition (PLD) is a thin film deposition technique particularly
suited for oxides, and it is based on focusing a pulsed laser beam on a target
inside a vacuum chamber. The vaporized material is deposited on the substrate
facing the target. In the VO, case, the target is generally pure Vanadium, and the
deposition happens in a Argon (Ar) - Dioxygen (O,) atmosphere. The substrate
is generally heated at temperatures ranging from 300 °C to 600 °C [47,48, 52-55]

but depositions at room temperature have also been reported [56,57].

Due to the relatively simple configuration setup compared to other deposition
techniques, high quality VO, thin films can be deposited with good reliability;
as a consequence, PLD has become one of the most common deposition tech-
niques among research groups working on VO,. However, this process cannot
cover large areas and presents drawbacks in terms of uniformity and surface
cleanliness, therefore it is mostly used for prototyping.

* Magnetron Sputtering is based on generating a plasma by ionizing a process
gas, usually Ar, in a vacuum chamber. The ions from the plasma are accelerated
towards the target by the applied electric field between the magnetron (cathode)
and the substrate (anode); the high energy of the impact makes so that atoms
from the target are ejected and can deposit on the substrate. By introducing
another gas in the chamber it is possible to induce chemical reactions between
the gas and the atoms ejected from the target (reactive magnetron sputtering),
allowing for instance to obtain oxides from metallic targets.

In the case of VO, reactive magnetron sputtering is normally performed at
temperatures of the order of 500 °C in a Ar — O, atmosphere. While the most
common choice for the target is pure vanadium [40,58-69], thin film depositions
using VO, [43, 70] or V,05 [71, 72] targets are also reported in the literature.
Compared to other techniques, sputtering provides advantages in terms of film

uniformity and scalability to larger substrate sizes.

* Chemical Vapor Deposition (CVD) is based on exposing the substrate to one or
more volatile precursors, which produce the thin film by a chemical reaction on
the surface of the substrate. CVD was the first reported deposition method for

14
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VO, thin films [73], using vanadium oxychloride (VOCl3) as a precursor. In most
of the cases the preferred CVD technique for VO, is metal-organic chemical va-
por deposition (MOCVD), employing organometallic precursors like vanadium
acetylacetonate (CsH703)4V or vanadyl tri-isopropoxide (VO(OCsH7)3).

CVD is still considered as one of the most convenient ways to deposit VO,, and
high quality thin films were obtained both using atmospheric-pressure CVD
(APCVD) [74,75] and low-pressure CVD (LPCVD) [76-78].

* Other employed techniques are the sol-gel method [79-88], vanadium oxidation
[89-94], post-deposition annealing of VOy films [95] and ALD [11,96-100].

2.2 VO, sputtering on Si/SiO; substrates

One of the main goals in research on VO, electronics consists in extending CMOS
by realizing VO, devices with novel or improved functionalities with fully controlled
integration capability on advanced CMOS platforms. For this reason, one of the objec-
tives of this thesis was to develop a CMOS-compatible technology for VO, electronic
devices. The choice of sputtering as a deposition technique allowed us to perform

large-scale depositions, suitable for device variability and reliability studies.

In order to ensure CMOS compatibility, it was necessary to optimize sputtering depo-
sition on Silicon Dioxide-coated Silicon (Si/SiO,) substrates. As explained in section
2.1.1, this substrate choice prevents to form epitaxial films, and polycrystalline VO,
thin films exhibit worse MIT electrical characteristics. In fact, VO, deposited on
standard Si/SiO, substrates has shown in several reports a MIT with relatively low
resistivity ratio, around 2 orders of magnitude [40, 68, 71], due to homogeneity and

crystallinity issues generally ascribed to lattice mismatch [53].

2.2.1 Deposition and process parameters

VO, thin films were deposited by reactive magnetron sputtering on Si/SiO; substrates
of a 5.08 cm diameter pure V target (Lesker 99.5 %), using the ultra-high-vacuum
(UHV) sputtering chamber at the Solar Energy and Building Physics Laboratory (LESO-
PB) at EPFL [101], shown in Figure 2.3.

High vacuum (8 x 10-8 mbar) was achieved in the chamber using a turbomolecular
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Figure 2.3 - UHV Sputtering chamber at LESO-PB, EPFL.

pump (Oerlikon TMP600C); the pumping rate was then reduced and kept constant
during the deposition.

The substrate was annealed at a heating rate of 30 °C/min up to 490 °C and kept at
constant temperature during the deposition; this value has been selected in order to
ensure a good crystallinity for the deposited film. To improve the uniformity of the
deposition, the substrate was rotated at a constant speed of 15 rpm and the distance
from the target was optimized at 4 cm with 10° angle [102].

The inert gas used for plasma formation (99.999 % pure Ar) was introduced in the
chamber and a mass flow controller was used to keep the flow stable at 12.5 sccm. The
plasma was formed by applying 150 W RF power on the V target using a MKS RPG-50
power supply. Before introducing the reactive gas (99.995 % pure O»), a pre-sputtering
step was performed (with the substrate protected by a shutter) in order to clean the
outermost layers of the target.

The O, concentration is the most critical parameter influencing the composition of the
deposited VO, film. In order to improve the stoichiometry of the VO, film, subsequent
depositions were performed in order to optimize the values of the deposition pressure
(2 x 103 mbar) and the initial O, flow (2.41 sccm). The pressure in the chamber was
accurately monitored using a pressure sensor (Vacom Atmion ATS35C) and we used a
lambda-probe (Zirox XS22) in combination with a Proportional Integral Derivative
(PID) controller to have a feedback control on the O, flow that would ensure constant

O, partial pressure.
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2.2. VO, sputtering on Si/SiO, substrates

The deposition time was generally 2 h, then, after stopping the plasma, the substrate
was brought back to room temperature at a cooling rate of 30 °C/min. Table 2.1
summarizes the optimized process parameters, obtained after multiple tests on the
effect of the oxygen flow.

Table 2.1 — Optimized process parameters for reactive magnetron sputtering of VO,
on Si/SiO, substrates.

Parameter Value

Target Vanadium
Temperature 490°C

Power 150 W

Base pressure 8 x 10”8 mbar
Deposition pressure 2 x 10~3 mbar
Argon flow 12.5sccm
Oxygen flow 2.41sccm
Deposition time 2h

2.2.2 VO, thin film characterization

In order to assess the quality of the films deposited using the process parameters sum-
marized in Table 2.1, we performed several electrical and structural characterization

techniques, as detailed in the following sections.

Electrical characterization

The electrical resistivity p of VO, was measured by 4-point probes measurements
on the as-deposited VO, film using an HP 4156C semiconductor parameter analyzer
and a control on the substrate temperature up to 100 °C. As shown in Figure 2.4, the
probes are placed in line with a fixed interspace s. In this configuration, and assuming
that s is much higher than the VO, thickness ¢, it can be shown that the film resistivity

can be easily calculated as:
%4
p=4531— 2.1)

where [ is the constant current passing through the outer probes and V is the voltage

measured between the inner probes.
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Figure 2.4 — 4-point probes measurement setup.

This method provides a fast qualitative analysis of the composition of the deposited
VO films, in contrast to more time-consuming X-ray diffraction (XRD) analyses: good
quality, stoichiometric VO, should undergo a transition of more than 3 orders of mag-
nitude in resistivity at around 67 °C. Measuring the resistivity after each deposition

allows to fine-tune the process parameters in order to obtain stoichiometric VO,.

Figure 2.5 shows the results of the electrical characterization for non-optimal VO,
depositions. Slight deviations from the optimal initial O, flow do not prevent to
observe a resistance modulation in the deposited VO, films. The VO, film obtained
with a higher initial O, flow (2.43 sccm) presents a resistance ratio of 85, decreasing
from 13.2Qcm to 1.54 x 10~! Q cm while increasing the temperature from 25°C to
100 °C. A lower initial O, flow (2.39 sccm) produced a more conductive VO, film, with
lower resistivity values both in the insulating and metallic state. The resistivity at
25°C was 1.5 x 107! Q cm and the one at 100 °C was 8.64 x 10~% Qcm, resulting in a
resistance ratio of 1.73 x 102

As shown by the results in Figure 2.6, a resistivity ratio of more than 3 decades
(3.33 x 10%) was obtained in the optimized film, for which it is possible to observe a re-
sistivity decrease from 5Qcm to 1.5 x 1073 Qcm increasing the temperature from
25°C to 100°C. The steepness of the transition (1.25°C/dec) and the small hys-
teresis window observed in the heating/cooling cycle (~ 7°C, measured plotting
d(—logp)/dT in the inset of Figure 2.6) are other indicators of the good quality of the
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Figure 2.6 — VO electrical resistivity dependence on temperature in the optimized
case, showing a reconfigurability higher than 3 decades and a steep transition at ~
68°C. Inset: d(—logp)/dT curves while heating and cooling the VO, film, showing a
narrow hysteresis of ~ 7°C.

film.

Scanning electron microscope analysis

Scanning electron microscope (SEM) analysis is based on the use of a high energy

electron beam which allows to achieve higher imaging resolution than standard
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Figure 2.7 - SEM image of the sputtered VO, thin film, showing an average grain size
larger than 100 nm.

optical microscopy. High energy electrons irradiate the sample and the image is
obtained from the information on the detected backscattered electrons (reflected by
elastic collision at the surface) and secondary electrons (emitted from the sample).

SEM imaging of VO, films was performed in the Center of MicroNanoTechnology
(CMi) at EPFL using SEM Zeiss Merlin, with a configuration optimized for informa-
tion on surface structure. We used an In-Lens detector, efficient for high-resolution
imaging using secondary electrons, and set a low working distance of 3 mm and an
acceleration voltage of 1kV. The results in Figure 2.7 show the good homogeneity
and crystallinity of the deposited VO, film, with grains larger than 100 nm, consistent
with the state of the art for sputtered VO, [63] and contributing to the good electrical
properties of the observed metal-insulator transition [103].

X-ray diffraction analysis

XRD is a powerful non-destructive technique used to investigate the atomic and molec-
ular structure of crystals, based on observing the intensity of monochromatic X-ray
beams scattered from a sample in function of the angle of incidence 0. Constructive
diffraction is possible only if the Bragg’s law is satisfied:

nAl=2dsinf (2.2)

where 7 is an integer, A is the wavelength of the X-ray source and d is the distance
between atomic planes. By sweeping 0, Bragg's law is satisfied by different spacings
d in polycrystalline materials. Therefore, the position of the peaks in a plot of the
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Figure 2.8 — XRD spectrum showing the preferential orientations of the deposited
polycrystalline VO, film.

diffraction intensity versus 6 allows to obtain information on the crystal structure
of the material. Moreover, the width of the peaks is related to the preferred crystal
orientation (texture) and other structural parameters, such as average grain size, strain
and crystal defects.

XRD analyses of the optimized sputtered VO, thin films were performed at the de-
partment of Physics in EPFL (Rigaku equipment with a CuKa X-ray radiation) in the
Bragg-Brentano configuration, in order to investigate their crystallinity and stoichiom-
etry. The XRD spectrum reported in Figure 2.8 shows a correspondence with the power
diffraction data of some crystal lattice planes of VO, ([0,1,1], [0,0,2], [0,1,2], [2,2,0],
[0,2,2], [4,0,-2]) presented in the literature [104], confirming the successful deposition
of pure polycrystalline VO,. The absence of the other peaks suggests preferential
orientation or possible strain of crystallites.

Atomic force microscopy and Kelvin probe force microscopy

Atomic Force Microscopy (AFM) is a high-resolution structural characterization tech-
nique used to obtain information on the topography of a sample at the nanometric
scale. Figure 2.9 illustrates a typical AFM measurement setup. AFM is based on de-
tecting the forces between a sharp tip at the end of a cantilever and the sample to
be investigated, placed in close proximity to the tip. Depending on the situation,
these forces can be of different nature (e.g. Van der Waals forces, electrostatic forces,

chemical bonding, etc.). In the non-contact mode, which we used for the VO, char-
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Figure 2.9 — Schematic diagram of an atomic force microscope.

acterization, the tip does not touch the surface, and the cantilever, supported by a
piezoelectric element, oscillates close to its resonance frequency (usually of the order
of 100 kHz). The forces between the tip and the surface produce a decrease in the
resonance frequency of the cantilever, which can be detected using a laser and a
photodiode array. The laser is focused on the reflective back of the cantilever, and
the deflected beam is detected by the photodiodes. As the cantilever is moved in the
xy-plane defining the sample surface, the change in topography induces a change
in resonance frequency which is detected as a difference in the signal detected by
the photodiodes. A feedback control is used to maintain a constant force or height
between the tip and the sample throughout the scanning operation, and the corre-
sponding height information is registered in function of the xy coordinates to obtain

a topographical map of the sample.

Kelvin Probe Force Microscopy (KPFM) is a variant of AFM which provides quantitative
values for the sample work function ¢sample. Figure 2.10 shows the working principle
and biasing scheme used for KPFM characterization. At first, the tip is far from
the sample, and an electrical modulation Vjcsin(w?) is applied to the cantilever
(Figure 2.10 (a)) matching its resonance frequency. When the tip is put in electrical
contact with the sample (Figure 2.10 (b)), the Fermi levels of the tip and the sample
align and the electrostatic force has a componenent modulated at w, proportional to
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the contact potential difference Vpp between the tip and the sample [105]:

ac .
F, = —d—VCpD Vacsin(wt) (2.3)
z

where C is the capacitance between the tip and the sample and z is their separation.
Vepp is due to the difference in work function of the tip and sample materials:

(ptip - Qbsample
e

Verp = (2.4)

where e is the electron charge. By applying a DC bias voltage in series to the AC
component (Figure 2.10 (c)), equation 2.3 is modified as:

dacC
Fy, = E[VDC — Veppl Vac sin(wit) (2.5)

Therefore, the value of Vipp can be determined by adjusting the bias voltage Vpc such
that F, is minimized. By knowing Vcpp and ¢yp and after calibration procedures, it is

possible to extract psample-

AFM and KPFM characterizations were performed in the Division of Micro- and
Nanostructures Metrology at Wroctaw University of Technology, Poland, using a
Veeco/Bruker NanoMan VS Scanning Probe Microscope with NanoScope V controller.
The characterization was performed in two scanning steps. In the first step the topog-
raphy contour is recorded. In the second step the feedback loop is open and the piezo
scanner is repeating the contour recorded in the first step while measuring Vepp. A
PPP-EFM PtIr5 coated tip from Nanosensors with ~ 75kHz resonance frequency was
used at a scan height of 10nm. The topography plot in Figure 2.11 (a) obtained by
AFM reveals an average surface roughness of 11 nm. The contact potential difference
Vepp measured between the tip (~ 5eV work function) and the VO, surface, shown
in Figure 2.11 (b), is used to estimate the VO, work function as ~ 5.125eV, consistent
with other values found in the literature for VO, in the insulating state [106, 107].
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Figure 2.10 — Measurement setup and working principle of a Kelvin Probe Force
Microscope, illustrating three possible configurations for the tip-sample interaction
and the corresponding band diagrams. a) Tip not in contact, applied Vac. b) Tip in
contact, applied Vac. ) Tip in contact, applied Vac + Vpc.
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Figure 2.11 - (a) Topography of the film obtained by AFM, showing an average surface
roughness of 11 nm. (b) Surface contact potential difference measured by KPFM, used
to estimate the VO, work function as ~ 5.125¢eV.

2.3 CMOS-compatible electronic switches

In this section we present the characterization of the E-MIT in CMOS-compatible
VO, electronic switches, with the aim to provide guidelines for integration in CMOS

circuits.
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2.3.1 Fabrication

Figure 2.12 shows the main steps of the fabrication process for the VO, planar switches
used as E-MIT test structures. The fabrication was performed in CMi at EPFL, except
for the VO, deposition step. The process starts with the deposition of a 400 nm low
temperature (425 °C) SiO; layer (LTO) by LPCVD (Centrotherm furnace) on top ofa4”
silicon substrate (Figure 2.12a). A 360 nm VO, thin film is then deposited by reactive
magnetron sputtering (Figure 2.12b) as described in section 2.2.1.

A photolithography step for VO, patterning was performed coating a 1.2 um thick
AZ1512 positive photoresist (EVG150), exposed in hard contact mode (Siiss Microtec
MAG6). The VO, film was patterned (Figure 2.12c) by ion beam etching (IBE, Veeco
Nexus IBE350). IBE provides a simple alternative to plasma etching techniques based
on fluorine or chlorine chemistry [108], but it requires precise characterization of the
etching rate, because of the low selectivity of the process with respect to the under-
lying SiO; layer. The results from the etch tests and the use of Secondary lons Mass
Spectroscopy (SIMS) for real-time end point detection allowed to prevent overetching
of the SiO, layer.

The process ends with a lift-off procedure to define the metal contacts. First it is
deposited a double-layer photoresist (700 nm LOR and AZ1512, coated with EVG150),
then a 300 nm thin film of Al is deposited by thermal evaporation (Leybold Optics LAB
600H) with 20 nm Chromium (Cr) adhesion layer.

Figure 2.13 shows the top view (a) and cross-section (b) of a finalized planar switch
with width W = 100pm and length L = 7.5um. The cross-section analysis was per-
formed by Focused Ion Beam (FIB, FEI Nova 600 NanoLab) etch and SEM imaging.

2.3.2 Current actuation of VO, switches

The electrically induced MIT in a VO, switch can be achieved by injecting a DC current
across its terminals, as shown in Figure 2.14. A resistor Rs in series to the switch is
included in order to suppress the oscillations caused by the negative differential
resistance [109]. The measurements were performed with a HP 4156C semiconductor

parameter analyzer.

By increasing the current I passing through the VO, switch, its resistance Ryoz = Vine/ I

(where Vjy; is the voltage drop on the switch) slowly decreases, until reaching the E-
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Figure 2.12 — Main steps of the fabrication process for VO, planar electronic switches.
(a) LPCVD of 400 nm SiO, on Si substrate. (b) Sputtering deposition of 360 nm VO,. (c)
Patterning of VO, by optical lithography and ion beam etching. (d) 20/300 nm Cr/Al
evaporation patterned by lift-off.
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Figure 2.13 — (a) SEM image of one of the VO, planar switches used to characterize
the E-MIT. The width of the VO, junction is 100 um, the length is 7.5um. (b) FIB
cross-section view of the device, showing the thickness of the VO, layer obtained after
2 h of RF magnetron sputtering deposition as described in section 2.2.1; platinum
layer on top used for FIB preparation.

MIT in correspondence of the power dissipation level necessary to reach the transition
temperature Tyr. We define the actuation current I, and the actuation voltage Vo
as the values respectively of I and Vi, in correspondence of which the E-MIT is
triggered. We identify V,, I5c and the resistance in insulating and metallic states
(respectively Rorr and Roy) as the most important parameters for compact modeling

of the VO, switch and integration in CMOS circuits.

In order to study the effects of scaling on the performance of VO, switches, we fabri-
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Figure 2.14 — Electrical characterization of the E-MIT by current actuation in a VO,
switch with W = 100um and L = 7.5um. Inset: biasing scheme including a DC current
source Ipc and a series resistor Ry = 1kQ.

cated devices with different geometries (VO junction width W ranging from 50 um
to 100 um, length L from 7.5um to 17.5um) and characterized them by DC current
actuation up to 5maA. In Figure 2.15 we show the effect of scaling W and L on the IV
characteristics of different VO, switches. A reference device (W =80um, L =7.5um)
switches at I, = 1.89mA and shows an Ropr = 8.5k2. We observed that the actuation
current density /4. has a low dependence on the switch geometry. Therefore, increas-
ing W, and by consequence the cross-section of the device, increases the required
current to reach the same J,c¢, S0 we measure higher I, values. In the explored
geometry variation, I is in the range from 1.43 mA to 2.46 mA. Changing L has a
negligible effect on I, while V¢ changes linearly as expected from the change in
resistance of the switch.

The results on the resistance in the OFF state, calculated for low applied power, are
summarized in Figure 2.16. As expected, Rorr increases linearly with the length and
decreases linearly with the width. However, the resistance in the ON state Ron shows
no dependence on W while sweeping Inc up to values slightly higher than I,¢. This is
due to the fact that for the considered devices an Ipc = 5mA is insufficient to switch
the whole volume of the device: a thin conductive filament is formed [110] while the
rest of the junction remains in the insulating state, causing a limit in the decrease of

Ron by increasing W.
This effect is shown in Figure 2.17: higher Ipc bias values increase the width of the
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Figure 2.15 - Effect of the VO, switch geometry on the IV characteristics the resistance
in the off-state.
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Figure 2.16 — Effect of the VO, switch geometry on the resistance in the off-state.
Dashed lines: measurements; solid lines: model.

conductive region, as shown in the optical microscope images for selected values of
Ipc, and as a consequence the Ropp/ Ron ratio is improved.

We measured the improvement in Rorp/ Ron ratio for increasing Ipc bias values up
to 100 mA and compared it to the improvement expected from measuring the width
of the actuated region. The results are in good agreement with the model. The
effectively actuated width increases linearly with Ipc, and for the considered switch

(W =90um, L = 7.5um) an effective width higher than 25% ensures a resistance
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Figure 2.17 — Increase in resistance ratio and width of the actuated region achievable
by E-MIT, by increasing the DC current bias Ipc. The optical micrographs show the
increase in actuated area with increasing current: the darker regions correspond to
VO, transitioned to the metallic state. W =90um, L = 7.5pm.
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Figure 2.18 — IV characteristics for a VO, switch (W =90um, L = 7.5um) actuated by
current bias up to 100 mA.

ratio higher than 3 orders of magnitude. Figure 2.18 shows the IV characteristics
for the same switch up to the highest value of Ipc used for the characterization
(100 mA), for which we obtain a resistance ratio > 1.44 x 103. This value is comparable
to the one achieved with thermal actuation (3.33 x 10%) and represents a significant
improvement with respect to previously reported VO electrical switches on Si/SiO,
substrates [36,111], limited to resistance ratios < 1.3 x 10%.
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2.4 Summary

This chapter presented the technology developed at EPFL for CMOS-compatible elec-
tronic switches, exploited for steep-slope VO, switches (chapter 3), VO, RF switches
(section 4.2), VO, tunable capacitors (section 4.3.1) and VO, microwave tunable filters
(section 4.3.2). After a short introduction on the problem of achieving high quality
deposition of VO, thin films and a brief review of the possible deposition methods,
the optimized growth conditions for RF magnetron sputtering on Si/SiO, substrates

are presented.

The structural characterization of the VO, thin films was performed using different
techniques (XRD, SEM, AFM, KPFM) to reveal the good crystallinity and stoichiometry
of the film. The electrical characterization confirmed the excellent quality of the opti-
mized VO, film, employing thermal actuation to observe a metal-insulator transition
with a resistivity modulation higher than 3 orders of magnitude.

A CMOS-compatible process for planar VO, switches on Si/SiO, substrates was devel-
oped to characterize the electrically-induced metal-insulator transition. Devices with
different lengths and widths were fabricated in order to study the dependence of the
resistance and the actuation current on the geometry of the device.

The main contributions of this chapter can be summarized as follows:

Optimization of sputtering for high-quality VO, thin films on Si/SiO, substrates. The
feasibility of using reactive magnetron sputtering as a uniform, large-scale de-
position technique for high-quality VO, thin films on Si/SiO, substrates has
been demonstrated. The use of a lambda-probe in combination with a PID
controller allowed to have a feedback loop to ensure a constant O, partial pres-
sure in the sputtering chamber, necessary for the good stoichiometry of the
VO, film. The film exhibited a resistance ratio of 3.33 x 103, decreasing from
5Qcmto1.5x 1073 Qcm increasing the temperature from 25 °C to 95 °C, and a
hysteresis of ~ 7°C. These values are comparable to the ones achievable with
PLD of polycrystalline VO,, without its drawbacks in terms of homogeneity for

large-scale depositions.

Development of a CMOS-compatible technology for VO, electronic switches. The pre-
sented sputtering method was exploited to fabricate planar VO, electronic

switches on Si/SiO, substrates, using a fabrication process suitable for integra-
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tion with CMOS technology. The devices show a resistance ratio > 1.44 x 103,
more than one order of magnitude higher than previously reported VO, switches
on Si/Si0O, substrates. In conclusion, we achieved the positive reassessment
of VO, sputtering deposition on Si/SiO, substrates, paving the way to a CMOS
compatible VO, technology.
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8] VO, MIT for steep-slope electronic

switches

This chapter presents the fabrication and characterization of 2-terminal VO, devices
working as steep-slope electronic switches, with specific focus on the study of the
temperature dependence of the slope and the ON current Ipy, the assessment of the
actuation voltage and possible techniques to reduce it.

3.1 Introduction on VO, electronic switches

The high contrast in electrical resistivity between the insulating (OFF) and conducting
(ON) states of VO, and the fast achievable switching time induced increasing research

interest in the applications of VO, for electronic devices.

3.1.1 E-MIT characterization

In order to properly exploit VO, for electronic switches, it is of foremost importance
to have an accurate model of the E-MIT, from the investigation of the switching

mechanisms to the characterization of key figures of merit for different applications.

This section is devoted to the summary of the most recent updates on the characteri-
zation of the E-MIT in 2-terminal VO, planar switches and 3-terminal VO, transistors.
Some of the most important research topics in this context are the following:

* Investigation of the switching mechanism: the nature of switching mechanism
in VO, has been one of the most important topics to unravel since the first

experiments involving the E-MIT in VO, switches. One of the main objectives
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in the first reports on the characterization of the MIT in VO, switches driven
by an external electric field has been the attempt to prove that the switching
event can be modeled in concordance with the Mott criterion, according to
which the MIT is initiated once reached a critical carrier density n. in the VO,
volume [112-114]:

ne=(0.25/ag)® ~3x10®¥cm™3 (3.1

where ag = hi%e;/ m* e? is the effective Bohr radius in VO, i is the reduced Planck
constant, €, is the VO, effective dielectric constant, m* is the effective electron
mass and e is the electron charge.

The Mott criterion has been successfully used to model the MIT in differ-
ent systems, including for instance heavily doped semiconductors and high-
temperature superconductors. The validity of the Mott criterion in VO, has been
demonstrated at first by reaching n. with photogeneration of carriers using fem-
tosecond laser excitations [115,116]. In order to show that the Mott criterion can
be used also to describe the E-MIT in VO;, some encouraging measurements
were performed in 3-terminal switches with direct carrier avalanche injection

in a VO, channel [117] or in conventional planar 2-terminal switches [118].

However, the most convincing and comprehensive works on modeling the E-
MIT in VO, switches, including the effect of temperature, bias conditions and
device geometries are based on Joule heating [119, 120], according to which the
increase in temperature due to the power dissipation induced by the current
flowing in the device is sufficient to describe the switching dynamics.

Most recent works on modeling the E-MIT switching mechanisms propose

improvements on the Joule heating based model, summarized as follows:

— whilst the Joule heating model can be used to accurately describe the
switching dynamics for gradual transitions, in which the voltage is swept
continuously from 0 up to values above the actuation voltage and back
to 0, different models might be necessary to explain abrupt transitions in
which the voltage sweep starts from values above the actuation voltage.
For instance, in [121] it is shown how the onset of abrupt transitions can be
modeled by the electric-field induced Poole-Frenkel effect, subsequently
supported by Joule heating, while [111] suggests that abrupt transitions

are initiated by carrier injection;
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- other reports argue that even in gradual transitions, well predicted by the
Joule heating model, it is possible to identify other mechanisms anticipat-
ing or concurring with the electrothermal actuation, such as the electric
field effect [122] or carrier injection [123, 124].

* Switching time analysis: one of the main reasons for which VO, has attracted
increasing research interest among the possible Beyond CMOS solutions is the
potential to achieve ultra-fast switching times. In fact, the optically induced MIT
has been characterized as having switching times of the order of ~ 100fs using
optical pump-probe methods [116, 125], terahertz pump-probe methods [126]
or time-resolved XRD [127].

The characterization of the E-MIT switching time is generally done by applying
a voltage pulse to a 2-terminal VO, switch and measuring the rise time of the
current, from 10 % to 90 % of its maximum value. One of the first works on the
characterization of VO, terminal switches reported the possibility to have rise
times as low as 9 ns in 3 um long switches, by measuring the dependence of the
rise time on the value of the resistor R in series to the VO, switch in the circuit,
and extrapolating the time for Ry = 0 [128]. However, concerns on the validity of
this method were raised, due to the fact that it assumes that the VO, channel
can be simply modeled by a variable resistor in parallel to a constant parasitic
capacitor, while impedance spectroscopy measurements reveal a better fit to
multiple RC networks in series, consistent with the observation of multiple
domain boundaries even in epitaxially grown VO, thin films [129].

In a more recent work the switching time was reduceded by characterizing
VO, switches with channel lengths < 1um [23]. Using a switch 125 nm long
and Ry = 50Q) it was measured a rise time as low as 4.5ns. Furthermore, the
delay time (defined as the time difference at 10 % of the applied and measured
signals) was found to be as low as 4.5 ns. Out-of-plane switches, with VO, thin
films deposited between a top and bottom metal electrode, might provide lower
switching times. A switching time of 1.9ns, defined as the time necessary to
obtain a decrease in resistance by 90 % in log scale was reported for an out-of-
plane switch using 400 nm thick polycrystalline VO [36]. These values are still
around four orders of magnitude higher than the lower theoretical bound for
the E-MIT in VO, estimated as being of the order of 0.5 ps [130].

* Reliability: one of the main concerns regarding the possibility to exploit VO,

for industrial applications consists in the possible degradation of the device
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performance with increasing number of switching cycles. This concern is due to
the change in crystal structure in correspondence of the Joule heating induced
E-MIT, which might cause structural damage in the film after a large number of

cycles.

In order to address this possible issue, some reports on VO, 2-terminal switches

have included reliability tests, with results summarized as follows:

- neither the switch resistance ratio nor the switching time are affected by
the voltage-triggered E-MIT after 2 x 102 cycles [36];

— E-MIT by current actuation has been proven to be a more reliable operation
mode with respect to voltage actuation, improving considerably the device
lifetime [131];

- the possibility to use voltage actuation without degrading the resistance
ratio has been demonstrated up to 2 x 101° cycles [132].

Field effect in 3-terminal devices: the observation of a field-effect induced metal-
insulator transition in 3-terminal VO, devices with a gate voltage affecting the
channel conductivity has been object of considerable research effort since the
first reports on the E-MIT. However, a first convincing report on the modula-
tion of the VO, channel conductivity in presence of a gate bias voltage was
published only in 2010 using a conventional MOSFET structure with VO, as
the semiconductor [133]. This work provided an important contribution to
the investigation of the switching mechanism in VO,, but the performance of
the proposed device was far from realizing the full potential of the E-MIT in
VO,, with the conductivity modulation observable only at temperatures very
near to Tyt (T between 60 °C and 65 °C), and limited to a relative increase of
only 0.26 %. In fact, further work on modeling this kind of device has ruled
out the possibility to fully switch the VO, channel using conventional MOSFET
structures, since the metal phase would not extend for more than ~ 1 nm before
reaching the oxide breakdown voltage [41, 134]. A recent work on field-effect
in 3-terminal VO, devices reported a conductance modulation up to 0.6 %/V
at 80 K ascribed to strongly localized field-induced carriers [135]. Alternative
structures were investigated, for instance exploiting the field effect induced by
trapped charges at the interface between silicon nitride (Si3N4) and VO, in a
Si/Si0,/Si3N4/VO, heterostructure [136]. Even in this case, though, the perfor-
mance was far from ideal, with the gate effect assessed by a reported decrease

in transition temperature of only ~ 2°C.
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An alternative approach, which collected increasing interest in the last 3 years
and it is currently considered the most promising to improve the performance
of 3-terminal VO, devices with gate operation, consists in exploiting ionic liquid
electrolyte gating in electric double-layer transistor (EDLT) structures. The EDLT
configuration allows to obtain a ultrahigh electric field at the interface between
the ionic liquid and VO,, which might induce the MIT by electron correlation
effects. This effect was used to interpret the results obtained in [137] and [138],
where it was obtained a resistance ratio higher than 2 orders of magnitude.
However, further work on ionic liquid gating demonstrated that the high change
in resistance in this kind of structures is not due to the electron correlation
effects, but to the creation of oxygen vacancies in presence of strong electric
field [139-141].

A recent work introduced a new approach on gating VO, exploiting the carrier
distribution in the space charge region of a p-n heterojunction formed by a
p-doped gallium nitride (GaN) layer and a VO thin film grown on top of it [142].
This structure allowed to obtain a clear, repeatable resistance switching behavior

(ratio ~8) ascribable to electron correlation effects.

3.1.2 Applications

Different families of electronic devices based on the E-MIT in VO, have been proposed.

Some of the main applications and corresponding results are summarized as follows:

e MIT tunnel junctions: VO, can be exploited to obtain switchable tunnel junc-
tions, in which tunneling is enabled only in the conducting state; this method
has been demonstrated in [143], where the junction is made by a stack of a metal
(palladium, Pd), an insulator (1.6 nm hafnium oxide, HfO,) and VO, (3.8 nm).
A different working principle is exploited in [144], where the tunneling current
in a Platinum (Pt)/HfO,/VO, stack is tuned thanks to the change in VO, work
function (from 5.2 eV in the insulating state to 5.3 eV in the conducting state).

* Oscillators: the observation of self-oscillations generated by the electrical ac-
tuation in VO, switches led to the investigation of possible applications of the
E-MIT for compact oscillating circuits without inductive components. The
characterization of the negative differential resistance (NDR) region in the IV

characteristics of VO, switches and the conditions to exploit it for the genera-
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tion of self-oscillations were performed by several research groups, achieving a
well-controlled oscillation frequency < 1 MHz [145-149]. Models for the control
of the electrical oscillation properties (amplitude and frequency) were provided
in function of the voltage bias [145-148], current bias [149], external RC compo-

nents [147], VO, switch geometry [148] and temperature [148].

Despite possible concerns about the device lifetime, due to the observation
of narrow high-temperature channels in a brief part of the oscillation cycle,
consistent with the analysis of the instantaneous dissipated power in the VO,
switch [150], more advanced applications were achieved by coupling multi-
ple VO, oscillators. Since the discovery of synchronized charge oscillations in
capacitively coupled VO, switches [151], these structures were proposed for
multiphase oscillator arrays [152], non-boolean neuroinspired computation
and pattern recognition applications [153-155].

Memories: the possibility to switch VO, between two distinct phases with high
resistivity ratio, fast switching time, good cycling endurance and long relaxation

times is of great interest for memory applications [92].

One of the most promising applications consists in replacing diodes as selector
devices in cross bar nonvolatile memory arrays, used to reduce parasitic cur-
rents from unaddressed memory elements when performing reading/writing
operations [156,157]. The performance of VO, as a selector device was evaluated
by measurements using as memory elements niobium monoxide (NbO) [158]
and zirconium oxide (ZrO,) / (HfO,) [159].

Memristive elements: VO, could be of interest for applications requiring mem-
ristors [9], since the observation of memristive behavior in 2-terminal VO,
switches [160-164].

Electrostatic discharge protection: in order to protect circuits from electric surges
and electrostatic discharge (ESD), it is possible to employ voltage-dependent
varistors, whose resistance would drop abruptly in presence of a high applied
voltage. Therefore, voltage-triggered E-MIT in VO, can be exploited for this
application, as demonstrated in [165], where the geometry of the VO, switch
was optimized in order to sustain ESD protection tests with ESD voltages up to
3.3 kV with fast response times (< 20ns). On a related note, a similar application

was demonstrated using VO, switches to limit microwave power [166].
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* High frequency functions: the high contrast in resistance between the two VO,
phases attracted increasing research interest in the context of high frequency
reconfigurable electronics. This is one of the main fields addressed in this
thesis, and it is developed in chapter 4 for microwave and chapter 5 for terahertz

applications.

 Steep-slope switches: the abrupt nature of the phase transition in VO, is consid-
ered promising for steep-slope switches, and it is the main application studied
in this chapter. In fact, one of the main objectives in validating VO, for Beyond
CMOS devices is to demonstrate steep-slope operation, in order to overcome
the problem of high power consumption in advanced and high-performance
CMOS technology, as better explained in the next section.

3.1.3 VO, for steep-slope switches

In conventional CMOS scaling, with the objective to keep following Moore’s law, the de-
vice concept and the role of metal, oxide and semiconductor materials are unchanged,
but properly engineered in order to keep reducing the device dimensions. Periodically,
some technology boosters were introduced, like high-mobility channel materials (e.g.
III-V semiconductors), high-k dielectrics (e.g. HfO,), multi-gate structures and so
on, but the device concept (MOSFET) remained the same. Instead, in a new Beyond
CMOS switch both the device concept and the materials will change.

Conventional scaling of CMOS transistors allowed to obtain extraordinary improve-
ments in terms of switching speed, device density, functionality and cost, but aggres-
sive scaling down to gate lengths of the order of tens of nanometers caused problems
in terms of process variability and high leakage power with significantly degraded

Ion/ Iorr ratio, currently considered the main issues of advanced CMOS [167].

For this reason, recent review papers [168, 169] have highlighted the need for new de-
vices that could complement CMOS with improvements in terms of energy efficiency
and novel functionality. One of the key targets in this direction is the reduction of
the subthreshold swing SS, which in conventional MOSFET structures is limited by

the thermionic carrier injection mechanism to 60 mV/dec at room temperature, as
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obtained by the following physics-based equation [170]:

mV

1

2
Cox 3.2)

dvy  dw, (1 oF ) kT
e

kT
SS = —1Inl10>—In10=60
d¥, d(og;, Iq) e dec| 7300k

where W5 is the surface potential, Vj is the gate voltage, I is the drain current, kT/e
is the thermal voltage and Cq and Cy are respectively the depletion and the oxide
capacitance. The development of subthermal subthreshold swing switches (so called
because of the possibility to have a SS < 60mV/dec at room temperature), also known
as steep slope switches, would allow to scale down the supply voltage, and therefore

enable future low-power design [171].

In order to obtain steep slope switches, one possibility consists in decreasing the
first factor of the SS equation, dV;/d¥; (body factor); this approach has been ex-
ploited in the negative capacitance transistor [172] and using electro-mechanical
gates with movable electrodes [173]. Despite experimentally demonstrated small SS
values, in both cases the supporting technology is still far from maturity. The other
possibility to enable subthermal SS operation consists in decreasing the second factor,
d¥s/d(og,( I4), which implies the modification of the carrier injection mechanism.
For instance, alternative mechanisms that can be exploited for this purpose are impact
ionization (IMOS switch [174]) and quantum mechanical band-to-band tunneling
mechanism in tunnel FETs (TFETs) [175].

Despite TFET arguably being the most promising steep slope device at the moment,
with experimentally demonstrated subthreshold swings of the order of 30-40 mV/dec,
this device has strong limitations in terms of low Ipn current and frequency operation.
Therefore, the question about a new Beyond CMOS steep-slope switch remains open,
and it is of foremost importance to investigate the E-MIT in VO, as an alternative

solution to overcome the limits of thermionic injection.

Figure 3.1 compares the structure and the simplified band diagram of three among
the aforementioned switches, with three different principles: (a) the MOSFET, (b) the
TFET and (c) the MIT three-terminal switch. While in the case of the MOSFET and the
TFET the charge carriers are concentrated in the channel and balanced by the charge
on the gate oxide, in the VO, switch the whole volume is converted to the metallic

phase once triggered the MIT and the whole metallic mobile charge is available for
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Figure 3.1 — Device cross sections and energy band digrams corresponding to OFF
and ON state in three major classes of switches: (a) MOSFET, (b) Tunnel FET and (c)

VO, MIT switch.
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Figure 3.2 — Qualitative comparison of the MOSFET, TFET and VO, switch in terms of
subthreshold swing abruptness.

conduction, balanced by the background ion charge. When comparing the transfer

characteristics of the 3 families of switches, qualitatively represented in Figure 3.2,

it is possible to draw the following conclusions on the complementarity of the VO,

3-terminal switch to the other devices:
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e Ion current: the MIT switch and the MOSFET are capable of delivering high Ioyn
current normalized per width and therefore ensure high performance in terms
of speed, while the TFET reaches values 2-3 orders of magnitude lower, needing
complex band-gap engineering of heterojunctions to offer reasonable levels of

current.

e Iorr current: the TFET has better current blocking capability in the OFF state
than the MOSFET, while the VO, MIT switch has a higher leakage component
due to the relatively low bandgap (~ 0.6-0.7 eV).

* Steep slope: the MOSFET is limited by thermionic injection of carriers to SS =
60mV/dec at room temperature, with degrading performance at higher 7. The
TFET has lower dependence on temperature but shows difficulties in achieving
slopes of the order of 30 mV/dec at room temperature, while the abrupt nature
of the E-MIT in VO, holds great potential for going well below this value.

In this context, the objective of this chapter is to further characterize the slope of
the E-MIT in VO, switches: steep-slope switches based on VO, E-MIT have been
presented in previous contributions, but no detailed quantitative analysis on the
limits of steepness of the electrical transition between the two structural phases and

its dependence on temperature have ever been reported in the literature.

3.2 Abrupt switching in voltage-actuated VO, switches

VO, planar switches were fabricated using the process flow described in section 2.3.1.
The data reported in the following sections correspond to a device with width W =
50pum and length L = 7.5um (shown in Figure 3.3), and the electrical characterization

was performed using a HP 4156C semiconductor parameter analyzer.

In order to induce the E-MIT, the biasing scheme shown in Figure 3.4 (a) was used for
the current actuation case and the one in Figure 3.4 (b) for the voltage actuation. In
both cases, a DC source (voltage Vpc or current Ipc) is applied to the series connection
of the VO, switch and the resistor R, whose value depends on whether it is used the
voltage or the current source, as detailed in the following discussion. The voltage drop
on the switch is defined as the intrinsic voltage, Vi, = V — I Rs, where V and I are the

voltage and current for the series connection, respectively.
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Figure 3.4 — Biasing scheme used for the E-MIT with a resistor in series, in the (a)
current actuation and (b) voltage actuation case.

The physical mechanism responsible of the abrupt transition in the IV characteristics
of VO, switches is the sudden decrease in resistivity observed once reaching the
actuation voltage V, of the switch, and it can be modeled by Joule heating [119, 120].
This electrothermal actuation is achieved when the power dissipated in the device
Pint = VinI is producing a material heating above the transition temperature, Tyt =
68°C.

Figure 3.5 shows the dependence of the switch resistance Ryo, on the intrinsic power
dissipated in the device due to the application of a DC voltage or current source, with
measurements done at room temperature. In both cases, the applied power gradually
increases the temperature of the device, until a conductive filamentary path is created
at the onset of the E-MIT.

Once the metallic state is triggered, the resulting power dissipated in the device
depends on whether a current or voltage source is used. In the current actuation case,
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Figure 3.5 — Dependence of intrinsic switch resistance Ryoy = Vin¢/I on the intrinsic
power Piy; dissipated in the VO, switch (W = 50um, L = 7.5pm) by applying a DC
voltage or current source at room temperature. (A) Power threshold for metal-insulator
transition. (A-A’): E-MIT by voltage actuation. (A-A”): E-MIT by current actuation.

the decreased resistance in the metallic state induces a drop in Vi, limiting the power
dissipated in the device and therefore the increase in temperature. As a consequence,
the resistance drop in correspondence of the E-MIT is relatively low (factor of 3.1).
In the voltage actuation case, the decreased resistance causes a further increase in
current, inducing a spike in dissipated power and temperature which allows exploiting
the Rypz modulation for a steep current transition from OFF to ON state.

The results shown in figure 3.5 refer to the intrinsic properties of the VO, switching
region, therefore they are independent of the value of R;. In the voltage source case
we selected Rs = 52, high enough to limit the current in the ON state, preventing
excessive overheating, and low enough to be comparable with Ry, in the ON state,
in order to preserve the high resistance modulation provided by the VO, switching
region. In the current source case we selected R = 1kQ, high enough to suppress the

oscillations caused by the VO, negative differential resistance region [109].

Temperature-dependent properties of the VO, switches have been measured by heat-
ing the substrate gradually up to the metal-insulator transition. Figure 3.6 shows the
dependence of the VO, resistance on the dissipated power Pjy; at different temper-
atures, from 25 °C to 55 °C, using voltage actuation. As expected, the power needed
to heat the VO, region up to Tyt and therefore induce the E-MIT is decreasing with
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Figure 3.6 - Dependence of the intrinsic switch resistance Ryg2 = Vin¢/I on the intrinsic
power Pj,; dissipated in the VO, switch by applying a DC voltage source at different
temperatures, from 25 °C to 55 °C.
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Figure 3.7 — Mean value and standard deviation of the switching power depending on
temperature, for the transition increasing Vp¢ (insulator to metal, corresponding to
P,.) and decreasing Vpc (back to the insulating state).

temperature. Furthermore, the resistance drop in correspondence of the transition
is large and abrupt even when approaching Ty;t, demonstrating the potential of
voltage-actuated VO, for temperature-stable abrupt switching applications. Figure
3.7 shows the actuation power Py at different temperatures, including results for
the transition back to the insulating state. In both cases the dependence is linear, in
accordance with the Joule heating model.
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Figure 3.8 — Abrupt switching based on VO, E-MIT, shown by IV curves at different
temperatures for the VO, switch with a resistor in series.

3.3 Steep slope characterization

Figure 3.8 shows the IV characteristics at different temperatures for the same switch
(W =50um, L = 7.5um), actuated with a DC voltage source, using Rs = 52Q). Due to
the lower needed P,, the actuation voltage decreases from 5.36 V at 25°C to 1.55V at
55 °C, including the voltage drop on R;. In order to more accurately show the behavior
of the isolated VO, switch, independent of the value of R;, in Figure 3.9 it is shown
the measured current as a function of the intrinsic voltage Vi, and iso-power curves
corresponding to the power thresholds Py at different temperatures, decreasing from
11.8 mW at 25 °C to 1.9 mW at 55 °C.

Due to the small value of Rs as compared to Ryo> in the OFF state, the voltage drop on
the series resistance is negligible, and the intrinsic actuation voltage is comparable to
the previously reported V., decreasing from 5.25V at 25°C to 1.48V at 55 °C.

Figure 3.10 shows the dependence of Ryg, on the intrinsic voltage at different temper-
atures. The switch resistance ratio is defined as the ratio between the value of Ryg»
right before actuation and the one right after; this definition is possible due to the
abruptness of the E-MIT, without intermediate points measured between the OFF
and ON state. We report a switch resistance ratio higher than 102 in the whole range
of studied temperatures, from 310.1 (2466.1Q/7.9Q) at 25 °C to 102.7 (1643Q/16Q) at
55°C.
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Figure 3.9 — Current dependence on the instrinsic voltage drop on the VO, switch at

different temperatures, with iso-power curves showing the power dissipation spike in
correspondence of the E-MIT.
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Figure 3.10 — Dependence of intrinsic switch resistance Ryo2 = Vin¢/I on the intrinsic
voltage Vint.

The IV characteristics reported in Figure 3.8 show a sudden increase in current for
small variations of Vpc around V. In order to quantify the steepness of this transition,
the slope S is calculated similarly to the subthreshold swing in a diode switch, as the

increase in Vg at the onset of the E-MIT necessary to have an increase in current by
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one decade in a log-lin plot; this corresponds to the following definition:

d(log;y 7"

dVDC

(3.3)

Vbc=Vact

For better accuracy in the calculation of the slope, the measurements were per-
formed at the maximum resolution available with the equipment in use, i.e. with
1 mV incremental steps. High-resolution IV measurements at different temperatures
(shown in Figure 3.11 for T approaching Tyir) demonstrate that S is extremely abrupt
(< ImV/dec) and it has very little dependence on temperature below 50 °C. This
unique behavior is observed for the first time and suggests that in a three-terminal
embodiment, for instance by using an electrothermal heating electrode as a gate, such
a MIT switch could offer a unique temperature-stable solution for 1 mV/dec logic
switching.

The high-resolution IV curves in Figure 3.11, measured from 50 °C to 60 °C, show
that even if the slope is more dependent on temperature, from 50 °C to 57 °C it is
still possible to observe an abrupt increase in current higher than one decade at the
E-MIT, and the slope is degraded only by the decrease in resistance ratio. Further
approaching Tyyr, the steepness of the switch is severely affected by partial switching
events distributed in a wider voltage range.
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Figure 3.11 — High-resolution IV curves (1 mV incremental steps) for voltages around
the E-MIT, at temperatures near the thermal transition. The full hysteresis cycle is not

shown due to the limited maximum number of points allowed by the measurement
setup.
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Figure 3.12 summarizes the results on the temperature dependence of the slope and
the actuation voltage. The reported S values can be considered deep-sub-thermal,
varying from 0.24 mV/dec at 25 °C to 0.38 mV/dec at 50 °C, with a low dependence on
temperature below 50 °C (< 5.5uV°C/dec). The actuation voltage is decreasing with
the temperature, as expected, because less injected power is requested to induce the
E-MIT at higher temperatures.

Another remarkable fact observable in Figure 3.9 is the high level of current in the
ON state of the switch, Ipy, reaching values higher than 1.8 mA/pum at 5.5 V. Further-
more, as shown in Figure 3.13, the dependence of oy on temperature is very little
(2.7pA°C/um) suggesting a high stability versus temperature of the switch conduc-
tivity in the ON state. These values, normalized per width, offer a direct comparison
with other steep slope devices, showing the capacity of MIT switches to provide high

levels of current, similar to advanced CMOS.

On the other hand, the main drawback is the reported high current before the MIT
transition, I, also plotted in Figure 3.13, which with the same normalization per unit
width is 43 pA/um, quasi-stable in the considered temperature range. This relatively
high current in the OFF state can be reduced by doping VO, with elements increasing
its sheet resistivity [176].
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Figure 3.12 — Dependence on temperature of the slope and the actuation voltage of
the VO, abrupt switch.
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Figure 3.13 — Dependence on temperature of the current in the ON state and the
actuation current.

3.4 Low voltage VO, switches

The results presented in the previous sections encourage further investigations for
the use of VO, for applications requiring steep-slope switches. An important figure of
merit to evaluate the performance of the switch is the actuation voltage, which must
be minimized in order for the VO, switches to be attractive for industrial applications.
As shown in Figure 3.9, the actuation voltage for the characterized switch (W = 50um,

L =7.5um) is lower than 5.5V at room temperature.

A possible way to decrease the actuation voltage consists in decreasing the length of
the switch, in concordance with the electrothermal actuation model based on Joule
heating. The power required to actuate the VO, switch can be expressed as:

Pact = aWILAT (3.4)
AT =Tyir—T (3.5)

where a is the thermal conductance to the environment. Expressing P, in terms of
the actuation voltage we obtain:
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V2
L = aLWIAT (3.6)
Ryo2
Vact = V@LW AT Ryop (3.7)
L
Rvoz = pvoa— 3.8
Vo2 = PVO2 (3.8)

substituting (3.8) in (3.7) we obtain:

Vact = vV @AT pyo2 L 3.9

showing that for the purely Joule heating-based model the actuation voltage is linearly
proportional to the length of the switch, in concordance with the measurements
shown in Figure 2.15. A previous work on VO, junctions with sub-micrometer lengths
reported actuation voltages as low as 1.1V [23]; moreover, a study on the scalability
of Vye¢ with L for VO, nano-gap junctions highlighted the importance of the work
function difference between VO, and the metal contact, explaining the extrapolation

of non-zero values for V¢t when L — 0 [111].

In this work we consider a different approach for the reduction of V,, optimizing
the metal contact geometry to focus the electric field at specific locations of the VO,
junction.

3.4.1 Device concept

Figure 3.14 (a) shows the schematic diagram of the proposed device; conventional
metal-VO; contacts like the ones shown in Figure 3.3 are extended with triangular-
shaped “spikes” protruding on the VO, junction. The aim of this section is to prove
that VO, switches with spikes actuate by E-MIT at a lower voltage than conventional
flat junctions with the same length. As shown in Figure 3.14 (b), for fair comparison

the length L is measured starting and ending at the tip of the spikes.

The working principle of the proposed device consists in exploiting the fact that in
an irregularly-shaped conductor, in conditions of electrostatic equilibrium, excess
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b)

[ sio. [ vo. [l metal

Figure 3.14 — a) Schematic diagram of the proposed low-voltage VO, switch. The metal
spikes (length Lg, width W) allow increasing locally the magnitude of the electric field.
b) Flat-junction VO, switch employed for performance comparison, having the same
length L and width W of the device with spikes.

electric charges accumulate with higher density in regions of larger curvature. This
larger charge quantity, combined with the fact that the charge repulsive forces will be
mostly directed perpendicular to the surface, results in producing a stronger electric

field in locations where the conductor is most curved.

As a consequence, the electric field profile for the VO, switch structure in Figure
3.14 (a) will have its maximum at the tip of the spikes, where the radius of curvature is

minimized.
The temperature reached at equilibrium depends on the obtained electric field, as

52



3.4. Low voltage VO, switches

shown hereinafter. The total power dissipated P in the VO, region is given by:

p:f J-EdV (3.10)
14

where V is the volume of the VO, region, J is the current density and E is the electric
field. In each point of the material the local formulation of Ohm’s law states that:

J=0F (3.11)
where o is the conductivity of VO,. By substituting (3.11) in (3.10) we obtain:
P:f o|E[° dv (3.12)
v

showing that the power dissipated, and therefore the temperature increase, will be
higher in regions of higher electric field. If the local temperature increase is high
enough to initiate the E-MIT, the VO, region in the proximity of the tip of the spike will
transition to the metallic state, extending the length of the spike and decreasing the
effective length of the switch. This mechanism would constitute a positive feedback
increasing the electric field for the same voltage and creating a conductive filament
connecting the metal electrodes in correspondence of the spike location.

3.4.2 Electrothermal simulations

In order to validate the proposed working principle, electrothermal simulations have
been performed using the finite element method (FEM) in COMSOL Multiphysics.
Figure 3.15 (a) shows the full simulated geometry. The boundaries of the simulation
domain are far enough from the active region so that the results are unchanged if
the domain is extended. As shown in Figure 3.15 (b), the tetrahedral mesh has been
refined in the proximity of the metal spikes, in order to properly simulate the effect of

the increased curvature, occurring in the range of few tens of nanometers.
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Figure 3.15 — a) Full geometry domain for the electrothermal simulations used to
estimate the efficiency of the increased electric field in correspondence of the metal
spikes to actuate the VO, switch at a lower voltage as compared to conventional flat
VO, junctions with the same length, assuming an electrothermal actuation model
based purely on Joule heating. Grid labels in um. b) Dense mesh profile in correspon-
dence of the spikes location. The mesh minimum element size has been fixed to 4 nm,
for spikes with width Wy = 40nm and length Ls = 400 nm.

The substrate is made of 5 um thick silicon, extended on a 10x20 pum area. A 500 nm
SiO, layer on top of the substrate acts as an electrical insulator. The VO, layer is
200 nm thick and its electrical conductivity is introduced as a temperature-dependent
function, obtained using a cubic interpolation of the experimental results shown in
Figure 2.6.

In this way the coupled FEM electrical and thermal simulations require multiple itera-
tions to calculate the VO, resistance change due to Joule heating and as a consequence
the change in current, until convergence is reached. The metal electrodes are made
by 200 nm gold (Au), patterned to create junctions with constant width and length
(W =10pum, L = 1pm) and spikes with variable aspect ratio AR = Lg/Ws. In order to
isolate the effect of the spikes, the corners of the contacts are shaped with a quarter of

circumference with a radius of 1 um.
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Table 3.1 — Material properties used for the electrothermal simulations.

Material Electrical Relative Thermal Heat
conductivity permittivity conductivity capacity
(S/m) Wm'K) (kg 'K
Si / 11.7 130 700
SiO,, / 4.2 1.4 730
VO, from 20 to 6.4 x 10* 30 6 690
Au 45.6 x 10° 1 317 129

All the material parameters used for the electrothermal simulation are summarized in
Table 3.1.

The simulations are performed in steady-state conditions, applying a constant poten-
tial difference between the two Au contacts. The heat dissipation is modeled by fixing
the temperature at the bottom of the substrate to room temperature T = 293.15K and
by adding convective heat flux boundary conditions on the top surfaces. The heat loss
due the convection can be calculated as:

P =hA(T — Tex) (3.13)

where h is the convection heat transfer coefficient, A is the exposed surface area and
Text is the external temperature, set to Tp = 293.15K. For the following simulations, h
has been fixed to 5Wm ™' K~2.

Simulations of flat junctions

A first set of simulations was performed to assess the electric field distribution in flat
junctions and its effect on the temperature profile and the resulting actuation voltage.
These results are used as a reference to benchmark the performance of VO, switches
with spikes.

Figure 3.16 shows the electric field on the top surfaces of a VO, switch with flat
junction, for a simulated geometry with the dimensions shown in Figure 3.15 (a)
and an applied voltage Vpc = 7V, close to the actuation voltage. As expected for

flat electrodes, the electric field is constant along the width of the switch, and it
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Figure 3.16 — Electric field on the top surface of a VO, switch with flat electrodes for
an applied voltage Vpc = 7V, with zoom on the VO, region.

decreases going further from the interface with the metal electrode, from a maximum
of 2.83 x 107 V/m at the interface (x = Opm) to a minimum of 5.04 x 10° V/m in the
middle (x = 0.5um).

In order to assess the actuation voltage a parametric sweep was introduced in the
simulation, with minimum step voltage of 0.1 V; the results are summarized in Figure
3.17, showing the actuation voltage V,; = 7.2V. The results in function of the position
along the x-axis in the junction (corresponding to the length of the device) are calcu-
lated on a line on top of the VO, surface and in the center of the y-axis (corresponding
to the width).

Figure 3.17 (a) shows the electric field profile along the length of the switch for different
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Figure 3.17 — a) Electric field profile for different voltage levels along the length of the
switch, from the interface with one metal electrode (x = Opm) to the other (x = 1um),
on top of the VO, surface and in the middle of the junction (y = 10pm). The curves
pre-actuation correspond to voltage steps of 0.5 V. b) Temperature profile along the
length of the switch. c¢) Dependence of the maximum VO, temperature in function of
the applied voltage, for Vpc < Vici. d) IV characteristics, obtained applying a limiting
series resistor Ry = 50 Q2.

voltage levels before actuation (0.5V steps) and in correspondence of Vpc = Vet =
7.2V, showing that the field drops rapidly in the first 100 nm away from the interface

with the metal electrodes.

Figure 3.17 (b) shows the temperature profile along the length of the switch for dif-
ferent voltage levels before actuation. The temperature peak is in the middle of the
junction (x = 0.5pum) and, as better shown in 3.17 (c), it increases at a higher rate for
voltage levels approaching V,. Due to the absence of a limiting series resistor and the
low aspect ratio of the switch (W/L = 10), the very high current for voltages Vpc = Vit
causes temperature values beyond the VO, melting point (1967 °C [177]).
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Figure 3.17 (d) shows the IV characteristics of the switch for Vp¢c swept up to 10V and
applying a series resistor of 50 Q to limit the current in the VO, metal state, showing a
steep increase of more than two decades in correspondence of the E-MIT.

Simulations of junctions with spikes

Another set of simulations was performed for the geometry domain shown in Figure
3.15 (a) using spikes with constant length (Ls = 400 nm) and variable width, in order to
study the effect of the spike aspect ratio AR = Ls/ Ws. Figure 3.18 (a) shows the electric
field on the top surfaces for Vpc =7V and AR = 2.
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Figure 3.18 — a) Electric field on the top surface of a VO, switch with electrodes
employing spikes to increase locally the electric field; applied voltage Vpc = 7V; spike
aspect ratio AR = 2. b) Zoom on the spike, showing an increase in electric field with
the spike aspect ratio.
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The maximum of the electric field is located as expected in correspondence of the

tip of the spike, and its value (1.83 x 108 V/m) is more than 6 times higher than the

one obtained in flat junctions with the same Vp¢. Figure 3.18 (b) provides a zoomed

view of the electric field in the proximity of the spikes. The spike aspect ratio AR is

increased from 2 to 10, showing the possibility to reach higher electric fields using

narrower spikes.

Field increase factor

y=2.812x + 0.8836
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8 10

Spike aspect ratio AR

Figure 3.19 — Simulation results and linear interpolation of the field increase factor
(ratio between the maximum electric field in junctions with spikes and the one in flat
junctions) in function of the spike aspect ratio.
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Figure 3.20 — Electric field profile for Vpc = 7V along the length of the switch in the
middle of its width, comparing flat junctions and junctions with spikes with different
aspect ratios. Inset: zoom on the first 50 nm away from the junction.
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Chapter 3. VO, MIT for steep-slope electronic switches

The ratio of the maximum electric fields for junctions with spikes and flat junctions is
plotted in function of the spike aspect ratio in Figure 3.19 keeping constant Vpc =7V,
reaching values as high as 20. The results show that the improvement in the field
increase factor can be fitted with a linear function (coefficient of determination R? =
0.9403).
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Figure 3.21 — Electric field profile for Vpc = 7V along the length of the switch, 500 nm
away from the middle of its width, comparing flat junctions and junctions with spikes
with different aspect ratios. The shaded regions correspond to the additional length
with respect to the flat junctions due to the insertion of the spikes on both sides
(Ls =400nm).
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Figure 3.22 — Temperature profile for Vpc = 7V along the length of the switch in the
middle of its width, comparing a flat junction and a junction with a spike with AR = 10.
The high field induced at the spike is effective only near the interface with VO,.
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Figure 3.23 — a) Electric field profile for different voltage levels along the length of a
switch with spikes (AR = 10), from the tip of a spike (x = Oum) to the other (x = 1um),
on top of the VO, surface and in the middle of the junction (y = 10pm). The curves
pre-actuation correspond to voltage steps of 0.5 V. b) Temperature profile along the
length of the switch. c) Dependence of the maximum VO, temperature in function of
the applied voltage, for Vpc < Vai. d) IV characteristics, obtained applying a limiting
series resistor Ry = 50 Q2.

Figure 3.20 shows the electric field profile along the length of the switch for different
spike aspect ratios, compared to the one obtained using flat junctions, while keeping
constant Vpc = 7V. As better shown in the inset, the electric field at the interface is
highly dependent on AR, but the effect of the spike vanishes around 20 nm away from
the junction. All the field profiles overlap around 150 nm away.

These results confirm that the spikes allow to increase locally the electric field for
the same applied voltage. However, as shown in Figure 3.21, in which the electric
field profile across the length of the switch is plotted for a line 500 nm away from the
middle of the width, the added junction length due to the insertion of the spike causes
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Chapter 3. VO, MIT for steep-slope electronic switches

a considerable decrease in the electric field far from the center of the device with
respect to the flat junction.

This drawback results ultimately in a lower peak temperature for the device with
spikes, as shown in Figure 3.22, where the temperature profile along the length of the
switch in the middle of its width is plotted for a flat junction and a junction with spikes
(AR =10) at Vpc = 7V. The VO, temperature is indeed higher at the tip of the spike
with respect to the interface with the flat junction, but the temperature peak for the
flat junction (located at x = 0.5um) is much higher, due to the higher total dissipated

power.

Figure 3.23 summarizes the results for a junction with spikes with AR = 10. Figure
3.23 (a) shows that the electric field can be more than two orders of magnitude higher
at the tip of the spike with respect to the center. As a consequence, differently from
what observed for flat junctions, the temperature peak is obtained at the interface
with the electrode (Figures 3.23 (b-c)). The IV characteristics in Figure 3.23 (d) show
the actuation voltage V,.; = 8.8V.
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Figure 3.24 - a) Electric field on the top surface of a VO, switch with electrodes
employing spikes along the whole width of the junction; applied voltage Vpc =6.5V;
spike aspect ratio AR = 10.

Simulations of junctions with multiple spikes

A possible way to limit the drawback explained above, resulting in a higher actuation

voltage for the junction with spikes, consists in minimizing the ratio Lg/L in order
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to decrease the excess length due to the insertion of the spikes. However, increasing
L beyond 1 um, even if convenient for a validation of the concept, would probably
end up in too high actuation voltages for both kind of junctions. On the other hand,
decreasing Ls below 400 nm while keeping high aspect ratios could be prohibitive

from a fabrication point of view.

Another approach, followed in the rest of the discussion and validated by experimental
results, consists in adding multiple spikes along the whole width of the junction.
Figure 3.24 shows the simulation of the electric field distribution on the surface of this
structure for Vpc = 6.5V, reaching a higher peak electric field than the flat junction

case.
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Figure 3.25 — a) Electric field profile for different voltage levels along the length of a
switch with spikes (AR = 10) along the whole width of the junction, from the tip of a
spike (x = 0um) to the other (x = 1um), on top of the VO, surface and in the middle
of the junction (y = 10um). The curves pre-actuation correspond to voltage steps of
0.5V. b) Temperature profile along the length of the switch. c) Dependence of the
maximum VO, temperature in function of the applied voltage, for Vpc < V. d) IV
characteristics, obtained applying a limiting series resistor Rg = 50 Q.
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An additional advantage following this approach is related to process variability issues.
Due to resolution limits in lithography processes, the fabricated spikes will not be as
sharp as in the design, and the radius of curvature would be affected by the process
variability; therefore including multiple spikes would maximize the chance to have at

least a spike with a radius of curvature lower than the target specification.

This design, simulated for the same geometry used for flat junctions and junctions
with single spikes, results in a lower actuation voltage V. = 6.8V. For comparison
purposes, the electric field on the top surfaces of the device, shown in Figure 3.24, is

calculated for a bias voltage before actuation, Vpc =6.5V.

The results on the performance of the device are summarized in Figure 3.25, showing
similar temperature distributions to the flat junction case (maximum in the middle:
x = 0.5um) but with higher values for the same applied Vpc, confirming that this
approach is promising for the implementation of low-voltage VO, switches.

3.4.3 Fabrication

The fabrication process was carried out in the Laboratory of Micro- and Nanofabri-
cation (LMN) at the Institut National de la Recherche Scientifique (INRS), University
of Quebec. In a first fabrication run, based on the process flow shown in figure 3.26,
500 nm thick epitaxial VO, was grown on a 1” circular sapphire substrate (Al;03(1102)
orientation) by Pulsed Laser Deposition using a Krypton Fluoride laser (wavelength
A =248nm) at a repetition rate of 10 Hz. The vanadium metal target was ablated with
alaser fluence of 2J/cm?. Before starting the deposition, the chamber was pumped
down to 1.33 x 10~% mbar. During the deposition, the pressure was kept constant at
3.6 x 1072 mbar, with a constant oxygen flow of 5sccm. The substrate temperature
was set to 550 °C, and the target-to-substrate distance was 6.5 cm. In order to improve

the film homogeneity, the substrate was rotated during deposition.

Figure 3.27 (a) shows the SEM top view of the deposited 500 nm VO thin film. The
VO, film presents good crystallinity, with the zoom in Figure 3.27 (b) showing a grain
size as high as 600 nm. However, differently from the films obtained with sputtering,
the surface is covered by um-sized droplets characteristic of thin films deposited by
PLD [178].

The electrodes are made of a 100 nm thick Cr/Cu/Au metal stack. Electron beam
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Figure 3.26 — Process flow for the VO, switches with spikes fabricated at INRS. a)
Substrate preparation. b) VO, PLD deposition, performed for more thicknesses, from
100 nm to 500 nm. c) Patterning of 100 nm thick Cr/Cu/Au electrodes by e-beam
lithography and lift-off.

lithography and lift-off were employed to obtain the very high resolution features
required to minimize the radius of curvature of the spikes. However, the high size
and density of droplets on the 500 nm VO, surface did not allow to properly pattern
the metal electrodes, particularly in correspondence of the spikes. A possible way to
decrease the size and density of the droplets consists simply in reducing the deposition
time.

This is the approach that was followed for a second fabrication run, in which a 100 nm
thick polycrystalline VO, film was deposited by PLD on a 1 square in Si/SiO, substrate.
As shown in Figure 3.28 (c), using the same scale as Figure 3.28 (a), the density of
droplets has been significantly reduced. As a consequence of the lower thickness,
the VO, grain size observable in Figure 3.28 (d) is smaller than what obtained for the
500 nm film.

Figure 3.28 reports the SEM top view of a final device, showing that the droplets
density in the 100 nm film has been reduced enough to allow the realization of devices

without droplets interfering with their active region.

Using this process, devices with constant width (W = 20um) and different lengths (L
varying from 2 pym to 10 um) have been realized, both with spikes and without spikes.
Furthermore, the devices with spikes present a geometrical variation on the spike
length (L, varying from 400 um to 1600 um) and its aspect ratio (AR varying from 3 to
6). Moreover, 12 instances of the same device variation were included in the layout, in

order to consider variability effects on the device performance.
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Figure 3.27 — a-b) SEM images of the 500 nm thick VO, film deposited by PLD on
sapphire. c-d) SEM images of the 100 nm thick VO, film deposited by PLD on a
Si/SiO, substrate.

Figure 3.28 — a) Top-view of a fabricated VO, two-terminal switch (W = 50um, L =
7.5um). b) Zoom on the spikes, showing extremely sharp profiles.

3.4.4 Electrical characterization

First of all, the deposited 100 nm VO, thin film was characterized by 4-point probes

measurements as described in section 2.2.2. The resistivity curve shown in Figure 3.29
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Figure 3.29 - VO, electrical resistivity dependence on temperature, showing a reconfig-
urability higher than 3 decades and a steep transition at ~ 73°C. Inset: d(—logp)/dT
curves while heating and cooling the VO film, showing a narrow hysteresis of ~ 7°C.

confirms the good quality of the deposited film, with a reconfigurability of more than
3 orders of magnitude.

DC measurements were performed at room temperature using the biasing scheme
in Figure 3.4 (b) as described in section 3.2, with a series resistor Rs = 10kQ. The
objective of the IV characterization consists in comparing the voltage necessary to
switch the devices with spikes with the one required for conventional flat junctions,
expecting to observe a lower actuation voltage thanks to the high electric field at the
tip of the spikes.

In order to consider variability effects in the discussion of the results, more instances
of the same device variation were measured, both for flat junctions and junctions
with spikes. Figure 3.30 shows the histogram representation of the distribution of the
actuation voltage for L = 10um long devices; the width of the spikes is Wg =200nm
and the length Ls = 800nm. The data has been fitted to gaussian distributions.

The results show higher variability in the actuation voltage than what obtained using
the sputtering process optimized in EPFL (see for instance Figure 4.5), but there is
a clear trend in the reduction of the actuation voltage when employing the spikes.
The distribution for the devices with spikes is fitted to a gaussian with average 20.1V
and standard deviation 5.1V, while for the flat junctions the average is 25.8 V and the
standard deviation 7.3 V.
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Figure 3.30 — Histogram representation and gaussian fitting of the distribution of the
actuation voltage for VO, switches (W =20um, L = 10pm) employing flat junctions
or junctions with spikes (Wg = 200nm, Lg = 800nm). Bin size: 2V.

Figure 3.31 (a) shows the comparison of the IV characteristics for devices using flat
junctions or junctions with spikes, selecting from the ones included in Figure 3.30
(L = 10pm) the ones that undergo the E-MIT at the lowest actuation voltage. We
observe a decrease in V¢ from 16.6V to 12.4V, corresponding to a 25.3 % reduction.
Figure 3.31 (b) shows the same comparison for shorter devices (L = 2um); in this case
we obtain a 38.3 % reduction in actuation voltage, decreasing from 8.6 Vto 5.3 V.
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Figure 3.31 — Comparison of IV characteristics for devices with or without spikes (Wg =

200nm, Ls = 800nm) along the junctions, keeping constant the width W = 20um and
thelength L. a) L=10um. b) L =2um.

The measurements presented in this section validate the use of spikes along the metal
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electrodes at the interface with VO, as a method to decrease the actuation voltage in
VO, switches. However, the actuation voltage achieved in the best cases is still too
high to consider these devices as low-voltage switches. A possible way to decrease
the actuation voltage, based on the electrothermal actuation model by Joule heating,
consists in decreasing the length of the switch or the VO, resistivity, as expressed in
Equation (3.12). Another approach would consist in identifying conditions in which
the electric field plays a more important role in the actuation event.

3.4.5 Measurements at cryogenic temperatures

The results at room temperature presented above prove that the spikes can be used to
decrease the actuation voltage in VO, switches. However, since their working principle
is based on the high electric field created on the tip of the spikes, a higher difference
in actuation voltage with respect to flat junctions could be observed in conditions in
which the MIT is mainly driven by the electric field.

A previous work on VO, characterization at cryogenic temperatures has proven that
the actuation voltage for a VO, switch measured at 77K was less than two times
higher than what observed at room temperature, while using a model based purely on
Joule heating it was predicted a 43-fold increase [179]. These findings suggested the
importance of non-thermal voltage-driven transitions occurring in VO, not easily ob-
servable at room temperature since being concomitant with electrothermal actuation

mechanisms, but crucial to explain the actuation dynamics at 77 K.

For this reason, we decided to further investigate the behavior of VO, switches at
cryogenic temperatures, expecting to observe a larger improvement in actuation

voltage using the spikes.

Cryogenic measurements were performed in a Siiss Microtec cryogenic prober cham-
ber (PMC 150) at EPFL. This tool allows high vacuum (better than 1 x 10~ mbar) for
on-wafer measurements in a broad temperature range from 4K (using liquid helium)

to 400K. Liquid nitrogen was used to cool the substrate temperature down to 77 K.

Figure 3.32 shows the dependence of the OFF-state resistance of 2pum long VO,
switches with and without spikes. Coherently with earlier studies [38, 39, 180], the re-
sistance of VO, at temperatures far from Tyt is found to be exponentially decreasing
with temperature, reaching values 4 orders of magnitude higher than what measured
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Figure 3.32 — Dependence on temperature of the OFF-state resistance for devices with
or without spikes (Ws = 200nm, Ls = 800nm) along the junctions, keeping constant
the width W = 20um and the length L = 10um. Inset: ratio between the OFF-state
resistance of devices with flat junctions and the one of devices with junctions with
spikes.

at room temperature. The inset shows the increase in resistance observed in devices
with flat junctions with respect to devices with spikes, which fits well to an inversely
proportional dependence on temperature from 100 K to 300 K.

Differently from what observed in [179], the devices were not actuated for voltage
levels few times higher than what obtained at room temperature, therefore it was
necessary to increase the voltage sweep up to values higher than 80V. However,
the devices appear to actuate at remarkably low power levels, incompatible with a
model based purely on Joule heating. For instance, Figure 3.33 shows an actuation
event measured at 77 K for a device with spikes (Ws =200nm, Lg = 800nm), actuating
at Pyt = 64.4uW (Vyer = 75.2V, Ih¢ = 0.85pA), while switches at room temperature
actuate for power levels of the order of the mW.

The device reported in Figure 3.33 was damaged during the first IV characterization,
and it was not possible to actuate it for a second cycle, persisting on a high-resistance
state. Other devices were damaged directly in correspondence of the actuation event,
therefore in their case it was not possible to observe the low-resistance state. Devices
were damaged despite the presence of a current-limiting series resistance Rs = 10k(,
suggesting that it would be necessary to decrease the actuation voltage for reliable
operation.
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Figure 3.33 — Full actuation cycle measured at 77 K for a VO, switch with spikes (W =
20pm, L =2pm, Ws =200nm, Ls = 800nm), showing E-MIT at ultra-low power.

3.5 Summary

This chapter presented the fabrication and characterization of VO, steep-slope switches
operating in a broad temperature range. After an introduction on the literature on VO,
electronic switches, the main fields of research and their applications, the potential
of VO, for steep-slope switches was discussed. Steep-slope switches based on the
metal-insulator transition in VO, have been compared to other technologies such as
MOSFET and TFET in terms of slope, Ion current and Ippr current, suggesting that
the VO, based MIT switch is a promising candidate for a new Beyond CMOS switch
able to overcome the limits of thermionic injection.

VO, 2-terminal switches were fabricated at EPFL exploiting the optimized sputtering
process presented in section 2.2.1 and the process flow in section 2.3.1. Current and
voltage actuation methods were compared and discussed in the context of the elec-
trothermal actuation model based on Joule heating, showing how voltage actuation
provides a power dissipation spike in correspondence of the E-MIT ensuring very high
resistance ratios between the two states.

The slope of the transition was defined and measured in a broad temperature range,
assessing quantitatively for the first time its low temperature dependence up to 50 °C.
The devices operate as deep subthermal switches up to 57 °C, close to the VO, tran-
sition temperature. Moreover, we observed a very low dependence on temperature
of the high Ipy current in VO, switches from 25 °C to 60 °C, confirming the good
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temperature stability of the proposed device.

The second part of the chapter was devoted to the study of an optimized electrode
shape to decrease the actuation voltage in VO, switches. We proposed the use of
triangular-shaped “spikes” protruding on the VO, junction as a way to increase the
electric field peak (located on the tip of the spike) for the same applied voltage with
respect to conventional flat junctions. Electrothermal simulations, in which the E-
MIT is based purely on Joule heating, show that this effect would help decreasing the
actuation voltage. Moreover, this kind of electrodes could help distinguish conditions
in which the E-MIT is initiated by other mechanisms related to the electric field.

The devices were fabricated in INRS using VO, deposited by PLD and characterized at
EPFL. Measurements at room temperature confirm the working principle validated by
simulations. Moreover, measurements at cryogenic temperatures were performed in
order to provide further insights on the role of the electric field in the E-MIT in VO,
switches.

The main contributions of this chapter can be summarized as follows:

Comprehensive study of the E-MIT slope in VO3 switches. Previous contributions on
steep-slope switches based on VO, E-MIT did not report detailed quantitative
analyses on the limits of the steepness of the electrical transition between the
two VO, structural phases. For better insights into the performance of VO,
switches from this point of view, we fabricated CMOS-compatible two-terminal
switches and measured E-MIT actuation events with high-resolution voltage
sweeps (1 mV steps), obtaining transition slopes as low as 0.24 mVdec™! at room

temperature.

Moreover, we experimentally reported for the first time the dependence of
the slope on the temperature, increasing only up to 0.38 mVdec™! at 50°C,
corresponding to a T dependence < 5.5uV°C/dec. Moreover, the devices show
excellent ON-state conduction, with Ipy = 1.8 mA/um at 5.5V for the whole
range of investigated temperatures. These results recommend MIT VO, switches
as future candidates for steep-slope, highly conductive, temperature-stable
switches.

Method to decrease V,.; by generating high electric fields in VO, switches. We pro-
posed an alternative electrode shape to reduce the actuation voltage in VO,

switches. Electrothermal simulations in COMSOL Multiphysics proved that
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including triangular-shaped metal “spikes” along the electrode sides on the VO,
junction allows to reach the transition temperature Tyt at lower voltages with
respect to what obtainable with standard “flat” junctions. This effect is due
to the higher electric field induced on the tip of the spikes, which depends on
the spike radius of curvature. The device working principle was validated by
DC measurements at room temperature comparing the actuation voltage in
standard flat junctions with the one observed in devices with spikes of the same
length. More instances of the same geometrical variation were measured to take
into account the process variability. For the 10 um long switches, the devices
with flat junctions actuated on average at 25.8 V, while the devices with spikes
actuated on average at 20.1V. By considering only the devices which actuate at
lower voltage, we obtain a 25.3 % reduction in actuation voltage for the 10 pum
long devices (from 16.6 V to 12.4 V) and a 38.3 % reduction in actuation voltage
for the 2 um long devices (from 8.6 V to 5.3 V). Moreover, the devices with spikes
were measured at cryogenic temperatures in order to investigate possible al-
ternative actuation mechanisms based on the electric field effect, with Joule
heating relegated to a minor role. Most of the devices measured at 77 K were
irreparably damaged due to the very high voltage levels required to actuate,
however for one of the devices it was possible to observe a full actuation cycle,
with the E-MIT occurring at a remarkably low actuation power, Py¢; = 64.4uW
(Vact = 75.2V, It = 0.85pA), while switches measured at room temperature ac-
tuate for power levels of the order of the mW. This low actuation power cannot
be predicted by conventional models based on Joule heating and needs to be
confirmed by further characterization, potentially providing more insights into

alternative actuation mechanisms based on the electric field effect in VO,.
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VO, MIT for reconfigurable RF func-

tions

This chapter presents the fabrication and characterization of reconfigurable radio

frequency (RF) devices based on the metal-insulator transition in VO,.

We first propose a CMOS-compatible, low-loss, highly-reliable VO, RF switch. The
VO, RF switch has been thoroughly characterized and compared to the respective
state-of-the-art and alternative competing technologies in terms of the main figures
of merit defined in Section 4.1.1.

In the second part of the chapter we present a novel tunable capacitor based on VO,

and its application for microwave tunable filters.

4.1 Introduction

Microwaves are a form of electromagnetic radiation covering the spectrum from
300 MHz to 300 GHz. This range of frequencies corresponds to wavelengths A decreas-
ing from 100 cm to 0.1 cm. As a consequence, working in this part of the spectrum
means that the wavelength of the signals is comparable to the size of the equipment,
therefore it is not possible to use exclusively lumped-circuit models based on discrete
components (e.g. resistors, capacitors, inductors). Instead, distributed circuit ele-
ments and the theory of transmission lines have been developed to accurately design

and analyse microwave circuits and propagation [181].

Microwave technology is exploited for different applications, such as radar systems,
telecommunications, satellite navigation, radio astronomy, heating and power ap-

plications. The aim of this chapter is to further explore the potential of VO, (and
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MIT materials in general) for reconfigurable RF devices, with particular focus on de-
vices suitable for wireless communication systems and their subsystems (e.g. anten-
nas, filters, matching networks, etc.). Microwaves are particularly suited for wireless
communication systems because they are more easily focused into narrow beams
than lower-frequency radio waves, they allow higher data transmission rates and the
antenna size is miniaturized, decreasing proportionally to the wavelength. More-
over, long-distance terrestrial telecommunications are possible since microwaves are
strongly absorbed by the atmosphere only at wavelengths shorter than about 1.5 cm
(i.e. above 20 GHz).

Devising and exploiting tunable RF devices is of foremost importance for wireless

communication systems, for three main purposes:

* switching networks between subsystems: RF switches are used in virtually any
wireless communication system. Single-pole double-throw (SPDT) and double-
pole double-throw (DPDT) switches are generally used to route the signals
between different subsystems (e.g. transmit-receive switches in transceivers),
while single-pole N-throw (SPNT) switches are used mainly to select different
elements in amplifier or filter banks.

* subsystems requiring reconfigurability: some subsystems inherently require
reconfigurable devices for their functionality, like for instance phase shifters and
voltage-controlled oscillators (VCOs). Phase shifters are microwave networks
able to provide a controllable phase shift of the RF signal; this function is enabled
by reconfigurable RF elements, like SPNT switches to select transmission lines
with variable lengths, or tunable capacitors used as variable loading on a fixed
line. VCOs provide an oscillating signal at a frequency controlled by voltage,
and they can be realized exploiting voltage-tunable capacitors; improving the
quality of the capacitor allows to increase the tunability and the achievable

frequency range.

* reconfigurable subsystems: tunable RF devices can be used to introduce reconfig-
urable properties in subsystems (e.g. reconfigurable antennas, reconfigurable
matching networks, etc.). For instance, one of the aims of this chapter is to
design microwave tunable filters based on the metal-insulator transition in VO,
(Section 4.3). Microwave tunable filters are among the most important compo-
nents in wireless communications systems, due to their ability to control the

spectral profile of the transmitter and the receiver while excluding undesirable
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narrowband signals, without employing bulky filter banks. The development of
a low-cost, miniaturized, reliable technology for analog and digital control of
microwave filters is of foremost importance for the next generations of wireless

communication systems.

4.1.1 Figures of merit for RF tunable devices

In order to compare the advantages and drawbacks of different technologies for RF
reconfigurable electronics, we introduce the following figures of merit:

* Tunability: any RF tunable device functionality is based on the ability to modify
one of its properties f (e.g. equivalent resistance or capacitance), in function of
an applied signal x. We define the tunability TR of the device as:

_ f(x = xmax)

=0 (4.1)

where xpax is the x value providing the maximum change in f. The relative
tunability TRy, is then defined as:

f(x=xmax) — f(x=0)
TRy, =
% f(x=0)

(4.2)

e Loss: low loss is often one of the most stringent specifications in the design of
RF tunable devices, with clear advantages for any microwave circuit (e.g. low

phase noise in oscillators, high gain and low power consumption in amplifiers).

In RF switches as a figure of merit the loss is usually quantified using the S-
parameters: for instance, for a simple SPST switch, the main figures of merit are
the insertion loss S»;_on and the isolation S»;_opr. In tunable capacitors it is
more appropriate to use the quality factor Q definition:

1

Q

where w =27 f is the angular frequency, C is the equivalent series capacitance

and R is the equivalent series resistance.

* Power consumption: since nowadays most wireless communication systems are

portable and battery operated, reducing DC power consumption is a concern of
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foremost importance. Using low-power tunable devices can significantly reduce
the battery weight and size or increase the battery lifetime.

* Tuning speed: another important figure of merit is the speed with which the
device tunable property (e.g. resistance, capacitance, etc.) is reconfigured
from the minimum value to the maximum and vice versa. Tuning speed is
especially important for applications requiring fast switching, such as high data
rate telecommunications and radar detection in scenarios where the target is

small and in close range.

e Linearity: in a linear system, the input and the output signal have the same
frequency. In most RF devices, though, nonlinear effects cause intermodulation
distortion of the output signal, whose spectrum will present frequencies differ-
ent from the ones of the input. One of the most common ways to quantify the
linearity of the RF tunable device consists in calculating the third order intercept
point (IP3). IP3 is calculated by using two sinusoidal signals as inputs of the RF
device, at closely spaced frequencies w; and w»; the output signal will include
not only the fundamental frequencies, but also the harmonics nw,, nw,, and
the intermodulation products +mw, ¥ nw,, where m and n are integer numbers.
The third order intermodulation products 2w; — w, and 2w, — w; are particu-
larly important because closely located to the fundamental frequency. IP3 is
then calculated as the input signal power for which the output power at the
fundamental frequency is equal to the one of the third order intermodulation
product.

* Power handling capability: for some applications it is important to have devices
with high power handling capability, evaluated as the maximum input power
that does not cause irreversible breakdown or unacceptable levels of distortion
at the output.

4.1.2 High frequency tuning elements

In order to discuss the potential of VO, for RF reconfigurable electronics, we first
introduce the most studied alternatives for RF tunable devices based on different
technologies. Figure 4.1 presents the typical characteristics, device cross-sections
and simplified equivalent circuits for the most common options for RF switches:
PIN diodes, FET switches and RF MEMS. Their functionality and the one of other
technologies is described in detail in the following list:
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Figure 4.1 — Characteristics, cross-sections, equivalent circuits in ON and OFF states
and symbols for a) PIN diodes, b) FET RF switches and c) capacitive RF MEMS.

* PIN diodes: a PIN diode is a semiconductor device that behaves as a variable
resistance at microwave frequencies. The device is made of an undoped in-
trinsic semiconductor region between a p-doped semiconductor and n-doped
semiconductor region [182], as shown in Figure 4.1 (a). The PIN diode is oper-
ated in two well defined states by controlling the bias voltage on its terminals:
under forward bias the device is in the ON state and can be modeled by a low
resistance, while under reverse bias (OFF state) it behaves as a series connection
of a resistance and a low capacitance, allowing isolation from RF signal up to a
certain frequency limit. The ON state resistance is linearly dependent on the
DC current, while the OFF state capacitance depends on the reverse bias. PIN
diodes are introduced in the microwave circuit in series configuration if low
insertion loss is the main concern, while they are used in shunt configuration if
high isolation is more important.

The main advantages of PIN diodes are the high tunability, fast tuning speed
and easy integration, while the main drawback is the loss at high frequency
with respect to other technologies. Linearity issues are more important in

reverse biased conditions, where the capacitance varies with the bias voltage
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and the distortion increases with increasing frequency. The power handling
capability is limited by breakdown voltage and power dissipation capability, due
to temperature-dependent effects in the behavior of semiconducting materials.

The high contrast between the two states made PIN diodes widely used in
reconfigurable microwave circuits to selectively include or exclude different
components, like fixed-value reactance elements for lumped/distributed filters
[183] or extension stubs for electrically coupled resonator filters [184, 185].

FET RF switches: Field effect transistors are three-terminal semiconductor de-
vices that can be used as RF switches with similar functionality to the one of
PIN diodes. The gate voltage is used as a control signal to switch between the
low (ON) and high (OFF) impedance states (Figure 4.1 b). Differently from PIN
diodes, where the ON state is due to a DC current, FET RF switches require
virtually no DC power in both states. Moreover, the OFF state capacitance is not
a strong function of the reverse voltage.

In terms of performance, FET RF switches generally achieve faster switching
time than PIN diodes but have higher insertion loss (higher ON resistance)
and lower isolation (higher OFF capacitance). Silicon FETs can handle high RF
power at low frequency, but their performance drops off dramatically at high
frequency. Differently from silicon, gallium arsenide (GaAs) is highly resistive
due to its wide energy band gap (1.424 eV at 300 K) and it has a high dielectric
constant, making it better suited for microwave applications. Moreover, GaAs
FETs have improved performance due to a higher saturated electron velocity
and higher electron mobility with respect to silicon.

As a consequence, the emergence of GaAs has enabled the widespread devel-
opment of monolithic microwave integrated circuits (MMIC), in which active
and passive components are fabricated on the same substrate. MMICs provide
functional diversification on a single chip, low cost, compact size and easier
packaging with respect to previous hybrid solutions for integration (active and
lumped passive components connected to distributed circuit components by

wire bonding).

Semiconductor varactors: another functionality offered by semiconductor de-
vices for RF reconfigurable systems consists in the possibility to tune a capaci-
tance with voltage. This functionality can be achieved with reverse-biased p — n

diodes, in which the junction capacitance is tuned by voltage due to the increase
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in width of the depletion layer, or using MOSFETs, in which the gate capacitance
depends on voltage [186].

Semiconductor varactors have been widely used for reconfigurable RF elec-
tronics because of their high analog capacitance tuning, compact size (high
capacitance density of the order of 10 fF/um?), ease of integration and fast tun-
ing speed. On the other hand, this class of devices generally suffers of poor
linearity and a significant decrease of the quality factor with frequency. Work-
ing on GaAs substrates allows to decrease the series parasitic resistance and
as a consequence improve the Q with respect to devices on silicon. Another
way to decrease the equivalent series resistance in MOS varactors consists in
decreasing the channel length (i.e. reducing the distance between source and
drain contacts); however, short channel devices have lower tunability due to
the increased influence of the overlap capacitance between the gate and the

source/drain terminals, which is not tunable.

In conclusion, semiconductor varactors are very well suited for applications
involving low-loss, compact, planar microwave circuits with high degree of
reconfigurability in the low GHz range [187-189].

Ferroelectric varactors: ferroelectric materials present a spontaneous electric
polarization that can be reversed by applying an external electric field. Since
the polarization curve is highly nonlinear for low electric fields, the dielectric
permittivity is tunable with the applied field. As a consequence, varactors can
be made using ferroelectric thin films in interdigital or parallel-plate capacitors.
The tunability increases with the value €(0) of the dielectric permittivity for no
applied field [190].

Some of the most studied ferroelectric materials for varactors are SrTiOs (STO)
and BaySr;_4TiOs (BST). STO has good properties for microwave tunable ap-
plications, namely low loss and very high dielectric permittivity, but only at
cryogenic temperatures. At room temperature, the dielectric permittivity is
not high enough to achieve a good tunability with reasonable values for the
electric field. BST is better suited for reconfigurable RF circuits because it is
possible to work at room temperature: the dependence on temperature of €(0)
has a peak that can be shifted by modifying the barium concentration; a high
concentration of barium allows shifting the peak to room temperature, therefore

achieving maximum tunability, but also the loss will increase.

The main advantages of BST parallel-plate varactors are compact size, high tun-
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ability for low power consumption, fast tuning speed and good power handling.
The main limitations are the poor linearity (comparable to the one of semicon-
ductor varactors) and the low quality factor at high frequency. BST varactors
have been successfully employed for microwave tunable filters [191-193], phase
shifters [194,195] and other applications for RF reconfigurable electronics.

RF MEMS switches and tunable capacitors: microelectromechanical systems
(MEMS) are a class of devices in which electrical functions are implemented
by mechanical components with dimensions ranging from few to few hundred
micrometers. RF MEMS exploit the movement of some of their components
to process RF signals. The movement can be induced by different actuation
mechanisms, such as electrostatic, electromagnetic, magnetostatic, thermal or
piezoelectric, with different advantages and drawbacks. Electrostatic actuation
is the most common choice for RF MEMS, with significant advantages in terms

of power consumption, size and switching time [196, 197].

Electrostatically actuated RF MEMS switches can be realized exploiting sus-
pended mechanical components that can put in contact two sections of a trans-
mission line in function of an applied bias, as shown in Figure 4.1 (c). RF MEMS
can be integrated both in series or shunt configuration. If the contact is made
between two electrically conductive parts the switch is referred as “ohmic”,
while if there is a dielectric in between the switch is called “capacitive”. Both in
ohmic switches and capacitive switches the OFF state can be modeled by a low
parasitic capacitance depending on the air gap between the transmission line
section and the MEMS movable electrode on top of it; in the ON state the ohmic
switch behaves as a low resistance (depending on the quality of the contact),
while the capacitive switch behaves as a high capacitance (depending on the
thickness of the dielectric layer). The high achievable tunability in capacitive RF
MEMS switches allows to obtain two well-defined states in a frequency range in
which the low capacitance blocks the RF signal and the high capacitance allows

its transmission.

As aforementioned, in electrostatically actuated RF MEMS the position of the
movable electrode depends on the applied bias. Both positive and negative volt-
ages induce an attractive force that reduces the distance between the electrodes
until an instability point is reached and the movable electrode collapses on the
fixed one (pull-in event). If operated in a voltage range before pull-in, RF MEMS
can be also used as tunable capacitors, with a continuous tuning ratio up to a



4.1. Introduction

theoretical limit of 1.5:1 in conventional parallel-plate configurations.

The main advantages of RF MEMS with respect to alternative solutions based
on semiconducting or ferroelectric materials are very low power consumption
(virtually zero for capacitive switches) and low loss at high frequency, resulting in
switches with better contrast between insertion loss and isolation and varactors
with improved quality factor. Moreover, RF MEMS can handle high RF power,
present very good linearity and can be fabricated using CMOS-compatible
processes.

The main limitation of RF MEMS switches in terms of performance is the rel-
atively high switching time. Electrostatic actuation is faster with respect to
other methods, but still much slower than semiconductor and ferroelectric
devices, being typically in the range from 1 ps to 100 us. Optimized mechanical
designs and material engineering allows to decrease considerably the switching
time with respect to conventional RF MEMS architectures, reaching values as
low as 50 ns [198] for capacitive switches and 300 ns [199] for ohmic switches.
Even lower values could be achieved using graphene as a suspended mem-
brane [200-202]. Moreover, despite negligible DC leakage current through the
dielectric layer in capacitive switches, the required power can be increased by
the need for voltage upconverters (e.g. capacitive DC-DC charge pumps) to
reach the bias level needed for pull-in. Regarding electrostatically actuated
RF MEMS tunable capacitors, the main drawback with respect to alternative
solutions is the low tunability, requiring more complex designs to overcome the

1.5:1 limit of conventional parallel-plate configurations [203, 204].

Other drawbacks for RF MEMS are related to technological aspects, such as
reliability and packaging. Reliability issues can affect the lifetime of RF MEMS
switches due to mechanical fatigue of the suspended membrane, contact dam-
age, stiction and dielectric charging [205,206]. Moreover, the performance of RF
MEMS can be severely affected by the environment (vapor, oxygen, contami-
nation), reducing the quality of the contact or causing stiction. For this reason,
hermetic packaging is often required, significantly increasing the cost of the
device.

In conclusion, RF MEMS switches and tunable capacitors are good candidates
for RF reconfigurable circuits working at frequencies in which semiconductor
and ferroelectric devices are too lossy and for which switching times > 1us are

acceptable. Tunable microwave filters are a good example of the high perfor-
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mance and flexibility of RF MEMS [207-212].

4.1.3 VO, for reconfigurable RF electronics

The optimization of a low-cost, miniaturized, reliable technology for analog and
digital control in RF front ends is of foremost importance for the development of
the next generations of wireless communication systems. Several technologies have
been proposed for the realization of reconfigurable RF circuits, as presented in the
previous section. Two of the most commonly employed solutions, semiconductor FET
RF switches and varactors are generally limited by high insertion loss at frequencies
> 10GHz, while RF MEMS are affected by reliability issues and complex integration.

Even though VO, has been extensively studied since more than 40 years in terms of
material properties and several applications in different fields have been investigated,
the potential of this material for RF reconfigurable electronics has not been fully
explored, providing promising opportunities for innovation in this field. This section
is devoted to a detailed review of the state-of-the-art of reconfigurable RF functions

based on VO, in order to identify potential areas of improvement.

VO RF switches

Progress in the characterization of the thermoelectrical MIT in VO, has generated in-
creasing research interest in the possibility to exploit it for reconfigurable RF electron-
ics. The high constrast in resistivity achievable in VO, with thermoelectrical actuation
allowed envisioning a fast, compact RF switch with low insertion loss independent of

frequency, operating at room temperature without sophisticated packaging.

The first demonstration of a VO, RF switch was reported in 2007 by Dumas-Bouchiat
et al. [213] at the University of Limoges, presenting microwave characterization of RF
switches based on VO, deposited by pulsed laser deposition on sapphire substrates.
Both series and shunt RF switches were characterized up to 35 GHz with good con-
trast between insertion loss and isolation in the whole frequency range. This work
demonstrated the feasibility of RF switches exploiting the resistivity change due to the
MIT in VO,; however, RF characterization was based exclusively on thermal actuation,
heating the whole substrate above VO, transition temperature.

The first paper focused on electrically actuated VO, RF switches was published in
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2010 by Crunteanu et al. [131] at the University of Limoges. Even in this case VO,
was deposited by pulsed laser deposition on sapphire substrates. Electrical actuation,
applying a voltage difference at the two terminals of the switch, is more practical
from a device perspective, but the RF characterization up to 25 GHz presented worse
performance in terms of insertion loss and isolation with respect to the previous work
on thermally actuated VO, switches. Moreover, the actuation voltage was relatively
high (Vi = 20V) and the switch failed after 16.25 x 10% actuation cycles.

Further work on modeling and characterization of electrically actuated VO, RF switches
was performed at Harvard University in 2013 by Ha et al. [214]. The VO, thin film
was deposited by reactive magnetron sputtering on sapphire. In this case the RF
measurements were performed only up to 13 GHz, but it was shown that the electrical
actuation can provide the same resistive ratio as the thermal one. Moreover, a more
comprehensive characterization with respect to previous works was reported, includ-
ing the transient analysis of electrical switching to demonstrate ultrafast switching
time, the dependence of insertion loss on the limit bias current and as a consequence
on the power consumption, the dependence between input and output RF power (lin-
ear up to 27 dBm) and the extraction of fitting parameters for the equivalent lumped

circuit.

An alternative approach was proposed from Teledyne Scientific Company, published
by Hillman et al. [215] in 2014. In this work the VO, junction (deposited by reactive
magnetron sputtering on sapphire) was actuated by using an integrated microheater
for local actuation. The whole device was realized using a benzocyclobutene (BCB)
based 3-metal MMIC process, providing RF and DC interconnections. Using inte-
grated microheaters allows to decrease the power consumption of the switch by 2
orders of magnitude with respect to previously reported solutions without compro-
mising its RF results, exhibiting excellent performance up to 110 GHz.

In this thesis we focused on exploiting the process presented in section 2.2 to fabricate
and characterize for the first time a Si RF CMOS compatible VO, RF switch. The
state-of-the-art of VO, RF switches including this work is summarized in Table 4.1,
showing the comparison of the main figures of merit.
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Table 4.1 — Comparison of figures of merit for VO, RF switches.

Dumas- Crunteanu Ha et al. Hillman etal. Vitale et al.
Bouchiatetal. etal. (2010) (2013) (2014) (2015)
(2007) (this work)
S W =160 um W =50 um W =25um W =20 um W =80 um
ize
L =500 pm L=10um L=10pm L=20pum L=7.5um
Substrate Al2O3 (C) Al>O3 (C) AL0, (C) AL, (C) Si/SiO,
VO Reactive Reactive Reactive
deposition PLD PLD Magnetron Magnetron Magnetron
method Sputtering Sputtering Sputtering
Actuation T =400K Vact =20V Vact =29V V..=2V V.. =15V
method act = act = ON - ON -
. -2.5dB -4dB -2.95dB -0.5 dB -0.7dB
I 1
nsertion loss (35 GHz) (25 GH2) (13 GHz) (110 GHz) (40 GHz)
-25dB -16 dB -25dB -15dB -9.6 dB
(35 GHz) (25 GHz) (13 GHz) (110 GHz) (40 GHz)
Isolation
-37dB -22 dB -28 dB -37 dB -20.5dB
(10 GHz) (10 GHz) (10 GHz) (10 GHz) (10 GHz)
S-w1tch1ng <100 ns n.a 14.1+2.7 ns n.a <400 ns
time
Power
P >21W! n.a P >2.0W?2 P =20mW P =15W3
consumption ON ON ON ON
Power n.a n.a 27dBm * n.a n.a
handling
6
Reliability n.a 1%551;150 n.a n.a. >1x10%cycles

1 Estimated from electrical characterization: Ioy > 130mA, Von > Vet = 16V. RF
measurements were performed using thermal actuation. ? Calculated from electri-
cal characterization: Ion = 70mA, Von > Vact = 29V. 3 Reducible to Pon = 260 mW
(Iox = 20mA, Vpn = 13V) for an insertion loss of —2.75dB at 40 GHz. * Maximum
RF input power Py, for which the power at the output increases linearly. ° Better
reliability achieved with current actuation ([ = 1 mA, > 260 x 108 cycles), but limited
to currents not high enough to provide the same Roy used for RF measurements.
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VO3 RF tunable filters

Previous work on VO, RF tunable filters was mainly led by a research group in the
University of Limoges. The first work on the use of VO, switches for reconfigurable
microwave filters was reported by Givernaud et al. [216] in 2008, presenting a switch-
able bandstop filter. VO, switches were integrated in electrical resonators coupled to
a microstrip, normally producing a bandstop response from 9 GHz to 16 GHz. When
thermally actuated (T = 353K, ON state), VO, switches short the resonator, allowing
transmission of the signal. However, the insertion loss in the ON state is relatively
high, reaching —10 dB in the characterized frequency range. A similar filter topology
and functionality was later reported by Crunteanu et al. [217], but controlling the VO,

switches by electrical actuation without a detrimental effect on the filter performance.

A tunable bandpass filter based on VO, was presented in 2009 by Bouyge et al. [218].
The bandpass response, characterized from 1 GHz to 20 GHz is produced by two
coupled split ring resonators. Electrically actuated VO, switches are employed to
selectively connect metallic patches to the resonator, modifying their center frequency
(6.4 % tunability) without affecting the insertion loss (~ —4dB).

The first VO, tunable bandstop filter was reported by Bouyge et al. [219] in 2010,
characterized from 1 GHz to 16 GHz and reconfigured by VO, thermal actuation. The
center frequency was tuned from 9.7 GHz to 9 GHz (7.2 % tunability) with a low inser-

tion loss (~ —1dB) in the whole frequency range.

In conclusion, RF filters exploting VO, switches on sapphire have been successfully
demonstrated, but the center frequency was limited to values < 12.5GHz. One of the
aims of this work is to extend the center frequency of VO, tunable filters exploiting
the CMOS-compatible technology presented in chapter 2.

The state-of-the-art of VO, RF tunable filters is summarized in Table 4.2, including
this work.

Other applications

Additional applications of VO, for RF reconfigurable electronics are the following:

* reconfigurable antennas: a VO, switch integrated in the layout of a bowtie

antenna has been exploited to digitally tune its resonance frequency [220];

87



Chapter 4. VO, MIT for reconfigurable RF functions

Table 4.2 — Comparison of figures of merit for VO, RF tunable filters.

Crunteanu  Givernaudet Bouygeetal. Bouygeetal. Vitaleetal.
et al. (2008) al. (2008) (2009) (2010) (2015)
(this work)
Function Switchable Switchable Tunable Tunable Tunable
bandstop bandstop bandpass bandstop bandstop
Area 54.4 mm? 31.5 mm? 63 mm? 17.5 mm? 4.4 mm?
Substrate AlLO3 (C) AlLO3 (C) Al203 (C) Al203 (C) Si/Sio,
.e Reactive
VO deposition PLD PLD PLD PLD Magnetron
method Sputtering
Actuation method Vact =50V T=353K Vact =60V T> Tvir T=353K
Frequency range 5t0 15 GHz 9to 16 GHz 1to 18 GHz 1to 16 GHz 1to40 GHz
OFF 10.4 GHz 12.5 GHz 9.4 GHz 9.7 GHz 22.5GHz
Center
frequency
ON n.a n.a 8.8 GHz (6.4%) 9GHz (7.2%) 19.8 GHz (12%)
Max. OFF -6dB -10dB -4.1dB -0.9dB -1.8dB
insertion
loss ON -10dB -9.5dB -4.1dB -1dB -1.8dB
Min. OFF -34dB -47dB -17dB -31.6 dB -17.2dB
rejection
level ON na n.a -14.5 dB -33.2dB -18.8 dB

* power limiting devices: VO, switches can be used as broadband tunable receiver

protectors [166,221] exploiting the RF power - induced MIT.

4.2 VO, wide-band RF switches

This section describes the fabrication and characterization of VO, RF switches on

high-resistivity silicon (HR-Si) substrates. This work demonstrates for the first time

the feasibility of high-performance, CMOS-compatible VO, microwave switches.
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Figure 4.2 — Schematic diagram of a VO, RF switch in series configuration on a CPW.

(a) (b)

e -

(c) (d)

Hr-si|  |a-si[ | sio, - VO, . Cr/Al

Figure 4.3 — Main steps of the fabrication process for VO, planar RF switches. (a)
LPCVD of 300 nm a-Si and 500 nm SiO, on HR-Si substrate. (b) Sputtering deposition
of 360 nm VO,. (c) Patterning of VO, by optical lithography and ion beam etching. (d)
20/300 nm Cr/Al evaporation patterned by lift-off.

4.2.1 Fabrication

VO, microwave switches were fabricated in series configuration on a coplanar waveg-
uide (CPW), as shown in the diagram in Figure 4.2. The good uniformity of the
optimized sputtering process allowed to compare the performance of devices on a full
4" wafer, enabling variability, reliability and geometry variation analysis. The length L
of the switch was varied from 7.5 pm to 17.5 um with 2.5 um steps, while the width W
varied from 40 um to 100 pm with 10 um steps, keeping constant the dimensions of
the CPW (100 um wide signal line with 60 um gap distance to the 255 um wide ground

planes).

The main steps of the process flow for VO, RF switch, represented in Figure 4.3, are
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Figure 4.4 — SEM top view of a VO, RF switch (W =80um, L =7.5um).

analogous to what described in section 2.3.1, except for the different substrate. RF
switches were fabricated on a high-resistivity silicon substrate (> 10kQ cm) in order
to reduce substrate RF loss. To further improve the RF performance, a layer of 300 nm
amorphous silicon (a-Si) was deposited on the substrate before the LTO deposition.
The a-Si passivation layer, deposited through an optimized LPCVD process, inhibits
the conductive layer that intrinsically appears at the Si/SiO, interface, therefore re-
ducing RF loss [222]. The temperature used in the following steps of the process is
limited to values < 500 °C, therefore there is no risk of recrystallization of the a-Si layer.
Figure 4.4 shows the SEM top view of a fabricated VO, RF switch, with a zoom on the

switching region.

4.2.2 DC actuation

In order to assess the performance of the E-MIT in the fabricated RF switches, the
switches were actuated with a DC voltage bias and a resistor in series Ry = 220Q used
to prevent overheating of the VO, junction, as described in section 3.2. The electrical

characterization was performed using a HP 4156C semiconductor parameter analyzer.

Figure 4.5 shows the results of the voltage actuation by IV characteristics and resistance
plots of 8 instances of a W = 80um, L = 7.5um VO, RF switch. The average value
of the extracted resistance with no applied bias is 14.4 kQ) (standard deviation og =
1.15kQ), decreasing down to 21.3 Q (or = 2.5Q) in the metal phase. In all the cases the
resistance ratio (between maximum and minimum of the extracted Ryoy) was higher

than 2 orders of magnitude, 676.1 in average and 824.1 in the best case, confirming
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Figure 4.5 — I-V characteristics and extracted resistance in insulating and conductive
states for 8 instances of a voltage-actuated VO, RF switch (W =80um, L = 7.5um)
with Ry =220 in series in order to limit the Ipy current.

the good quality of the E-MIT.

A study on the dependence of the actuation voltage V¢ and current I, on the device
geometry was performed by fabricating switches with different W (from 40 um to
100 um) and L (from 7.5 um to 17.5 um), for a total of 21 device configurations, repli-
cated in 32 chips on the wafer. The results are summarized in Figure 4.6. The actuation
voltage is found to be independent of the width (Figure 4.6 a) and linearly dependent
on the length (Figure 4.6 b), varying from an average of 12.1V for 7.5um to 25.1V for
17.5um. The actuation current instead is independent of the length (Figure 4.6 c) and
it shows a linear increase with the width from 40 um to 80 um, while for longer widths

the rate of increase is reduced (figure 4.6 d).

4.2.3 RF characterization

The RF characterization was performed up to 40 GHz using an Agilent E8361A pro-
grammable network analyzer (PNA), with the DC bias applied by a HP 4156C semi-
conductor parameter analyzer connected to the internal bias-Ts of the PNA. The
calibration was performed using two on-wafer Thru-Reflect-Line (TRL) kits, to cover
the frequency ranges from 1 GHz to 8 GHz and from 8 GHz to 40 GHz.

While the OFF state of the switch is easily defined by performing the measurements
with no applied DC bias, in order to define the ON state it is necessary to study the
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Figure 4.6 — Current I and voltage V, triggering the E-MIT for different device
geometries (standard deviation on 6 devices for each configuration). a) Dependence
of Vact on W. b) Dependence of V¢ on L. c) Dependence of I¢¢ on L. d) Dependence
of I,cton W.

dependence on the applied bias. For instance, Figure 4.7 shows the dependence of
the insertion loss S»1-on on the DC current flowing on a VO, RF switch (W = 80um,
L =7.5um). The switches were voltage-actuated as described earlier, but the value of
R, was decreased in order to increase the achievable current values after actuation.
For more precise control, the current compliance parameter of the source monitor
units (SMUs) of the semiconductor parameter analyzer was set to change for different
measurements from 20 mA to 100 mA with 5 mA steps.

As shown in Figure 4.7, the insertion loss is flat in the whole frequency range (from
1 GHz to 40 GHz) and it improves from —2.7dB for I = 20mA to —0.6dB for I = 100 mA.
The results are summarized in Figure 4.8, where it is possible to see that both the
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Figure 4.7 — Dependence of insertion loss on DC current fora W = 80um, L =7.5um
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insertion loss and the return loss S;;-on do not show significant improvements for
current values > 80mA. For the results shown next in this section, the ON state is
defined for a DC current Ipn = 100mA, corresponding to a current density of the order
of Jox =5x10°Acm™2.

Figure 4.9 (a) shows the S-parameters in OFF and ON states for devices with different
L and fixed W = 100pm. The devices show good performance up to 40 GHz, with
an insertion loss better than —1 dB for L = 7.5um, return loss ~ 20dB and isolation
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Equivalent lumped circuit.

So1-orr better than —10dB.

The S-parameter measurements have been matched to the equivalent lumped circuit
shown in Figure 4.9 (b) using Agilent Advanced Design System (ADS). The good agree-
ment between the data and the fit proves that the VO, RF switch can be well modeled
by a parallel RC network; the resistive component is variable and corresponds to
Rvo2, while the capacitive component Ceq is fixed and corresponds to the parasitic

capacitance between the Al metal contacts.

In the VO, conductive state Roy is of the order of few tens of Ohm; such a low value
ensures a flat insertion loss, independent of frequency up to 40 GHz. In the insulating
state, and in the considered range of geometries, the behavior of the VO, RF switch
is heavily affected by the parasitic capacitance Ceq, deteriorating the isolation level
at high frequency. In fact, even employing a VO, thin film with higher resistivity
in the isolating state (and therefore higher Ropr), the isolation at high frequency
would be dominated by Ceq due to the proximity of the metal contacts. S-parameters
measurements in the OFF state allowed to extract the parameters of the equivalent
lumped circuit. Ropr increases linearly with L (from 5.15kQ to 9.45kQ for W = 40um,
from 3.05kQ to 6.35kQ for W = 100um), while Ceq is dominated by the VO, film
region under the Al contacts and less dependent on the geometry of the air gap
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Figure 4.10 — Insertion loss and isolation at 40 GHz for all devices configurations.

(varying from 11.5 fF to 9.9 fF for W = 40um, from 15 fF to 11.7 fF for W = 100 um).

Figure 4.10 illustrates the effect of W and L in the considered geometry range on the
trade-off between the insertion loss and the isolation, with their values reported at
40 GHz. Decreasing L improves the insertion loss (lower Ron), but worsen the isola-
tion (higher Ceq). Similarly, for larger widths the parasitic capacitance Ceq increases,

degrading the isolation level, but there is no clear improvement on the insertion loss.

This behavior suggests that the current level used to define the ON state (I = 100maA,
equivalent to the limit of the SMU) is insufficient to switch completely the wider VO,
junctions, consistent with what observed in the optical microscopy analysis reported
in Figure 2.17, in which the conductive filament formed in a 100 um wide VO, switch
actuated by a 100 mA current was covering ~ 35% of its width. As a consequence, the
narrowest switches provide the best trade-off in terms of Sz1_on/S21-0Fr ratio.

Figure 4.11 shows the comparison in the performance of the switch between thermal
and electrical actuation. T-MIT provides slightly better insertion loss and higher
dependence on W (decreasing from —0.6 dB at W = 40um to —0.35dB at W = 100um
for 7.5 um long switches). These results demonstrate that to optimize the switch design
itis crucial to model the width of the actuated region and the respective needed power.
Finally, we investigate the variability of the VO, RF switch by measuring 32 instances
of the same device (W = 100pm, L = 12.5um) on different regions of the wafer. Figure
4.12 shows the results in terms of insertion loss and isolation, from which it was
possible to extract Ron = 12 +3Q and Ropp = 8.25 + 2.25kQ.
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4.2.4 Reliability

The reliability of the VO, RF switch was studied by actuating it repeatedly with a
voltage pulse train with the following characteristics:

e amplitude of 15V, sufficient to reach the current compliance of the SMU set to
define the ON state of the switch (Ion = 100mA, Jon =5 x 10°Acm™2);
e period of 200 s;

e duty cycle of 50 %;
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Figure 4.13 shows the results of the reliability tests in function of the rise time of the
voltage pulses. We can observe that the lifetime of the switch in terms of actuation
cycles can be dramatically improved by increasing the rise time, and it was possible to
reach more than 10? cycles without failure or significant degradation in the insertion

loss, before the testing was stopped because of time constraints.
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We further study the dependence of the lifetime of the switch on the properties of
the voltage pulse train used to actuate it, with results summarized in Figure 4.14.
Whilst the value of the duty cycle shows no connection to the reliability of the switch,
the lifetime can be improved by decreasing Jon, showing the existence of a trade-off

between endurance and insertion loss of the VO, RF switch.

From the results of Figures 4.13 and 4.14 it is possible to conclude that the E-MIT can
induce structural damage to the VO, film if the transition is too abrupt, while there is
no dependence on the ON-time of the switch.

4.2.5 Optimization

As shown by the results in Figures 4.9 (a), in the characterized devices the isolation
level is dominated by the parasitic capacitance Ceq in parallel to the VO, resistance,
due to the proximity of the metal contacts. Increasing the length of the switch, and as
a consequence the distance between the metal contacts, would improve the perfor-
mance of the switch in terms of isolation at high frequency, but only at the cost of a
higher insertion loss. These observations lead us to consider that, differently from DC
switches where the main figure of merit expressed in the resistivity curve of the VO,
material is the Ropr/ Ron ratio, in RF switches it could be more important to have a

higher conductivity in the ON state, even at the cost of a lower resistivity ratio.

For instance, in a previous work carried on at LESO-PB in EPFL it has been demon-
strated how to increase the VO, conductivity in both states by tungsten doping
(W:VO,), reporting the values of pony = 5.26 x 107* Qcm and popp = 5 x 107! Qcm [69].
In the rest of this section we show by HFSS simulations how the performance of RF
switches would be improved by using W:VO, even if the resistivity ratio is lower than
the one of the deposited pure VO, (pon = 1.5 x 1072 Q cm, popr = 5Qcm). Figure 4.15
shows the S-parameter simulations for VO, series RF switches (schematic diagram
shown in Figure 4.2) with variable lengths (L = 10pum and L = 100um), using the resis-
tivity values measured for pure VO, and tungsten-doped VO,. For the short device
(L = 10um), the ON state is conductive enough both for pure VO, and doped VO,
to ensure very low insertion loss. In the OFF state, at low frequency the VO, device
outperforms the doped VO, one, due to the higher Ropg, but at frequencies high
enough (> 26 GHz in this case) the isolation level is the same due to the high parasitic
capacitance, confirming that the benefits of having a high Ropr/ Ron ratio are reduced

at higher frequencies.
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Figure 4.15 — Insertion loss and isolation for RF switches with variable length,
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Figure 4.16 — Improvement in contrast between isolation and insertion loss at 42 GHz
using W-doped VO3 (pon = 5.26 x 1074 Qcm, POFF = 5 x 1071 Qcm) as compared to
pure VO, (pon = 1.5 x 103 Qcm, porr =5Qcm).

Moreover, the long devices (L = 100um) exhibit the same isolation for frequencies

higher than 6 GHz, regardless of the better Ropr for pure VO,, while the insertion loss

is significantly improved in doped VO3 in the whole frequency range, due to the lower

RON.

Figure 4.16 summarizes the simulation results, comparing the dependence on L
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(varying from 5pum to 100 um) of the insertion loss and isolation at 42 GHz for RF
switches employing doped VO, or pure VO,. By increasing L, the insertion loss in VO»
switches increases at a higher rate with respect to W:VO, due to the higher Roy, while
the lower Ropr in W:VO, switches does not affect the isolation with respect to VO,

because in both cases the limiting factor is the parasitic capacitance.

4.3 Tunable capacitors and microwave filters

As aforementioned in section 4.1.3, the implementation of tunable filters and other RF
functions employing VO, switches has been usually limited to frequencies ~ 10GHz
due to the relatively high parasitic capacitance between metal contacts, degrading the
switch isolation as confirmed by the measurements in section 4.2.3. Considering this
problem, in this section it is introduced the VO, tunable capacitor as an alternative so-
lution to already established technologies like RF MEMS and semiconductor varactors,
presenting their advantages in terms of ease of integration, design and performance at
high frequency. The proposed devices overcome the frequency limitations of VO, RF
switches while keeping their advantages in terms of insertion loss, as demonstrated by
the fabrication and characterization of microwave tunable bandstop filters working in
the K band (from 18 GHz to 27 GHz), presented in section 4.3.2.

4.3.1 VO, tunable capacitors

The working principle of the VO, tunable capacitor consists in exploiting the MIT
in VO, to tune the length of capacitive gaps in transmission lines. For instance, a
possible configuration is depicted in the diagram in Figure 4.17 (a), where a pair of
VO, patterned regions is used to selectively define the length of a series capacitive gap
in a CPW. The length of the capacitive gap depends on the VO, phase, varying from
gorr at room temperature to gon at 7 > Tyt when VO, transitions to the metallic
state. The effects of the MIT on the VO, capacitor are qualitatively illustrated in
Figure 4.17 (b). Increasing the temperature above Tyt induces a decrease in VO»
resistivity with magnitude and steepness depending on the quality of the VO, film. The
series capacitor Cs switches from a low value when the film is insulating to a high value
when the film is highly conducting. Symmetric series gaps in CPWs are accurately
modeled by a IT circuit, including parasitic capacitors C,, for the parallel branches.

Therefore the VO, tunable capacitor can be modeled by the equivalent lumped circuit
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Figure 4.17 — a) Schematic diagram of a VO, tunable capacitor loaded on a CPW in
series configuration. The capacitive gap between the signal lines can be tuned from
gorr (VO3 in insulating state) to gon (VO in conducting state). b) Effects of thermal
actuation on the resistivity and series capacitance. The resistivity transition occurs in
the shaded area, outside of which a low and high capacitance states are well defined.
¢) Equivalent lumped circuit.

shown in Figure 4.17 (c) where the tunability is due to the MIT in VO,: the decrease
in length from gorr to gon leads to an increase in C; and a decrease in Cp, [223]. The
VO, tunable capacitors have been fabricated on HR-Si substrates (> 10kQcm) as
described on section 4.2.1. Figure 4.18 shows a SEM top view of a capacitor with a

width w = 100um and a gap varying from gopr = 60pum to gon = 20 um.

Tunable capacitors have been characterized by S-parameter measurements up to
40 GHz using an Agilent E8361A PNA. Like in the case of VO, RF switches, TRL on-
wafer calibration has been performed in order to remove the systematic measurement

Figure 4.18 — SEM top view of a VO, tunable capacitor (w = 100pm, gorr = 60pum,
gon = 20um) loaded in series configuration on a CPW, with zoom on the active area.
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errors and de-embed parasitic coupling to the substrate. The measurements were
performed in a PMC 150 prober chamber and the tunability of VO, has been achieved
by thermal actuation. The wafer is heated from the chuck, connected to a thermally
isolated heat exchanger, which contains a thermal sensor used to monitor the temper-
ature of the substrate. A DC heater is used to set the temperature of the whole substrate
to values exceeding Tyt, allowing to control the phase of the VO, regions. A first set of
measurements is performed at room temperature, with the VO, regions in the insulat-
ing state (OFF state); these measurements are then compared to the ones performed
at T = 80°C, with the VO, regions in the conducting state (ON state). Figure 4.19
shows the S»;-parameter measurements for a VO, tunable capacitor with w = 100 um,
gorr = 60pum, gon = 10um. The measurements are in good agreement to the fit done
in Agilent ADS using the equivalent lumped circuit shown in Figure 4.17 (c). The
isolation at 40 GHz changes from —18 dB to —12 dB as a consequence of the increase
in Cs (from 5.8 fF to 12.5 fF) and decrease in Cp, (from 4 {F to 1{F).
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Figure 4.19 — S»; -parameter measurements of a VO, tunable capacitor (w = 100pum,

gorr = 60pum, gon = 10um) matched to the equivalent lumped circuit shown in Figure
4.17 (b). OFF state: RT. ON state: T =80°C.

4.3.2 VO, microwave tunable filters

One of the main strengths of the proposed VO, tunable capacitor is the ease of integra-
tion in the design of reconfigurable high-frequency circuits. For instance, any planar
fixed-frequency microwave filter based on capacitive-coupled resonators [224-226]

can be made reconfigurable using VO, tunable capacitors in a straightforward manner
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by the following design procedure. First, a fixed-frequency filter with geometry Forr is
designed to target a specified center frequency fy_orr. Next, VO, regions are added
to extend its layout (e.g. decreasing the length of capacitive gaps) from Fogr to Fon.
Ideally, when VO, is insulating the performance of the original filter is not affected,
having the same center frequency fy—orr. When VO3 is conducting, instead, the center
frequency is tuned to fy_on, correspondent to the response of a fixed-frequency metal
filter with geometry Fon.

Following this approach, for instance VO, tunable bandstop filters can be designed
using defected ground structures (DGS) on CPWs [227-237], etching regular patterns
in the ground planes to introduce rejection bands depending on their geometry. The
main advantages of this kind of tunable filter consist in the flexibility in achievable
design specifications and ease of fabrication, requiring only two photolithography
steps (patterning for the metal layer and the VO, layer).

As a proof of concept, VO, tunable resonators have been fabricated using the DGS
structure shown in figure 4.20, which includes the schematic diagram, the SEM top
view and the equivalent lumped circuit, constituted by a LC parallel resonator con-
necting the CPW in series configuration. The resonance frequency fy = 1/(27v/LC) of
the DGS structure used in this work depends on the geometry of the etched region as
specified in the following [228,233]:

* increasing the size a of the square etched region increases the inductance of the

equivalent parallel resonator, therefore the resonance frequency decreases;

* increasing the size g of the capacitive gap decreases the equivalent capacitance,

and as a consequence the resonance frequency increases;

* increasing the width w of the capacitive gap increases the equivalent capaci-
tance, therefore the resonance frequency decreases.

In the fabricated VO, tunable resonators the dimensions a (700 um) and w (200 pm)
are fixed. However, the length g of the capacitive gap can be reconfigured, ranging
from gopr = 60pum in the VO, insulating state to gon = 10um in the VO, conducting
state.

This effect is demonstrated by the S-parameter measurements in Figure 4.21, which
shows a shift in the resonance frequency due to the VO, MIT, from fy_orr = 22.5GHz
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Figure 4.20 — a) Schematic diagram of the VO, tunable bandstop resonator; b) SEM
top-view of the fabricated device, with dimensions a = 700um, w = 200pum, gorr =
60um, gon = 10um, false-colored to highlight the VO, and SiO, regions; (c) equivalent
lumped circuit.

to fo—on = 19.8 GHz, corresponding to a tunability of W%*‘JFF' =12%. The filter
maintains excellent RF performance in both states, as well as a constant bandwidth.
The return loss is about —1.5 dB at the center frequency, the isolation is 17.2 dB in the
OFF state and 18.8 dB in the ON state, and the insertion loss is better than —2 dB in
the lower and higher conducting bands up to 40 GHz, showing the suitability of VO,

tunable capacitors for high frequency microwave filters.

For a better insight into the behavior of the filter, 3D full-wave electromagnetic simu-
lations were performed in Ansys HFSS as reported in the following. Figure 4.22 shows
the dependence of the tunability on the gorr/gon ratio, by performing simulations
keeping constant gopr = 60um and varying gon from 30 um to 8 um; all the other
filter layout dimensions (a = 700um, w = 200um) are unchanged and correspond to
the ones used for the fabricated device. Increasing the gorr/ gon ratio increases the
capacitance ratio in the equivalent circuit shown in Figure 4.20 (c), allowing to achieve

a higher shift in fj as confirmed by the simulations. In the same figure are reported
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Figure 4.21 — S-parameter measurements for the fabricated bandstop resonator.
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Figure 4.22 — Increase in tunability with the gorr/ gon ratio.

for comparison the measurements of the fabricated resonator. The measurements
in the OFF state are in good agreement with the simulation results. The ON state
measurements match well the simulation using the ratio gorr/gon = 7.5, instead of
gorr/ gon = 6 as designed. This suggests that gon in the fabricated filter was lower
than expected, ultimately resulting in a higher tunability.

In order to better assess the suitability of this approach for high-frequency reconfig-
urable electronics, it is possible to perform electromagnetic simulations to quantify
how much the filter performance is degraded due to the fact that VO is not an ideal
conductor in the metallic state, nor an ideal insulator in the insulating state. For this
purpose, electromagnetic simulations of a reconfigurable VO, filter in the ON and OFF
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state are compared with the respective corresponding ideal fixed-frequency filters:

¢ the simulation of the VO, filter in the ON state is compared with the filter
obtained replacing VO, by the conductor used for the metal layer (i.e. the Fon
filter used in the design procedure);

e the simulation of the VO, filter in the OFF state is compared with the filter
obtained replacing VO, by air (i.e. the Fogr filter).

The results of this analysis for a VO, RF filter with the structure shown in Figure 4.20 (a)
and dimensions a = 450pm, w = 200um, gorr = 60um, gon = 10pum are shown in
Figure 4.23. The VO, tunable filter shows 13.1 % tunability in center frequency, from
30.6 GHz to 26.6 GHz, with negligible deterioration in performance with respect to the
fixed-frequency filters caused by the non-ideality of the VO, insulating and conductive
states.

The inset in Figure 4.23 shows that the shift in resonance frequency with respect to
the ideal filters is less than 3.2 % in the explored range of gorr/gon ratios (from 3.75

to 10), while the decrease in quality factor is less than 10 % in the OFF state, 7 % in the
ON state.
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Figure 4.23 — Comparison between simulations of a VO, tunable filter (a = 450 um,
w =200um, gorr = 60um, gon = 10um) and the corresponding "ideal" fixed filters.
In the ideal filters VO, is replaced by air in the OFF state, metal in the ON state. Inset:
percentage of change of the quality factor and of the resonance frequency with respect
to the ideal performance, in function of the gorr/ gon ratio.

106



4.3. Tunable capacitors and microwave filters

4.3.3 Switchable bandstop filters

A different filtering function can be achieved by modifying the filter structure shown in
Figure 4.20 (a) such that gon = 0, i.e. the capacitive gap is completely filled in the ON
state and the resonator in the equivalent circuit in Figure 4.20 (c) is shorted. Therefore,
this filter structure is expected to present a bandstop response in the OFF state that

can be inhibited by actuating VO,.

] sio: [l vo. Il Al

Figure 4.24 — Schematic diagram of the VO, switchable bandstop resonator.

This kind of filter has been fabricated and characterized up to 40 GHz as shown
in Figure 4.25, where the S,;-parameter measurements in ON and OFF state are
compared to the corresponding HFSS electromagnetic simulations and the ideal
fixed-frequency filter performance. The filter geometry is a = 700pum, w = 200um,
gorr = 60pum. Even in this case it is possible to notice that the simulations show
similar results for the VO, tunable filter and the corresponding ideal fixed-frequency
filters, showing a bandstop resonance around 22.5 GHz in the OFF state and very low
insertion loss in the ON state. The RF measurements show a similar trend, with a
resonance frequency in the OFF state around 22 GHz, comparable to the simulation
results and the measurements in the OFF state of the tunable bandstop filters with
the same geometry. The transmission is reduced both in the OFF and ON states, but

the insertion loss in the ON state is still relatively low, being better than —2.5dB up to
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40 GHz.
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Figure 4.25 — Comparison between measurements and simulations for a VO, switch-
able bandstop filter (a = 700pm, w = 200pum, gorr = 60pum). The simulations have
been performed both for the VO, filter and the corresponding ideal fixed-frequency
filters.

4.3.4 FElectrothermal actuation with integrated microheaters

The measurements presented in the previous section are based on VO, tunability
through thermal actuation by heating the whole substrate. This method provides
a validation of the working principle of the VO, tunable capacitor and microwave
filters, but presents limitations in terms of required power and switching speed. In
order to address these issues, we envision in this section a fully integrated design
for electrical control of the capacitor and filter tuning through locally injected power
via micro-heaters. Electrothermal actuation by external localized heat sources has
been proposed as an alternative to electrothermal actuation by Joule heating in the
VO, region, and successfully implemented for low-loss RF switches [215], low voltage
compact plasmonic switches [238] and infrared filters [239].

The design procedure for VO, RF tunable devices following this approach involves
multiple iterations in the optimization of the microheater structure, requiring elec-
trothermal simulations to minimize the power necessary to actuate the VO, region,
and electromagnetic simulations to ensure that the parasitic coupling to the micro-

heater does not significantly hinder the performance of the device.
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Figure 4.26 — Main steps of the proposed fabrication process for VO, RF tunable
devices with integrated microheaters. (a) LPCVD of 300 nm a-Si and 3 pum SiO; on
HR-Si substrate. (b) 50 nm NiCr deposition. (c¢) Deposition and planarization of a thin
SiO; layer with thickness fi,g, used as a variable parameter in the simulations. The
first three steps can be considered as preliminary steps to prepare the substrate to
proceed with the process flow used for the fabricated RF devices and presented in
Figure 4.3, corresponding to the following steps (d-e-f).

Figure 4.26 shows a modified process flow, which allows to integrate microheaters in
VO, RF tunable devices. The choice of nickel chromium (NiCr) as a material for the
microheater is due to its long term durability, CMOS compatibility and high electrical
resistivity [240], which is an important parameter to minimize parasitic coupling to

VO,, preventing undesirable modification of the behavior of the device.

Electrothermal simulations have been performed in COMSOL Multiphysics in order
to estimate the total dissipated power needed to heat above the transition tempera-
ture both VO, regions of the tunable capacitor. Figure 4.27 shows the full simulated
geometry; the symmetry of the device across its length is exploited to simulate only
one half of the structure, assuming that the power needed to actuate both the VO,
regions composing the tunable capacitor is the double of the simulation results. The
boundaries of the simulation domain are far enough from the active region so that

the results are unchanged if the domain is extended.

The heat capacity of VO, is set to 690 Jkg~! K~ ! and its thermal conductivity to 6 Wm ™' K~}
[39]. All the other material parameters necessary for the simulations are summarized
in Table 4.3.

The lower boundary of the HR-Si substrate is set to a constant temperature of 293.15 K,
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Figure 4.27 — Simulation domain for the electrothermal calculations to estimate the
power needed to induce the metal-insulator transition in a VO, region (width w,
length /) contacting an Al electrical contact. The power is provided by applying a DC
voltage difference to the two highlighted terminals of a NiCr microheater, electrically
insulated to VO, by a SiO» layer. The structure corresponds to one half of the VO,
tunable capacitor. Grid labels in um.

Table 4.3 — Material properties used for the electrothermal simulations.

Material Electrical conductivity Thermal conductivity Heat capacity

(S/m) Wm K™D Jkg 'K™h
HR-Si / 130 700
Si0, / 1.4 730
NiCr 4x10° 17 500
VO, 20 6 690
Al 35.5x 108 237 904

acting as a heat sink, while all the other external thermal boundaries are set to a con-
vective heat flux with a heat transfer coefficient of 5Wm™2K~!. The simulations were
performed under steady-state conditions, applying a constant potential difference to

the two terminals of the microheater.

Figure 4.28 shows the 3D profile of the electrothermally actuated VO, region for
different levels of dissipated power Py; the VO, patterned film has dimensions w =
100pm, [ = 25um, corresponding to the fabricated tunable capacitor (I = (gorr —
gon)/2), and the oxide has thickness fj,s = 200nm. The microheater has a serpentine

pattern, using 6.5 um wide lines with 1 pm spacing.
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Figure 4.28 — Distribution of the electrothermally actuated VO, region (w = 100 um,
I = 25pm) in function of the power dissipated in the microheater (from 75 mW to
150 mW), represented by 3D isothermal contours starting from T = Tyt = 340K and
equidistant slice plots along the VO, thickness.

The results in Figure 4.28 show that a power P}, = 75mW is sufficient to actuate ~ 70 %
of the VO, area, with only the region in proximity of the metal electrode being be-
low 340 K. As better shown in Figure 4.29, the Al electrode acts as a heat sink due
to its high thermal conductivity and the VO, temperature drops steeply when the
distance from the electrode is less than 2.5 um. For this geometry, corresponding to
an area of 250 um?, a dissipated power Py, = 200mW is necessary to increase up to
340K the temperature at the interface between metal and VO,. This value, normal-
ized per area (Ppq = Pp/(wl) = 80uWum™2), is comparable to the power needed for
electrothermally actuated VO, devices using microheaters [215,238].

Figure 4.30 shows the dependence of the temperature profile on the thickness fj,
of the oxide between the microheater and the VO, region. By increasing fj,s the VO,
temperature profile is more uniform but lower in average and in particular on the
contact with the metal. Therefore lower t,,s values allow to decrease the actuation
power Py, defined as the Py necessary to reach the transition temperature in the
entire volume of the VO, film. This is better shown in the inset of Figure 4.30, where
P, is decreasing from 211.1 mW to 187.28 mW while decreasing fj,s from 2 um to
0.2 pm.
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Figure 4.29 — Temperature profile on the top VO, surface along its length, from the
contact with the metal electrode (x = Opm) to the end (x = [ = 25um), simulated at
different levels of dissipated power (from 50 mW to 200 mW).
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Figure 4.30 — Temperature profile on the top VO, surface along its length, from the
contact with the metal electrode (x = Opm) to the end (x = [ = 25um), simulated for
different oxide thicknesses (from 200 nm to 2 um, with 100 nm steps). Inset: depen-
dence of actuation power on oxide thickness.

In order to decrease the effect of the metal contact on the energy efficiency of the
device, it is possible to increase the aspect ratio [/ w of the VO, region to be actuated.
Figure 4.31 shows how the actuation power density for a VO, region with w = 50um
decreases from 103.7 uW/um? to 76.1 uyW/pum? by increasing  from 11.5 pum to 91 pum.

Following these considerations, a microwave filter with integrated microheaters to

112



4.3. Tunable capacitors and microwave filters

ot et
(=2 (=]
(=) [5)]
1 A 1

©
a
PR T

o

N

==}
(=
a1

n\
O—
0—g
—0—p—
75 o

00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0

Actuation power density (uW/um?)
8
/

Aspectratio l/w

Figure 4.31 — Dependence of the actuation power density on the aspect ratio of the VO,
region (w = 50um, [ increasing from 11.5 um to 91 um). Oxide thickness fj,s = 150 nm.
Microheater line width 3 um, spacing 1 um.

actuate VO, regions having aspect ratio //w > 1 has been designed and simulated in
HEFSS up to 40 GHz. Figure 4.32 shows the full electromagnetic simulation domain,
including the bias lines to the microheater used to actuate the VO, regions. The
filter dimensions are a = 900pum, w = 50um, gorr = 200pum, gon = 2um; the high
gorr/ gon ratio allows maximizing the tunability of the filter. The thickness of the NiCr
microheater line is 50 nm, corresponding to a sheet resistance of 50 2/sq. The power
required to fully actuate a VO, region is Py = 346 mW (corresponding to the actuation
voltage V¢ = 81.75V), minimized by selecting a low oxide thickness fj,s = 150 nm.

Figure 4.33 shows the results of the simulation. The performance of the VO, filter
with integrated microheater has been compared to the corresponding Forr and F_ON
filters (as defined in section 4.3.2). The ideal bandstop filters corresponding to the se-
lected geometry have a resonance frequency of 28 GHz in the OFF state and 23.6 GHz
in the ON state, resulting in a tunability of 15.7 %. The VO, filter with integrated mi-
croheaters has similar performance to the ideal filters: the resonance frequency varies
by only 4.4 % in the OFF state (fy—orr = 26.76 GHz) and 7.2 % (fo-on = 21.9GHz) in
the ON state, while the rejection level presents a slight decrease, from —14.72dB to
—12.04 dB in the OFF state and from —14.61 dB to —11.93 dB in the ON state, suggest-
ing that a further optimization step after the design of the fixed-frequency filters is
required in order to take into account the effects of the integration with the micro-

heater. However, the filter performance is not affected in terms of tunability (18.2 %),
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gOFF

Figure 4.32 — Electromagnetic simulation domain for an electrothermally actuated VO,
microwave filter with dimensions a = 900um, w = 50pum, gorr = 200pum, gon = 2um.
The 50 nm thick NiCr microheater has a serpentine geometry with line width 3 pm

and spacing 1 pum.
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Figure 4.33 — Comparison between simulations of a VO, tunable filter with integrated
microheaters (a = 900pm, w = 50um, gorr = 200um, gon = 2um) and the corre-
sponding "ideal" fixed filters. In the ideal filters VO, is replaced by air in the OFF
state, metal in the ON state. Inset: decrease in quality factor and shift in resonance
frequency with respect to ideal performance.

demonstrating the potential of the proposed method for electrical control of VO,

tunable filters in the K band.
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4.4 Summary

This chapter presented the design, fabrication and characterization of different de-
vices based on the MIT in VO,, which enables tunable high-frequency functions. After
a general introduction on the different technologies for RF reconfigurable electronics
and relevant figures of merit, the state of the art of VO, devices in the microwave
frequency range has been discussed, with particular focus on RF switches and tunable
filters.

VO, wide-band RF switches fabricated at EPFL with different geometrical parameters
have been thoroughly characterized up to 40 GHz, discussing the dependence of
the insertion loss on DC bias current, the effect of parasitic components on the
performance at high frequency and the comparison between electrical and thermal
actuation. The large scale process exploited for the fabrication of the devices allowed
to perform variability and reliability studies.

A possible optimization step for the performance of the RF switches was proposed,
discussing the possibility to dope VO, to increase its conductivity in both the insu-
lating and metallic phases, with simulations predicting better performance at high

frequency even if the resistance ratio is reduced with respect to pure VO,.

In the second part of the chapter, novel VO, tunable capacitors and their use in
tunable microwave filters have been discussed. The VO, tunable capacitors have been
fabricated at EPFL and characterized by thermal actuation, showing two well defined
capacitance states according to the phase of VO,. Using VO, tunable capacitors
allowed to design and fabricate tunable and switchable bandstop filters working at
higher frequency than what previously achieved using conventional VO, RF switches.
The tunable filters have been characterized up to 40 GHz and their performance
has been compared in both the ON and OFF state to the corresponding ideal fixed-
frequency filters.

An alternative method to overcome the limitations of thermal actuation in terms of
switching speed and required power has been proposed for the VO, tunable capacitors
and filters, discussing by coupled electrothermal and electromagnetic simulations the

feasibility of integrating microheaters for localized heating of the VO, regions.

The main contribution of this chapter can be summarized as follows:
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Fabrication and characterization of CMOS-compatible VO, RF switches. We reported
for the first time VO, RF switches based on a CMOS-compatible process on
Si/SiO, substrates. The process has 100 % yield and the VO, switches present
excellent RF performance, around —0.6 dB S»;_on independent of frequency,
—10dB S»;-orr at 40 GHz, comparable with the state-of-the-art of VO, RF switches
on sapphire. An extensive study on different geometries for the VO, RF switches
led to an optimum design with maximized S»;-on/S21-orrF ratio. The large
scale process exploited for the fabrication allowed to perform a variability
study on 32 instances of the same device (W = 100pum, L = 12.5um), obtaining
Ron = 12+3Q and Ropr = 8.25 +2.25kQ. A reliability study revealed that the
lifetime of voltage-actuated VO, RF switches is highly dependent on the rise
time of the voltage pulse train and it can be slightly improved decreasing the
DC current density, while it is not affected by the duty cycle. A lifetime higher
than 10 cycles was reported for a pulse train with an amplitude of 15V, a cur-
rent density of 5 x 10° Acm ™2 and a rise time of 4 ps. These results validate VO,
RF switches as a promising solution for wideband reconfigurable electronics.

Fabrication and characterization of novel VO, tunable capacitors. We proposed a
new method to exploit VO, for RF reconfigurable electronics: the MIT allows
tuning the length of a gap between metal lines, and in consequence its parasitic
capacitance. Following this approach, a thermally actuated VO, tunable capaci-
tor loaded in series configuration on a CPW has been modeled, fabricated and
characterized up to 40 GHz. The series capacitor shows two well defined states,
switching from 5.8 fF at room temperature to 12.5fF at temperatures higher
than Tyrrr. The VO, tunable capacitors offer an alternative to more commonly
employed technologies for RF reconfigurable electronics, presenting lower RF
loss at high frequency than semiconductor varactors and easier integration than
RF MEMS.

Fabrication and characterization of VO, RF tunable filters in the K band. We have
demonstrated the potential of VO, tunable capacitors for RF reconfigurable elec-
tronics by fabricating tunable and switchable bandstop filters working at higher
frequency than what already reported using conventional VO, RF switches,
limited by their parasitic capacitance. The fabricated tunable bandstop filters
reached a tunability of 12 % in resonance frequency, from 22.5 GHz to 19.8 GHz,
while maintaining excellent RF performance in both states as well as a constant

bandwidth. The return loss is about —1.5 dB at the center frequency, the isola-
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tion is 17.2 dB in the OFF state and 18.8dB in the ON state, and the insertion
loss is better than —2 dB in the lower and higher conducting bands up to 40 GHz.
The fabricated switchable bandstop filter shows a bandstop resonance around
22.5 GHz with high isolation (18 dB) in the OFF state and low insertion loss in
the ON state, better than —2.5dB up to 40 GHz.

The measurements are in good agreement with full-wave 3D electromagnetic
simulations, which moreover show that the performance of the VO, tunable
filter is comparable to the corresponding ideal fixed-frequency filters in both the
ON and OFF states. Additional simulations have been performed to optimize
the design of the filter, characterizing the dependence of the tunability of the
filter on the gorr/ gon ratio of the tunable capacitor.

Study of the integration of microheaters in VO, tunable capacitors and filters. We
performed a thorough investigation of the feasibility of electrothermal actuation
with integrated microheaters, locally heating the VO, regions in tunable capaci-
tors and microwave filters. The tradeoff between power needed for actuation
and RF performance has been discussed performing simulations with different
thicknesses for the oxide used as electrical insulator between the VO, regions
and the microheater. A tunable microwave filter employing VO, capacitors
with integrated microheaters for electrothermal actuation has been simulated,
showing performance comparable to the corresponding fixed-frequency filters
in both the ON and the OFF state: the resonance frequency varies by only 4.4 %
in the OFF state (fy—orr = 26.76 GHz) and 7.2 % (fy—on = 21.9GHz) in the ON
state, while the rejection level presents a slight decrease, from —14.72dB to
—12.04 dB in the OFF state and from —14.61dB to —11.93dB in the ON state.
Importantly, the filter performance is not affected in terms of tunability (18.2 %),
demonstrating the potential of the proposed method for electrical control of
VO, tunable filters in the K band.
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tions

This chapter presents the design, fabrication and characterization of a reconfigurable

terahertz (THz) device based on the metal-insulator transition in VO».

The first terahertz passive modulated scatterer has been demonstrated experimentally
using VO, as the enabling technology, representing an important step towards the
implementation of fast and energy-efficient THz communication applications and
novel phase-resolved THz imaging systems.

5.1 Introduction

Vanadium dioxide has proven to be a very promising candidate for the emerging field
of terahertz applications, due excellent theoretical upper bounds [241] for reconfig-
urable figure of merits in this range of frequencies [242]. Terahertz is conventionally
defined as the band included between 0.3 and 3 THz, corresponding to the wavelength
range going from 1 mm to 100 um (submillimeter waves). The technology to work in
the THz frequency range is still at an early stage: the frequency is too high for conven-
tional electronic devices (used up to the microwave frequency range) and too low to

exploit well developed optical technologies (used starting from infrared radiation).

Like microwave and infrared radiation and differently from X-rays, terahertz waves are
non-ionizing. Like microwaves, THz radiation can penetrate many non-conducting
materials, such as wood, plastic, ceramics, etc.; however, it cannot penetrate water
or metal. Moreover, THz waves are strongly attenuated in air, due to the presence of

water vapour, which possess strong resonances in THz frequencies.
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Terahertz is currently a very fertile research topic for several applications, such as
radioastronomy, telecommunications, spectroscopy, imaging and homeland security.
Each of these applications exploits important properties of terahertz waves.

THz spectroscopy, for example, can be used to probe molecular dynamics and many-
body interactions, which can have characteristic times in the order of picoseconds
(1ps = 1/(1THz)). Similarly, applications in radioastronomy are motivated by the
fact that several resonances of organic molecules lie in the THz band and can hence
be used to study the concentration of such molecules in interstellar space. Notably,
being these resonances based on the mechanical oscillation of the molecules, isotope
identification is also possible, allowing to extract dating information about the studied
matter. THz imaging for homeland security finds application in full-body scanners
and in remote imaging radars, possible because materials such as clothes and paper
are transparent to THz. Importantly, many drugs and explosives have distinctive THz

spectra, making THz imaging an even more appealing possibility.

Several technologies have been proposed to exploit the THz band, such as liquid
crystals [243], PIN diodes [244], Schottky diodes [245], photoexcited semiconductors
[246] and graphene [247]. However, the main obstacle to widespread use of THz
communication systems is still the relative lack of available components to generate,
manipulate and detect THz waves. Vanadium dioxide is considered a very important

technological platform to solve some of these problems.

5.1.1 Terahertz characterization of VO,

Terahertz time domain spectroscopy

Terahertz time domain spectroscopy (THz-TDS) is the most common characterization
technique for materials in the THz frequency range. THz-TDS was introduced in the
mid 80s [248, 249], it started to be widely used in the 90s to study material proper-
ties [250, 251], and it is currently the main tool for characterization of THz devices,

including the modulated scatterer presented in this chapter.

Figure 5.1 shows the general schematic diagram of a THz-TDS system. The spectrom-
eter is powered by a pulse train emitted by a femtosecond laser. Each pulse is splitted
into two beam paths, called respectively pump and probe. The pump beam is used

to excite the emitter, based on photoconductivity in semiconductors or nonlinear
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Figure 5.1 — General schematic diagram of a THz-TDS setup.

phenomena in optical crystals. The emitter generates an electromagnetic wave with
spectrum centered at several hundreds of GHz. Lenses are used to focus and collimate
the generated THz wave through a sample and onto the detector. The detector is
conductive and allows to read the electric field of the received signal Er only when it
is struck by the probe pulse. A delay line is applied on the probe beam path in order
to control the time in which it reaches the detector, allowing to plot Er over time.

The complex transmittance T; of the sample can then be calculated from the Fourier

transform of Ep as:

ER(w)

T; =
@) Eret(w)

(5.1

where E,¢f(w) is the Fourier transform of a reference signal, transmitted through a
medium with known properties. If the transmittance of the material is too low at THz
frequencies, the sample can be characterized by the reflected signal.

An alternative technique that can be used for the characterization of materials at THz
frequencies is Fourier Transform Infrared Spectroscopy (FTIR). In terms of signal to
noise ratio, THz-TDS is advantageous below 3 THz, while FTIR works better above
5THz [252].
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Characterization of THz transmission properties

THz-TDS has been exploited to characterize the VO, THz transmission. An intensity
modulation depth as high as 98 % over a broadband THz region has been reported for
a ~ 120nm VO, thin film grown on r-plane sapphire [51], encouraging the use of VO,

for THz modulation applications.

A subsequent study on VO, transmission in the THz range discovered a dependence
of the transmission ratio on the grain size of the VO, film: films with smaller grains
present a higher modulation of the transmission due to the more compact structure
of the film [253].

THz-field induced MIT

Another important field of research related to the characterization of VO, using THz
waves is the study of the photoinduced MIT.

An early study in this field exploited optical-pump terahertz-probe spectroscopy to
investigate the behavior of the photoinduced MIT in VO, thin films operated near
Twit, characterizing the dependence on temperature of the fluence required to induce
the transition [254].

THz sources generally do not provide enough power to induce the MIT in unpatterned
VO, thin films. Different solutions have been introduced to increase the field up to
levels high enough to study the THz-induced MIT, for instance depositing on the VO,
film split ring resonators [33] or patterned nanoantennas [255] acting as local resonant
THz concentrators.

5.1.2 VO, devices and applications in the THz range

The main application of VO, in the THz frequency range consists in the realization
of tunable metamaterials. Metamaterials are smart materials engineered in order
to create electromagnetic responses absent in nature. They are usually made of
different materials, presenting repeating patterns smaller than the wavelength of the
phenomena they influence.

VO, metamaterials are made depositing arrays of metallic resonators or nanoantennas

on the VO, film. The change in phase of VO, can influence the response of the
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metamaterial in different ways:

* polarization: VO, has been exploited to demonstrate THz frequency selective
surfaces with reconfigurable polarization characteristics, in which VO, was
used as an element of a cross resonator. The resonator topology was converted
to a slotted dipole after thermal actuation, inhibiting one of the two allowed
polarizations in the original resonator [256]. In another case VO, was used as a
continuous film with tunable conductivity under a metallic grating, acting as a
switchable THz linear polarizer [257].

 resonance frequency: VO, was proposed to tune the resonance frequency in
metamaterials. This effect was achieved exploiting the high change in com-
plex permittivity near Tyt in VO, films covered by split ring resonator (SRR)
arrays [258]. The same structure was studied applying short electric pulses
instead of using thermal actuation, showing a memory effect in the response of
the metamaterial [160]. A different approach was followed in the realization of
a tunable dual-band THz metamaterial bandpass filter [259], exploiting ther-
mally actuated VO, switches to modify the geometry of the loop cross dipole
resonators used as unit cells of the metamaterial, and as a consequence their
resonance frequency.

* transmission: a thermally actuated VO, film under an array of nanoslot anten-
nas was used to modulate the transmission of the metamaterial, independently
of frequency from 0.2 THz to 2 THz [260]. Electrical control (500V at 333 K) was
demonstrated in another work [261], which moreover showed how the transmis-
sion tuning is improved in metamaterials employing patterned nanoantennas,
compared to bare VO, films. The same kind of structure was further char-
acterized by thermal actuation in [262], demonstrating that the dependence
of the transmission on temperature can be significantly modified by extreme

nanopatterning of the antennas.

5.2 VO, modulated scatterer for THz applications

This sections presents a potential application of VO, for telecommunication at THz
frequencies. As aforementioned in section 5.1, THz waves are attenuated in air be-
cause the atmosphere is a strong absorber of THz radiation in specific water vapor

absorption bands. However, while this absorption prevents long range radio links, it
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might actually prove to be very useful for short range wideband secure telecommu-
nication. In fact, the exponential decay of THz waves would allow two close peers
(< 10m) to communicate while a third more distant eavesdropper could not intercept
their message due to the too low signal to noise ratio (SNR). Unlike encrypted links,
this approach could also mask the presence of the radio link itself, preventing to trian-
gulate the position of the two nodes. This property has made THz communications
very interesting for military applications.

5.2.1 Introduction: applications and theory

An electromagnetic scatterer is any device or structure able to scatter an impinging
electromagnetic wave in various directions. Effectively, any object with electromag-
netic properties different from the surrounding environment behaves as a scatterer.
Modulated scatterers (MST) are linear passive electromagnetic devices able to control
and change their electromagnetic scattering properties by incorporating a tunable ma-
terial or lumped element [263]. They find their main applications in radio frequency
identification (RFID), functioning as devices that can transmit back a modulated
signal when interrogated with a single frequency harmonic impinging wave. This
is achieved by modulating in time the tunable element or material, which in turns

modulates the scattered field propagating away from the device.

RFID have several applications for tagging objects and goods, for tracking purposes
and as anti-theft labels. The working frequency of the most commonly available
RFID goes from hundreds of kHz up to millimetre waves, while THz has not been
explored yet. More recently, modulated scatterers were considered as an important
alternative to classical imaging based on bolometers because they allow the possibility
of measuring amplitude and phase of an electromagnetic wave at a single point, while
bolometers are limited to amplitude informations. This property could be of great
interest while considering an array of MSTs, since having full knowledge of magnitude
and phase for each of the pixels of the array would allow further processing (e.g.
allowing to re-focus the signal in a post-processing stage), not possible measuring
only the received power.

The realization of such devices at THz frequencies has yet to be explored and it
could lead to interesting new strategy to perform amplitude and phase imaging at
THz frequencies. For these reasons we explored the feasibility of a THz modulated

scatterer using a VO, switch as the tunable element. It must be noticed that this is the
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Transmitter

MST probe

Receiver

Figure 5.2 — General scenario of an RFID system where the transmitter and receiver
antennas of the RFID reader communicate with a MST probe.

first THz reconfigurable device in which the tunability is obtained using a single VO,
junction, in contrast with the applications presented in section 5.1.2, which exploit
VO, metasurfaces. The use of a single VO, switch in our device is crucial, as it ensures
operation even when the interrogation and receiver fields are placed at arbitrary angles
with respect to the MST. This is not the case for metasurfaces, which are optimized to
preserve the propagation direction of the modulated wave. Furthermore, the use of a
single VO, switch drastically reduces the power consumption and the response time
of the device

Figure 5.2 shows a general RFID scenario compatible with our study, where a reader is
communicating with a MST probe. The reader is characterized by the gain Gy of the
transmitter antenna towards the MST and the gain Ggy of the receiver towards the
MST. The MST probe is described by the gain Gyt of the MST towards the transmitter,
the gain Gyr of the MST towards the receiver, the impedance of the antenna Z, and
the tunable load Z;.. In this work, the tunable load is implemented by a VO, switch
with impedance Zyo, which can be reconfigured from the value Zogr in the insulating

state, to Zpn in the conducting state.

The design procedure consists in optimizing the MST antenna and VO, switch in

order to maximize the power of the modulated signal Pp,oq. This is achieved by
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maximizing the difference in the scattered power in the two states of the MST. The
MST theory is well known and demonstrates that the power of the modulated signal
can be calculated using the modified Friis link budget equation [264]:

AV 1
Pmod = GtMGMTGMRGRM (—) —5
4r) Ry Reum

K K |2
I'on— FOFF| Pr (5.2)
where Py is the power emitted by the transmitter, Ry is the distance from the trans-
mitter to the MST, Rry is the distance from the receiver to the MST, A is the wavelength
and I'’ is known as Kurokawa’s reflection coefficient. I'X expresses the mismatch be-
tween the load and the antenna, and it is defined as:

K _ ZON ~ Z,:
ON~™ > | - (5.3)
ZON + ZA
x _ Zovr—Z,
Lopr=5——- (5.4)
ZOFF + Zp

Equation (5.2) demonstrates that the power of the modulated backscattered signal is
directly proportional to the square magnitude of the differential Kurokawa'’s reflection
coefficient (FgN — FIéFF). This quantity can be visualized as the distance ATX between
'Sy and I'S . in a polar plot, as shown in Figure 5.3 for the ideal case in which the
amplitude of I'S and T'§ . is 1 and their difference in phase is 180°, resulting in the

optimal distance ATX = 2.

5.2.2 Design and simulations

Figure 5.4 shows the diagram of the proposed implementation of the VO, MST. A
dipole antenna is patterned on a VO, thin film. By applying a DC bias to the two
terminals of the antenna, it is possible to switch the VO, region connecting them
(highlighted in the figure as the “VO, tunable” region), which acts as a tunable load,
reconfigurable from Zgpr to Zpn.

126



5.2. VO, modulated scatterer for THz applications

90

1.0-
0.8
0.6
0.4
0.2
0.0
0.2
0.4
0.6

0.8
1.0 240

270

Figure 5.3 — Polar plot of T’ EN and FISFF in the ideal case for maximum Pp,oq: the

amplitude of the reflection coefficients is 1 and their difference in phase is 180°.
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Figure 5.4 — Schematic diagram of the proposed VO, THz MST.
In case the load impedances are real, it is possible to prove from equations (5.3) and

(5.4) that the differential Kurokawa’s reflection coefficient is maximized if the design is
based on the following guidelines:

Zorr must be as high as possible;

Zon must be as low as possible;

the real part of Z, must be close to the geometric mean of Zppr and Zon:

Zopt = V ZOFEZON;

* the imaginary part of Zy must be negligible with respect to the real part.
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While Zopr and Zpn can be predicted by knowing the resistivity curve of the VO, film,
its thickness and the geometry of the port (width W and length L), the dependence
of Z, on frequency requires full-wave 3D electromagnetic simulations, performed in
Ansys HESS. The design procedure is complicated by the fact that the geometry of the
port does not affect only Zopr and Zoy;, but also Zy, both in its real and imaginary
part.

In order to ensure broadband performance, for the MST antenna it was selected
the bowtie topology. The bowtie antenna is a dipole antenna whose geometry is
invariant with respect to scaling, a property that, associated with Maxwell’s Equations
scaling laws, ensures that the behavior of the antenna is theoretically independent of
frequency. Actually, real bowtie antennas have finite size and non infinitesimal gap,
and these non idealities set bounds on the actual antenna bandwidth.

Regarding the choice of the substrate, two options were considered: sapphire and
high-resistivity silicon. Using sapphire allows to obtain higher quality VO, films,
maximizing the contrast between Zorr and Zon; however, optimizing VO, THz MSTs
on high-resistivity silicon allows to develop a cheaper fabrication process with better
compatibility with other steps. Table 5.1 summarizes the substrate parameters used
for the design simulations. The VO, thickness was constant at 500 nm and its electrical
resistivity depends on the choice of the substrate: for the design on sapphire it varies
from 5 x 107! Qm (insulating state) to 5 x 10~% Qm, while for the design on high-
resistivity silicon it varies from 2.4 x 1072 Qm to 4.4 x 10> Qm. The bowtie antenna
was made of 200 nm thick gold (conductivity o = 4.1 x 107 S/m).

Table 5.1 — Substrate properties used for design and electromagnetic simulations.

Material Relative permittivity VO, resistivity OFF VO resistivity ON

(1) (Qm) (Qm)
Sapphire 10 5x 107! 5x 1076
HR-Si 11.66 2.4%x1072 4.4%x1075

Electromagnetic simulation setup

Figure 5.5 (a) shows the full simulated geometry. For good accuracy of the results,
the boundaries of the simulation domain must be extended to a distance from the
antenna higher than A/4, where A is calculated for the minimum simulated frequency

(e.g. 750um for 0.1 THz in air). To improve the accuracy of the results for the radiation
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a) b)

Figure 5.5 — a) Full geometry domain for the electromagnetic simulations performed
to optimize the impedance of the bowtie antenna. b) Zoom on the switchable VO,
region.

pattern, it is necessary to simulate the full substrate thickness and a vacuum region
below. However, it must be noted that other electromagnetic simulation softwares,
based on the method of moments (MoM), are better suited for the calculation of the
radiation pattern.

Figure 5.5 (b) shows a zoom on the antenna gap, connected by the VO, tunable load.
This region is coincident with the lumped port (impedance = 50 Q) used to define the
excitation. All the outer surfaces of the simulation domain are set to the radiation
boundary condition. The mesh was refined through multiple adaptive passes until
the change of the S-parameters between two consecutive passes, calculated at the
maximum frequency, reached a value < 0.05.

Effect of the antenna shape

A first set of simulations was performed to optimize the shape of the bowtie antenna:
the length L, = 60pum is constant, while the width W, is a variable parameter going
from 20 um to 100 pum.

The switchable VO, junction dimensions were fixed at L = 2um, W = 4pm. This
geometry corresponds to the impedances Zopp = 5 x 10° Q, Zoy = 5, resulting in the
target impedance Zope = 1.58 x 103 Q for the real part of Z,.
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Figure 5.6 — Dependence of the real part of the antenna impedance on the width of the
bowtie antenna. The optimized solution for broadband performance (Wj = 100pum)
is highlighted in green.

Figure 5.6 shows the dependence on W, of the real part of Z,. By increasing Wy
from 20 um to 100 pm the antenna broadband behavior is extended: for W, = 100um,
real(Zy) has a very low variation (55.46Q + 6.68(2) in the whole simulated frequency
range (from 0.5THz to 1.7THz). Figure 5.7 shows the dependence on Wy of the
imaginary part of Z,: even in this case Wj = 100 um provides the best performance,
with the lowest values of [imag(Z)| in the whole frequency range of interest.

80

] —— W,=20 um
60 -

| —— W, =40 pm
40 - -

. W, = 60 pm
20- —— W, =80pum

' —— W, =100 um
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Figure 5.7 — Dependence of the imaginary part of the antenna impedance on the width
of the bowtie antenna. The optimized solution (W, = 100pum), showing negligible
values with respect to the real part, is highlighted in green.
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Figure 5.8 — Polar plot of FEN and PgFF for selected values of Wy, from 20 um to 100 pum.
The minimum of ATX is plotted in dashed lines for all values of Wy, the maximum

only for the optimal value W, = 100 pm.

The effects of this optimization process are more clear in the polar plot of I'X shown

K
OFF

Zorr (ideal performance as in Figure 5.3), but the variation of FgN reduces the value

in Figure 5.8. I' 5., shows no dependence on frequency due to the very high value of
of ATX in certain frequency ranges. The minimum of ATX increases from 1.3 to 1.7
while increasing Wy from 20 um to 100 um. The variation in imag(Z,) with frequency
and its non-negligible values with respect to the real part causes important changes

in the phase of Z, as a consequence reducing the value of AT,

Figure 5.9 shows the dependence of ATX on frequency for all the simulated values of
Wa. The non-optimal solutions present dips in the frequency response, with extension
decreasing in function of Wj.

Effect of the VO, switch width

Once defined the optimal ratio between length and width of the antenna to obtain an
impedance Zj with real part quasi-independent of frequency and negligible imaginary
part, the next step of the design procedure consists in optimizing the VO, switch used
as the tunable load. As concluded from the design equations presented in section
5.2.1, Zorr should be much higher and Zpn should be much lower than the real part
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Figure 5.9 - Dependence of ATX on frequency for all the simulated values of Wj. The
optimized solution for broadband performance (W, = 100um) is highlighted in green.

of Zy, with the ideal case given by Z,,; = real(Zy).

In the following discussion it is assumed that the switch impedance can be estimated
by considering a patterned VO, region with the same dimensions of the gap, and that
the VO, volume is fully switched in the ON state. The values of Zprr and Zpy can then
be easily controlled by modifying the width W and length L of the gap in the bowtie
antenna, as reported in equation (3.8). However, especially for small values of L, the
ratio W/ L has an effect also on the antenna impedance. For this reason, Z, had to be
assessed for each combination of W and L. HESS simulations from 0.5 THz to 1.7 THz
were performed keeping constant Ly = 60pum, Wy = 100um (providing the best results
in the previous set of simulations) and L = 2um, while varying the VO, switch width
W from 2 pm to 8 um.

Figure 5.10 shows the dependence on W of the real part of Z,. In all the cases,
real(Z,) is quite stable with frequency. By increasing the width from 2 um to 8 um,
real(Zy) decreases in average from 61.2 Q) to 45.2 Q), corresponding to a decrease of
26.1 %. Simultaneously, also Z,,; decreases but at a higher rate, from 3.16 x 103Q to
7.90 x 10% Q (75 % decrease), suggesting the possibility to match real(Zy) and Zyp for
larger widths.

However, as shown in Figure 5.11, |imag(ZA)| increases considerably with W due to
the increased capacitive coupling at the antenna port. Combined with the decrease

in real(Zy), this makes the imaginary part of Z, rapidly non-negligible with respect
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Figure 5.10 — Dependence of the real part of the antenna impedance on the width of
the VO, switch.

to the real part, which is detrimental for the performance of the MST. Moreover, it
must be noted that while |imag(Zy)| is fairly stable with frequency after 0.7 THz, it
increases steeply lowering the frequency down to 0.5 THz.

increasing W
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Figure 5.11 — Dependence of the imaginary part of the antenna impedance on the
width of the VO, switch.

Table 5.2 summarizes the values of Zorr, Zon, Zopt, real(Za) and imag(Za) (calculated
in average for frequencies > 0.7 THz), for all the simulated geometries in this optimiza-
tion step. The reported values show the conflict between the two optimization targets:
matching real(Z,) and Z,p, and having real(Zy) > |imag(ZA) |
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Table 5.2 — Dependence on W of the antenna and tunable load impedances.

W(pm) Zopp(Q) Zon(Q)  Zop(2)  real(Zy)(Q2) imag(Zy)(€Q)

2 1.0 x 108 10 3.16x 103 62.2 -3.86

4 5.0 10° 5 1.58 x 103 56.1 -10.9

6 3.3x10° 3.3 1.05 x 103 50.3 -15.3

8 2.5x10° 2.5 7.90 x 102 45.0 -18.2
1.0-
0.8- —0—TI

4 —a—TI v W=2pum

067 150 —8—T,, W=4pm
0.4 1 o Ty W=6um
0.2- Con W=8pm
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Figure 5.12 — Polar plot of FléN and FgFF for all the simulated values of W, from 2 pm

to 8um and keeping constant L = 2pum, Wi = 100pm and Ly = 60pum. Minimum of
AT plotted in dashed lines in the best (W = 4um) and worst (W = 2um) case.

In order to clarify which effect is more important for the broadband performance
of the MST, the analysis of the results proceeds with the calculation of ATX. Figure
5.12 shows the polar plot of FIéFF and FgN for all the simulated values of W. With the
exception of the W = 2um case, which clearly shows worse results with a minimum of

ATX = 1.63, the other geometries present comparable performance.

Due to the increase in |imag(Z,)| while decreasing the frequency from 0.7 THz to
0.5 THz, ATX decreases and reaches its minimum in that frequency range, for all
values of W. This effect is better shown in Figure 5.13, plotting the dependence of ATX
on frequency. For frequencies higher than 0.7 THz, the simulation with presents in

average the best performance.
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Figure 5.13 —- Dependence of ATX on frequency for all the simulated values of W. The
optimized solution for broadband performance starting from 0.7 THz (W = 4um) is
highlighted in red.

Effect of the antenna size

As remarked in the previous optimization section, the MST presents a drop in perfor-
mance for frequencies lower than 0.7 THz. In order to extend the frequency range of
operation of the device, another set of simulations was performed for bowtie antennas
with larger dimensions, from 0.1 THz to 1.7 THz. An additional advantage of larger
antennas consists in facilitating the measurements, allowing to more easily center the

THz beam on the antenna.

Figure 5.14 shows the frequency dependence of the impedance of an optimized bowtie
antenna with larger dimensions (Ly = 300um, Wj = 400um), keeping constant the
geometry of the VO, switch optimized in the previous section (L =2um, W = 4um),
corresponding to Zype = 1.58 x 103 Q. As expected for an optimized bowtie antenna,
the impedance presents a very low dependence on frequency; the average of real(Z,)
in the whole frequency range is 62.6 Q2 and the average of imag(Z,) is —13 Q.

This design provides excellent performance in the whole frequency range, as shown
by the polar plot of FIéN and FgFF in Figure 5.15 (a) and the dependence on frequency
of AT'X in Figure 5.15 (b).
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Figure 5.14 - Dependence on frequency of the impedance of the large bowtie antenna.

Optimization of the VO, THz MST on HR-Si

As aforementioned, studying the design of the VO, THz MST on silicon is interesting
because of the lower costs with respect to sapphire and better compatibility with other

processing steps that could be required for integration with other devices.

However, as presented in chapter 2, VO, films on silicon do not exhibit MIT as steep
as the ones on sapphire, with resistance ratios of the order of 3 decades in the best
case.

This section deals with the assessment of the THz MST performance on Si/SiO»
substrates, using the VO, resistivity values reported in Table 5.1 (resistance ratio of
545). HFSS simulations from 0.5 THz to 1.7 THz were performed keeping constant
the optimized antenna shape (Ly = 60pum, Wy = 100um) and the VO, switch length
L = 2pm, while varying W from 4um to 16 pum. Larger widths with respect to the
switches on sapphire were needed to take into account the higher resistivity in the
ON state of VO, deposited on SiO». The dependence of the real and imaginary part
of the antenna impedance has the same profile as what obtained for the antennas
on sapphire (Figures 5.10 and 5.11): increasing the width of the gap in the bowtie
antenna decreases real(Z,) and increases imag(Zy). The results for all the simulated

geometries are summarized in Table 5.3.

Despite VO, having lower resistivity in the OFF state with respect to VO, on sapphire,
the resistance in the OFF state is still much higher than real(Z,). As a consequence,
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Figure 5.15 — a) Polar plot of FgN and FgFF for the optimized large bowtie antenna
(La = 300um, Wy = 400um, L =2um, W = 4um). b) Dependence on frequency of
ATX,

as shown in Figure 5.16, FgFF is at the border of the polar plot and independent of

frequency. However, due to the higher resistivity in the ON state, W must be increased

greatly to improve the real(Zy)/ Zon ratio and achieve acceptable values of ATK,

As better shown in Figure 5.17, ATX improves in the whole frequency range while
increasing W from 4 pm to 12 um, but it decreases for W = 16 um despite the improved
real(Zy)/ Zon ratio. For the optimized case (W = 12um) the minimum of ATKis 1.2
and the maximum is 1.44.

Table 5.3 — Impedances of the antenna and tunable load for the MST on HR-Si.

W(pm) Zopp(Q) Zon(Q)  Zopi(2)  real(Zy)(Q2) imag(Zy)(€)

4 2.4x10% 44 1.02 x 103 54.1 -9.7
6 1.6x10* 293  6.85x10? 48 .4 -14.0
8 1.2 x 10* 22 5.14 x 102 43.4 -16.8
10 96x10> 176  4.11x10? 38.8 -18.4
12 8.0x10° 147  3.42x10? 35.0 -19.3
14 6.9x10® 12.6  2.93x10° 31.3 -19.7
16 6.0 x 103 11 2.56 x 102 28.3 -19.8
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Figure 5.16 — Polar plot of FIéN and FgFF for the THz MST on HR-Si for selected values of

W, from 4 pm to 16 um and keeping constant L =2pum, W = 100pum and Lp = 60 pum.
Minimum of AI'¥ plotted in dashed lines in the best (W = 12um) and worst (W = 4pum)
case.
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Figure 5.17 — Dependence of ATX on frequency for the THz MST on HR-Si for selected
values of W.

5.2.3 Fabrication

The VO, THz MST presented in this chapter was fabricated in collaboration with LMN
at INRS, University of Quebec.
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Figure 5.18 — Top view of the characterized VO, THz MST.

A 500 nm thick epitaxial VO, layer was first deposited on a 1" circular sapphire sub-
strate (Al;03(1102) orientation) by PLD, with details on the deposition parameters
reported in section 3.4.3. The metallic patterns for the bowtie antennas and the 20 pm
wide bias lines used to induce the E-MIT were defined by e-beam lithography and
lift-off of a 150 nm Cr/Cu/Au stack. The full layout was included in a 1x1 cm? area,
subsequently diced from the substrate. Metal pads were defined at the border of the
chip to connect the devices to a printed circuit board (PCB) support.

Figure 5.18 shows an optical microscope image of the characterized device, with
dimensions corresponding to the results of the optimization process carried out in
the previous section (Lx =300um, Wj =400pum, L =2pum, W =4pum).

5.2.4 Measurements

DC E-MIT characterization

DC measurements were performed to characterize the actuation of the VO, switch
integrated in the THz MST antenna. Figure 5.19 shows the resistance modulation
for a VO, switch actuated with current up to 20 mA. The resistance in the OFF state
is Zorr = 1.25kQ. The switch actuates at I, = 1.04mA and the resistance in the ON
state can be further decreased depending on the level of the bias current. For instance,
ZoN is 149 Q at 5mA and 28.5Q at 20mA.
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Figure 5.19 — Current actuation of the VO, switch used as a tunable load for the VO,
THz MST.

THz characterization

The substrate was connected to the PCB support by using silver paint; standard wire
bonding on the metal pads used for biasing could not be used due to insufficient adhe-
sion of the metal stack on VO,. The VO, MST has been characterized from 0.1 THz to
2 THz with a TERA K15 MARK II time-domain THz spectrometer from MenloSystems.
The measurement setup is shown in Figure 5.20, in reflective configuration and with a

rotary stage used for automatic measurements of the radiation pattern.

The setup has been configured to send a THz pulse towards the MST antenna, with an
inclination of 45° with respect to the sample surface. The aim of the measurements
is to verify that a modulated signal can be obtained by switching ON and OFF the
VO3 junction of the antenna, and that this modulated signal is scattered not only
towards the specular direction of the beam but in multiple directions. This is a
fundamental characteristic of the proposed MST, which sets it apart from standard

surface modulators and allows the applications described above.

To maximize accuracy, a sequence of measurements was performed on the MST. Each
measurement cycle consists of four measurements (M1, M2, M3, M4), where the first
one is made in the ON state of the switch and the other three are made in the OFF state.
The modulated signal is given by subtracting M1-M2 (i.e. ON-OFF). However, THz
measurements may be characterized by low signal to noise ratios, so it is important to

do also dummy measurements to evaluate the noise floor. This is done by subtracting
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Figure 5.20 — Measurement setup for reflective THz-TDS.

M3-M4 (i.e. OFF-OFF), which should cancel out ideally but will give a signal indicating
the noise and non-repeatability of the THz setup. The operation of the MST is verified
if the modulated signal (M 1-M2) is much stronger than the noise floor (M3-M4).

1000 cycles were performed and averaged in order to obtain lower noise floor. In order
to provide results independent of the intensity of the used pulse, both the modulated
signal and the noise floor are normalized (in a frequency-wise manner) relatively to
the total power emitted by the setup, which can be easily measured in a specular

configuration using a gold plated mirror chip.
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Figure 5.21 — Nominal power spectrum of the THz spectrometer used in this work,
measured with a reference mirror.
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Figure 5.22 — Differential signal and noise floor for incidence at 45° and reception at
—10° from the normal. The measurements have been normalized with respect to the
mirror power. The results are obtained averaging 1000 cycles.

Figure 5.21 shows the nominal power of our system measured in this way. Excellent
dynamical range is available up to 1.6 THz. In order to limit the power consumption
and prevent reliability issues due to the high number of planned actuation cycles, in a
first set of measurements the current was limited to Ipc = 20 mA while operating the
device. This current level was not high enough to fully actuate the switch and reach

the Zon value used in the design, but still low enough to ensure a good FgN value.

Figure 5.22 shows the normalized modulated signal, measured at an incident angle of
45° and a reception angle of —10° from the normal. The MST working principle has
been validated by measuring a modulated signal up to two orders of magnitude larger
than the noise floor, providing maximum SNR at 0.32 THz. The device operation is
very broadband, starting from less than 0.1 THz and verified until 0.8 THz, confirming

that this is the first MST antenna operating in the THz range.

To obtain a further confirmation that the modulated signal actually came from the
antenna, THz imaging has been performed by translating the chip and its support
in the XY plane, while leaving unchanged the excitation (45°) and the readout (—10°)
angles of the THz setup. Figure 5.23 shows the obtained intensity mapping in linear
units, obtained at the frequency of 0.32 THz, both for the noise floor (Figure 5.23 a)
and the modulated signal (Figure 5.23 b).

It is possible to observe that the antenna appears as a bright spot in the center of
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Figure 5.23 — a) Noise floor and b) modulated signal imaging at 0.32 THz. The mea-
surements are obtained averaging 100 cycles.

the scanned area, which is completely absent in the noise floor, confirming that the
antenna operated as expected.

In order to obtain a radiation pattern of the VO, THz MST, the receiver angle was
scanned while keeping constant the transmitter one, and for each configuration the
measurements were obtained averaging 100 cycles. It is possible to observe that the
radiation pattern slightly at —30°, but it remains fairly omnidirectional as expected
for a bowtie antenna. Further investigations are required to explain the drop in the
radiation pattern, which might be due to the effect of the substrate.
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Figure 5.24 — Radiation pattern of the VO, THz MST.
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5.3 Conclusion

The main contribution of this chapter consists in the demonstration of the first MST
antenna in the THz range, enabled by the metal-insulator transition in VO,.

After a general introduction on the properties of THz waves, the main applications of
the MIT in VO, for THz devices were reviewed. A common element among all previous
applications of VO, for reconfigurable THz devices is the fact that a continuous VO,
film or a repeated pattern of VO, junctions is used to modify the electromagnetic
properties of a surface. In this work we propose for the first time a THz device based
on a single VO, junction. The results presented in this chapter can encourage the use
of single VO, switches for THz reconfigurable electronics, having highlighted their
advantages with respect to metasurfaces: operation ensured even when the interroga-
tion and receiver fields are placed at arbitrary angles, reduced power consumption,
reduced response time

The proposed device is a VO, MST for THz RFID applications. The theory of MSTs is
well known, but no MST working in the THz range was ever demonstrated before this
work. The design tradeoffs and the optimization process for the MST antenna and the
integrated VO, switch were discussed by full-wave electromagnetic simulations, and
the resulting geometry was fabricated and characterized up to 2 THz using reflective
THz-TDS.

The MST working principle has been validated by measuring a modulated signal up
to two orders of magnitude larger than the noise floor. The device operation is very
broadband, starting from less than 0.1 THz and verified until 0.8 THz, confirming
that this is the first MST antenna operating in the THz range, promising for the
development of fast and energy-efficient THz communication applications and novel

phase-resolved THz imaging systems.
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Conclusions and perspectives

The aim of this thesis was to study the potential of the MIT in functional oxides for
reconfigurable electronics in a wide frequency range, from steep-slope electronic

switches for logic, to reconfigurable high-frequency functions up to the THz range.

Vanadium dioxide presents a MIT near room temperature with high contrast in electri-
cal properties between the two structural phases. For this reason, it has been selected
as an ideal candidate to discuss the potential of the metal-insulator transition for the

applications targeted in this thesis.

A CMOS-compatible process for sputtering deposition of VO, and device integration
has been optimized and exploited for several devices based on the MIT: steep slope
temperature-stable DC switches, highly-reliable low-loss RF switches, novel tunable
capacitors and RF filters. The possibility to enable tunable functions at even higher
frequency was demonstrated by the design and characterization of the first modulated
scatterer working in the THz range.

6.1 Conclusions

The main contributions from the work presented in this thesis can be summarized as

follows:

1. Development of a high-quality CMOS-compatible technology for VO elec-
tronic switches on Si/SiO, substrates.
A fabrication process for VO, electronic switches on Si/SiO, substrates has been

developed with particular focus on CMOS-compatibility. The critical step of the
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process was the optimization of the reactive magnetron sputtering deposition
on SiO,, which required a precise control of the O, partial pressure in the sputter-
ing chamber. The film exhibited a resistance ratio as high as 3.33 x 103, decreas-
ing from 5Qcm to 1.5 x 1073 Qcm increasing the temperature from 25 °C to
95 °C, and a hysteresis of ~ 7°C. These values are comparable to what achievable
with PLD of polycrystalline VO,, without its drawbacks in terms of homogeneity
for large-scale depositions. The resulting CMOS-compatible planar VO, elec-
tronic switches on Si/SiO, substrates had a resistance ratio of > 1.44 x 103 when
electrically actuated, more than one decade higher than previously reported

VO, switches on Si/SiO, substrates.

. Comprehensive study of the E-MIT slope in VO, switches.

We assessed for the first time the slope of the electrical transition in two-terminal
VO, switches, reporting values as low as 0.24 mVdec™! at room temperature.
Moreover, we experimentally reported the dependence of the slope on the
temperature, increasing only up to 0.38 mVdec™! at 50 °C, corresponding to
a T dependence < 5.5uV°C/dec. Moreover, the devices show excellent ON-
state conduction, with Ipy = 1.8 mA/pm at 5.5V independently of temperature.
These results recommend MIT VO, switches as future candidates for steep-slope,

highly conductive, temperature-stable switches.

. Method to decrease the actuation voltage by generating high electric fields in

VO, switches.

We proposed an alternative electrode shape to reduce the actuation voltage Vo
in VO, switches. Triangular-shaped metal “spikes” along the electrode sides of
a VO, junction allow to decrease the voltage necessary to reach the transition
temperature Tyt with respect to standard “flat” junctions. This effect is due
to the higher electric field induced at the tip of the spikes, which depends on
the spike radius of curvature. For 10 um long switches, the devices with flat
junctions actuated on average at 25.8 V, while the devices with spikes actuated
on average at 20.1V. In the best case, considering the devices which actuated
at lower voltage, we obtain a 25.3 % reduction in V¢ for the 10 um long devices
(from 16.6 V to 12.4V) and a 38.3 % reduction in Vj for the 2 um long devices
(from 8.6 Vto 5.3V).

. Fabrication and characterization of CMOS-compatible VO, RF switches.

We reported for the first time VO, RF switches based on a CMOS-compatible
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process on Si/SiO, substrates. The VO, switches present excellent RF perfor-
mance, around —0.6 dB S»;_on independent of frequency and —10dB S2;_oFr
at 40 GHz, comparable with the state-of-the-art of VO, RF switches on sapphire.
A variability study on 32 instances of the same device (W = 100um, L = 12.5um)
was performed, obtaining Ron = 12 +3Q and Ropr = 8.25 £ 2.25kQ. A reliability
study revealed that the lifetime of voltage-actuated VO, RF switches is highly
dependent on the rise time of the voltage pulse train and it can be slightly im-
proved decreasing the DC current density, while it is not affected by the duty
cycle. A lifetime higher than 10° cycles was reported for a pulse train with an
amplitude of 15V, a current density of 5 x 10° Acm™2 and a rise time of 4 ys.
These results validate VO, RF switches as a promising solution for wideband

reconfigurable electronics.

. Fabrication and characterization of novel VO, tunable capacitors.

We proposed a new method to exploit VO, for tunable capacitors: the MIT
allows tuning the length of a gap between metal lines, and in consequence
its parasitic capacitance. Following this approach, a thermally actuated VO,
tunable capacitor loaded in series configuration on a CPW has been modeled,
fabricated and characterized up to 40 GHz. The series capacitor shows two
well defined states, switching from 5.8 fF in the VO, insulating state to 12.5{F
in the VO, conducting state. The VO, tunable capacitors offer an alternative
to more commonly employed technologies for RF reconfigurable electronics,
presenting lower loss than semiconductor varactors at high frequency and easier
integration than RF MEMS.

. Fabrication and characterization of VO, RF tunable filters in the K band.

Tunable and switchable bandstop filters based on the VO, tunable capacitors
were fabricated and characterized. The filters maintain good RF performance
in both the insulating and the conducting state, in a frequency range higher
than what previously reported using conventional VO, RF switches, limited by
their parasitic capacitance. The fabricated tunable bandstop filters reached
a tunability of 12 % in resonance frequency, from 22.5 GHz to 19.8 GHz. The
return loss is about —1.5 dB at the center frequency, the isolation is 17.2dB in
the OFF state and 18.8 dB in the ON state, and the insertion loss is better than
—2dB in the lower and higher conducting bands up to 40 GHz. The fabricated
switchable bandstop filter shows a bandstop resonance around 22.5 GHz with
high isolation (18 dB) in the OFF state and low insertion loss in the ON state,
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better than —2.5dB up to 40 GHz. The measurements are in good agreement
with full-wave 3D electromagnetic simulations, which moreover show that the
performance of the VO, tunable filter is comparable to the corresponding ideal
fixed-frequency filters in both the ON and OFF states.

7. Study of the integration of microheaters in VO, tunable capacitors and fil-
ters.
We investigated the feasibility of electrothermal actuation of VO, tunable capac-
itors with integrated microheaters, locally heating the VO, regions. The tradeoff
between power needed for actuation and RF performance has been studied by
electrothermal and electromagnetic simulations. A tunable microwave filter
employing VO, capacitors with integrated microheaters has been simulated,
showing performance comparable to the corresponding fixed-frequency filters
in both the ON and the OFF state: the resonance frequency varies by only 4.4 %
in the OFF state (fy—orr = 26.76 GHz) and 7.2 % (fo—on = 21.9GHz) in the ON
state, while the rejection level presents a slight decrease, from —14.72 dB to
—12.04 dB in the OFF state and from —14.61dB to —11.93dB in the ON state.
Importantly, the filter performance is not affected in terms of tunability (18.2 %),
demonstrating the potential of the proposed method for electrical control of
VO, tunable filters in the K band.

8. Fabrication and characterization of the first THz MST.
A modulated scatterer working in the THz range has been demonstrated for the
first time, exploiting the MIT in VO,. Differently from all previously reported
THz VO, devices, based on the reconfiguration of the electromagnetic properties
of a metasurface, in the proposed THz MST the device operation is based on
a single VO, junction as small as 2um x 4 pm. An optimum design for the VO,
THz MST was fabricated and characterized up to 2 THz using reflective THz-
TDS. The device operation is very broadband, starting from less than 0.1 THz
and verified until at least 0.8 THz, confirming that this is the first MST antenna

operating in the THz range.

6.2 Future work

This section summarizes the most important research paths for further investigations

related to the work presented in this thesis:
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1. Low-power steep-slope VO, switches.
The method to decrease the actuation voltage in VO, switches, presented in
section 3.4, has shown promising results. However, the devices had still too
high levels of actuation voltage and current to be promising for low-power ap-
plications. This can be partially ascribed to the variability of the PLD process
employed in this case, therefore it would be interesting to proceed with a sec-
ond fabrication run based on the sputtering process developed at EPFL. The
objective to develop energy efficient switches must be further pursued identi-
fiying and testing other methods to reduce the actuation power, like extreme
nanopatterning of the VO, junction. Combined with the proposed optimized
electrode shape for increasing the electric field, this approach is expected to

enable ultra-low power steep-slope switches for Beyond CMOS logic.

2. Further applications of VO, tunable capacitors.
VO, tunable capacitors have been successfully characterized and their potential
for reconfigurable microwave circuits has been assessed by fabricating tunable
bandstop filters. Further work is encouraged to identify other possible applica-
tions for VO, tunable capacitors for reconfigurable microwave electronics, like

for instance digital phase shifters.

3. Fabrication of integrated microheaters for VO, electrothermal actuation.
The electromagnetic simulations of VO, tunable bandstop filters with integrated
microheaters proved that local electrothermal actuation of VO is a promising
method to overcome the limitations of thermal actuation in terms of required
power and switching time, because the filter performance is not affected in
terms of tunability and only slightly in terms of rejection level. However, these
findings have to be validated by measurements, fabricating devices based on
the process proposed in Figure 4.26.

4. VO, THz MST applications.
The working principle of the VO, THz MST has been successfully validated,
measuring a modulated signal up to two orders of magnitude larger than the
noise floor. Further work involves the development of possible applications
based on the MST, such as RFIDs or imaging retinas [265, 266].
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6.3 Perspectives

This thesis and other recent works confirm that VO, devices have high potential to

offer an alternative to competing technologies and open a new design space in a

broad frequency range. However, some important challenges in terms of technology

and design must be addressed to bring these devices to a maturity level suitable for

industrial applications. Important research topics for this purpose include:

1. Optimization of VO, technology for industrial scale fabrication.

150

In order to develop a VO, technology platform suitable for industrial scale
processes, further work is required in terms of material optimization and inte-
gration. The optimization of the films must be driven by well-defined figures of
merit for the targeted applications, and the process must achieve fully controlled
integration capability on CMOS platforms, focusing on stability during litho-
graphic processing, control of changes in material properties due to processing
and long-term stability of the material properties. Atomic layer deposition of
VO, offers a very attractive route towards an industrial scale deposition of high
quality VO, with good reproducibility, being a very robust process, capable
of nanometer thickness control and able to produce conformal coatings even

across trenches.

. Engineering of VO, material to tune the MIT properties.

The MIT in pure VO, is well known in terms of electrical properties, with a high
contrast in resistivity very attractive for applications in reconfigurable electron-
ics. However, the thermal MIT occurs relatively close to room temperature,
while many electronic devices (e.g. for airborne applications) must work up to
operating temperatures ~ 125 — 150 °C. Moreover, the resistivity in the insulat-
ing state of VO, is often too low for applications based on 2-terminal abrupt
switches. Both issues can be addressed doping VO, with elements that increse
its band gap.

. 3-terminal VO, switches.

One of the most important open questions regarding VO, devices remains
the research for ideal design strategy and switching mechanism enabling 3-
terminal VO, switches with low power, steep slope and high ON/OFF contrast.
Electrothermal and field-effect gating must be further investigated for optimized

3-terminal VO, devices.
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