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Abstract

This work depicts the pioneer steps on investigating the novel all-oxide technology
for its application infradio frequency (RF)|varactors. The platinum bottom electrode
of conventional ferroelectric varactors is replaced with the highly conducting oxide
strontium molybdate SrMoOs (SMO), Its structural similarity to the ferroelectric
barium strontium titanate Ba,Sr;_, 1iO3 (BST) helps to overcome the most severe
drawbacks of the conventional approach: Increased defect concentration in and
the formation of an untunable deadlayer at the platinum/ interface. In all-oxide
varactors, grows epitaxially on top of the bottom electrode and, hence, an ideal
crystal forms instead of the polycrystalline on top of platinum.

Due to the scarce preliminary knowledge on the properties of jointly integrated
and layers, a substantial portion of [RF|characterization and material parameter
extraction is required. The first major result of this work is the frequency exten-
sion of a widely used on-wafer test structure for dielectric characterization from
lower GHz frequencies up to the self-resonant frequency. This allows for the correct
extraction of impedance data in the frequency range of interest and is a crucial
prerequisite for comprehensive modeling. Furthermore, RF-characterization-based
optimization of the deposition process is key to the fabrication of high-performance
varactors with unprecedented [SMO] and [BST] thicknesses greater than 5 pm and
smaller than 50 nm, respectively.

The greatest emphasis is put on highly accurate analytic models. Present mod-
els are not sufficiently accurate for thin-film devices with electrodes often thinner
than skin depth. By incorporating the significant contribution of the substrate, a
novel schematic model is proposed. It reacts to all significant material properties
and yields the true |[RE properties of the varactor, based on predicting reasonably
exact impedance data. This high accuracy further allows for the derivation of a
bias-dependent model that considers the electromechanic excitation of acoustic
waves. The final model tracks the impedance over a wide range of frequency and
electric bias field up to 12 GHz and 100 V/um, respectively. Based only on a simple
characterization, this model enables a confident estimation of both electric and
mechanic properties of the integrated varactor. On the one hand, this allows for the
precise design of high-performing circuits. On the other hand, it helps to evaluate
the great potential of all-oxide varactors to overcome a severe frequency limitation
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of conventional varactors by reducing the impact of acoustic resonances.

To its end, this work addresses the transfer from material identification and op-
timization towards an industrial realization of the all-oxide technology. Sample
reproducibility and uniformity are evaluated as hitherto insufficient, which is,
however, a known drawback of the deployed [pulsed laser deposition (PLD)| Fur-
thermore, the functional varactor deposition on silicon as an industrially established
substrate is demonstrated. Finally, the integrability of the novel all-oxide varactors
into circuits is demonstrated in two configurations; as a standalone surface-mount
device and via integrated growth in an exemplary phase shifter.

An outstanding performance of all-oxide devices is predicted after two enhance-
ments in future work. Firstly, the transfer to a method other than is rec-
ommended to allow larger substrates and reliably yield high-quality materials.
Secondly, a significant improvement was demonstrated by doping to increase
the Q factor and decrease the acoustic activity. This greatly increases the applica-
ble frequency range beyond the limits of conventional ferroelectric varactors and
predicts low loss of all-oxide devices in the full 5G sub-6 GHz range and beyond.

vii



Kurzfassung

Diese Arbeit beschreibt die ersten Schritte der Erforschung der Volloxid-Technologie
tiir eine Anwendung in Hochfrequenz- (HF-)Varaktoren. Dabei wird die Platin-
Bodenelektrode von herkdmmlichen ferroelektrischen Varaktoren mit dem hochleit-
fahigen Strontium-Molybdan-Oxid (SMO) ersetzt. Dessen strukturelle Ahnlichkeit
mit dem ferroelektrischen Barium-Strontium-Titanat (BST) ermoglicht das Uber-
winden der gravierendsten Nachteile des herkommlichen Ansatzes: Eine erhohte
Defektkonzentration in BST und das Ausbilden einer unsteuerbaren Grenzschicht
am Platin-BST-Ubergang. In volloxidischen Varaktoren wiachst ein idealer BST-
Kristall epitaktisch auf der SMO-Bodenelektrode anstatt des polykristallinen BST
auf Platin.

Da zuvor kaum Informationen iiber integrierte SMO-BST-Schichtsysteme berich-
tet wurden, ist die HF-Charakterisierung und Materialparameterbestimmung ein
wesentlicher Bestandteil dieser Arbeit. Das erste wichtige Ergebnis ist dabei die
Erweiterung des Frequenzbereichs einer weit verbreiteten On-Wafer-Teststruktur
vom unteren GHz-Bereich bis zu ihrer Selbstresonanzfrequenz. Dies ermoglicht die
korrekte Extraktion der Varaktorimpedanz im gesamten gewiinschten Frequenzbe-
reich und ist fundamental fiir eine umfassende Modellierung. Hierdurch konnte
der Abscheideprozesses optimiert werden, was entscheidend dazu beitrug, hoch-
performante Varaktoren herzustellen. Diese zeichnen sich durch die Kombination
bisher unerreichter SMO- und BST-Schichtdicken aus, die jeweils dicker als 5 um
und diinner als 50 nm sind.

Der Schwerpunkt dieser Arbeit liegt auf hochgenauen analytischen Modellen. Vor-
handene Modelle sind nicht genau genug fiir Diinnschichtschaltungen mit Elektro-
den, die diinner als die Skintiefe sind. Ein neues Modell wird vorgestellt, das den
signifikanten Beitrag des Substrats berticksichtigt. Es beachtet den Einfluss aller
mafsgeblichen Materialeigenschaften und erlaubt damit die Extraktion der tatsachli-
chen HF-Eigenschaften des Varaktors. Die erreichte hohe Genauigkeit ermoglicht
die Erweiterung zu einem Modell, das zusétzlich die elektrische Vorspannung mit
einbezieht. Letztere fiihrt zu induzierter Piezoelektrizitat in BST, wodurch aku-
stische Wellen im Modell berticksichtigt werden miissen. Das elektro-akustische
Modell folgt der tatsdchlichen Varaktorimpedanz in einem weiten Frequenz- und
Vorspannungsbereich bis zu jeweils 12 GHz und 100 V/um. Dadurch ermoglicht
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es die Extraktion von sowohl elektrischen als auch mechanischen Eigenschaften
des integrierten Varaktors, die lediglich eine einfache On-Wafer-Messung benotigt.
Dies eroffnet einerseits die Moglichkeit einer prazisen Modellierung von hochper-
formanten Schaltungen. Andererseits ermdoglicht es die Evaluierung des Potentials
von volloxidischen Varaktoren und deren Optimierung, um die gravierende Fre-
quenzbeschrankung von herkdmmlichen Varaktoren durch akustische Resonanzen
zu liberwinden.

Zum Schluss der Arbeit wird der Transfer hin zur industriellen Realisierung der
Volloxid-Technologie thematisiert. Reproduzierbarkeit und Gleichféormigkeit der
Proben werden als unzureichend identifiziert, was die potentiellen Nachteile der
verwendeten gepulsten Laserabscheidung (engl.: pulsed laser deposition, PLD) besta-
tigt. Weiterhin wird die Abscheidung eines funktionalen Varaktors auf industriell
etablierten Silizium-Substraten demonstriert. SchliefSlich wird die Integrierbarkeit
der neuen volloxidischen Varaktoren in Schaltungen gezeigt, und zwar in zwei
Konfigurationen; sowohl als ein eigenstdndiges oberflichenmontierbares Bauteil
(engl.: surface-mount device) als auch mittels integriertem Wachstum innerhalb eines
beispielhaften Phasenschiebers.

Eine herausragende Performanz der volloxidischen Technologie wird nach zwei
zukiinftigen Entwicklungen ermoglicht. Einerseits ist der Wechsel auf eine andere
Abscheidemethode als PLD empfohlen, um reproduzierbar eine hohe Materialqua-
litat auf auflerdem grofseren Substraten zu erreichen. Daneben zeigt das Dotieren
von BST eine signifikante Verbesserung der Materialgiite und eine schwichere
akustische Anregung. Dies erweitert den Anwendungsfrequenzbereich erheblich
tiber die Grenzen von herkommlichen ferroelektrischen Varaktoren hinaus und pro-
gnostiziert niedrige Verluste von volloxidischen Geréten bis oberhalb des gesamten
5G sub-6 GHz-Frequenzbereichs.

X



Contents

(I__Introductionl

B Oxide Materals
2.1 Functional Barium Strontium Titanate (BST)[. . . . . .. ... ... ..
.11 Dielectric Properties| . . . .. ...................

1.2 icrowave L hanisms| . . . . ... ... ... ......

2.1.3 Induced Piezoelectricity| . . . . .. ... ... ... ...

2.2 Conducting Strontium Molybdenum Oxide (SMO)[. . . . . . ... ..
23 Thin-Film Processing| . . . . . . ... ... . ... ... . . ... ... .

CEe —s FAEOxide ¥ |
B.1 On-WaterTesting| . . .. ..........................
3.2 De-Embedding of MeasurementData| . . . ... ... .........

&
2.1 Determination of True T r re In ncel. . ... ...
B.2.2  Characterization of Negative Measurement Inductance| . . . .

B.2.3  Benefits for All-Oxide-Varactor Characterization| . . . . . . . .

B.3.1 'Typical Varactor|. . . .. .......... ... ... ....
B.3.2 High-Performance Varactor] . . . . ... .............
3.4 RF-Performance-Driven Material Optimization|. . . . . ... ... ..
B.4.1 Correlation of Crystallographic and DC/RF Characteristid . .
B.4.2 Study on Influence of Laser Fluence| . . . . ... ... .....

{4 Highly Accurate Analytic Models|
4.1  Unshielded Substrate Model (USM)| . . . .. ... ... ... .....

.1.1 _Exten hematicModell . . . ... ... ... ... .....
4.1.2  Parameterized Material Variations| . . . . ... ... ... ...
4.1.3 Multivariate Modell . . . . . . . . . ... . . o

@4.1.4  Verification by Measurement| . . . . .. ... ... ... ....
1.2 Acoustic Unshielded Substrate Model (AUSM)| . . . .. .. ... ...
4.2.1 Modeling Acoustic Resonances| . . . . .. ... .........
4.2.2  Solving the Inverse Problem|. . . . . ... ..... ... . ...




Contents

4.2.3  Verification by Measurement| . . . . ... ... ... ... ...
4.2.4 ldentification of Bias-Dependent Properties|. . . . . . ... ..
4.2.5 Suppression of Acoustic Resonances| . . . . . ... .. .. ...
4.3 Summary on Presented Models| . . . ... ... ... ... . ... .

E T s Tndusirial Realization
b.1 Process Stability] . . . .. ... ... .. o o
5.2 Transfer to Silicon Substrate] . . . . . ... ... ... ... .......
5.3 Surface-Mount Devicel . . .. ............... . .......
.4 Fully Integrated Tunable Circuits| . . . . .. ... ... .........

6 Conclusion & Outlook

[A De-Embedding of Excitation Bridge in EM Simulation|

[B Additional Data to the Analytic Models|

Acronyms

[Symbols and abbreviations|

Own Contributions

Cormciom Vitad

120

124

131

133

134

151

155

X1



1 Introduction

In recent days, many fields of innovation rely on a shared key enabler, that is mo-
bile communication. The exchange of sensor information is essential for quickly
emerging topics, such as [Internet of Things (IoT), smart homes and smart cities
or autonomous driving and connected cars. In parts, these are already present
but will become much larger contributors to the total data traffic in the future.
However, already nowadays, scenarios like mobile video streaming or the concept
of mobile work relying on cloud services tremendously increase the data volume
per user. Along with the increasing number of connected terminals, this leads to
the predicted exponential increase of the mobile transmitted data, see Figure
This highlights the very strong demand for innovations in the field of mobile
communications. Currently, this overlaps with the troika of expectations for the
novel mobile communication standard 5G, i.e., massive number of terminals, ultra
low latency and vast bandwidth increase. Each aspect can roughly be assigned
to a different use case and frequency range [Assl7|]. As a first one, the will
lead to the massive increase of number of terminals and will communicate mostly
below 1 GHz. Depending on the application, the latency can be either uncritical or
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Figure 1.1: Total mobile traffic in exabytes (million terabytes) until 2026 predicted
by Ericsson in November 2020. [Tel21]
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essential as, e.g., for general sensor data or autonomous/assisted driving, respec-
tively. The second use case focuses "classic" mobile communication of the customer
who demands an increased coverage and availability of higher data rates. This
will be fulfilled in the sub-6 GHz bands and, hence, depicts the closest relation to
the previous communication standards up to 4G. Finally, the largest bandwidth
increase will be achieved only with millimeter waves at frequencies above 24 GHz
(5G-mmWaves). The shorter range of millimeter waves limits the corresponding
use cases to, e.g., in-house communication or point-to-point links with high-gain
antennas.

This work is motivated by the second use case of mobile communication. To max-
imize the data rates and number of serviceable terminals, many more frequency
bands have been assigned to 5G than were used in former standards [Qua20]]. Ad-
ditionally, bands dedicated to the former standards, particularly 4G, can be used
via dynamic spectrum sharing. Thus, the 5G spectrum covers many bands and
spans between 800 MHz and 6.4 GHz (USA and South Corea: 7.1 GHZ) While this
much larger bandwidth greatly increases the theoretical channel capacity, it likewise
strongly challenges the technical implementation. In present transceivers, the signal
processing is split into a digital part for the baseband signal and the |RF frontend.
The latter contains the required mixer, amplifiers, filters and antennas to transmit
the input analog baseband signal as an |electromagnetic (EM) wave and vice versa.
Its operation is conventionally fixed by design to certain frequencies (among other
properties like the impedance). Hence, each required frequency band must be
individually considered in the design process. A multitude of parallel hardware
trunks is usually implemented in the [RF|frontend to provide the different services
(e.g. GSM, UMTS, Wifi/Bluetooth, GNSS). Note that each service may contain an
unprecedented complexity, especially to communicate on multiple bands. Though
already challenging for 4G implementations, this approach gets more and more
critical when evolving towards 5G due to the increasing number of bands spread
over a wide frequency range. In parallel, the number of required filters increases
tremendously as it is discussed in more detail in [Res16]. Additionally, the higher
data rates require the incorporation of multiple-input multiple-output (MIMO)|with
multiple antennas per link [Inc18]. On the other hand, the available jprinted circuitj
area remains fixed or even shrinks as, e.g., for modern smartphones
with curved displays. In consequence, present 5G [RF frontends often serve only a
few of all the defined 5G bands [PLC19; Res20]. Letting mobile terminals exploit
the full potential of 5G appears as an yet unsolved challenge.

The perspective of an alternative design approach was given by Mitola already in

The conventional name "sub-6 GHz" originates from the original declaration. The frequency range
has been extended to bands above 6 GHz later-on.
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Figure 1.2: Schematic of a tunable [RF|frontend.

1995 [Mit95]]: The software-defined radio (SDR)| It replaces the previously described
hard-wired characteristics of static analog components with an agile implementa-
tion. Ideally, no preliminary information about the subsequently used frequency
band is necessary during fabrication; the transceiver is capable of software-wise
selecting any desired band. This idea is hardly realizable in its ideal form due to
limited output power and performance of the [analog-to-digital converter (ADC)|
i.e., sampling rate, speed of memory and dynamic range [Wal08; Gral3]. However,
its underlying principle attracts much research focus nonetheless. Since complete
flexibility will not be necessary in practice anyways, a huge step towards the idea
of can be done by making [RF|frontends reconfigurable, as shown in Figure

It resembles the conventional [RF frontend in its basic structure, sharing the same
type of components like a power amplifier, filter or impedance matching networks.
However, the desired agility is implemented by using tunable technologies in these
elements. They allow to tune the transmission frequency, such that a multitude of
bands can be served by the same [RF| frontend. Furthermore, there are additional
decisive benefits. The partial reflection of the signal inside the |RF frontend
can be minimized by adaptive tuning of the impedance matching networks. Static
matching networks can be optimized only for a single pre-defined condition. This
conflicts with power-saving implementations of modern modulation schemes or
varying environments that impact the antenna impedance. For carrier aggregation,
flexible bandwidth allocation will be beneficial, requiring tuning the bandwidth and
center frequency of the individual filters. Finally, by tuning the phase shift of each
element in an antenna array, beam-forming can be used for spatial multiplexing to
use the same frequency band in multiple links and to optimize the link budget by
designing high-gain antennas.
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There are several ways to introduce tunability in RF networks. They can be grouped
into geometric and material tuning principles [Mau20]. In the former case, the
performance of a component is tuned with geometrical changes, e.g., for a variable
resonating length of a cavity filter. Further examples are micro-electromechanic]
isystems (MEMS)| or diodes that deploy micro-mechanical actuation or changes in
the depletion zone width, respectively. Diodes score with a high tunability and high
speed but suffer from a low linearity. can be both very linear and low-loss at
the cost of a decreased tuning speed, higher required tuning voltage and mechanic
fatigue effects. The latter tuning principle relies on functional materials that can
change their magnetic or electric susceptibility. These can be used to build tunable
inductances and capacitances, respectivelyﬂ The former often require a large @
area and electromagnets, which is unattractive for mobile applications due to the
high power consumption [Nin+06]. The favorable way to introduce tunability is via
varactors, i.e., tunable capacitors, named after their variable reactance. Depending
on the frequency, different material classes relying on distinct polarization principles
are available. At high frequencies like, e.g., for millimeter waves, many materials us-
ing atomic polarization exhibit a severe loss. Instead, a promising approach is to use
liquid crystals in the nematic phase, which allow to exploit their anisotropic polar-
ization for a low-loss application up to THz frequencies [Wei+13; Weil7]. However,
special care needs to be taken in component design, in particular, to avoid leakage
of the liquid crystal. At lower frequencies, other materials are more prominent and
easier to integrate. Among them, ferroelectrics are intensely researched due to their
generally high tunability and low loss. Furthermore, corresponding devices exhibit
a high linearity due to the generally high power-handling capacity of ceramics.
The most prominent material for ferroelectric varactors is Depending on the
application, can be used as a thick bulk ceramic or as a processed thick or
thin film [Pre+17} Kiel9]. One particular strength of thin films is the lower tuning
voltage required for the same tunability at the cost of a reduced linearity that must
be compensated by the component design.

This work investigates a novel type of jmetal-insulator-metal (MIM)P|varactors based
on thin films for the application in[RF networks for the first time. It was created
during an interdisciplinary research project with the partnered |[Advanced Thin-Film|
[lechnology group (ATFT)| TU Darmstadt, who was responsible for the deposition

ZNote that more complex tunable components like phase shifters exist that, however, generally rely
on the same physical principles. Hence, this discussion confines itself to these two primitives of
electric networks.

3The configuration describes a layout, where the dielectric is sandwiched between the two
electrodes of the capacitor. Its prominent alternative is the interdigitated capacitor (IDC), where
both electrodes are deposited adjacent to each other on top of the dielectric.
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of the studied thin films.

State-of-the-art varactors deploy electrodes made of metal, e.g., platinum. In this
work, the bottom electrode (BE)|is replaced with the conducting oxide [SMO|which
brings several advantages. Firstly, other than all metals, SMO|and [BST|share the
same crystal structure and a very similar lattice constant. This allows to avoid
the defected growth of that is common to conventional varactors with metal
electrodes. [BST|can be grown epitaxially, which results in a higher dielectric quality,
i.e., lower loss and leakage current. Furthermore, an untunable deadlayer
between the functional and the [BE]is avoided; ultra-thin dielectric layers of
only a few tens of nm can be fabricated. These can be fully tuned at the ion-battery
voltage level without the need for DC-DC converters. Since the conductivity of
is comparable to or, as a single-crystal, even higher than the one of platinum,
no additional ohmic loss is expected from the electrodes. Hence, the benefits of
this all-oxide technology are achievable without the typical engineering trade-off
between conflicting performance requirements. Finally, another highly valuable
property might be the overcoming of a fundamental limitation to frequencies below
2.5GHz - 3.5 GHz that is inflicted by acoustic resonances. While conventional
thin-film varactors can only operate below that margin, the all-oxide technology
might be able to serve all frequencies used for mobile communication. All these
hypotheses are validated within this work.

Qutline

In chapter 2} all required background knowledge on oxide materials is summarized.
Starting with ferroelectric the fundamental principles of polarization, loss
mechanism and electrostriction-induced piezoelectricity are reviewed. The section
on the conducting oxide contains a review of the currently scarce literature
information that is relevant for microwave application. However, the interdisci-
plinary project behind this work yields further insights into the properties of this
material. For good reading flow, these results are summarized in that section as well.
The chapter is concluded by a description of the deposition process, in particular
highlighting the challenge of integrating the reduced into varactors.

Chapter 3|describes the main results with a focus on the characterization which is
based on a widely used test structure. However, as of yet, this method is inflicted
by a significant frequency limitation due to a difference between the environment
of calibration and measurement. The first major result of this work depicts the
identification and compensation of that systematic error. In consequence, the ap-
plicable frequency range of this method can be extended by one decade or more.
Afterwards, typical and high-performance results of all-oxide varactors fabricated
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during this work are presented. The chapter ends with discussing the importance of
evaluating the microwave impedance data for optimizing the material deposition.
Conclusions on the correlation between the crystallographic structure and the
characeristic are drawn.

The greatest emphasis of this work is put on the novel, highly accurate analytic
models derived in chapter 4, Present models consider the BE|only by its sheet re-
sistance, i.e., the material’s thickness and conductivity. Furthermore, any substrate
impact enabled by the typically very thin [BEs|is neglected. However, these models
do not suffice in this work due to the unknown conductivity and small thickness
of the integrated tilms. Hence, the novel model must identify the properties
of both the and the dielectric layer, i.e., SMO| and [BST]| simultaneously. It is
derived in two phases. Firstly, only zero-bias data is considered such that there
is no acoustic activity and the focus can be put on the thin |BE and the substrate.
It is shown that the complex impedance characteristic can be tracked reasonably
exact by the proposed junshielded substrate model (USM)| Secondly, the proven
very high accuracy of the acoustic[USM|allows to investigate the properties in
an unprecedented level of detail. Both the dielectric and the mechanic properties
can be identified with a simple, rapid microwave characterization. Besides material
identification, the very high model accuracy up to 12 GHz and electric biasing of
100 V/um yields it as a powerful tool for network designers.

This thesis closes with investigations towards an industrial realization in chapter
The pivotal requirement for building networks or producing varactors on a large
scale is precise control of reproducibility and uniformity. Both properties are in-
vestigated initially. Afterwards, the results of a varactor deposited on the widely
used substrate silicon are presented. This is an important step for the integrability
of the all-oxide technology into industrial processes. The next section presents the
design of a component for circuit integration that was developed in this work. Its
application in an experimental phase shifter prototype is demonstrated as a proof
of concept.
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Generally, ceramic oxides are widely used dielectric materials in densely-packed
capacitors due to their very large dielectric constant and high electrical breakdown
strength. Conventionally, these should exhibit a fixed capacitance independent of
environmental impacts like, e.g., possibly superimposed supply voltage levels or
temperature variations. In this work, this is different as the electric-field dependence
of ferroelectric ceramics is engineered to build varactors. Hence, a significant
dependence of the capacitance on a DC bias voltage C(Vj,s) is desired to allow for
designing tunable microwave components. It is, however, an engineering challenge
to circumvent or reduce parasitic effects correlated to tuning such as increased losses
or self-biasing with largeradio frequency (RF)|signals and temperature changes.
Besides that, oxides are not necessarily dielectrics. The integration of the novel
conducting oxide |strontium molybdate SrMoOj3 (SMO)|in varactors is investigated
in this work. Hence, the motivation for their use and all relevant material properties
are discussed in this chapter. Additionally, the thin-film deposition method for
these materials is explained such that important aspects for the design of microwave
components can be understood.

2.1 Functional Barium Strontium Titanate (BST)

[Barium strontium titanate Ba,Sr;_, TiO3 (BST)|is used as functional material for the
tunable devices investigated in this work. It is an oxide ceramic from the group of
perovskite materials which exhibits ferroelectricity. In this section, the theoretical
background of ferroelectric materials is explained. Furthermore, the dielectric and
electro-acoustic properties and phenomena are reported with a focus on microwave
loss mechanisms.

The term "ferroelectric" refers to the analogue ferromagnetic materials, which retain
their magnetic polarization after being exposed to an external magnetic field.
Ferroelectric materials exhibit a spontaneous electric polarization after turning off
an external electric field. For the ferroelectric phase, the qualitative dependence
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Figure 2.1: Electric polarization P and dielectric permittivity &, versus electric field
E for a ferroelectric material.

of electric polarization and permittivity on the electric field for is shown in Fig-
ure Exposed to an electric field of increasing strength, the polarization leaps
up until the saturation field strength Eg,; is reached. Above Egg, the polarization
increases approximately linear and much slower. After removing the applied field,
a spontaneous polarization Ps is retained that is canceled out only after applying
the coercitive field strength Ec with inverted polarity. This phenomena cycles like-
wise for opposite amplitudes, leading to the observed hysteresis that classifies the
material as an ferroelectric [Mar64]. The slope in this graph is known as the electric
susceptibility that is defined as [Poz11]

~ 19P(E)
Xe(B) = - —5F 2.1)
=&(E)—1,
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which links the polarization to the dielectric permittivity and is scalar only for
isotropic problems. While ferroelectricity is a very useful property for memory
applications [Uch10], it is strongly disturbing for microwave tunable devices for
several reasons. Firstly, the effective polarization, i.e., the capacitance of the varactor
has no unique relation to the applied electric field but also depends on the previous
state. Hence, complex and most likely iterative biasing would be needed to reach a
specific capacitance value. Furthermore, tremendous loss would be caused by the
hysteresis during the repeated re-polarization with every oscillation of the [RF|field.
Finally, especially when desiring fast tuning in the ps or ns range, a higher energy
consumption would result from elastic loss during perpetually re-biasing [Liu+15].
This memory effect can be removed when deploying ferroelectrics above their
Curie temperature Tg, i.e., in the paraelectric phase. In that case, the spontaneous
polarization and hysteresis vanish, yielding a unique dependence of polarization
and permittivity on the electric field as can be seen in Figure A very thorough
description of the possible orders of phase transition is done in [BZ74, pp.25-32].
This transition can be understood as the freezing of a certain vibrational (soft) mode
of the crystal lattice, i.e., the infrared active transverse optical phonon [BZ74, p.13].
In the paraelectric phase, the real part of this phonon’s frequency can be derived
from the Lyddane-Sachs-Teller relation and the Curie-Weiss law as

Qg =Amv T — T (fOI‘ T > To) (2.2)

with material-dependent soft-mode temperature constant Agy,, temperature T and
Curie-Weiss temperature Ty. Due to the temperature dependence, the frequency
becomes zero at Tj, yielding a permanent deformation of the crystal lattice.

The crystal lattice of perovskite materials consists of ABO3 unitcells where the A-site
and B-site are at the corner and center, respectively, and the oxygen ions sit on the
face centers (compare Figure 2.1). These unitcells are tetragonal and cubic in the
ferro- and paraelectric phase, respectively. The tetragonal unitcell in the ferroelectric
phase exhibits two minima of the Helmholtz free energy [Smi+03], causing the

hysteresis, i.e., a non-unique dependence of the polarization on the applied electric
field.

2.1.1 Dielectric Properties

The research of ferroelectric-tunable microwave devices often focuses on[BSTdue to
its low loss, high tunability and high integrability, e.g., for communication systems
up to 10GHz. However, studies have also shown its applicability beyond this
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Figure 2.2: Relative dielectric constant versus temperature for different Ba/Sr
contents x = 0.4,0.5, ..., 1.0 in Ba,Sr;_, TiO3 bulk ceramics sintered at 1 450 °C [Jeo04].
The transition temperature from ferro- to paraelectric phase T. depends on x, the
respective domains are highlighted for x = 0.6.

margin up to 60 GHz [Alt+19]. [BST] i.e., Ba,Sr;.,TiO3 emerges from mixing the
perovskites BaTiO3 and SrTiO3z, in which the A-sites are occupied by Ba- and Sr-ions.
The complete mixture range from 0 < x < 1 can be produced. The variation of x
allows for precisely balancing the material’s loss, permittivity and tunability
e(0) —e(E) e(E)
E)y=——7—=1——2+=. 23

== ) (0) 9
In the paraelectric phase and at a given operation temperature, all three properties
decrease for a lower barium content. For the metal-insulator-metal (MIM)|structures
investigated in this work, the material tunability can be assumed equal to the
varactor tunability

C(O) _ C(E) C(E) M
Ey\=—0t— 2 =1——-2% E) = E). 24
TC( ) C(O) C(O) TS( ) T( ) ( )
due to the homogeneous field distribution inside the functional material. A typical
varactor imp]pmpnfafinn with inhnmngpnpmlq fields is fhp!infprdigifafpd rapam'fnr
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[Mey+16b].

The dielectric constant of sintered is plotted versus temperature for different
Ba/Sr contents 0.4 < x < 1.0 in Figure [Jeo04]. The phase transition between
para- and ferroelectric phase happens at the Curie temperature, and can be identified
by the peak permittivity. For lower barium contents (x < 0.5), the Curie temperature
can be approximated by [VZNO2]

T, = 42 + 439.37x — 95.95x°. (2.5)
For the exemplified BagSry4TiO; , Figure yields T. = —8°C. Below and

above this temperature, this composition is in the ferro- and the paraelectric phase,
respectively. The higher the temperature beyond the phase transition, the lower the
tunability 7. (E), as the deepness of the Helmholtz free energy minima increases
[Smi+03]. The Curie temperature increases for an increasing barium content and, as
long as in the paraelectric phase, the permittivity at a fixed temperature increases
likewise. However, although these tendencies remain independent of the processing
technique, a strong quantitative variation of the material properties can happen
during the processing. In macro- and microscopic inclusions, the local barium-
strontium ratio or the balance with oxygen or titanium can deviate strongly [Jeo04].
In thin films, mechanical stress can particularly impact the material properties, as
will be observed during this work.

The hyperbolic decrease of the permittivity in the paraelectric phase is described by
the Curie-Weif3 law

C

E= Ty

(2.6)

where C is the material’s Curie constant and Tj is the Curie-Weiss temperature.
Despite sometimes confused in previous works, Ty can deviate from T, depending
on the order of the phase transition [Was05; Maull|]. The former can be obtained by
plotting the inverse of € versus temperature, which is generally not the temperature
of the previously described phase transition [MMKS85].

Tunability model

To predict the performance of tunable microwave devices, models for the varactor
tunability are mandatory. Several analytical models have been proposed that are all
derived from the Ginzburg-Landau theory, which describes the thermodynamic de-
pendence of the polarization on the electric field and temperature [GS03]. Vendik’s
model is very detailed and relies on physical parameters like Curie constant, Curie

11
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Figure 2.3: (a) Modeled relative permittivity for BagSrg4TiO3 versus electric
bias field and temperature according to [VZ97]. (b) Comparison of the modeled

capacitance versus bias field by the models of Weil and Chase with respect to an
example varactor characterized during this work.

temperature and Debye temperature [VZ97]. As it is sensitive to both electric field
and temperature, it can be used to illustrate the decreasing voltage tunability for
increasing temperatures in the paraelectric phase. Figure shows the calculated
material permittivity reported for Bag ¢Srg4TiO3 in [Maull]. However, although
this model relies on physical quantities and is most accurate, it is often hard to
apply due to its many degrees of freedom. Especially in thin films, these properties
can vary due to mechanical stress and external defects. In practical applications,
satisfying results can often be achieved with a simpler model.

The following two are only sensitive to the bias field and refer to a zero-bias ca-
pacitance C(0). The models refer to the capacitance instead the permittivity, since
this property is easily accessible by measurement. Nonetheless, for structures,
the same model can be used for both by introducing a scaling factor, compare (2.4).
When restraining the polarization to first- and third-order terms, Chase derived
with two degrees of freedom for capacitors [CCY05]

C(E) = C(0) (2 cosh E sinh ™! ( 2k )} — 1) B 2.7)

Eos

12
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with the unbiased capacitance C(0) and the electric field strength Eg 5 to achieve
a tunability of 50 %. This simple model could not be fitted to the varactors in this
work as shown in Figure However, Chase suggests several extensions to the
fundamental model in like the inclusion of charged defects, an untunable
fringing capacitance or a dead layer. Incorporating the latter allows a much closer
titting due to the impact of necessary interlayers, compare section An even
higher accuracy can be expected from further including charged defects, since
oxygen vacancies are often observed in the varactors in this work. However, this
requires an increased deposition reproducibility as discussed in [CCY05]. In that
case, this model can be used for important conclusions on the impact of both
deadlayer and charged defects.

On a purely phenomenological basis, Weil defined a model with four degrees of
freedom [Wei0O3|

C(E) =C(0) (1 — t(E)) 28)
|E/Eref‘2
1+ a1|E/ Eye| 4 22| E/ Eref]?

T(E) =Tpef - (1 + a1 +a2) (2.9)

with anchor parameters E,of and Tef = T(E,f) and the fitting parameters a; and
a, that are non-physical. However, if the physical connection is not needed, this
model provides an elegant solution for a highly accurate fitting. In this case, the
Weil model tracks the tunability of the example measurement very closely with
a; = 3.2287 and a, = 9.4168, as obtained by the minimizing [root-mean-squared|
The above models all describe the macroscopic behavior; microstructural features
are averaged instead of being modeled exactly. More sophisticated models based
on a certain distribution order of the feature type (e.g., layered, columnar, spherical)
have been described in [Tag+03]. For sintered ceramics, the spherical model usually
shows the best structural similarity. For an even higher accuracy, it was incorporated
in anelectromagnetic (EM) simulation and extended by sintering necks between the
spheres in [Gie09]. Further, modeling quaternary ceramics succeeded particularly
well in [Wiel7] by using a gravity-ordered distribution of spheres with, afterwards,
varying sizes to produce partial overlap. However, these models are beneficial
only when microstructural features like local doping or defects are present. As,
throughout this work, single-crystal is grown where, if at all, only ionic defects
can be expected, these models are not used here.

13
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2.1.2 Microwave Loss Mechanisms

A varactor’s microwave loss comprises the finite conductivity of the electrodes and
dielectric loss. Regarding the latter, two sub-groups are distinguished: Intrinsic
loss that is common to all dielectrics, and extrinsic loss that is related to defects in
the lattice introduced, e.g., during manufacturing or engineering the material. The
dielectric loss can be described by a complex permittivity

=¢ —jd =¢e(1—jtandgiel), (2.10)

It

with the material’s loss factor tan dg4;e) and the shorter notation for the real part of the
permittivity ¢ = ¢’. A very detailed understanding on different loss mechanisms has
been developed during the second half of the 20t century [CC73; Pop+78; Tag79;
Tag81; GT186; GTI91; TPS93; Tag+03; Kit05; ATS05; SC12]. However, considering
the application in microwave devices, a fundamental discussion of the underlying
dielectric loss mechanisms is often not fruitful. This is due to the concurrence of
the mechanisms and limited insight into the exact material composition and defect
distribution. Nonetheless, an accurate modeling of the overall characteristic versus
frequency and temperature is essential as this provides all significant information
to designers of components and systems. To derive these models, a fundamental
understanding of the significant loss mechanisms is beneficial. Hence, after shortly
reviewing the physical origin, their overall frequency and temperature dependence
will be described in the following.

Intrinsic Loss

In crystals, the intrinsic loss originates from the interaction of the applied field
with the thermal phonons in the material [Tag+03; Kit05]. Three mechanisms can
occur: The three-quantum loss, the four-quantum loss and the quasi-Debye loss. In
centrosymmetric crystals, only the former two are relevant, as the latter only occurs
in lattices with non-centrosymmetric unitcells [GT86|]. If the quasi-Debye loss is
enabled by non-centrosymmetry, it can easily be by orders stronger than the other
two [ATS05]]. In ferroelectric in the paraelectric phase, both cases occur, as in the
unbiased and biased state the unitcell is centrosymmetric and non-centrosymmetric,
respectively. Note that intrinsic mechanisms generally are of minor significance
in the lower GHz domain for conventional varactors as will be shown in this
section. However, for single-crystal extrinsic loss contribute less, rendering the
fundamental limit given by intrinsic loss more prominent.

Both the three- and the four-quantum mechanism describe the coalescence or the

14
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decay of phonons. For the following derivation, all phonon or photon frequencies
refer to angular frequencies. The energy of a quantum with angular frequency w is
given by

h
E=fhw=5_2nf=hf (2.11)

with the reduced Planck constant /. The tield has a much lower angular fre-
quency w than the thermal frequency of the phonons 2 > w [Iag81]. Nonetheless,
the quanta and thermal phonons interact with each other as the former causes a
transition between different phonon branches, i.e., directions of the phonon wave
vector [Iag79]. Pictorially speaking, e.g., in three-quantum coalescence processes, a
quantum of the electric field attaches to an acoustic phonon to form another phonon
with slightly different properties [GT86]. Thereby, the energy of the quantum
gets transformed, which is a loss for the microwave signal. In the three-quantum
mechanism, the wave vectors and frequencies of the two phonons need to be very
similar:

Q) £ Q*(k*) = w, k+k =0, (2.12)

where {Q(k), k} and {Q(k*), k*} describe the angular frequency and wave vector
of the initial and resulting phonon, respectively. follows from the conservation
laws for energy and momentum, as the energy of a phonon or photon depends
linearly on its frequency. In the four-quantum mechanism, phonons with much
more differing properties can principally contribute. The full wave vector space can
be exploited and the mechanism is also much less sensitive to the crystal symmetry

[GT91}5C12]:
Q) +£ O*(k*) + O (k) = w, k+k*+k* =b, (2.13)

with angular frequency Q(k*) and wave vector k* of the third phonon and ba
reciprocal lattice vector. A detailed explanation of the reciprocal lattice and its
relation to the direct (physical) lattice can be found in [Kit05]. When adding an
electric bias field, the unitcell is not centrosymmetric anymore, enabling the quasi-
Debye loss mechanism. It arises from the linear change of the phonon frequency
under a small electric field [ATS05]

Q(K)non-cs o E. (2.14)

Due to that, an oscillating electric field will cause a time modulation of the phonon
frequency. After having calculated its impact on the dielectric loss, compare (2.22)
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Table 2.1: Phonon-related material properties of SrTiO3 and BaTiOs.
SrTiO3 BaTi03

Asn  ((emyvK)™1) 53 35 [Pop+78]
T, (K) 35 387 [Pop+78]
@p (K) 497 693 [LLK90]

below, one can easily recognize its similarity with the (original) Debye loss mecha-
nism [Kao04], depicting it as a relaxation process [CC73; ATS05]. Analogue to the
Debye loss, where the dipoles relax in tracking the orientation of the electric field
for high frequencies, the phonon distribution function relaxes giving rise to the
dielectric loss.

The analytical description of these mechanisms in terms of loss tangent is very
complex. In [GT91], a good overview is given that differentiates between differ-
ent temperature domains and crystal symmetries, and also ordinary dielectrics
and ferroelectrics. Especially due to the strong restrictions on the wave vector
in the three-quantum mechanism, a strong spread in frequency and temperature
dependence has been observed for crystals in general:

tand o< Ww"T™ (2.15)

with temperature T and n € [1,5], m € [1,9] [Tag+03]. Restricting oneself to dis-
placive ferroelectrics with a centrosymmetric cubic paraelectric phase (like BaTiO3,
SrTiOj3 or Ba,Srq_,TiO3), a more concrete characteristic was derived. However, con-
straints on the frequency and the temperature are given by the applied theory.
The former must satisfy

w < 0. (2.16)

The soft-mode frequency can be assessed by and linear interpolation of the
parameters given in Table Most compositions in the paraelectric phase
exhibit a soft-mode frequency in the THz range, e.g., for Bag 55r¢5TiO3 , one obtains
Qg =2m-1.25 THZ.E| Thus, does practically not constitute a limitation for
microwave frequency analysis. The Ba,Srq.,TiO3 parameters can be assumed to
range in-between these two extremes [VZNO02]. The temperature must satisfyﬂ

;< - hp _ 6p
~ ks kX VX

The relation of wave number 1/ in cm™! and frequency is given by f = c- 1/ [Lew09].
2In the following, = depicts the equaling of the former expression to the order of magnitude of
the latter, > analogue.

(2.17)
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with the reduced Planck constant /2, Boltzmann constant kg, lattice susceptibility x;,
Debye frequency (2p and Debye temperature @p. With Table 2.1/ and a typical
susceptibility of a few hundred, one can easily assess this constraint to be uncritical
for typical applications of microwave tunable devices. Thus, regarding this work,
the general applicability of the following equations (2.20)-(2.22) can be assumed.
All of them contain the correlation factor

&=nmx (2.18)
U= % (2.19)

with the parameter of lattice anharmonicity ¥ = 0.01, average ion mass M and
average speed of sound v. Due to the various contributing atoms with varying ion
mass and average sound velocity, just the order of the loss factors attributed to the
respective mechanisms can be given [GT91]:

wly 3 w ( w )
tan dihree- ~ —— |In| ————= | + = arctan | — | |, 2.20
three-quantum C Q% [ <w2 +4 1—,02 FO > FO ( )

CUF()

tan 5four—quantum ~ CF/ (2.21)
0
wl 0
tan (Squasi-Debye ~ ¢ mr (2.22)

describe the three-quantum, four-quantum and quasi-Debye loss tangent, respec-
tively, with soft-mode damping Iy ~ u(2p and soft-mode frequency (29 ~ Op/ /x.
By replacing ¢, Ip and (2, the general dependence on frequency w, temperature T
and susceptibility x ~ & can be derived:

tan o three-/four-quantum X W TZXS/Z/ (2.23)

2
wlyx (2.24)

tan (Squasi—Debye & m/

The non-linear terms in introduce an error that, however, becomes significant
only for greatly increased frequencies. An order of magnitude estimate of each
intrinsic loss mechanism to the overall loss balance versus frequency is shown in
Figure[2.4ifor a Ba,Sr1.,TiO3 crystal [GT91; Tag+03]]. As the theory is constrained
to w < 2y, the high-frequency region is just displayed by tendency. Thus, the
quasi-Debye mechanism dominates the overall characteristic. Up to wy,, all three
contributions can well be approximated as proportional to frequency. The wide
applicability of this assumption will be shown in the following.
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Figure 2.4: Order-of-magnitude estimate of the three intrinsic loss mechanisms in
displacive ferroelectric crystals in the paraelectric phase versus angular frequency
[GT91} Tag+03]. The dashed line above /10 indicates that the estimate is, strictly
speaking, only valid for w < (2y. Both axes are in logarithmic scale.

This is done for Bag 5Srg5TiO3 by an analysis based on exemplary material parame-
ters. Therein, a Debye temperature of ©@p = 595K was estimated for x = 0.5 by a
linear dependence on the relative barium concentration x. The values for x = {0,1}
are listed in Table Furthermore, an untuned and tuned susceptibility of 600
and 200 was assumed, respectively, as typical values for thin films often reported
[Kim+00; Del+03;|(Oua+05] and characterized in this work. M = 6.919 510726 kg
and v = 6 - 10° m/s are chosen as a rough estimate by averaging the atom masses
of Bag551r95TiO3 and as an example value from [Kas+73], respectively. However,
these two parameters strongly influence the phonon damping I and the order of
magnitude of all three mechanisms. Therefore, they must be validated for each

Table 2.2: Intrinsic loss mechanism model parameters of Bag 5519 5TiO3 .

unit value source
Op (K) 595 lin. interp.
Tinodel (K) 300
x(0V) 600 [Kim+00; Del+03; Oua+05]
X (bias) 200 [Kim+00; |Del+03; Oua+05]]
M (kg) 6.92-1072 avg. ion mass
v (m/s) 6-10° [Kas+73]
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Figure 2.5: Assessment of the contribution of each intrinsic mechanism to the
overall loss. The solid lines show the characteristic at room temperature (300 K) and
the dashed lines the increased and decreased loss for 400 K and 200K, respectively.

processed material in a concrete caseﬁ All parameters are summarized in Table
In the biased non-centrosymmetric case, Figure the general dominance of the
quasi-Debye mechanism is clearly visible. The three- and four-quantum loss can
be neglected without noticeable harm to the accuracy. The order-of-magnitude
peak estimate yields tan dquasi Debyemax = 0.012 at I5/27 = 20.6 GHz. A direct
frequency proportionality can be assumed up to wyy, /271 ~ 6.5 GHz with an initially
just slowly increasing error above that frequency. In the untuned centrosymmetric
case, Figure the intrinsic loss contribute stronger than for the tuned case due to
the increased susceptibility. Both mechanisms show just a slightly-more-than-linear
increase with frequency which can often be neglected [IPS93]]. In conclusion, in the
range up to 10 GHz, a direct proportionality for the frequency dependence of the
intrinsic loss is a valid assumption when, e.g., considering in a schematic model. To
illustrate the temperature impact, two dashed lines for every mechanism have been
added in Figure displaying the deviation of 100 K from room temperature of
300K, respectively. Intuitively, the loss increase with temperature. Note, that for
the dominating quasi-Debye mechanism, the temperature dependence is negligible
for frequencies up to 10 GHz. In the centrosymmetric case, the temperature impacts
the intrinsic mechanisms stronger. However, the sum of the three- and the four-

3In a thin film, strain, locally altered composition and defects can strongly vary the stiffness, which
in turn strongly changes the speed of sound v.
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quantum loss is 2.2 - 10~* at 10 GHz and, thus, will likely be negligible compared to
extrinsic defects or electrode loss in most cases.

In total, the quasi-Debye loss constitutes the intrinsic limitation for the microwave
performance of varactors in tunable devices (the impact of defects will be
described below). Therefore, a simpler expression was derived for the case of EM|
frequency smaller than typical damping of phonon contribution to the loss w < wy,
in Figure [Tag+03; |ATS05]. Then, the quasi-Debye loss can be described as
approximately proportional to the frequency and relative tunability

tan 5quasi-Debye(E) = WAQDI(E)T(E) (2.25)

with proportionality factor Agp and intensity scaling I(E) (=~ 1 for weak biasing
tields). Different sources estimate different values of Agp for x = 0.6, i.e., 0.1 ps
in [ATS05] and 0.7 ps in [Tag+03|]. Furthermore, Agp can increase by orders of
magnitude for a decreased barium content x. For stronger fields, the change in
I(E) strongly depends on the crystal composition. The two cases I(E,x = 0) > 1
and I(E,x = 0.6) < 1 were described in [ATS05|] with the difference coming from
a smaller flexoelectric couplingﬂ observed for an increased barium content. The
resulting contribution of the quasi-Debye mechanism is shown in Figure Both
estimates match well to the order-of-magnitude estimate done in Figure 2.5a]
Note, that in addition to the well-studied intrinsic mechanisms above, a low-
frequency relaxation (LFR) was described in [VZN02] phenomenologically based on
the experimental data provided in [Ven+77]. To the author’s knowledge, the physi-
cal explanation of its nature is missing yet. However, the experimental data could be
coarsely modeled by understanding the ferroelectric mode as a damped harmonic
oscillator with memory [BZ74, pp.118-124]. Therein, the soft mode is damped by the
interaction with other modes which is affected by the external field. From the
response function of the damped-oscillator soft mode, the microwave loss tangent
can be derived as

w

ALFR ' (2.26)
5 .
Arpr +G1 (1 + (w‘L‘;R) )

with material-dependent Ay pr = 0.005, the inverse of the duration of a "collision"
with other modes 1/zm = wirr/27 = 10MHz and G~! ~ 0.435 as a highest-loss

tan 5LFrelax ~

“Flexoelectricity is a property of all insulators whereby they polarize under the impact of a strain
gradient, i.e., when experiencing an inhomogeneous deformation [ZCT13]. Note the difference
to piezoelectricity, which relates to the strain itself and can be active under homogeneous strain
as well but only for certain materials.
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Figure 2.6: (a) Simulated field dependence of the quasi-Debye loss versus electric
tield for single-crystal Bag ¢Srp4TiO3 at 1 GHz and 300 K. In [Tag+03] and [ATS05],
Aqp is estimated as 0.7 ps and 0.1 ps, respectively. (b) Simulated loss contribution
by the phenomenological low-frequency relaxation process.

estimate in the absence of a bias field [VZ97]. An order-of-magnitude estimate is
shown in Figure tan J1 prelax decreases by o« 1/w above the peak frequency
wLFR, Tesulting in the order of 1072 and 10~* at 100 MHz and 1 GHz, respectively.
Hence, in practical microwave applications, the quasi-Debye loss and extrinsic
mechanisms are likely to render this effect negligible.

Extrinsic Loss

In processed materials, defects and inhomogeneities can introduce additional loss.
Especially in the lower GHz domain, these can easily shadow the intrinsic ones, see
Figure The limit for real loss factors is given by the intrinsic mechanisms with
the margin calculated from the model presented in [VZN02; Men+11]. Data from
single crystal measurements confirms the order of magnitude for the modeled data
[Bet69]]. For comparison, exemplary measurement data from a|coplanar waveguide|
thin film characterization is shown, indicating a significant amount of ex-
trinsic loss contribution [Oua+05]. The higher the crystal quality as, e.g., expected
in this work for epitaxial grown on an oxide electrode, the closer the effective
loss approaches the intrinsic loss margin. Three loss sources are distinguished in
[Tag+03] that are often observed as significant in processed films: Charged defects,
tirstly, generate acoustic waves and, secondly, induce additional quasi-Debye loss
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Figure 2.7: (a) Comparison of exemplary thin film and single crystal data to intrinsic
loss contributions. (b) Loss tangent from charged-defect-induced quasi-Debye
mechanism, extracted from calculated complex permittivity based on exemplary
defects in [VP71].

due to local polar regions. Thirdly, loss due to universal relaxation occurs. However,
this cannot constitute a complete list of all possible extrinsic mechanisms. Several
device-dependent impacts can also increase the loss of devices depending on the fab-
rication due, e.g., to bad interfaces, rough metalization or acoustic resonances. Since
the latter are generally significant in all varactors (independent of fabrication),
they are as well discussed in this section.

Charged defects can introduce a permanent local polarization, which invokes elec-
trostriction similar to an external bias field, see section Under an [RF field,
the harmonic movements of the ions excite acoustic waves in the lattice. In terms
of quantums, the energy of one photon is absorbed to excite one acoustic phonon
[Gar90]. To rate how disturbing this loss mechanism contributes, [VP71] distin-
guishes between point, line and two-dimensional defects. For a BaTiO3 layer with
typical defect concentration, a qualitative analysis of the impact on the complex
permittivity was doneﬂ The resulting loss tangent in Figure was extracted
from its plot [VP71] and shows the possible dominance of this mechanism in the
microwave frequency range. Of course, this is strongly depending on the actual

>The analytical model for the complex permittivity from [VP71] is not given here, as it depends on
many material parameters that are often unknown in a processed film since varying strongly
from one sample to the other. A more practical model can be found in [Tag+03] that, however, is

given without derivation.
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defect content. In many publications (as in this work), much lower loss tangents are
observed, indicating the given loss tangent being often too pessimistic.

Besides electrostriction, it is expected that these defects also introduce an additional
loss of the quasi-Debye type. Comparable to the bias voltage that shifts the unitcell
into non-centrosymmetry, defects can also induce a permanent dipole moment.
While the presence of this effect can be well-understood principally, an analytical
expression for the macroscopic loss tangent is not available. This effect clearly
depends on the exact defect structure, which can be strongly inhomogeneous. A
dependence on the permittivity with respect to the type of defect (point, line, area)
based on their respective polarization is described in [Tag+03]. However, assuming
that the external electric field enabling the intrinsic quasi-Debye mechanism is much
stronger than the field due to charged defects, a much weaker contribution than in
Figure is expected.

Experimentally, an universal relaxation law was observed in Ba,Sr;,TiO3z up to
20GHz [Hor+95; Ban+98|]. A widely accepted description is given by the Curie-
von Schweidler equations, which are based on Debye-type relaxations of the re-
laxation current | o« exp(—t/tcys) with distributed relaxation times 7cys [Was95,
pp-233-235]. Therein, this distribution is attributed to a possible variation in the
charge transport barrier, e.g., at grain boundaries in the dielectric. In [Fuk+96], the
presence of oxygen vacancies were identified as an contributor to this effect that
might amplify its significance. Considering only this relaxation mechanism, one
can find [Tag+03]]

Ecys & (jw)" ! (2.27)

However, this relaxation is significant only when observing several decades of fre-
quency, starting from the mHz domain. In [Ban+98], a quasi-constant loss tangent
was found with only 4 % quasi-linear increase from 1 mHz to 35 GHz. Fitting the
reported data in that work yields n = 0.9995. For the capacitance, a change of
-5 % was observed. Hence, when observing only fewer decades of frequencies, this
effect is expected to be invisible. A more detailed discussion of dielectric relaxation
mechanisms can be found in [Jon83] and [Ful4]].

Finally, loss due to acoustic resonances must be considered in all ferroelectric
varactors. Their origin is electrostriction-induced piezoelectricity; the physical back-
ground is discussed in more detail in section[2.1.3| They can be easily dominating
for the component quality factor, though the conduction loss actually becomes
dominating for increasing GHz frequencies, compare the following comparison by
the schematic model. In realized devices, acoustic resonances easily degrade the
quality factor to Q < 10, yielding the device unusable, as can be seen, e.g., in sec-
tion Though this transduction is inherent for ferroelectric devices, it is sorted
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Figure 2.8: Schematic of the RLC model with Ggje) representing the dielectric loss.

to the extrinsic loss mechanisms due to the dependence on the device geometry.
By choosing small layer thicknesses, the resonator lengths are decreased, which in
turn increases the resonating frequencies. However, commonly workable minimum
layer thicknesses are about a few 100nm. This mainly constitutes the common
upper frequency limitation of ferroelectric varactors to 2 GHz — 3 GHz. However,
oxide electrodes might overcome this limitation by providing a combination of low
reflection of acoustic waves due to its structural similarity and little excitation due
to thin layers. The success of this approach is presented in section [4.2.5

In conclusion on all presented loss mechanisms, the degradation due to acoustic
resonances is usually dominant. They occur due to bias-induced piezoelectricity as
is described in section From the intrinsic mechanisms, a significant contribu-
tion can only be expected by the quasi-Debye loss. Given a sufficiently low extrinsic
loss, these mechanisms can be distinguished in integrated layers as the latter is not
geometry-dependent.

Schematic Varactor Model

For integrating all the above loss mechanisms in a macroscopic varactor model, the
loss tangents of each mechanism can be summed up:

tan dgje) = Z tan (2.28)
m

with m enumerating all considered mechanisms like, e.g., quasi-Debye, three-/four-
quantum, charged defects. However, in a fabricated component, a clear distinction
of intrinsic and extrinsic mechanisms will often be impracticable due to the limited
insight in integrated films. Furthermore, electrode/connector loss must be consid-
ered in components in series to the capacitance. A common schematic model for
varactors is the RLC model shown in Figure Analytically, it can be described

by

. 1
Zyar =Rs + ]CULS + ].w—g, (2.29)
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with electrode resistance Ry and inductance Ls and complex capacitance C =
C (1 —jtandgie). Note, that though Ggiey = wC tan dg;e; can be understood as a
parallel resistance, it shows a significant frequency dependence for the typically
dominant mechanisms. This model yields for the component’s quality factor

S Zvary 1 w?LsC (1+tan &3, ;) 1= w?LsC
R{Zvar} ~ wRC (14 tand?, ) + tan dgiel " WRsC + tan dyie

Qvar = . (2.30)

Using C = 10pF and w = 27 - 1.59 GHz = 10'rad/s as an order-of-magnitude
estimate for varactors deployed in microwave frontends, an electrode resistance of
Rs = 0.01 Q and a dielectric loss of tan d4;e; = 0.001 contribute equally to the overall
varactor loss. Hence, in a real component, both effects need to be considered.

2.1.3 Induced Piezoelectricity

Piezoelectricity describes the proportional connection of mechanic deformation
and attraction/repulsion of electric charges in solid materials with a certain crys-
tallinity. The direct piezoelectric effect describes the impact of external mechanic
stress leading to a deformation of the crystal lattice. This shift of ions leads to an
altered dipole moment in the unit cell and, hence, excites an overall electric field,
causing a charge accumulation on the solid’s surface. In the opposite, the converse
piezoelectric effect describes the mechanic actuation in ferroelectrics, which causes
the acoustic loss in [BST|varactors. An externally applied electric field interacts with
the dipoles in the crystal lattice. Pictorially speaking, it pulls against the ions in
the lattice [Jaf5§]], leading to mechanic stress. If the lattice is sufficiently ordered
as in crystals and many ceramics, this deformation adds up across all unit cells,
leading to a significant impact on the macroscopic scale. Typically, the material will
elongate in the direction of the electric field while it narrows transversally.

The thermodynamic potential in the form of the differential elastic enthalpyﬁ is
[Mas50; 3]

dH, = T;jdS;j — DudEw +0do,  ijm=1t03 (2.31)

with strain G, stress T, electric displacement D, electric field E, temperature @ and
entropy ¢. Generally, adiabatic conditions, i.e., no significant heat transfer due to
crystal vibrations can be assumed, i.e., which allows to neglect the temperature

®In this derivation, Einstein’s convention is used that interprets repeated indices as summation
with respect to that index.
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addend. As all ferroelectrics, is not intrinsically piezoelectric in the paraelectric
phase due to its centrosymmetric unit cells. However, as ferroelectrics generally
exhibit a remarkably high permittivity, the impact of electrostriction is significant.
Mason has derived the constitutive electromechanical equations for this case in
tensor notation by partially differentiating to [Mas50]

Sij=——= = Slljj‘lekl + QES,ijmn DmDn

T

E)I?] (2.32)
= 2 = ~ o~
Em = —=— = BunDn — 2Qgs ijun D Tij,

0D

with elastic compliance s;jy;, electrostriction coefficient Qgs jjm, and dielectric imper-
mittivity By The superscripts ()P and ()T depict these parameters to be invariable
to electric displacement and stress, respectively.

This work is confined to structures, where the bias field is laterally constant
and parallel to the [RH field, compare Figure Anticipating the test structure
presented in section 3.1} (2.32) can be greatly simplified due to the very large aspect
ratio between the|top electrode (TE)|diameter and the thickness. In this case,
boundary and transversal effects at the periphery are negligible and, hence, only
tields perpendicular to the films, i.e., in direction 3 must be consideredﬂ With these
constraints, one obtains

(2.33)

where, from now on, the subscripts of all fields are dropped and all quantities
generally refer to the vertical direction (e.g., D3, s33 or T33). Under an applied
current (DC)|bias voltage, piezoelectricity is introduced, since the bias voltage shifts
the titanium ion off its center position and, hence, distorts the cubic symmetry. In
varactors for microwave applications, the fields can usually be described by the
superposition

~

E=E+E =Epc+E  (D,S,T analogue) (2.34)

with the electric[DC]bias field Epc and the [RFsignal E. Other than the RE-induced
stress T, the static stress Tpc must be uniform and, hence, vanish due to the bound-
ary conditions. This allows to reformulate (2.33)) to the piezoelectric constitutive

~ ~ o~

"Due to the link of mechanic and dielectric fields, the value of the mechanic proportionality factor
depends on the electric field /displacement, and vice versa.

8The weak asymmetry introduced by the spot-wise grounding of the on-wafer probe is no conflict
since the conductivity of the[TE|is much higher than the one of the
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equations in the strain-voltage form

S = SDT + gindD

2.35
E=B"D— ginaT, (235

with the induced piezoelectric coupling coefficient

Sind = 2QesDpc. (2.36)

These equations are fundamental to modeling the material stack as an acoustic
resonator in Section Then, it’s more practical to reformulate the piezoelectric
equations (2.35) into the stress-charge form

T =cFS —e4E

2.37
D= ESE + eindS/ ( )

with induced piezoelectric coefficient ey, elastic stiffness c and permittivity e. Due
to the crystal symmetryﬂ the otherwise sophisticated tensor inversion necessary
for calculating the parameters in (2.37) [Mas50] gets simplified to scalar operations,
ie.,

-1
f = [s7 + g2ge | (2.38)
€ind = €' C"gind (2.39)
e =el —e2,/ck. (2.40)

In conclusion, although is not piezoelectric for zero bias, electrostriction leads to
an induced piezoelectric effect under bias. In fact, the generally large electrostriction
coefficient of ferroelectrics leads to a significant induced piezoelectricity that is en-
hancing with a stronger bias field. Pictorially speaking, the oscillating electric field
pulls on the dipoles via the electrostriction effect and excites acoustic oscillations in
the crystal lattice.

It is noteworthy that an effective loss is not necessarily observed, as the direct
piezoelectric effect simultaneously harvests the energy for oscillations. No
significant intrinsic loss connected with this transduction has been reported yet. On
the contrary, its general insignificance is important for pulk /surface acoustic wave]
devices. Therein, the low conversion loss enables the design of very-
high quality filters with Q > 2500, e.g., for mobile communication devices [Abb+17].
When, e.g., sandwiched between two electrodes in an configuration, the piezo-
electric transduction causes waves in the layer with finite thickness that are

The crystal structure of belongs to the tetragonal class 4mm [Smi+08].
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reflected at the electrodes (BAW). Harmonic excitation and repeated reflection of
the acoustic waves can, for certain frequencies, cause constructive interference, i.e.,
acoustic resonances. In filters, this property is highly valuable as a
highly frequency-selective energy transmitter. However, this changes dramatically
when using in varactors for tunable microwave systems. Instead of double
transduction from the electric to the mechanic domain and back, the desired prop-
erty is the tunable charge separation at the electrodes, i.e., the capacitance. At
acoustic resonance frequencies, the [RF signal does suffer a tremendous loss while
polarizing the ferroelectric due to the self-enhancing mechanic lattice vibrations.
This phenomenon was discussed with the other microwave loss mechanisms in
section2.1.2]

Note that mechanical properties like sound velocity and acoustic impedance are
dependent on mechanical stress in the film, which in turn is connected to atomic
defects. Therefore, a remarkable spread is observed when studying reported data
on mechanical (and dielectric) properties; an individual characterization of given
thin films is usually necessary.

2.2 Conducting Strontium Molybdenum Oxide
(SMO)

Oxides, i.e., oxide ceramics are generally not associated with a high conductivity but
with good insulating properties. Typically, metals are predominant as conductors
due to the outstanding conductivity caused by the ever-present valence electrons
in their atomic structure. Nonetheless, oxide conductors are subject to ongoing
research due to their potential for highly valuable properties like transparency for,
e.g., photovoltaics or electronics in glass, or their atomic structure. The latter is of
particular importance for this work.

A general drawback of the conventional approach, i.e., growing on top of
metals is the different lattice structure. Many pure metals like, e.g., gold or platinum
exhibit a|face-centered cubic (fcc)|lattice structure [Arb97; KDOO07Y], which is very
different from the perovskite structure described in section 2.1 Hence, even though
the lattice constants can be similar or equal, is unlikely to grow epitaxially on
metals. This can only be achieved using low-energetic deposition methods like
molecular beam epitaxy (MBE)|[Mik+12], which are unusable in practice due to slow
deposition and high process costs. By using a structurally matching oxide as
electrode (BE)| a high-quality layer is available in configuration even for
simpler high-energetic deposition techniques which is important for scalability.
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Figure 2.9: (a) Comparison of several oxide conductors with respect to their re-
sistivity and in-plane lattice constant to other perovskites and metals [4], (b) TEM
image of SMO-BST layer stack with inset showing the atomic interface [2].

The alternative approach used in this work replaces the metal BE|with a conducting
oxide with perovskite crystal structure. A remarkable conductivity was found
for perovskite oxides with certain transition metals at the B site [Mot36; Lee+03}
Nag+05]. Some examples with highest conductivity are shown in Figure The
perovskite BE| candidates are compared with respect to their resistivity and in-plane
lattice constant. A deposited thin film will exhibit fewer defects if the BE has
a similar lattice constant. The optimum electrode material will be, hence, found
at the bottom center of the graph with a high conductivity and inside the region
between the two dashed lines that represent SrTiO3; and BaTiOs. In principle, a
lower barium content can adapt to a smaller lattice constant. Note, however,
that a good room-temperature trade-off between tunability and quality factor is
often obtained for Ba,Sr;_,TiO3 with 0.4 < x < 0.6. However, most of the oxide
conductors have no sufficient conductivity for the required component quality
factors at microwave frequencies [She+10; Kos+12]. Hence, until recently, this
coined the general perception of oxide electrodes being not suitable for applications
in microwave devices [Bao+08].

Among the reported materials, solely can compete with metals; the resistivities
of platinum and gold are shown in the graph. Its very low resistivity results from
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an extremely small electron-phonon scattering [Nag+05], whereby its single-crystal
value excels even platinum. Furthermore, its lattice constant is very similar to the
one of For these reasons, appears as the ideal BE| candidate in
microwave varactors. However, its integration is challenging due to conflicting
thermodynamic requirements, which is described in more detail in section

Nonetheless, its feasibility is proven in collaboration with this work and has shown
outstanding results in terms of microwave quality factor and tunability. A
mission electron microscopy (I'EM)|photograph of a complete varactor deposited
via pulsed laser deposition (PLD)|is shown in Figure Due to the structural
matching, all materials exhibit a monocrystalline lattice. Especially remarkable is
the lower interface of shown in smaller scale in the inset. Despite the multiple
100 nm thick [SMO|layer underneath, this interface is sharp to the atomic level. This
confirms the possibility to grow monocrystalline in an configuration
with a highly conducting |BE|in high-energetic deposition processes. Additionally,
two aspects of the similar structure enable another possibly striking benefit, i.e.,
overcoming the conventional frequency limitation of thin-film microwave varactors.
Firstly, unprecedentedly thin films can be grown that excite less acoustic waves.
Secondly, by similar acoustic properties of the likewise perovskite electrode, the
reflection of acoustic waves can be optimized. The all-oxide technology promises to
make ferroelectric varactors applicable in the complete 5G sub-6 GHz bands and
beyond.

For this work on varactors, the resistivity for integrated thin-films is of primary
importance before the previously reported value for single crystals. Figure
shows the resistivity-thickness pairs of all suitable varactor-integrated thin films
that were characterized in this work. The indicated resistivity is extracted from
characterization and analytic modeling as described in chapters|3|and |4l Therein,
bad results due to defects in either the [IT'E|or the deposited thin films have been
excluded. Note that the accuracy of the film thickness and, hence, of the extracted
resistivity is limited when no unique information from [X-ray diffraction (XRD)|is
availablem Nonetheless, valuable conclusions can be drawn from this evaluation.
The high-quality thin-films realized during this work show a resistivity psyo be-
tween 20 pQ) cm and 30 uQ) cm. However, a rather large spread towards higher
resistivity values is observed for many samples. This yields the microwave prop-
erties being non-reproducible, which is the main obstacle in building microwave
components based on the all-oxide technology. The samples are grouped by their

19XRD| commonly allows to determine the thickness of thin films with sufficient crystal quality,
compare section [3.4.1] For thicker films or lower quality, the evaluated [reflection high-energy]|

| electron diffraction (RHEED)|intensity oscillations were extrapolated to an assessed film thickness
[4].
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Figure 2.10: Thickness-resistivity pairs of integrated films as extracted from
modeling the varactor-test-structure characterization data and grouped by year of
fabrication.

manufacturing year, revealing the optimization of the deposition process that was
supported by this work, compare section A trend of reducing spread towards
the more recent samples is observed. Hence, the integration of all-oxide components
into networks can be approached in the future. Note that the rather low growth rate
in[PLD|required a limited thickness of tsyo < 800 nm for the majority of samples.
The formation of defects is also more likely for thicker films, which requires
greater care during deposition [Sal20, p.69]. However, pairs of large thickness and
low resistivity are present proving the absence of a principle degradation with in-
creasing thickness. This confirms the expected large potential of high-performance
devices based on the all-oxide technology.

2.3 Thin-Film Processing

The samples studied in this work were fabricated in collaboration with the material
scientists from [Advanced Thin-Film Technology group (ATFT), TU Darmstadt.
Hence, the planar thin-film deposition of the oxides was not part of this work; it
will be described only briefly with important aspects for this work. More details can
be found in the corresponding dissertations published by Salg [Sal20] and Zeinar
[Zei20]]. The further processing, i.e., structuring, possible adding of an insulation
layer and [TE|deposition in the clean room was shared between both groups.

It is noteworthy that the final material properties can deviate strongly from the
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single crystal values. For example, the temperature dependence and maximum
permittivity will generally decrease greatly in a processed film. Furthermore, loss
and tunability of a thin film significantly depend on the fabrication due to extrinsic
defects or a strong impact of artefacts in the microstructure.

Possible deposition mechanisms for oxide thin films are PLD] RF sputtering, [MBE|
chemical solution deposition (CSD)|and metalorganic chemical vapour deposition|
(MOCVD)| They differ in certain key qualities like low-temperature compatibility,
throughput and uniformity of composition or film thickness. A detailed description
and comparison is given in [Sub+13]. is used throughout this work as it has
decisive benefits for scientific considerations despite its limitation to small-scale
substrates. The suitability for epitaxial layer-by-layer growth allows to define the in-
terfaces on the atomic level, which is a key for the all-oxide technology. Furthermore,
the required targets can be produced in-house and, thus, fast. Different materials
can be used, including a very broad stoichiometry range that can precisely be con-
trolled. Though their small size is a drawback for producing large [RF networks, it is
important to be cost-effective in the lab-scale. The possibility of fast variation of the
material composition eases the material optimization to obtain optimum microwave
properties. Thirdly, the total fabrication process including pre- and post-processing
is very fast, such that a complete cycle of varactor fabrication and [RF characteriza-
tion can be done within 1 — 2 workdays. Two main drawbacks of this deposition
method have been observed in this work: the non-uniformity of many fabricated
thin films on the one hand and the difficulty to ensure reproducibility on the other.
Both are quantified exemplarily for the all-oxide varactors in section This is
connected to a high sensitivity to a multitude of parameters like, e.g., temperature,
ambient atmosphere and pressure, laser energy, where even minor changes impact
the deposition process. Especially for an increasing film thickness, a greater care is
required for homogeneous film properties. This contributed to the focus on highly
accurate modeling of thin electrodes in this work.

A simplified sketch of a system is shown in Figure The plasma plume for
the transport of the target materials to the substrate is created by the pulsed laser.
The vacuum pump and gas supply allow the precise control of flow and partial
pressure of the background gas. Depending on the deposited material, different
conditions must be chosen like, e.g., oxygen for argon and hydrogen for
and ultra-high vacuum for interlayers [Rad17]. Connected with each part of the
system, several parameters must be chosen correctly for a high-quality result. In the
scope of this work, e.g., the laser energy density and the oxygen background pres-
sure during the deposition have been optimized based on [RF|characterization,
compare section

The main challenge for the deposition of this varactor heterostructure are the con-
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Figure 2.11: (a) Sketch of a PLD system [BT20]] and (b) all-oxide layer stack with
example TE and conflicting thermodynamic requirements of BST/SMO.
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flicting thermodynamic requirements for the growth of [BST|and [SMO} They require
a high oxygen background pressure and a high vacuum level, respectively. If grown
under a too low oxygen pressure, will exhibit a strongly degraded quality
factor and increased leakage current due to oxygen vacancies [Sch+08]. [SMO] on the
other hand, is unstable in an oxygen environment and will react into the insulating
scheelite SrtMoQj. This conflict is solved by introducing a very thin interlayer as an
oxygen barrier. As candidates, the complete mixing range of Ba,Sr1.,TiO3 has been
studied, revealing that a higher barium content leads to an earlier oxidization of
[Sal20]. The composition with x = 0.5 was chosen, since it is mostly used for
the functional layer in this work and is an optimum oxygen diffusion barrier.
Note that no tunability and a reduced permittivity is expected from that oxygen
diffusion barrier. Hence, as this stack constitutes a capacitor with stacked dielectric,
the interlayer must be as thin as possible. Only ten unit cells (= 4 nm) have proven
sufficient in terms of oxygen barrier and can be deposited atomic-layer-wise in
The final layer stack of the varactor heterostructure is shown in Figure Itis de-
posited on a|gadolinium scandate (GSO)|substrate due to its pseudocubic in-plane
lattice constant of the (110)-plane cut, which offers a very low lattice mismatch
to the entire heterostructure, see Figure The subsequent SrTiO3 interlayer
above[GSO|improves the smooth layer-by-layer growth of SMO| [Koz+12} [to+16].
However, due to its very small thickness, it does not impact the varactor impedance
significantly.
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3 Characterization of All-Oxide
Varactors

Especially during the early stage of the all-oxide varactor research, a focus on
material optimization is required. For being able to accurately extract the material
properties of the integrated layers in the varactor structure, a precise characterization
scheme is necessary. For this, a widely used on-wafer test structure is adopted in this
work. This constitutes a fundamental requirement for the highly accurate models
developed later in this work. However, the deployed test structure is frequency-
limited due to a breach of the standard-on-wafer calibration environment.
To compensate this systematic error, this work derives a de-embedding of this
environment breach prior to the actual characterization. By that, the frequency
range can be extended up to the self-resonant frequency (SRF)|of the investigated
test structures. Subsequently, the results of several varactors are discussed. The final
section covers the correlation of crystallographic structure and |[RF performance. An
[RF-characterization-based material optimization is presented.

3.1 On-Wafer Testing

The on-wafer test structure used in this work is inspired by [Ma+98]], which describes
a well-established method for dielectric characterization of thin films on top of a
planar conductive layer. It allows the extraction of the complex permittivity & from
the measurement of test structures with a circular inner pad surrounded by a much
larger outer pad, see Figure The impact of the outer electrode can be crossed
out by comparing two structures with equal outer diameter dq:. For varying inner
pad diameters din; 2, one obtains

_ Rs dinZ 4tdie1 1 1
Zi~2,= 3 In < ) e ) 3.1)

in2
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350 um

Figure 3.1: Circular test structure with all-oxide layers and their respective contri-
bution to the RLC model.

with the angular frequency w, impedance Z;, of the two structures, sheet
resistance Rg and the thickness t4;¢) Of the dielectric. For thin layers, the skin effect
is negligible and the [BE sheet resistance is given by

Ry = JBE (3.2)
tBE

with conductivity cgg and thickness tgg. The interpretation of is straightfor-
ward: The former and the latter term describe the difference of the bottom electrode
resistance for radial current flow and of the center pad capacitance, respectively.
Note that, among other constraints, this model requires equal dielectric and con-
ductor properties across all measured and compared structures. While the sheet
resistance needs to be known in , the [BE| thin-film resistivity is as well unknown
for the varactors characterized in this work. Nonetheless, theoretically, this parame-
ter can also be identified by measurement if a third test structure with pad diameter
din3 is added to the pattern of the photo-lithography mask. The deployed varactor
test structure mask pattern is shown in Figure It contains four equal quadrants
of 3 x 3 varactor geometries with varying inner and outer pad diameters as shown
in Table3.1]
In (3.T), the sheet resistance Rs needs to be known and has a very large impact on
the extracted dielectric loss. Therefore, effects like a bad metal quality or a strong
electrode surface roughness can prevent a correct extraction. This is illustrated in
Figure where the above method is applied to exemplary 3D-simulated data
based on simulations with CST Microwave Studio. The extracted real part of the
permittivity €, and loss factor tan ¢ are compared to the true data directly exported
from CST. In €, only the negligence of the electrode’s inductance leads to an error
that is increasing for higher frequencies; the sheet resistance does not affect the
real part of the permittivity. For the extracted loss factor, a significant error is intro-
duced, firstly, by the neglected inductance and, secondly, by a badly assumed sheet
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Figure 3.2: (a) Varactor test structure pattern. (b) Relative deviation of real part
of permittivity and loss factor to the data directly exported by CST as extracted by
(3.1). To illustrate the impact of Rs, the result of the extraction with a slightly varied
sheet resistance by 5 % is also shown, with the difference highlighted.

N

resistance. Already a 5% deviation from the correct value renders this method’s
results increasingly unusable above 1 GHz. Additionally, the electromagnetic fields
penetrate the substrate significantly when this characterization method is used in
combination with a small |BE| thickness of only a few hundreds of nm up to 1 pm.
This impedance variation is not accounted for by the given model relying only on
Rs. For that, a different modeling approach was chosen in this work that considers
the substrate separately for highest extraction accuracy, see Section

Another issue with the established method is the mere subtraction of impedances of
two different structures in (3.1). While this is an elegant way to remove the impact
of the outer ring electrode from the analytic model, any structure variation (e.g.,
by processing errors) will degrade the resulting accuracy. Furthermore, inhomo-
geneous [thin-film (TF)| properties lead to errors for the same reason. The latter
effect might not be severe generally, i.e., for homogeneous films. However, for
the majority of varactors fabricated in this work, a strong fluctuation of material
properties across the 5 x 5 mm? crystal substrates is observed. This conflicts with
the constraints for the above analytical evaluation, preventing the direct extraction
of the desired material properties. Prior to this work, this leaves the simple, but
severely time-consuming sweeping of parameters in a fully-electromagnetic 3D
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Table 3.1: Varying inner and outer pad diameters as depicted in Figure 3.2al

din (pm) dout (pm)
{1,4} (2,5} {3,6} {1,4} (2,5} {3,6}
{A, D} 20 40 60 40 60 80
{B, E} 20 20 20 40 60 80
{C, F} 40 20 30 80 40 60

model to fit the measured data as the sole choice to extract material properties from
measurements. In contrast, the highly-accurate analytic models derived during this
work overcome these limitations due to their schematic nature and can be calculated
within seconds. Instead of subtraction of measured impedance data, the material
property extraction relies on an analytic extrapolation of a known reference that
must be verified just once by a fully-electromagnetic model.

Characterization Setup

The test structures are commonly contacted with FormFactor Infinity [ground-signal;
lground (GSG)|on-wafer probes with 100 um pitch. A high automation level of the
characterization was developed to cope with the large amount of samples processed
in this work. The characterization setup is shown in Figure A Matlab script is
used to control the RF measurement, the source and the semi-automated on-
wafer probe station. With that, after calibration, all 36 varactors on one sample can
be characterized in all desired bias states automatically within typically 1.5h to 4 h,
depending on the number of bias points and the accuracy parameters like, e.g., IF
bandwidth and averaging. Note that two different devices, namely avector network|
lanalyzer (VNA)|and an impedance analyzer (ImpA)| can be used for recording
the microwave impedance. The choice depends on the |[device under test (DUT))
properties that are focused. A large frequency band and accurate leakage current
information can be obtained from the 1-port|VNA| measurement, whereas the
is required for accurate results for DUTs|with a large quality factorﬂ Practice has
shown that the results are sufficiently accurate for a limited quality factor
up to 30—40. During this work, many samples with a rather thin [BE|thickness of

!This is reasoned by the different measurement principles in these devices for extracting the quality
factor. The[VNA|reads the magnitude of the reflection coefficient, which exhibits smaller changes
for varactors of increasing quality. The impedance analyzer reads complex voltages and currents,
which is less dependent on the but introduces a frequency limitation.
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Figure 3.3: Setups for the automated characterization of all 36 test structures

~ 500 pm are fabricated that lead to quality factors below that limit. Hence, the
characterization is commonly used and extended by the measurement
for verification where necessary. The bias voltage is applied to the varactor in-line
with the RE|signal. For[VNA|measurements, the [RF|and [D(|signal are combined
via a bias tee. With the[ImpA] the internal [DC|source is used. As the sole one-port
standard, an fopen-short-load (OSL)| calibration is performed with an
istandard substrate (ISS), Generally, the accuracy of this standard is regarded critical
because it shows a strong sensitivity towards the actual position and overtravel of
the on-wafer probe on [S5|structures. Also, it is known to become less accurate for
increasing frequencies. However, reasonable results have been obtained throughout
this work that agree for theVNA|and fmpA|measurements, even despite the manual
lateral positioning of the on-wafer probe.

The natural results obtained from the [VNA| and ImpA| are the scattering S and
impedance parameters Z, respectively. As this is a one-port characterization, the
conversion is rather simple,

1+5
= ZOA (3.3)

/
1-S4’

=meas

with the reflection parameter S;; and the system’s reference impedance Zy. When
dealing with varactors, the impedance is commonly interpreted as a capacitance
Cmeas and quality factor Qmeas, defined as

1
Cmeas - W - %{Zmeas} (34)
S{Zmeas }
Qmeas = — e (35)
8%{Zmeas}
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with radial frequency w = 27t and the imaginary and real part of the impedance
S{Zmeas } and R{Z .cas }, respectively. In this interpretation, the electrode’s induc-
tance is neglected and all loss is projected onto a series resistance, i.e., the electrode

loss is expected dominant. In redundancy to the information above, the
series resistance (ESR)|is, occasionally, also evaluated as a different visualization,

ESR = R{Z,cas }- (3.6)

Anticipating the characterization results presented later in this chapter, typical
values for electrode resistance Rg and zero-bias dielectric loss tan dg;e) are 0.2 Q —
0.50Q and 0.005 - 0.01, respectively. Hence, in comparison to the example calculation
for equal loss contributions in section[2.1.2) this is the best model to use in a standard
analysis without additional knowledge about the sample. However, especially for
lower GHz frequencies, the dielectric loss will show a significant impact on Qmeas
and must not be neglected.

3.2 De-Embedding of Measurement Data

Figure shows an example for a typical "raw" extracted capacitance and quality
factor, respectively, obtained after calibration with the equations from the
previous section. The observed decrease of the capacitance with frequency is
characteristic for all measurements in this setup, but does not comply with the
physical expectations of (2.29). The quality factor appears regular but of course
depends on the correctness of the capacitance. This artifact is a widespread problem,
as it affects many reported works based on this test structure, for example in
[Gev+09; She+10; Gou+18].

Impairment of On-Wafer Non-CPW Environment

Since the artifact is observed primarily in the capacitance, this indicates a connection
to an erroneous reactive part in the extracted impedance. As the inductive contri-
bution of the electrodes is not compensated in this evaluation, it should lead to an
increase of Cieas up to infinity at its Together with the previously-described
difficulty of an imprecise sheet resistance, this negligence is the main reason for

2If the electrode inductance Lgj. was known and compensated before evaluation, the measured
capacitance Cmeas = —1/W (S{Zmeas} — WLelec) would be quasi-constant with frequency.
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Figure 3.4: (a) Example for typical "raw" capacitance and quality factor after OSL
calibration, as extracted from (3.4), (3.5). (b) Comparison of electric fields in
environment and in cross section through center of circular test structure.

the frequency limitation of this method. However, though the inductive contri-
bution can be small, such that the [SRFrinduced increase may not be prominent
in the observed frequency range, an apparent decrease conflicts with the reason-
able dominant contributions. Hence, this does not yet explain the artifact of the
decreasing measured capacitance. In a limited frequency range up to a few GHz,
a decrease could be explained by resistive effects, e.g., caused by a bad contact
of the on-wafer probes or highly-resistive interlayers in the all-oxide layer stack.
However, no combination of resistances inside physical constraints leads to a fitting
of the observed characteristic. The reason for this artifact might be connected to
the breach of the calibration environment, i.e., when directly probing the
circular test structures. The difference is shown in Figure where the electric
tields through the cross section of both structures are sketched. Strongly differing
tield patterns result from the radical difference between [ISS{and circular structure;
the introduction of a close-by [BE|and the huge contrast of the relative permittivity
from 9.6 to a few hundreds for alumina and respectively. Unfortunately, no
model of the on-wafer probe is available to model the exact field distribution.
However, the assumption of a strong impact of the close-by [BE|is supported by
the Lpq comparison in section[3.2.2] As has been shown above, for the method as
described in [Ma+98], these differences do not obstruct a reliable extraction for lower
frequencies but lead to a frequency limitation below 5 GHz. In fact, the accuracy
decreases already for increasing frequencies below that margin, especially for larger
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Figure 3.5: (a) Flow chart and schematic models to (b) unify the inductance of the
excitation bridge and (c) de-embed the on-wafer non-CPW environment.

capacitances with lower The following sections will show that measurement
results are still usable up to the if phenomenologically modeled as a negative
inductance.

3.2.1 Determination of True Test Structure Inductance

The inductance inherited by the test structure adds up with the negative measure-
ment inductance. Therefore, it cannot be determined right-away experimentally. To
separate these two inductances, the former is firstly determined by schematically
titting the model. The flow chart of the complete de-embedding process and
the corresponding schematic models are shown in Figure Firstly, the induc-
tance of the excitation bridge to stimulate a excitation in the 3D [EM|model is
determined by magnetostatic simulations. Secondly, it is compensated in the
model to obtain the varactor properties at the simulation reference plane. Then, by
schematically fitting the model, the varactor’s inherent inductance is separated.
Finally, by comparing this true inductance with the measured result, the negative
measurement inductance can be characterized.

The first two steps refer to the 3D model of the varactor as shown in Figure
The 100 pm pitch excitation of the on-wafer measurement is modeled by a
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Figure 3.6: (a) Cross section of model for the circular test structure with
pins and port stimulating excitation at the reference plane. (b) xz-cut plane
view of Hy (tangential field) from magnetostatic simulation for determining L/,
the circular electrodes were replaced with[PEC|boundary.

cylindrical port and |perfect electrically conducting (PEC)| pins with 10 pm diameter
and 50 pm length. Those are connected via an [PEC|boundary, forming an excitation
bridge with the total inductance Ly /,,. It is determined from a separate magneto-
static simulation. Therein, the circular electrodes and all layers below are replaced
with a second [PEC|boundary. Figure shows the y-component of the resulting
magnetic field Hy with indicated current distribution. The additional (lower)
boundary must be subtracted to obtain the true inductance of the excitation bridge.
Its inductance is obtained from an additional magnetostatic simulation. The detailed
description of the magnetostatic simulations and the calculation of the inductance
values are given in appendix[Al

The resulting inductance of the excitation bridge is

Lp/p = 384 pH. (3.7)

Subtracting the impedance of this inductance from the simulated data shifts the
simulation’s reference plane to the top electrode layer, the same as for the on-wafer
characterization (measurement reference plane). From schematic fitting of the
simulation, the overall test structure self inductance can then be extracted as
circa 3pH - 5pH, depending on the [I'E|diameters and the [BE| thickness. Now, by
titting the measured data with a compensating series inductance to this model, the
measurement error can be isolated and de-embedded.
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3.2.2 Characterization of Negative Measurement Inductance

In this study, all functional 33 varactors on one sample are characterized between
100 MHz and 12 GHz, three structures were defect after lithography. The generally
recommended |over-travel (OT)’|for the deployed kind of on-wafer probes is 75 pm
in order to avoid additional contact resistance and parasitic reactances. However,
a reduced [OT|must be used to avoid damaging the small center pads. Hence, the
stability and validity of the extracted impedance must be verified first. The effective
capacitance, see (3.4), is used as a sensitive indicator for any change in the reactance.
Note that, for calculating the reactance, the phase relation between the transmitted
and reflected signal is defining. Thus, even when measuring the highly miss-
matched capacitances, the high phase accuracy allows for relying on the extracted
values. With the deployed semi-automated probing station, the height levels can
be precisely controlled. Thereby, the impact of the out-of-specification [O1|on the
measurement results can be investigated. Very smooth layer surfaces are required
for comparison, which is ensured in our case by the generally-smooth surface of
thin films and sputtered metalizations. In the following, test structures with
varied center pad diameters 20 um — 60 um and, thus, different capacitances are
compared. Each is contacted with different amounts of in the range 20 pm —
60 pm.

The small non-planarity of the tips of the probe’s pins prevents from measuring
without any Even for an exemplary newly opened probe, both ground pins
barely contact the electrode’s surface at 20 um beyond the signal pin’s first
contact. After comparing to two more GSG probes with similar offsets, this is
deemed as the best possible planarity. When evaluating the results for 20 um
eight of the 33 analyzed varactors on the sample show a series resonance in between
3.5 GHz - 7.5 GHz, all other 25 exhibit a negative trend of Ces over frequency. The
higher indicated resonance frequencies are close to the expected However,
this resonance is caused by a bad contact due to insufficient(OT|as proven in the
following. Figure shows the negative trend for every varactor at 40 pm
Many varactors show the same Ce¢ characteristic as for 20 pm indicating the
same appearing negative series inductance. An increased of 60 um could be
applied only to the structures with large center pads (V1-V3). The curves of these
are highlighted in Figure and show a result stability already at 40 pm.

The compensating inductance

Lneg = —5.4pH + 0.2pH (3.8)

describes the additional height reduction of the on-wafer probe after the first contact of the
pins with the sample.
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Figure 3.7: (a) Uncompensated capacitance for 33 varactors on one sample with
40 um [OT] For three of them, which have a sufficiently-large center electrode, the
measurement is repeated with 60 um[OT] (b) Fitting of schematic and model
to measured data with compensated negative inductance Lneg ~ —5.4pH for in-
creasing pad diameters 20, 30, 40, 60 pm. The simple schematic models fits more
accurately for smaller pad sizes.

leads to a fitting of the[EM|model, varying only slightly for the different diameters.
The fitting result is shown in Figure Hence, the effective varactor properties
are defined for the de-embedded impedance

Zeotf = Lmeas — jWLneg (3.9)

as the effective capacitance and quality factor

1
_ S{Ze}
Qeff - %{Zeff}’ (311)
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respectively. During this study, the value in was steady for repeated calibra-
tions and exchanged on-wafer probes of the same type and pitch. In later works,
compensation inductances of 2pH — 8 pH were found for different samples. In-
terestingly, the value of Lyeg is in all cases comparable to the negated inductance
calculated for the boundary Ly,q = 6.3 pH for equal pitch 100 pm in appendix
This supports the assumption that the close-by [BEjmight be connected to the physi-
cal origin of this appearing negative inductance, compare Figure However,
a proof of this is beyond the scope of this work. For now, it is sufficient to extract
the value for Lneg that allows to extend the frequency range in which accurate
impedance data for the varactor is obtained. With that, the frequency characteristic
of the test structure can be modeled accurately up to the

3.2.3 Benefits for All-Oxide-Varactor Characterization

The wide frequency range is a key enabler for this work bringing many advan-
tages. Firstly, this is especially crucial for investigating the novel electrode ma-
terial because the electrode’s contribution is significant only above a few
GHz. Hence, both dielectric and electrode loss can be characterized from a single
impedance measurement due to their frequency-specific characteristic. This allows
the otherwise-difficult determination of the conductivity of integrated thin
films. This is particularly important as stand-alone films are likely to have
different properties than integrated ones due to the contradicting thermodynamic
constraints during the growth of BST|and as discussed in section 2.3 Detailed
results will be presented in section 3.3} Secondly, the availability of valid impedance
data over a wide frequency range beyond 10 GHz provides the basis for all of the
highly accurate models presented in chapter[d These, in turn, enable the thorough
understanding of dominant effects in devices, allow for a rapid characterization of
material properties, and provide a strong basis for future device designs.

3.3 Characterization Results

By de-embedding the non{CPW)|environment effects, the characterization of the
varactor test structures is possible. Representative results for both a typical varactor
and a high-performance sample with optimized thicknesses are reported. The
latter will be compared to other works by means of figure of merits for tunable
components.
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3.3.1 Typical Varactor

A large amount of more than 100 samples with each carrying 36 varactors has been
characterized throughout this PhD project. These were fabricated during several
systematic studies of, e.g., the impact of process parameters or film thicknesses
or to analyze the reproducibility. Comparing all of them in general is, hence, not
reasonable. Instead, representative results will be presented for the "standard" case
that was used as reference for all studies in this work. This reference corresponds
to a layer stack with thicknesses tg\ipo and fpgr in the range 500 nm — 800 nm and
70nm — 90 nm, respectively. In this domain, the film properties have shown to
be the most reproducible. Thicker layers (tsmo > 800nm) are more likely
to suffer from hillock formation that disturb the epitaxy and lead to film defects.
In thinner layers, the film quality is more difficult to ensure because effects
on the atomic scale become more dominant: The macroscopic interpretation as a
homogeneous thin film is less accurate.

The results shown in Figure 3.8 are obtained from a varactor test structure with
din = 20pum, doyt = 40 pm and thicknesses tspo = 507 nm and tggt = 91 nm. The
negative measurement inductance has already been compensated. Two points about
the change of effective capacitance with frequency in Figure are remarkable:
Firstly, the initial drop in the lower GHz domain around 3 GHz and, secondly,
the apparent decrease with frequency under bias. The former can be connected
to substrate effects and the latter to acoustic activity, which is confirmed by the
models derived in chapter [l The capacitive characteristic versus bias field is shown
in Figure [3.8b| as relative permittivity, approximated by the simple [parallel-plate]
icapacitor (PPC)model

erpsT = 4CesitpsT/ E07Td%. (3.12)

A symmetric and strong tunability of T = 79 % is observed. Below the capacitive
data, the quality factor is shown in both plots. Figure shows that it decreases
with frequency as expected. In agreement with the findings from section[2.1.2) the
quality factor does not decrease antiproportional to the frequency due to a significant
contribution of dielectric loss. However, with Q(5GHz)/Q(0.5GHz) = 0.17 and
Q(10GHz)/Q(1GHz) = 0.12, the electrode is clearly the major loss source in the
GHz domain for zero—biasﬁ For increasing bias strength, the typical increase of
Q due to the decreased capacitance is not observed. This can be explained by

4The possible range of Q(10f)/Q(f) lies between 0.1 and 1. Neglecting dispersive effects, a purely
dielectric loss would result in Q(10f)/Q(f) = 1. If, in contrast, the electrode resistance Ry was
the sole loss source, this would result in Q(10f)/Q(f) = 0.1 as the quality factor would be
determined by Q = 1/wCRs, compare section[2.1.2}
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Figure 3.8: Representative data of the varactor test structure with inner diameter
20 pum, thickness 91 nm and thickness 507 nm. (a) Effective capacitance,
quality factor and equivalent series resistance versus frequency for four bias states.
(b) Relative permittivity extracted from the simple model and Q factor versus
bias field at three frequencies. (c, bottom) Leakage current in linear and logarithmic
scale versus bias field and (c, top) replot of leakage current with different axis
indicating Schottky emission as the dominant leakage mechanism.

observing the that increases with bias by up to one order of magnitude. The
bias-induced increase is effective for frequencies starting in the lower GHz range. In
principle, this could be connected to either a strong quasi-Debye loss mechanism or
degrading acoustic activity. The weak but recognizable frequency-selectivity of the
indicates the presence of acoustic resonances and, hence, argue for the latter.
The analysis in section clarifies this matter and confirms the strong impact
of acoustic activities and the effect of partial resonance suppression in this setup.
When plotted versus the bias field in Figure no strong change is observed
for this sample in general. At lower frequencies, i.e. 1GHz, the often observed
inverted-bell-shaped characteristic is recorded for weaker bias. For stronger bias
fields, it is limited by the acoustic activity which is, in turn, strongly dependent
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on the film thicknesses as typical for MIM| varactors. Hence, for other samples,
especially ones with thinner layers, the inverted bell can be more visible. It is
noteworthy that acoustic resonances will degrade Q.g, in the worst case even below
its zero-bias value. This underlines the importance of properly addressing them in
the later-on component design.

The leakage current in Figure is generally low in the nA domain. This is a very
beneficial property, especially for mobile applications, as it enables quasi-powerless
tuning. However, it is more than one order of magnitude stronger for a positive
polarity in comparison to a negative one. This can be explained by analyzing the
dominant leakage mechanism. If the interfacial [Schottky emission (SE)|is the most
limiting mechanism, the leakage current can be described by [Vor+04]

/gE
JsE « exp [_kBLT (CDSE — %)] (3.13)

with electron charge g, Boltzmann’s constant kg, temperature T and the Schottky
barrier height ®gg. Hence, the dominance of [SE|is indicated if replotting the leakage
current as In(Jieqk) versus v/ Epc yields a linear dependence. This is done in the
upper plot of Figure and, indeed, the negative half-axis is fitted well by a line
with slope B = 0.65 y/pm/V = 6.5-107%y/m/V. To confirm this slope must
correspond to the physical parameters in (3.13). The observed slope leads to an
extracted relative permittivity

3

q
Eropt = — 524, (3.14)
YPET 4rteq (ksTP)>

which is well inside the range of reported optical relative permittivities for
[Vor+04; Ber+08]. For leakage current considerations, the optical permittivity was
found effective for charge transport due to the fast transition times of the electrons
[S1m67; JPHO5]. Hence, is concluded as the dominant mechanism for the negative
half-axis. For positive polarities, the same slope is approximated for stronger bias
fields and at a higher absolute current level. This difference can be explained by
comparing the work functions Wp; = 5.5eV and Wgpi0 ~ 4.1eV [RC99; Rad17]. A
band diagram construction of this double junction, not shown, reveals that bias
voltages with negative polarities at the [TE| center pad weaken the barrier on the
i.e., between [SMO]and BSTl Hence, the barrier on the i.e., the Pt/[BST]interface
is decisive. Since ®Osg pt = Wpy — xBst [RC99|] with electron affinity xpst = 3.9eV is
much larger than ®sg snmo, the current must overcome a larger barrier for negative
polarity. It is noteworthy in this context that the height of the Schottky barrier
depends on the oxidization of BST|near the interface [Sch+08]]. Since the electron
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affinity of is close to the work function of and due to the contradicting
thermodynamic requirements, a [SElimited current for positive polarities is not
necessarily observed for every sample of this kind.

3.3.2 High-Performance Varactor

The final goal of this research field is the application of high-performance all-oxide
varactors in circuits. In this section, the electrical data for a corresponding varactor
is presented. A large microwave quality factor requires low conduction losses, i.e., a
preferably thick [BE|up to at least one skin depth or more. The achievable thickness
is, however, limited by the small growth rate in and increasing fluctuations
with longer deposition times. Nonetheless, to demonstrate the feasibility, several
samples with tsyo > 5 000 nm were fabricated. Furthermore, one of the pivotal
benefits of the all-oxide technology is the possibility to obtain functional layers with
thicknesses of only a few 10nm. This provides a high tunability at very low tuning
voltages down to ion-battery voltage levels, yielding the use of DC-DC convert-
ers obsolete. The fabrication of these high-performance varactors was enabled by
several studies on the deposition process to stabilize optimal material properties,
compare section [3.4]

This section summarizes the characterization results for a sample with tgsT =
50nm and fgpo ~ 5300nm [4]. Note that, in contrast to the description in sec-
tion this sample was fabricated with SrTiO3 as oxygen barrier. Note further
that the high component quality factor yields data inaccurate due to the
worse impedance matching; results are used that are limited to 3 GHz. The
relevant characterization results are summarized in Figure The zero-bias
effective relative permittivity e, = 347 extracted by reveals a high
crystal quality despite the small layer thickness. Assuming an SrTiO3 permittivity
between 100 and 150 in a stacked dielectric model with thickness ~ 4nm leads
to the conservative estimate of e,gsT = 432 and 388, respectively A very high
tunability of T(4V/50nm) = 70.5 % confirms its high functionality. However, a
very high leakage current is recorded up to the current limit of 1 mA at only slightly
increased voltage levels. This can be explained by residual oxygen vacancies since
a larger part of the layer was grown with reduced oxygen pressure to avoid
oxidization of the layer [4]. Below in Figure the quality factor is plotted
versus frequency for zero bias and 4 V. A zero-bias quality factor of Q(1 GHz) = 77
shows the benefit of the thicker BE| with respect to Figure However, modeling

5An even higher permittivity of is likely due to a reduced SrTiO3; permittivity caused by strain
and defects in the thin SrTiO; layer.
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Figure 3.9: Characterization results for high-performance varactor with tgpo =
5um and tgst = 50 nm. For the Q factor and FoMs, the data of another varactor
with the same BE| thickness and tgsT = 100 nm is added in gray color. The CQF and
VPF are compared to several reported values shown as blue markers.

reveals an increased resistivity of psyo = 50.411Q) cm. Modeling this varactor
structure with the lower resistivity values from Figure yields Q(1 GHz) > 90
[5]. Comparing to reported single-crystal resistivity values, a quality factor of up
to 100 and higher is conceivable after further material optimization. If biased, a
strong decrease of the quality factor is observed, especially for lower frequencies.
This degradation can be connected to the huge leakage current by comparing the
results for another sample with tspo ~ 5 000 nm and tgsT = 100 nm shown in gray
color in the same plot. The leakage current density of this sample, not shown, is
reduced by 3-4 orders of magnitude and does not affect the [RF| characteristic; the
unprecedented decrease for low frequencies is not observed. However, acoustic res-
onances are more prominent for the thicker [BST|layer and lead to a decrease under
bias for microwave frequencies. Generally and despite the oxygen vacancies, the
high quality factor at low frequencies, where the electrode loss does not dominate,
reveals the low dielectric loss in[BSTl
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Finally, this varactor gets checked against other works by means of two distinct
figures of merit (FoMs)|in Figure The first one is the so-called [commutation]
quality factor (CQF) defined by Vendik et. al. as [VVKO0]

(Vpe)?
1—1(Vpbc)

A competing of 3700 and 1200 is recorded at 1 GHz and 3 GHz, respectively.
The condition for general applicability in microwave applications CQF > 2000
[Ven+99] is fulfilled up to 2.4 GHz. However, this does not value the low-
voltage tuning and emphasizes the microwave loss as it has been derived for two-
state switching devices. Returning to tunable materials, a simple is the product
of material tunability n = C(0)/C(Vpc) and quality factor Q [AGK15]. When
dividing this expression by the tuning voltage, one obtains the [voltage performance]

tactor (VPF)

CQF(f) = Q(Vpe.f)Q(0,f) (3.15)

VPE(Vpe,f) = ng;f) Q(OV.f), (3.16)

which rewards low-voltage tuning. The is suggested in this work to rate
technologies in the context of mobile application. The zero-bias quality factor is
used instead the biased value to emphasize the technology before the actual varactor
implementationﬁ Since none of the reported works tune with such a low voltage
level, the all-oxide technology is clearly outstanding.

3.4 RF-Performance-Driven Material Optimization

Several studies on the optimization of the deposition process were conducted
throughout this work. Especially the growth of thin films proved delicate
with a high sensitivity towards, e.g., the laser energy density and the oxygen
background pressure. A solely crystallographic characterization, however, has been
found to fail in predicting the microwave performance. Hence, [RF| characterization
data was evaluated in this work in systematic studies to optimize the deposition
parameters. These studies had the goal to stabilize the properties of the resulting
thin films at a good performance level which clearly is a fundamental constraint
for the design of microwave components. At the same time, they enriched the

®The geometry dependence of acoustic resonances strongly affects the biased quality factor at
microwave frequencies. However, as will be shown in section [#.2.5] the all-oxide technology can
overcome the degradation imposed by acoustic resonances by an appropriate component design.
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understanding of fundamental effects inside the varactor heterostructure. In this
section, the divergence of a high crystal quality from analysis and a low
varactor performance is documented firstly. In the following, an example study on
the laser fluence is presented, where [RF characterization was used to control and
optimize the thin-film deposition parameters.

3.4.1 Correlation of Crystallographic and DC/RF
Characteristic

The most important methods to characterize the crystal structure of thin films are
based on X-ray analysis [Ina08]], besides other methods using, e.g., electron beams.
Generally, prior to the microwave characterization, several measurements based
on are conducted to assess the quality of fabricated thin films. However,
during this work, it was observed that a high crystallographic film quality does not
necessarily yield a good microwave performance. Exemplary results of one study
that document this observation are presented in the following. The methods
will be sketched only briefly; a more detailed description can be found in [Ina0§].

Figure shows a 20-0© scanﬂ Here, X-rays are radiated onto the sample under
a certain angle w = ©, where w = 0° is parallel to the sample surface, and reflected
inside the crystal lattice The reflected X-rays are recorded at an angle 20, describ-
ing the deflection compared to the original beam. Peaks occur when the reflected
rays interfere constructively, i.e., when Bragg’s law is fulfilled [BB13]:

2dsinw = nA (3.17)

with distance of lattice planes d, wavelength of the X-ray A and an integer n. The
certain angles of the main peaks can be mapped to the reflecting material according
to their lattice plane distances. Around these angles, regular repetition of smaller
maxima are observed, which are called Laue oscillations. These originate from the
stronger reflection at the material interfaces, where each maximum represents a
measurable satisfaction of . Note that, in this case, 4 does not correspond to the
"bulk" crystal lattice of a material but to the interface to other films. Hence, the Laue
oscillations can be used to determine the respective film thickness as described, e.g.,

“Inside this section and the context ofmeasurements, O and w refer to angles in °, despite the
danger of confusion with angular frequency and temperature, which is the common usage in
this work. This nomenclature is chosen for an easier comparison to literature for X-ray analysis.

8The symmetrical case w = © is used throughout this work. The general asymmetrical case of a
20-w scan uses an variable incident angle of the X-rays w # O.
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Figure 3.10: (a) 20-O scan of four samples with different SMO thickness. For
the sample with 1380nm thickness, the inset shows data from high-resolution
measurements. (b) Rocking curves around the SMO 002 reflex with FWHM printed
next to each line. The data for the epitaxial substrate (GSO 220 reflex) is also shown
for comparison. (c) RSM of the sample with thickest SMO layer (2 800 nm).

in [Lin+05]. As intuitively derived from (3.17), a thinner film will cause a larger
period of the Laue oscillations. For films with significantly differing thicknesses,
multiple oscillations superpose and can often be evaluated in parallel to determine
their respective thickness. The similar period of all lines in Figure correspond
to the likewise similar thickness between 61 nm and 70nm. The oscillation
period and strength for decrease with the increasing film thickness as the
reflection of the incident rays becomes less angle-dependent. For very thick layers
with insignificant Laue oscillations, the thickness is estimated from evaluating the
in-situ measurementﬂ However, for the two samples with thinner
the twofold Laue oscillations can clearly be observed. For the sample "1 380 nm", an
additional measurement with a more precise optic configuration, i.e., an analyzer
crystal before the detector is able to resolve the Laue oscillations for shown in
the inset.

The epitaxy of the fabricated films can be rated by evaluating the rocking curve
which is shown in Figure It is obtained by tilting the sample while the respec-
tive position of source and detector remains fixed to the angle 20 that corresponds

9The number of laser shots required to complete the first layers is counted. The final layer thickness
is then estimated by proportional scaling to the number of total shots.
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to the main peak of the respective material in Figure The sharper the peak,
the less mosaic is the film since fewer tilted lattice planes are present that reflect the
rays. This is quantified by thefull width at half maximum (FWHM)|that is very low
for all layers independent of their thickness. In fact, it is comparable to the
one of the monocrystalline substrate

The previous two methods hardly allow an insight into the out-of-plane direction
of the sample. This is extended with in-plane information by evaluation of the
ireciprocal space map (RSM)| It can be understood as multiple rocking curve mea-
surements under varying 20 angles inside a carefully chosen range that fulfills
two constraints: The contained reflexes must, firstly, lie close to each other in the
reciprocal space and, secondly, contain in-plane components. The former yields an
adequate measurement time and easier comparison and the latter allows to analyze
the in-plane structure. Figure shows the of the sample with thickest
This sample is picked for illustration since it is most likely to suffer from
relaxation or defect formation. The two axes Qy and Q, represent the length of the
wave vectors in x- (in-plane) and z- (out-of-plane) direction, respectivelym From
the equal intensity peak in Qy it can be seen that all three materials share the same
in-plane lattice constant. Thus, the different materials are grown in a locked spacing,
following the lattice structure of the substrate With respect to and
exhibit only a small spread of intensity in both x- and z-direction. Hence, a
high crystal quality with low mosaicity is indicated for these strained films.
However, this very good crystal quality does not mirror necessarily in good varactor
performance. The results shown in Figure are obtained from characterizing
the samples with the scheme described in section The maximum standard
deviation of the [RF data is sufficiently small for the purpose of this section, i.e.,
generally smaller than 20 %, such that the average data is considered representative.
The relative permittivity is an approximation based on a simple model and
extracted from the indicated capacitance. Both, the capacitance and quality factor
are evaluated at 1 GHz. In spite of the mutually very high crystal quality, a varying
microwave performance is observed that is, however, degraded for all samples. The
maximum permittivity ranges from 233 to 410, whereas the peak is offset to bias
tields between 0 V/pm and 50 V/pm for the different samples. As expected, the
zero-bias quality factor increases with the thickness. However, for increasing
bias field strength, a differing characteristic is observed: On the one hand as a
monotone increase and on the other hand an eventual decrease after having peaked
at interim field strengths. Both the permittivity and quality factor appear very
asymmetric with bias. For positive bias fields, the characterization was aborted

19The inverse 1/Q at the intensity peak yields the lattice constant in the respective direction of each
material.
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Figure 3.11: RF characterization results versus electric bias field E;,s in terms
of (a) BST relative permittivity, (b) overall quality factor and (c) leakage current
density. The former two are recorded at 1 GHz. All data represents the mean across
all functional dies, the yield was above 85 % in all samples. For the quality factor,
only samples with dj, = 20 pm are considered.

due to a too high leakage current beyond 1 mA. Figure shows a very high
leakage current density for all samples that is multiple orders of magnitude larger
than literature values [Vor+04]. Indeed, the asymmetry of permittivity and quality
factor with positive /negative bias fields of equal strength could be connected to
the much stronger leakage current for positive polarity. Incidentally, a combina-
tion of a degraded Schottky barrier and oxygen vacancies in [BST| were identified
as the source for this malfunction [A13]. The RF-characterization-based material
optimization in the following subsection was a key element for these findings. In
conclusion of this section, using electrical and microwave characterization of the
complete varactor is a decisive tool to optimize deposition processes and materials
for microwave components.

3.4.2 Study on Influence of Laser Fluence

One pivotal process parameter is the energy density of the pulsed laser (fluence)
that ablates the atoms off the target to create the material flux for the film deposi-
tion [Nor04]. The exact reproduction of the target stoichiometry in the deposited
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Figure 3.12: RF characterization results of study on impact of pulsed laser energy
during the BST-film deposition. (a) Zero-bias mean of relative permittivity e, st and
overall quality factor Q along with mean relative tunability T at =50 V/pm, each
extracted at 1 GHz. (b) Mean of the leakage current density at three different bias
tields and the necessary bias field strength, i.e., offset to maximize the capacitance.

tilm strongly depends on the excimer laser energy level and has a decisive impact
on the resulting [RF| properties of the film. Reading very high leakage currents in
Figure for both polaritieﬂ indicated a problem with the deposition.

Therefore, the fluence was subject to one of the first studies with the results shown
in Figure It is noteworthy that each data point in these graphs contains infor-
mation in a very condensed matter as it represents the complete sample with all
varactors at once. Though this visualization requires restricting oneself to discrete
pairs of bias field strength and frequency, the displayed results depict an expressive
comparison. Again, the standard deviation of the data of the considered samples is
sufficiently small such that the mean data is meaningful. Below a certain threshold
of approximately 4 mJ/mm?, the excitation energy is too low such that no func-
tional, i.e., tunable layer with regular properties is obtained. Above that threshold,
however, the permittivity, tunability and quality factor show no straight depen-

1Thus, a high leakage current was measured independent of whether the Schottky barrier to
was involved in the[DC|conduction or not.
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dence on the laser energy. Note that a certain spread is typical for [PLD| processes,
since the displayed properties depend on many parameters like stress, resulting
stoichiometry and defect density. Hence, only trends can be considered in this
evaluation.

Such a trend is certainly observed in Figure [3.12b| where two more properties are
displayed. Firstly, the leakage current density decreases by several orders of mag-
nitude with decreased laser energy. As a simple measure for general asymmetry
like the one observed in Figure the leakage current is shown for three different
bias field strengths. The similar dependence on the fluence of all three lines visu-
alizes the generally similar symmetry in all samples. Solely the sample deposited
with 6.3 mJ/mm? shows a strongly reduced leakage current for negative bias fields,
indicating the Schottky barrier at the interface to be effectively limiting
the leakage current. Since, furthermore, its zero-bias quality factor is reduced by
almost one order of magnitude, this sample is rejected from this evaluation. On
the one hand, this confirms the representative character of the other data shown
in this figure. On the other hand, this clearly suggests an optimum fluence in the
range 4 mJ/mm? — 6 mJ/mm?. Indeed, the low-performance tilms presented
in section were deposited with a fluence of about 10 m]J/ mm?, which agrees
very well to the results here. This conclusion is underlined by the second graph in
Figure Here, the bias field necessary to obtain the maximum capacitance, i.e.,
the offset of the bell-shaped capacitance versus bias field Epc offset is shown. A larger
offset is connected to a stronger inherent polarization that must be compensated by
the external bias field. Hence, it is interpreted as a degradation caused by defects
and an possibly off-stoichiometric film. Note that the exact offset is not revealed in
this study due to the large standard deviation and finite step size of the bias interval,
i.e.,2.5V/pm and 5V /pm for values smaller and greater than 10 V/pm. As a result
of this study, a lower fluence was chosen for all following BSTHilm depositions.

Further studies were executed that are not discussed here. Among them, the oxygen
background pressure during the deposition was optimized to minimize the
number of oxygen vacancies while maintaining the reduced state of the SMO|
electrode. Furthermore, a decrease of the required substrate temperature during
deposition was investigated to ensure compatibility with established industrial
processes. The most important results are reported in [Sal20; Zei20].
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Currently, there is a lack of analytic models with sufficient accuracy for thin-film
MIM]varactors. Hence, the only option to extract the material properties is the fitting
of a fully-electromagnetic [finite element method (FEM) model to the measurement
results. However, this is very time-consuming. Furthermore, since biasing induces
piezoelectricity, a respective modeling of biased states is not possible without multi-
physics solvers. The corresponding [FEM|models are prohibitively complex. Their
calculation requires vast computational resources, in particular for the high aspect
ratio of the test structures in this work; the layer thickness and lateral extent are in
the nm and pm range, respectively. The inter-dependence of the relevant material
properties on shaping the overall characteristic constitutes an additional challenge.
Considering the massive amount of data for the many samples with each carrying
36 test structures, which are in turn each measured at many bias states,
modeling is hardly feasible. This chapter derives a comprehensive model for both
the electromagnetic and piezoelectric behavior of ferroelectric varactors. The
presented solution scheme allows a sophisticated and highly accurate identification
of mechanic and electric properties with much lower computational effort.

The complexity of a model increases with the complexity of the analyzed behavior.
Often, a multitude of input parameters is mapped onto a single or few model
outputs. In the context of this work, typical input parameters are the geometry and
material properties of a The output is usually the device impedance Z(f,Epc)
that can be compared to independent information, i.e., measured characterization
results. A central element of modeling is reversing this mapping for validation
which allows studying materials and function principles. This common task in
research is called an inverse problem. For example, at the end of this chapter, the
mere microwave impedance is used to identify all relevant properties of ferroelectric
varactors.

Two different kind of inverse problems are solved in this work, which are illustrated
in Figure The model inputs are grouped into sample properties and model
parameters. The former contain all desired information about a while the
latter are independent of a certain sample. The first kind is the model derivation
which relies on trustworthy reference data to identify all model parameters. When
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Figure 4.1: Schematic for the two kinds of inverse problems solved in this work.

deriving the coefficients of analytic models, using validated simulation results
as reference data is the beneficial choice. Alternatively, if available, measurement
results of well-known materials can as well be used as reference data. Afterwards,
the second kind uses the validated model parameters to characterize the contained
materials of a with as yet unknown properties.

Mathematically, inverse problems are a sub-group of optimization problems. They
are solved by the parameter set p that minimizes the difference between model
output Z,04e1 (p) and true/reference data Zirye, i-€.,

F(P) - Zmodel(P) — Zirue — 0. 4.1)

Theoretically, the naive approach of testing every possible combination of regu-
larly swept parameters inside their expected range would yield the true result.
However, this is generally unfeasible as it likely requires excessive computational
resources and time even for small problems. Therefore, many optimization algo-
rithms have been developed that, in a nutshell, trade correctness against speedﬂ
There are gradient-based converging methods [Adb74;|Ada96] and heuristics like
the genetic [Sch07], evolutionary [Sim13] or particle swarm algorithm [WTL17]. For
identification problems like in this work, accuracy in finding the global minimum
is essential. This, however, generally challenges heuristic approaches that don’t
necessarily converge. During this work, several corresponding tests have failed
to produce the optimum result in an acceptable time with varying initial values
and parameter ranges. This leads to gradient-based methods that, on the downside,
must be controlled carefully to not get stuck at local minima.

There are additional quality measures like optimality, accuracy or completeness. Their discussion
is, however, not required in this overview. Some examples of algorithms being compared in more
detail can be found in [Sin93} | CWD99; Has+05].
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Among them, theliteratively regularized Gauss-Newton (IRGN) method provides
a stable solution and avoids local minima that are far from the global one by a
proper regularization [RI15]. Given a parameter set p!, the set for a subsequent run
is defined as

Pl =p'+ J(p)I(p") + B B JE)ER)| +B (P -p), 42

where J(p) is the the Jacobian matrix, i.e., the derivation of each row of F(p) by
each parameter in p

aF: [aF oF 8F} 43)

1) =55 = |5 3057 30

Since evaluated computationally, the derivation is executed numerically as differ-
ence quotient around p'. In , p'*! minimizes the Tikhonov functional, i.e., the
summed squared error by linearizing F(p') around p' [KNS08]. The regularization
parameter B! enforces wider steps at the beginning as well as for badly chosen
initial values. In this work, due to the normalization to respective average values
as defined below, B = 1 can be used as a starting point which is halved in each

iteration 1

The inverse problems in this work deal with the microwave impedance of varactors.
This allows to concretize the shape of the compared characteristic Zr,e and, equally,
Z 1 0del- Generally, the sample properties are identified via measurement results
over a wide range of frequencies and bias field strengths. Each data point carries
two-fold information, i.e., real/imaginary part or magnitude/phase. Using the
interpretation as capacitance and quality factor is reasonable due to a small variation
over the observed frequency and bias range. The measurement data is normalized
to its respective frequency-average value according to

1 t
n = W [Ca(f1), Ca(f2), - Ca(fG)], (4.5)

where Cp(fg) is the capacitance at the g-th observed frequency and n-th bias state
and avgf[Cn] describes the mean value across all observed frequencies. Q, is

defined analogue. With that, the result-data vector is built depending on the
considered inverse problem. If the sought parameters depend on the bias state or
only one state is considered, one chooses

Ztrue,n - [C;/Q;]t (46)
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When information for multiple, i.e., N bias states is available and the sought param-
eters are bias-independent, the data is formatted as

t
Ztrue - [CtyQtl/Ct/QE//C}\]/Q}\]] * (47)

Note that, besides varying bias states, other systematic changes can be incorporated
analogously. For example, when deriving the analytic model for thin electrodes in
the following section, the simulated data for varied film thicknesses is used to
obtain the respective model coefficients. Depending on the given problem, reference
measurements of multiple samples can be used likewise, if their properties are
well-known. Especially with an increasing number of parameters, a broader base of
reference data enhances the optimization stability.

4.1 Unshielded Substrate Model (USM)

The established method for dielectric characterization does not exhibit the required
accuracy for working with oxide electrodes with typical thicknesses of a few hun-
dred nm up to a few pm. Although the method presented in section 3.2| extended
the principally applicable frequency range up to the electrical it still exhibits
only a limited accuracy for microwave frequencies. It merely provides a fair es-
timate of the dielectric constant and loss factor for known electrode properties
(conductivity, surface roughness, effective thickness) and for lower frequencies up
to approximately 1 GHz. It only approximates the [BE|electrode contribution by its
sheet resistance, which causes two problems. Firstly, its sheet resistance needs to be
known and is critically impacting the extracted dielectric properties. The thinner
the the stronger the sheet resistance is affected by surface roughness [Mor+18].
Secondly, any impact of the substrate is discarded in this model. It is well-known
that electromagnetic fields decay exponentially inside a conductor. At a distance of
one skin depth [Jac75]

2
B 4.
5sk1n uo ( 8)

to the surface, the wave is damped only to 1/e = 36.9 %. In the above expression, w
is the circular frequency, y the magnetic permeability and ¢ the conductivity of the
conductor. A comparison of skin depths for different conducting materials is shown
in Figure As the film quality varies with fabrication parameters, three values
for are given. The conductivity of an average and rather good film quality
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Figure 4.2: (a) Comparison of skin depths for with average (2.5S/pm), above
average (4.0S5/um) and single-crystal (20.0S/1m) conductivity. Bulk platinum is
added for comparison. (b) Capacitance and Q factor of the test structure with
versus frequency for the 3D EM model and the common RLC model, respectively,
and their relative deviation.

have been characterized as 2.5S/pm and 4 S/pm, respectively, compare Figure
However, even for platinum or the single-crystal conductivity 20.0S/pm, the
skin depth still exceeds 1 pm in the observed frequency range.

This allows to draw an important conclusion for the transfer on MIM|structures.
Since roughly 3-5 skin depths are required to yield the substrate negligible, even
an electrode thickness of several pm still does not allow to discard the substrate
impact [Jac75|]. Hence, there is a strong need for developing another model that
includes thin electrodes, where perfect shielding of the substrate is not possible
anymore: The [unshielded substrate model (USM)l A schematic model is initially
derived that matches accurately to the validated electromagnetically 3D-modeled
data. Afterwards, the evaluation of the field energy in the substrate allows to link
the schematic components with the material properties, i.e., dielectric thickness and
permittivity and electrode thickness and conductivity. Finally, the is validated
by a simulated multivariate deviation and characterization of several samples.
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Table 4.1: Schematic Model fitting parameters for PEC and finite conductivity
(FIN) BEs. For all models: C = 10.49pF, Qc = 1/tandgie; = 125

Rs Ls k Asub ACmax  AQmax

(Q)  (pH) (%) (ns/Q) (%) (%)
PEC-RLC 0.012 217 0.11 3.53
FIN-RLC 0.227 197 0.61 6.05
FIN-USM 0.243 3.81 13.08 1.72 0.12 0.79

4.1.1 Extended Schematic Model

This model is based on the electromagnetic 3D model that was validated in sec-
tion[3.2] It is derived for the test structures with di, = 20 um and doyt = 80 pm. The
same method can as well be applied to all other used electrode sizes, the respective
model parameters are summarized in appendix

Firstly, the underlying assumption that the substrate is impacting the measured
overall impedance significantly for thin needs to be justified. However, provid-
ing impedance data from either characterization or a 3D electromagnetic model for
samples with a sufficiently thick [BE|is impracticable due to limitations in fabrication
or computational resources, respectively. As a proof of concept, a is used
instead as its infinite conductivity provides a vanishing skin depth. In Figure
the input impedance data is plotted as overall effective capacitance and quality
factor versus frequency. As can be seen, the common schematic RLC model fits the
3D model data very well with the parameters provided in Table4.1} The capacitance
from the[TE|outer ring to the [BE|is negligible for the overall capacitance due to its
very large area. The very high quality factor arises from the since only
the[TE|and the dielectric contribute losses. The remaining electrode resistance Rs is
caused only by the[TE|and, therefore, very small, yielding the dielectric loss more
prominent. The increasing error in Qe for higher frequencies can be explained by
the distributed nature of the outer coupling capacitance, which is not accounted for
in the lumped elements. However, for with finite conductivity, the electrode
loss dominates the overall quality factor, preventing this error from being significant.
For a thick BE] the substrate is equally negligible as for since all fields decay
inside the conductor and, hence, the substrate is shielded.

This changes for a decreasing [BE| thickness; the substrate needs to be taken into
account for a correct modeling. In order to find a more sophisticated model, the
tield distribution in the substrate is shown in Figure A large portion of field is
observed only at the center, while a much weaker contribution is observed in the
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Figure 4.3: Distribution of the electric field in the substrate for tgpjo = 500 nm,
osmo = 3.33S/pm and tgst = 80 nm. In the substrate at the center, the fields are by
orders stronger than in the outer region.

outer region. This concentration at the center is caused by the very strong fields
in the dielectric of the main capacitance C = C (1 — jtan dgje1 ). This motivates the
splitting of the [BE[s resistance and inductance into two; a high and low energy part
representing the center and outer region, respectively. The resulting model is shown
in Figure Generally, the [T'E|inductance and resistance are assumed negligible
due to a shorter conducting path length and the much higher conductivity. The
splitting ratio is given by the factor

Reenter Lcenter

k = R, ~ L (4.9)
The high energy portion R,Lcenter is in parallel to a complex impedance Ay, =
1/jwagyp. Concluding from the frequency dependence of the latter, the interpreta-
tion as a capacitance seems natural. However, the resulting effective capacitance
value in the nF range cannot be justified straightforwardly from the given geometry
and materials. Surprisingly, a variation of the substrate permittivity and losses
shows only a weak impact on the overall impedance. The detailed explanation of
the physical origin of this parallel impedance is beyond the scope of thesis and,
hence, left for future work. Generally, the weaker the field in the substrate, the
smaller k and the weaker the influence of the substrate becomes; A, is shorted for
k= 0.

Figure compares the impedance data for a[BE|with finite conductivity ogmo =
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Figure 4.4: (a) Comparison of the standard RLC model and the novel (b)
Capacitance and quality factor versus frequency of all models for finite ogpo =
3.33-10°S/m, and their respective relative deviation.

3.33S/um and thickness tspo = 500 nm for the RLC model and the The RLC
model is fitted by a matching low frequency capacitance and the smallest maximum
relative deviation for Q.¢, see Table However, it fails for this parameter set with
a significant deviation. A too early increase of C.¢ with frequency is predicted. The

analytical description of the in Figure is

1 A7
Z = f—=subZelec 1-KZ 4.10
—DUT,USM ](UQ + Asub + kZelec + ( )—elec ( )

with Z .. = Rs + jwLs. It fits to the data of the model with a greatly increased
accuracy. The corresponding model parameters in Table 4.1| yield the minimum
over a broad range. They are obtained via optimization of this inverse
problem as described at the beginning of this chapter. A broad variety of starting
points with variation by up to 30 % confirms their validity. Note that particularly
the starting point for k determines whether the optimizer converges or not. The
other parameters can be varied in an wider range due to their unique impact on the
C-Q-frequency characteristic. Exact schematic modeling of the circular structure, i.e.,
perfect fitting is unfeasible due to the radial signal propagation and simultaneous
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capacitive coupling of the inductive electrodes. This distributed nature requires the
combination of an infinite number of lumped elements. However, the previously
suggested splitting already provides a very accurate fitting of the 3D simulation
result. This accurate, schematic fitting testifies a conclusive understanding of the
dominant impacts and is a strong argument for reliable predictions based on this
model.

4.1.2 Parameterized Material Variations

In this section, the above model is parameterized by relating it with the set of major
physical properties of the test structure

P = {tsmo, osmo, tBST} (4.11)

i.e., the thicknesses tsyo, tgst and the conductivity O‘SMQE| Changes in the dielectric
permittivity can be accounted for by scaling the thickness according to

fsT = " ST rue (4.12)
Etrue

with the respective permittivities used in the reference EM model ¢,.¢ and the varied
one eyye, and the true, i.e., geometrical thickness fpsriue- This is possible
due to the predominantly vertical electric fields between the electrodes, which is
confirmed by simulations with correspondingly scaled parameters. A change
in the dielectric loss factor tan dg4;e) mirrors in the loss factor of the main capacitor
C= C(l _jtanédiel)'

To estimate the impact of the parameters P, the field energy in the substrate W, is
calculated and used as a comparative measure. Since the structure is electrically
small with respect to the wavelength in all dimensions, the electrostatic field energy
density we = ¢|E|?/2 is used. Integration yields

We:/wedV
v

15pm  p15pm  Opm 8|E|2 Frdud
= Z X
~15pm J—15pm J—30pm 2 4 (4.13)

z% Z Z Z | Emnp B Azp AynAxm

Xm Yn Zp

2For parallel formalism to the electrode thickness, the conductivity is used here instead the com-
monly considered resistivity p = 1/ 0. In the sub-skin-depth region, the resistance can well be
approximated as proportional to both: R « ot.
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Figure 4.5: Simulated field energy in the substrate at the center versus thicknesses
tsmo, tesT and conductivity ogyo at 1 GHz and 1V excitation amplitude.

For computational reasons, the integration is executed discretely and inside a limited
volume V, which is a 30 x 30 x 30 pm?® excerpt in the substrate directly below the
and centered around the inner [TE| However, this suffices to show a clear trend in
Figure4.5, where the resulting data is shown for frequency and excitation amplitude
of 1GHz and 1V, respectively. A seemingly exponential increase of energy in the
substrate for thinner layers and worse conductivity can clearly be observed. On the
one hand, this demonstrates the necessity of taking the substrate into account. On
the other hand, this suggests an exponential dependence of the model elements on
the respective parameters. Therefore, the following expression for k is formulated:

k = ket - exp (Nk,P(SP) (4.14)
with an exponential scaling coefficient N » and the relative parameter deviation

S5p — P — Pref
P Pref

It was found that the assumption of an analogue dependence for the substrate
contribution

(4.15)

Asub = Asub,ref * €XP (Na,’Pép) . (4.16)

with the scaling coefficient N, p yields an accurate fitting of the overall impedance
data. In this analysis, the reference values are

Pret = {tsMOref, OSMOrefs  IBSTref}

4.17
= {500nm, 3.33S/pm, 80nm}. (417)
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These values form a practical reference for the thin film varactors discussed in this
work; the high accuracy for a broad range of parameters P will be proven below.
However, a too large ép will eventually lead to severe model errors. In this case,
the reference values P can be chosen differently with an adjusted set of reference
parameters for the schematic components. Besides (4.14) and (4.16), further intuitive
variations of the other schematic elements will be introduced below.

The resulting model accuracy can be seen in Figure[4.6] In all subfigures, the overall
capacitance and quality factor of the RLC and [USM]is plotted versus frequency
in comparison to the 3D EM model, respectively. The error of the RLC model
is plotted as colored background, which, as there is hardly any deviation for the
also describes the benefit of the latter. Firstly, the BE| thickness fgyo is varied
from 250 nm to 1 000 nm. As in all cases tspo < dskin = 2.76 pm (10 GHz), the
resistance R is scaled linearly with the thickness. An additional scaling factor is
introduced to account for the substrate loss, resulting in

Ebot, ref

Rs = R ref - (to—re) - exXp (NR toy0 o) - (4.18)
SMO

Since the substrate loss contributes in parallel to the conducting |BE|loss, the sub-

strate contribution mitigates the linear scaling of Rs via a positive Ng 4, . The

inductance decreases only slightly for an increasing thickness according to

Ls = Lg et - €Xp (NL,tSMo‘StSMo) . 4.19)

With these parameters, the data in Figure is obtained. The RLC model with
linearly scaled resistance deviates stronger for thin[BEs| This is surprising, as the
resistance should depend linearly on its thickness if tgnj0 < dgkin. Furthermore,
it’s not able to display the characteristic slight drop of the capacitance in the lower
GHz domain. The matches the RLC model for increasing tspo and also
tracks the 3D EM model data for thin [BEs| Secondly, the [BE| conductivity osmo is
varied from 2S/um to 20 S/pum in Figure @ As intuitively expected, the model
components can be described analogously to (#.18) and (4.19). Finally, the dielectric
thickness tpgr is varied from 40nm to 320nm. The capacitance naturally has a
linear dependence on the thickness. A 3D model simulation sweep has shown that
the asymmetric coupling of the circular [TE|to the planar BE| can be modeled as
exponentially decreasing, resulting in

£
C — Cref' ( cilel,ref
BST

> " eXp (NC/tBSTétBST) : (4.20)

The elements R,Ls are independent of tgst, as they are dominated by the electrode
contributions. With these parameters, the data in Figure is obtained. The
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Figure 4.6: Capacitance and quality factor versus frequency for a varied (a) tsmo,
(b) osmo and (c) tgst. The highlighted area describes the error of the RLC model
and, thus, the benefit of the model. For a fair comparison, the scaled resistance
of the RLC data for varied BE thickness and conductivity was multiplied by the
same exponential scaling as for the[USM|model.
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Table 4.2: Input parameters for the which is fitting variations of the varactor
properties ospo, tBST, tSMO-

Nk,p Na,p NR Np N¢
P=temo -0758 1372  0.050 -0.016

P=osmo -0758 1372  0.050 -0.016
P =tpsr -0418 -0.419 0.005

electric field in the capacitor is stronger for a thinner dielectric, leading to a stronger
penetration of the substrate. This leads to a stronger error if the substrate is ne-
glected (RLC model). Again, the presented model accurately tracks the impedance
characteristic for the full displayed frequency domain.

The resulting fixed parameters for the are shown in Table They have
also been obtained by optimization. The variation of fspo and ogyvo should
impact the substrate contribution equally due to the small |BE| thickness. Hence,
their parameters can be fixed as equal during the optimization without missing
the actual impedance characteristic. In overview on Figure one observes a
significant reduction of the maximum relative error of Ce¢s and Qg from up to 3 %
and 20 % for the RLC model down to 1 % and 3 % for the respectively.

4.1.3 Multivariate Model

For a wide applicability, a multivariate model is derived from the above. For this,
the respective factors for each parameter P are multiplied, leading to

k= kref' exp [Nk,bot (5tsMO + 50'51\/[0) + Nk/tBSTdtBST] ’ (421)
@ = Asubref* €XP [Nabot (Stsno + Sosyio) + NatpsrOtpsr] - (4.22)

The electrode components are formed analogously by the respective exponential
scaling and the quotients of BE|conductivity and thickness to

t 0j f
Rs = Rs,ref' exp [NR (51‘51\/10 + 565Mo)] ’ ( ;::;/,;f) : ( Ol_):;[lz ) ’ (4-23)

Ls = leref' exp [NL (5tSMO + 5(751\/[0)] . (4.24)

In these expressions, the terms for the can be summarized due to the equality
of the coefficients for ogvo and tgvo. Since C is independent of the (4.20)
can be used also for the multivariate model. The impacts of varied varactor
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Figure 4.7: RMSE of effective Q factor (top) and capacitance (bottom) for both
models for varactors with multivariate properties (osmo/Spm1, fsMo/nm, test/nm). The
inset shows Qe versus frequency of the triple (2, 300, 50).
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properties can cancel each other out by positive and negative relative deviations
op, with respect to the defined reference. Ideally, the limits of this model are
found by a three-dimensional parameter sweep in fine steps. For this, however,
a vast amount of simulation is necessary, which exceeds the available computa-
tional resources. Therefore, representative sets of multivariate varactor properties
are selected. All permutations of the triples formed by ospmo = {2,7}S/pm,
tsmo = {300,700} nm and tgst = {50,110} nm are analyzed. For comparison, the
reference (smo/Spm~1, tsmMo/nm, test/nm) = (3.33,500, 80) is also shown. As a compar-
ative measure, the RMSE]is calculated across the observed frequency range and
compared to the RLC model in Figure For all samples, the yields an
for Cegs and Qegr below 1.0 % and 5.6 %, respectively. As described above, the
resistance was scaled linearly with |BE|thickness and conductivity according to a
negligible skin effect. For worse conductivity and thinner electrodes and, hence,
less shielding of the substrate, the tremendous benefit of the can be clearly
seen. The inset in Figure 4.7/ shows the Q factor versus frequency of the sample
(2,300,50). Again, enforcing a linear scaling of the resistance with varied tgpo and
ospo in the RLC model does not yield the best-possible fit. This is surprising, as
the skin effect does surely not extrude the fields for this triple of material properties.
For the the linear scaling of the [BE|contribution plausibly fits the EM|model
data for the shown triple, as well as for all other shown samples Despite the
simplicity of this multivariate model, only a slight offset to the 3D EM data remains.
A slightly increased error with respect to the RLC model is observed only for the
sample (7,700,110). This can be explained by considering that this triple combines
all parameters with the lowest substrate contribution. However, two aspects show
that this is no principal limit of the model. Firstly, the error is still very similar to the
one of the RLC model. Secondly, additional data for a further increased conductivity
(10,700,110) shows a benefit of the Hence, though A, is eventually shorted,
(7,700,110) reveals a crossover flaw, where the phenomenological substrate has
a too strong impact. This is due to the chosen reference parameters P, that are
impacted significantly by the unshielded substrate. This issue can be resolved by
defining a second reference Py with correspondingly adjusted parameters for a
more shielded case.

3The small value of Ng makes the exponential term in (4.23) much weaker than the linear scaling
with thickness/conductivity.
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Table 4.3: Properties of the measured sample varactors

Sample tsmo tBsT PSMO €rdiel  tandpst
(nm) (nm)  (uQcm) (1073)

smo243 243 91 37.7 366 4.6

smob07 507 91 674 92 4.1

smo958 958 86 61.6 420 11.0

smo2000 2000 89 93.5 340 12.7

bst40 517 40 41.9 251 6.3

bst81 490 81 64.1 392 10.4

bst168 486 168 62.7 153 55

bst320 516 320 96.3 145 4.7

D5 |-~ g - == = e e oo BERLC model
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Figure 4.8: RMSE|of Cq¢ and Qe of both models for measured test varactors. The
material properties of the varactors are summarized in Table

4.1.4 Verification by Measurement

As the derivation of the[USM|was based on the comparison to 3D EM simulation
data, it will be verified by test samples in this section. Several samples with var-
ied thicknesses tgnvo, tgsT and material properties osyo, €1 giel, tan dgst have been
manufactured and characterized, the results are shown in Table The sample
names originate from the respective dielectric (bst) and (smo) thickness. The
layer thicknesses are obtained with measurements where possibleﬁ [Rad+14],
allowing the determination of the material properties by fitting of the EM model
as described in section 3.2} The corresponding[RMSE|of both schematic models is

4For sm0958 and smo2000,[RHEED|was used instead due to the thick layers, see section
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Figure 4.9: (a) Capacitance and quality factor versus frequency for the measured
varactor smo243 and smo2000. Additionally, the relative deviation of both models
in C and Q to the measurement data for smo243, smo507, smo0958 and smo02000 is
shown. The difference between the RLC and the[USM]has been highlighted. (b) Like
(a) for bst40, bst81, bst168, bst320.

compared in Figure The smaller error of the[USMis confirmed by the measured
samples. The maximum in Q. and Ceg is smaller than 4.5% and 2.4 %,
respectively, for the[USM]instead of 24.9 % and 3.1 % for the RLC model. Note that a
larger error is obtained for samples with a larger resistivity, i.e., a greater difference
to the used model reference pgpE ref = 30 Q2 cm.

The detailed results for the first four samples ("smo...") are shown in Figure
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For sm0243 and smo2000, the capacitance and quality factor are plotted in absolute
values, respectively, and the error of the RLC model is highlighted. The comparison
shows the particular benefit of the for thin electrodes. Nonetheless, even for
smo2000, a better accuracy is achieved by the due to the low conductivity, i.e.,
worse substrate shielding. The same trend is confirmed by the relative deviation
that is additionally shown for all four samples in the same plot. Detailed results for
the latter four samples ("bst...") are shown in Figure For bst40, the capacitance
is not exactly fitted by the but approximated better than for the RLC model.
This can be connected to the very strong fields in the dielectric, which lead to a very
strong penetration of the substrate, challenging the model simplicity. The quality
factor, however, is accurately fitted. As discussed above for the thicker the
[USM|benefit is particularly strong for thinner However, in this case, this still
holds for the thicker layer of bst320, again due to limited shielding caused by
the small SMQ] thickness and low conductivity. As the relative deviation for C and
Q show, all varactors are accurately fitted by the

4.2 Acoustic Unshielded Substrate Model (AUSM)

Section has shown how acoustic waves are excited under an external bias
field via induced piezoelectricity. In this section, the[USM|will be extended to the
lacoustic unshielded substrate model (AUSM)| which incorporates these acoustic
effects. Note that, for the all-oxide varactors in this work, acoustic activity will
show an untypical impact on the impedance characteristic versus frequency. This
is due to the partial resonance suppression caused by the adjacent oxide layers
and the mechanical loading of the on-wafer probe. Nonetheless, the unambiguous
identification of this effect being caused by acoustic waves is done at the end of this
section via modeling.

4.2.1 Modeling Acoustic Resonances

The fundamental resonance frequency of an unloaded resonator corresponds to the
wavelength equaling the double resonating length. It is referred to as A /2 resonator.
When modeling acoustic resonances in varactors with that model, the acoustic
resonance frequencies can be estimated as

20
fac,res,n =n ;;S'EST (1’1 =1,3, ), (4.25)

75



4 Highly Accurate Analytic Models

with the acoustic velocity v, gsT and the odd integer n describing all resonating path
lengths causing constructive interference. However, a simple example calculation
reveals this model to be unusable for this work onvaractors; even a very low
acoustic velocity v, st = 3km/s yields ficres1 = 75 GHz for a film thickness of
tgst = 80nm. Since acoustic resonances are already observed in the lower GHz
domain, this simple model is not applicable. Physically, the conflict arises from
the assumption of ideal boundaries, i.e., of full reflection in the A/2 resonator. In
reality, a significant portion of the acoustic wave is not reflected at the interfaces
but transmitted into adjacent layers. This extends the effective resonator length,
corresponding to a decrease of the recorded resonance frequency. For practical
relevance of the two more aspects are important. Firstly, not only the
frequencies but also information about the amplitude is required. Secondly, the
acoustic resonances must be linked to the microwave impedance since that impact
is of primary interest.

Such a link was derived from the constitutional equations by Lakin et al.
who mapped the piezoelectric effect onto the microwave impedance of an
capacitance by [LKM93]

1 tanh @ (2t + zp) cosh? @ + sinh 2P
Z¢ dieltac = ——= |1 — K2 4.26
=Cdieltac = 5,C O (zt+2zp)cosh2® + (zizp + 1) sinh 29 (4.26)
with electromechanical coupling factor [Mas50]
KZ -1 Cgff _ Cllejffngfgiznd (427)

D — D.T 2
Cotf 1 T Cefffe8ind

complex phase argument @ = ypgrtpst/2 and the complex propagation constant
¥ = a + jp of the acoustic wave. The acoustic wave number and damping constant
are given by B = w/v,c and a« = B/ (2Q), respectively, with the acoustic quality
factor Q. Further, z; = Z;/ Zggsr and zp, = 2,/ Zpgr are the acoustic impedances of
the top and bottom interface, respectively, normalized to the impedance of The
acoustic velocity and impedance are calculated by

_ D
Oac =/ Cett/ (4.28)

Z = ©P0ac,

with density p. The adjacent layers above and below are modeled as acoustic
transmission lines (TLs)|as shown in Figure in red color. Analogue to electric
transmission lines, Z; and Z, can be obtained from consecutively transforming the
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Figure 4.10: Schematic of combined electro-acoustic model for thin electrodes.

acoustic termination through all substrate and electrode layers towards the [BST]
interface via [GVLO6]

21, + Zitanh (7ity)
Z; + Z; tanh (’)’iti) '

Zin is the[TL|input impedance, Z;, the load impedance at the opposite layer inter-
face and Z;, 7;, t; are the acoustic impedance, complex propagation constant and
thickness of the layer, respectively.

However, this model just considers the acoustic impact of the sandwiching layers.
On the electric side, just contains the permittivity and dielectric loss factor
of the ferroelectric. When dealing with real varactors at microwave frequencies,
the electrode loss usually dominates the overall microwave loss. Hence, they must
not be neglected when a highly accurate model is desired. For sufficiently thick
simply adding Z.. = Rs + jwLs to the impedance can be expected to fit the
measured characteristic well. However, as discussed in the previous section, this
impedance does not fit for thin-film devices with a thinner [BE|as it neglects substrate
effects. Instead, should be extended by the model from section to

Zin = Z; (4.29)

A2
ZpuT AUSM = ZC diel+ac T kﬁ + (1= k) Zejec- (4.30)
Ssu —=elecC

The resulting combined electro-acoustic model is shown in Figure It relates
the mere microwave impedance to the characteristic electric and acoustic properties
of the contained materials. However, as the above derivation shows, plenty of pa-
rameters are contributing. Since most of these often vary significantly in fabricated
samples, especially for thin films, this yields many degrees of freedom for the model
inputs. As a result, the reliable extraction of material properties is impeded which,
hinders a reasonable application of the model. The following section presents
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how considering the bias dependence of the parameters allows an unambiguous
identification nonetheless.

4.2.2 Solving the Inverse Problem

The as of yet only frequency-dependent model will be extended to a multivariate
model by adding the dimension of the electric bias field. Well-known dependencies
of the model parameters on the bias field can be exploited to reduce the degrees of
freedom, consolidating the extracted material parameters. The formulae behind
are implemented as the model for the inverse problem of extracting the
material parameters from the measured microwave impedance. The eight unknown

parameters in the[AUSM| are the

e dielectric permittivity e(Epc) and loss factor tan dgie; (Epc)
e electromechanic coupling coefficient K?(Epc)

. stiffness cDer (Epc)

* BE|resistivity psmo
. stiffness cgmo

* acoustic upper termination with impedance Ziqp E|

¢ Acoustic-resonator-effective gold thickness ¢ Auleffﬁ

Some of them depend on the bias field as indicated by "(Epc)" and must be allowed
to vary correspondingly during optimization. For the other unknowns, the result
must be constant for all bias states. Therefore, the iterative optimization is executed
alternately for all bias-constant and bias-dependent parameters, respectively. The
increased risk of missing out the global minimum due to this splitting is commented
and disproved in the subsequent section after discussing the material properties,
compare page

The [BE|conductivity obviously does not change with bias field and can, hence, be
extracted just once initially for the zero-bias impedance as shown in Section4.1} The
intuitive approach would be to start with the (stronger impacting) bias-dependent
parameters K?(Epc), chsr(Epc), € (Epc) and tan dgie1(Epc), and continue with

SThough actually not part of the sample, this acoustic impedance must, nonetheless, be charac-
terized as it can vary from one contact of the on-wafer probe to another. A curved surface
of the probe tip, low probe overtravel [1] and varying varactor electrode quality prevent a
sample-independent determination.

®The on-wafer probe is digging into the [TE} reducing the path length for the acoustic wave in the
resonator. Note that, in the electric domain (conductor losses), the[IE|is negligible due to a much
higher conductivity than the BE [2].
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Figure 4.11: Flow chart of the convoluted optimizer of the model fitting for extract-
ing the material properties.

the remaining bias-constant cspo, Ziop and ta,. However, two issues arise with
this approach. Firstly, as the piezoelectric effect is induced by electrostriction, the
impact of all mechanical parameters scales with the electric bias field, compare
(2.36). Therefore, the optimizer converges only for bias fields stronger than approx.
Epc > 60V/pm. In the converging range, the stiffness varies only slightly and
can be well-fitted to [Noe+07; Ven+08; Alz+14]

chsr = Copst + MDJ, (4.31)

with the inherent stiffness c( gs, nonlinear electrostriction coefficient M and biasing
displacement Dy = ¢ Epc. The optimizer will converge with reasonable results
when propping up the stiffness by replacing the bias-dependent optimization pa-
rameter CEST with bias-constant ¢y gst and M. Secondly, the three unknowns C]?ST,
csmo and Ziop depend on each other in shaping the acoustic resonance effects in
the measured microwave impedance, see (4.28). On the one hand, this causes many
local minima that trap the optimizer and, on the other hand, this questions the
confidence of the extracted parameters. Both issues are addressed by extending
the previously described scheme to a convoluted optimization. Ztop is excluded
from the [RGN|method and is, instead, iteratively swept over regular intervals as
an outer optimization. The choice of that parameter is motivated by the observation
that its different initial values lead to a significantly differing fitting quality after
convergence. Start and end of the initial interval is given by the two extreme cases
"air" (400kg/ sm?) and "metal" (60 - 10° kg/ sm?), which estimates the material of
the on-wafer probe. For each value of Zip, the best-fitting other parameters are
extracted by the inner optimizer. A flow chart for the optimization steps is shown
in Figure The quality of each result is rated by the outer target function

X(C,C) +X(Q,Q)
5 ,

ERR = (4.32)
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Table 4.4: Initial values of inner parameters in the convoluted optimizer scheme.
The dielectric permittivity starts with estimates from common parallel-plate capaci-
tor calculation.

K*(Epc)  cogst M csMO  tAuetf tandgiel
(%) (GPa)  (Nm?/C?) (GPa)
0.5 245 3.3e12 336 f{height 1073

[Cha+17] [Ven+08] [AR16] meas.}

which is based on the relative RMSE]

~ 2
X(C,C) = |avgnavg, [(C“(f a(-fj(f s) ) ] (4.33)

where averaging is with respect to all of the observed G frequencies and N bias
states and C is the modeled capacitance. The definition for X(Q,Q) is analogue. The
sweeping interval for Ziop is iteratively refined around the value with lowest ERR.

In conclusion, this convoluted optimization allows to rate the significance of the
outer-swept parameter. Moreover, a strong variation of the inner parameters for
results with similarly-low ERR warns against an unstable solution. Note that the
impacts of the stiffness of[SMOJand [BST]are easily distinguishable due to the double-
impact on resonance frequency and amplitude, compare (#.28), and the clearly
differing layer thickness. The same holds for the effective gold thickness f5,, which
only affects the frequency and (almost) not the amplitude of acoustic resonances.
Table (4.4 shows the initial values for the optimization of the "inner" parameters.
The electromechanical coupling is initialized proportional to the relative tunability
T(Epc) =1 — C(Epc)/C(0) with maximum value Kﬂgl = 0.05. The starting point
of tay is determined by profilometer measurements. Table 4.5/ shows all remaining
mechanical parameters. The densities for BST|and [SMO]are estimated theoretically
from dividing the unitcell atoms” weight by its volume [Sch44]. Furthermore, very
large acoustic quality factors can be neglected for the thin layers in this work due to
no observable impact on the microwave impedance; mechanical losses are negligible
in these materials.

As arule of thumb, a single run of the inner optimizer is completed within seconds in
contrast a 3D multiphysics solver that can easily require many hours to complete.
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Table 4.5: Mechanic properties of all layers. The acoustic velocity and impedance
can be calculated by (4.28).

c(GPa) ¢ (g/cm?) Q Source
Au 207 19.7 480 [GVLO06; (GTV13]
Pt 228 214 520 [GVLO06; |GTV13]|
BST {opt.} 5.5 > 1000
SMO  {opt.} 6.1 > 1000
GSO 295 6.7 [Pes+08]

4.2.3 Verification by Measurement

For the model verification, four test structures with varying thicknesses {40, 81,
168, 320}nm ("VT40", "VT81", ...) are characterized. The electric bias field interval
contains N = 24 states between 0 V/pm and 100 V/pm with maximum step width
5V/pm and smaller steps for low bias.

The quality of the model fitting can be judged from Figure for VT81. On the top,
surface plots of the capacitance and quality factor are overlayed with mesh plots of
the model result. The maximum permittivity is reached at a small offset of 6 V/uum,
but repeated cycling does not show the hysteresis with two peaks of the permittivity
that would typically be connected to local ferroelectric domains. A permanent,
maybe defect- or strain-induced inherent polarization is assumed [A13]. Hence, the
bias field axis is offset such that the maximum permittivity lies at zero effective bias
tield. The bottom of Figure shows more details of the same data, where 12 bias
states are plotted solely versus frequency. For better readability, the respective lines
have been shifted from each other and the capacitance was normalized to the mean
value for each bias state. While the capacitance of all-oxide varactors has shown
only weak affection by acoustic resonances [7], the normalization compensates
the permittivity decrease under stronger biasing. Thereby, the relative increase of
acoustic affection with increasing bias field strength can be observed and even the
small capacitance variations can be used to stabilize the model fitting, compare
(4.32). One can conclude that, despite the strong maximum biasing field and large
frequency range, the model follows the measured data very closely.

Figure allows to evaluate whether the reached minimum is global, i.e., the
confidence of the extracted parameters that will be presented in the following section.
The result of the outer optimizer, i.e., the relative error ERR is plotted versus the
acoustic impedance of the top termination Ziop. Additionally, the interdependent
inner parameters csyvo, cost and tay, are plotted on the right axis. Since they
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Figure 4.12: Measured and modeled (a) capacitance and (b) Q factor for VT81
with Zi, = 25-10°kg/sm?, compare Figure Below, the normalized (c)
capacitance and (d) quality factor are shown versus frequency for multiple electric
bias fields Epc. The capacitance and quality factor is normalized to its respective
average value for the specific bias state Cn(Epc) = avg f{C (Epc,f)} and Q; = 20,
respectively. The span of (c) and (d) is 1DIV = 8 % and 1DIV = 150 %, respectively.
In both graphs, the data of each bias state has been shifted by 1DIV for readability.
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Figure 4.13: Result of outer optimizer to evaluate the globality of the obtained
minimum. Namely, on the left axis (blue), target function ERR and on the right axis
(red) SMO and zero-bias BST stiffness and effective gold thickness versus acoustic
impedance of top termination are shown. In (a), ERR and cgpio of VT168 are also
shown for comparison with small gray and nonchained markers.

appear constant around the minimum (and even beyond), the separation of Zip
in the convoluted optimizer does not lead to a trapping in local minima despite
the interdependence. With the profilometer result tOAu = 446 nm, the reduction to

the effective gold thickness is 26 nm (tf)g' = 420nm). The data from Figure
corresponds to the minimum error at 24 - 10° kg/ sm?.

Due to redundancy, the model results of the other three samples are not discussed in
detail. Instead, only important aspects regarding the model accuracy are highlighted.
The data, which is not shown here, can be found in appendix Table4.6{compares
the optimum ERR, which is interpreted as the true result, for all samples along with
the extracted bias-independent parameters. No distinct plot is shown for VI168
as it shows a characteristic very similar to VI81. Instead, only ERR and cgpi0 are
added in Figure as small, gray nonchained markers, since cqpst and fay eff
are quasi-constant as for VI81. The width of the low-ERR valley with a slightly
increased minimum is comparable. Therefore, in spite of the slightly increased

slope, i.e., the uncertainty of cgpjo around the optimum, this does not degrade the

parameter confidence. However, while the extracted stiffness of VT81 matches

well to expectations, comparable values as for VI168 have been predicted only

for strong hydrostatic pressure [AR16]. Furthermore, the increased error indicates

that the neglected oxygen barrier interlayer between [BST| and [SMO] might have
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Table 4.6: Model inputs obtained by [RGN|optimization and model error.
VT40* VT81 VT168 VT320*

Psmo (nQcm) 42 60 56 91
cgsto  (GPa) 317 242 294 247
M (Nm?/C?)  -2e+13 2e+12 5e+12  5e+13
csmo  (GPa) 926 321 724 669
Zwp (10°kg/sm?) 450 275 345 352
tAueff (nm) 467 422 467 481
N 520 446 500 510
ERR (%) 3.5 4.6 6.8 14.2
*Low acoustic resonance amplitude  *Low fitting quality
10° = 5
n ®C)BST (GPa)
_.._______::::'::: _________ @ o Hcsnvo (GPa)
ol e -+ AtAu,phys - tAu,eff (nm)
10 1 - * ERR (%)
e A . a| [®PsMO/ Pref — 1 (%)
10!
0
10 40 81 168 320

BST thickness fgsy (nm)

Figure 4.14: Comparison of the extracted data for the different samples.

significantly different properties [Rad17;/A11]. In that case, the stiffness would
have to be understood as an effective value, wrapping up the interlayer impact. For
VT40 and VT320, this is different as especially the optimum stiffness varies
significantly inside the range with only small increase from the lowest ERR. A
generally lower error of the overall fitting for VT40 can be read from Figure
Nonetheless, since lower acoustic resonance amplitudes are recorded for thinner
layers, the confidence of the extracted mechanical parameters is reduced. A
strongly increased relative error for VI320 follows from Figure reducing the
reliability of all parameter extraction. The large step of cgpp next to the optimum
impedance and wide interval for impedances with similar error lets the extracted
value be even more unsafe. However, the extracted zero-bias stiffness and
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Figure 4.15: Measured and modeled (a) capacitance and (b) quality factor for
VT320 with Zop = 37.9 - 10° kg/sm?, compare Figure

effective gold thickness are constant and within a reasonable range. The significant
extracted properties are compared in Figure each for the respective Z with
smallest ERR. The zero-bias stiffness of appears steady around 275 GPa for
all samples in good agreement with reported values [BA02; |(Cha+17]. This does
not hold for cgyo for the previously discussed reasons. The largest confidence is
put on VT81, which exhibits both a sufficient acoustic activity and small model
error. The green markers depict the difference between deposited and effective gold
thickness fayphys — fAueff due to the overtravel of the on-wafer probe. A similar
reduction around 26 nm is generally observed with a larger value for VT40, which
is connected to the low acoustic activity.

The strongly increased error of VI320 requires clarification and can be connected
to an oxidization of the BE| During the longer deposition duration for thicker
layers, the upper region of the SrMoOj electrode is more likely to oxidize into
insulating SrMoOy due to a partial failure of the oxygen barrier interlayer, compare
section This oxidization is attributed to an increased resistivity osmo,
which also shows a weak trend with the model error in Table Since neither the
oxygen barrier nor the disturbing SrMoQj interlayer is included in the model, the
error increases. However, the impedance data for VI320 in Figure shows that
the increased error only affects details. The general characteristic, in particular the
complicated double-dependence of the quality factor on bias field and frequency, is
still tracked. While this does not improve the confidence of the extracted parameters,
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it does confirm the general validity of the combined electroacoustic model.

4.2.4 ldentification of Bias-Dependent Properties

The bias-field dependent properties are shown in Figure Note that all bias-
independent properties have been presented and discussed in parallel to the model
validation in the previous section. Note further for the following evaluation that
the data for VT40 and VT320 are subject to the low measured acoustic activity and
low fitting accuracy, respectively. For VI81 and VT168, however, a large confidence
can be assumed from the previous section.

The pivotal parameter is the electromechanical coupling coefficient K2, defining the
robustness of all other extracted mechanical properties, see (4.26). Despite totally
unforced by the optimizer, it develops similarly with bias field for all samples in
spite of the low initial maximum value, see Table VT81 exhibits a 5 % increase at
maximum bias field strength. Note that the [BE|resistivity for VT81 is also increased
stronger than the general trend with [BST|thickness, compare Table Hence, the
K? increase might be connected to deposition process fluctuations like a higher
oxygen partial pressure. In general, the high level of K? is particularly significant
for VT40 and VT81, where the very small thickness does not conflict with the
functionality. Regarding a deployment in frequency-tunable thin-film bulk acoustic]
iresonators (FBARs)| for mobile applications [Ivi+08}; Ven+08]|, the strong coupling
would allow new devices with low-voltage switching. The maximum extracted K>
exceeds typically expected values which, in parts, is connected to the 2—4-fold in-
creased maximum bias field strength. However, also for comparable field strengths,
it's remarkably large when compared to reported values [Noe+07; Vol+08] for a
similar film thickness but slightly smaller barium content. Similarly-large coupling
coefficients under comparable field strengths have been reported only for much
thicker films with an even increased barium content [Ivi+08].

The order of magnitude of the optimized stiffness c;; generally agrees well with
reported values [BA02; Cha+17]. Also, the nonlinear electrostriction coefficient M
tits well to expectations for the samples VT81 and VT168, compare Table A
stronger variation with bias due to |[M| > 1013Nm?/C? is observed only for VT40
and VT320. The limited robustness of the mechanical properties for these two
samples was discussed already in the previous section. Comparing all samples, the
reliable extraction of the stiffness can be confirmed when the model error is
sufficiently small. It is noteworthy that, despite the low fitting quality for VT320,
a very similar stiffness is extracted for all samples. The negative coefficient
M of VT40 might suffer from lower accuracy due to the lowest acoustic activity
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Figure 4.16: Extracted material properties of the BST layer versus effective bias field
Epc, which is offset such that 0 V/um corresponds to the permittivity maximum.
The inset of (b, top) compares the modeled and raw relative permittivity for VT81.
(b, bottom) shows the calculated effective electrostriction coefficient according to
(@.27). In (c), the for the modeled varactor quality factor allows to rate the
reliability of the extracted dielectric loss factor tan dg;e). For all mechanical data, the
data gains confidence with increasing bias strength due to the larger K.

excited by the thin layer. However, there is also a physical explanation for the
observed different sign in M. The epitaxial layer is tensile-strained by only
0.5 % due to adapting for the slightly different lattice constant of the substrate
[4; A13]. This initial strain causes a decrease of the zero-bias permittivity of the
films and might also contribute to the mechanical properties. It depends on
the actual stoichiometry, i.e. on both the cation and oxygen distribution. As
the strain value is rather small, a different stoichiometry might result in a different
sign of the tetragonal distortion of the namely, a transition from elongation to
compression of the crystal structure along the c-axis.

Regarding the dielectric constant ¢!, the plotted data is cleaned from the imprecision
of acoustic effects. Without the model in this work, the straight-forward extraction is
based on the equation of a see (3.12). However, as exemplarily shown for VT81
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in the inset, this "raw" tunability depends on the chosen frequency and appears
generally too pessimistic with, here, 4.2 % difference. The stronger reduction of ]
for VT320 and VT168 can well be connected to a stronger oxidization of the|BE| Since
a possibly insulating interlayer of StMoQj is neglected in the model, its increasing
impact on the microwave impedance will decrease the extracted permittivity.
With these fitted parameters, can be used to calculate the effective electrostric-
tion coefficient Qgg 5. Though expected to be constant with bias field [Mas50;
VV07], a small bias dependence is observed. However, where multiple bias states
have been reported for comparable structures in previous works, assuming a con-
stant electrostriction coefficient has also led to a misfit for some of the bias states
[Ivi+08; |[Ven+08|]. Neglected transversal strain due to electric field at the circum-
ference of the center electrode and unconsidered nonlinear effects, in particular, in
regard of the very strong bias field might introduce a conflict with the model as-
sumptions. Furthermore, the calculated values are higher than previously reported
for [Mas50;[VV07; Vol+08; Tvi+08]. This can well be explained by comprehend-
ing the permittivity ;s as the effective value of BST] oxygen barrier and SrMoOj.
As this is neglected in this comparison, the reduced indicated permittivity leads to
an increased Qgs ca1c- By exemplarily scaling the permittivity of VI320 by the factor
2 and 3, the extracted electrostriction coefficient is reduced to Qgg calc = 0.25 m*/C?
and 0.14m*/C?, respectively, which is very close to the reported values. Note,
however, that the region of strongest deviation for weak bias fields suffers from low
significance.

At this stage, the previously highlighted possibility of missing the global minimum
can be excluded. A trapping in a local minimum could originate in the splitting
of the mechanical parameters in sequential runs. However, when limiting the bias
tield range to the stronger values, the optimizer can be re-run with the unknown
QEs,calc instead of K2(Ep). In this case, all mechanical parameters are optimized
simultaneously. When restricting to bias fields, for which Qgg 41 is quasi-constant
in Figure the same results are obtained.

Finally, the strong dependence of acoustic effects on the geometry allows to distin-
guish acoustic losses from other mechanisms. This enables the study of dominant
loss mechanisms as summarized in section Figure shows the "pure"
dielectric contribution tan dg;e versus the effective bias field Epc because electrode
contribution and acoustic resonance effects are separated by the model. The
of O towards the measured Qy, is also shown for each bias state. Generally, the
increasing error with bias challenges the loss factor extraction. However, for VT40,
VT81 and VT168, the extracted data shows a very small error, while, for VI320, an
extraction is indicated as unfeasible under stronger bias in agreement with the dis-
cussion in the previous section. This mirrors the close tracking of Q in Figure
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in opposition to the coarser matching in Figure The asymptotic decrease of
tan dg;e] to ~ 0.003 with bias for VT81 and VT168 confirms the high quality of the de-
posited layers. While the loss tangent was assumed constant over the observed
frequency range in this work, a dispersive characteristic can easily be implemented
in the formulae to check for the dominance of a respective loss mechanism. Since
this, however, reaches to the limits of the model accuracy, a corresponding analysis
is reasonable only when interlayers, in particular the oxygen barrier for all-oxide
varactors, are included.

4.2.5 Suppression of Acoustic Resonances

An important expected property of all-oxide varactors is their inherent prevention
of acoustic resonances. Both the oxide electrode and the ferroelectric are perovskites
such that the structural similarity lengthens the acoustic resonating path. The oxide
electrode is thereby not piezoelectric and, hence, damps acoustic waves instead
enhancing them. Due to that, the strongest effect is expected for thin[BST|layers such
that the largest portion of the perovskite stack consists of a non-ferroelectric oxide.
The discussion of acoustic-resonance suppression in all-oxide varactors concludes
this section. For that, the derived model is used for verification; arbitrary layers
can be combined model-wise which overcomes limitations from manufacturability.
Furthermore, important design aspects are given with suggestions for a material
optimization via doping of

The microwave impedance data of the previously presented samples is displayed in
Figure for the strongest applied bias (100 V/um). Additionally, the characteri-
zation results of a commercial varactor (STPTIC-12, STMicroelectronics) are shown
for Comparisonﬂ The sharp and narrow notch in Q of the commercial-varactor data
reveals the larger acoustic-impedance steps, i.e., a weaker mechanical loading of
the acoustic resonator. Since loading of a resonator generally widens and lowers
the resonance amplitude, a higher loss in the surrounding frequencies is expected
from loading. However, for the thinner films, the all-oxide-varactor Q factor
nonetheless competes well, also for low frequencies without resonance activity in
STPTIC-12. Furthermore, where acoustic resonances are active, a much weaker
degradation of the Q factor is recorded. This is due to a lower acoustic activity

’Only a qualitative comparison is possible due to the very different varactor design and characteri-
zation setup. The commercial varactor is packaged and was mounted on a test network before
characterization. The all-oxide test structures are unpackaged prototypes that have been probed
directly on-wafer. For a clearer picture, the mechanic loading by the on-wafer probe must be
removed as discussed in section[4.2.2] This is can only be done model-wise, which is made up for
later in this section in agreement with this analysis.
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Figure 4.17: (a) Measured capacitance and Q factor of four samples with varying
thickness from 40 to 320nm. In all cases, a constant Epc = 100 V/pum was
applied, i.e., bias voltages from 4 to 32 V. The data is compared to results for a
commercial varactor biased with 10 V. (b) Model-wise comparison of various layer
stacks based on the results for VI81. (c) Trade-off between maximum tunability T
and minimum Q factor with maximum applicable frequency.

for thinner ferroelectric layers, as proven in Figure[B.3] The capacitance shows no
significant variation due to acoustic resonances. In summary, a great extension of
the usable frequency range is demonstrated for the samples with thin [BST]

The derived model will now be used to verify the benefit of the oxide electrode.
Figure shows modeled data based on the test structure with tggy = 81 nm.
Firstly, the data is de-embedded from the mechanic loading by the on-wafer probe
by replacing Ziop with Z,;; = 400 kg/ms?. Due to the now larger step in the acous-
tic impedance, the resonant variation becomes stronger. However, comparing the
order of magnitude, the qualitative statements based on the comparison to the
commercial varactor in Figure are still valid. This de-embedded model is now
compared with two alternative layer stacks. In '[BE}Pt/SiO,/Si", all layers below
are replaced with a common alternative based on platinum and silicon, taken
from [GVLO6]. In detail, the BE|is modeled as an equally thick (490 nm) platinum
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layer and the substrate is comprised of a SiO; surface on Si with 430 nm and 500 pm
thickness, respectively. Model-wise, this replacement can be done easily while being
difficult experimentally, since thin-film growth strongly depend on the respective
previous material. Hence, for the same[BST|layer with, in particular, equal electrome-
chanic coupling K?, the resonance-induced fluctuations are increased greatly. In
'TE{SMOJGSQ]', the metal [TE| of the test structures is replaced with oxide materials,
yielding a "true" all-oxide layer stack. As a result, all fluctuation vanishes, resulting
in flat capacitance and loss factor characteristics. This confirms the strong impact
of the oxide electrode and substrate. Note that, at frequencies without acoustic
degradation in weakly-loaded resonators, the all-oxide varactor exhibits a lower Q
factor. The lowest loss possible is obtained when reflected acoustic waves interfere
destructively, i.e., cancel out each other.

To the end of this chapter, the high-performance potential and limits of this sup-
pression technique will be discussedﬁ Considering that completely avoiding the
reflection of acoustic waves is non-optimal, the microwave performance can be
optimized by limiting the tunability. This, in turn, limits the acoustic degradation
of the component quality factor. In applications where only a moderate tunabil-
ity is required, this can greatly increase the usable frequency range. Figure
shows a corresponding contour plot for a modeled sample with pspio = 20 pQ cm,
tsmo = 5000nm, tgst = 40nm. This depicts the combination of the highest in-
tegrated conductivity, thickest and thinnest layer that were up to now
achieved in this work. The mechanic data is taken from sample VT40 as charac-
terized in section The axes depict the maximum tunability and frequency,
respectively. For each data pair, the graph shows the minimum quality factor for
all frequencies and tunabilities up to those values. Though Q naturally decreases
with frequency, the effect of a lower maximum tunability can be clearly seen. Where
no degradation with frequency is observed for a fixed tunability like, e.g., for
2 < f/GHz < 4, acoustic waves interfere destructively, compare Figure Two
exemplary sweet spots (f, T, Q) are (3.5 GHz, 65 %, 40) and (6.6 GHz, 44 %, 30). In
terms of the defined in section[3.3.2} they correspond to CQF = 2 900 and 363
for 3.5GHz and 6.6 GHz, respectively. In discussions with an industrial manufac-
turer, a benchmark of (4 GHz, > 60 %, > 40) was identified as highly beneficial for
application in modern [RF frontends. This corresponds to CQF = 2 160. Hence,
this goal can be considered achieved by the former sweet spot in spite of the small
frequency difference. The latter sweet spots covers all 5G-sub-6 GHz frequencies
for mobile communications.

8This is based on the modeled layer stack with oxideand metal ("Ztop = Zair"in Figure i .
As was shown, adjacent materials will have a strong impact on the acoustic effects. In this regard,
the presented results might not yet be optimal; further studies are needed.
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Figure 4.18: Modeled trade-off between maximum tunability T and minimum Q
factor with maximum applicable frequency for decreased maximum dielectric loss
tan OBsTmax = 0.004 to model a doped dielectric (tspo = 5 000 nm, tpst = 40 nm).

As an outlook, the expected theoretical limit of this stack is analyzed. Instead of
externally limiting the tuning voltage, doping of can be used to trade tunability
against decreased dielectric losses. Many works present promising experimental
results on [BST]thin films, e.g., for the dopants manganese [Nad+15], Al,O3
or iron [YGO09]. Furthermore, this will not only increase the Q factor but the device
linearity will be additionally enhanced by the sacrificed tunability. Hence, this
promises a great performance improvement for all-oxide varactors. Since their re-
quired tuning voltage level is generally uncritical, this improvement can be expected
without sacrifice of another performance parameterﬂ The data in Figure shows
the model results for a scaled tan dpsTmax = 0.004 and the same relative decrease
with bias as for VT40. This corresponds to a factor of 0.5 in agreement to [Cho+04;
'YG09]. Besides that, though not yet accomplished in this work, the lowest reported
@ resistivity psmo = 5.1 pQ cm is used [Nag+05]. However, the impact of the
electrode loss decreases with higher tunabilities, as can be seen by comparison
to the data for pspo = 20pnQ cm in Figure Q factors larger than 40 up to
6.5 GHz are conceivable with a high tunability of 44 %. When restricting oneself to
frequencies smaller than 3.5 GHz that are commonly used for wide-range mobile

Note that doping can cause a decrease of the maximum tunability which is not considered in this
theoretical analysis.
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communication, Q factors larger than 100 and 60 are provided for a maximum
tunability of 35 % and 57 %, respectively. A general drawback is that the region
for low acoustic activity naturally shows a strong bias field dependence due to the
bell-shaped C-V curve. This makes cascading multiple varactors to reduce the
voltage swing per varactor an important consideration for increased power levels.
In conclusion to this section, the very thin[BST|layers that are feasible in the all-oxide
technology enable a significant frequency range extension of ferroelectric varactors.
The strongest benefit comes from the lower excitation of acoustic waves. As an
outlook on future work and without inclusion in a systematic study, a proof of
principle for this doping benefit is demonstrated in Figure Though resonance
effects can indeed be suppressed by exploiting stacks with very similar mechanic
properties, this is not recommended as the sole engineering approach. If the energy
in the excited acoustic waves is not reconverted to the electric domain, the quality
factor degrades severely. However, all-oxide varactors can still be used in the pres-
ence of acoustic activity where conventional varactors with metal electrodes suffer
from a disqualifying degradation. Hence, the smoothed Q — f curve due to lower
impact of acoustic resonances helps to maximize the usable frequency range.

4.3 Summary on Presented Models

This chapter presented a novel highly accurate analytic model for ferroelectric
thin-film varactors with thin The common modeling approach of simply
cascading a resistance and inductance to the main capacitance ("RLC model") fails to
track the exact impedance characteristic over a wide frequency range. In the
the substrate contribution is modeled by extending impedance of the In detail,
it is split into a central and outer part, whereby an imaginary substrate impedance
is added in parallel to the former. In difference to the common RLC model, the
novel model follows expected trends like, e.g., a linear scaling of the electrode
resistance with thickness in the below-skin-depth domain. As a result, the electric
properties of both the dielectric and the [BE|can be identified simultaneously by a
simple microwave characterization. In the this model has been extended for
the biased state where piezoelectricity is induced by electrostriction. All relevant
mechanic properties and the bias-dependence of ¢, psr, tan dpst are identified by
including an[TL}based acoustic resonator model. A highly accurate tracking of both
the frequency- and bias-dependent impedance characteristic testifies a complete
modeling of all dominant effects. Since modeling is unfeasible when dealing
with a multitude of samples, this analytic model is a key element to cope with large
amount of characterization data. The material properties of a single varactor can be
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characterized within seconds.

In the future, a few aspects of the suggested model can be improved. Firstly, the
substrate representation as a capacitance in the nF range is surprising. Though the
substrate scaling factor in the electrode resistance leads to well-matching results
phenomenologically, a refined description can be found in future work. After a
more physical representation is found, a coherent substrate loss description can be
used to investigate the impact of greatly varying substrate properties. Secondly, if
the dielectric thickness is very small, the oxygen barrier becomes more significant
for the overall varactor impedance. For this case, a model should be derived that
takes the oxygen barrier into account. Principally, adding a single layer into the
modeled stack is simple. The challenge lies within the identification of its material
properties, in particular due to its very small thickness. This will require systematic
studies with varied thicknesses and barrier materials and possibly independent
measurements.
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The far end of this project is to transfer the all-oxide technology to an industrial
realization, i.e., a large-scale fabrication of discrete varactors or circuits. This work,
however, can only prepare that transfer. The pivotal requirements to guarantee
a sufficient yield of a large-scale fabrication are reproducibility and uniformity.
Generally, [PLD|is known to be insufficient in that regard and will need to be replaced
with another deposition process. Nonetheless, these two aspects are analyzed as a
benchmark for future work. The compatibility to established substrates is likewise
important for industrial processes; a functional all-oxide varactor deposited on
silicon is demonstrated. The limited reproducibility of processes impedes
the demonstration of the superior circuit performance, which is expected from
the material properties of high-quality test structures. Therefore, this discussion
presents design concepts for the varactor integration in two configurations; firstly,
as a surface-mount device and, secondly, by a fully integrated growth with the
circuit.

5.1 Process Stability

For engineering materials in systems, reproducibility and uniformity is key. If the
material properties can not be controlled in an established manufacturing process,
this strongly impedes every further design of components or, even more, networks.
For example, fundamental properties like the permittivity are defining for the device
geometry and might be difficult to characterize in devices with a higher integration
level. However, reproducibility generally is a challenge for thin-film components,
especially if fabricated by To explain this issue, several samples fabricated
throughout the work on this PhD project will be compared in this section. Note
that many samples were part of systematic studies on the deposition parameters
as discussed in section [3.4] These are excluded from this comparison such that the
remaining ones ought to show similar performance.

This analysis is split into two parts; reproducibility and uniformity. For the former,
several figure of merits are evaluated that are appropriate to compare samples
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with different material properties and electrode sizes. The latter is discussed for
two representative samples with low and high spread of the deposited material
properties, respectively.

Reproducibilty

The compared samples have been fabricated in 2017 (samples #1-#3), during 2018
(#4-#13) and in 2019 (#14-#20). Four measures of comparison have been defined that
should be, to a sufficient extent, independent of its respective film thicknesses. For
each measure and sample, the values of mean, median and the respective sampled
distribution are shown. Note that the distribution is scaled to a fixed maximum
value for readability. Hence, its area does not integrate to unity but a smaller area
generally reveals a smaller spread of the respective property. The general distinction
of an approximately uniform distribution versus a distribution with a prominent
expected value is possible nonetheless. Defect, i.e., either short-circuited or untun-
able varactors have been excluded before this evaluation. Note further that the
quality factor Qe is not part of this comparison due to its strong dependence on
the thickness of SMO|and [BST|and on the effective capacitance due to the varying
electrode size.

The first and most important measure is the zero-biaspeak permittivity €, BST max,
see Figure[5.Ta. The data is calculated via the simple PPC|model in at 1GHz.
It has the strongest impact on the design of the eventual component, i.e., foremost
its geometry and allows a direct insight into the material structure, i.e., the stoi-
chiometry. A regularly large spread of up to 400 from smallest to largest permittivity
is observed for the majority of the samples. However, an improvement due to the
[RE-characterization-based material optimization described in section [3.4] can be
seen: The permittivity spread has been decreased towards the end of this work. The
average relative permittivity lies generally between 250 and 350.

Secondly, the offset Epc offset Of the bell-shaped C-Epc curve is compared in Fig-
ure5.1p. It describes the bias field necessary to obtain the maximum permittivity.
In our case, a small offset with small spread means no degradation of the material.
This offset is natural, since exhibits inherent stress and, hence, spontaneous
polarization due to the epitaxial growth inspite of slightly differing lattice con-
stants. Nevertheless, while many samples lie inside the expected range, a significant
number shows a larger spread. This large spread in particular reveals significantly
varying film properties across the 5mm x 5 mm substrate.

The third measure is the leakage current density at —=50 V/um bias field strength
shown in Figure[5.Ik. It strongly varies for the presented set of samples, whereas
the min/max spread is reduced in the recent samples. Note that the spread is
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Figure 5.1: Comparison of samples that ought to be similar with respect to the four
shown measures. The sampled distribution is scaled to a fixed maximum value for
readability. More details on samples #4 and #10 are shown in Figure

overemphasized for the samples #20 and #21 by the small yield. However, the
remaining fluctuation of the mean and median values is surely of concern in regard
to component design. A larger leakage current is attributed to a higher density of
charged defects in[BST| most often oxygen vacancies. A corresponding connection
has been reported for both leakage current mechanisms that are commonly observed
in thin films, namely [SE| [Sch+08] or [Pool-Frenkel (PF)|[Vor+04].
Finally, the maximum applied positive bias field is shown in Figure[5.1d. Regularly,
it is 100 V/pum and gets reduced when the current exceeds 1 mA/['| Note that all
included dies were tunable down to =100 V/pum without reaching that current limit,
confirming the absence of short-circuits in the[TE] In some respects, this measure
mirrors the findings from the third one in Figure 5.1k as a generally higher leakage
current facilitates an earlier exceeding of this limit. However, its discussion still
brings two benefits. On the one hand, the data itself helps to rate the varactor

'For samples with d;, = 20 um, the compliance level 1 mA corresponds to a current density of
Jieak = 3.2-10° A/m?.
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performance. On the other hand, biasing the center pad with positive and negative
polarity relates to the Schottky barrier of the SMOHBST|and [BST}-Pt interface, re-
spectively, as has been discussed in section Hence, this measure separates the
impact of a possibly degrading oxygen diffusion at the interface. Despite
the fact that the generally small[BST]|film thickness indeed challenges this separation,
this still is a useful indicator: Where a varactor cannot be biased to full strength, a
degraded interface is revealed.

In overview, all four measures appear clearly correlated such that a distinction of
high- and low-performance samples is possible. Comparing the samples, a certain
change is natural as the optimization of both the deposition process and the materi-
als was conducted in parallel to this work. However, while obvious trends of the
material properties clearly suggested optimum process conditions, these did not
yet ensure a stable deposition result. Hence, even the recent samples from 2019 do
not document a high reproducibility.

Uniformity

The following analysis addresses two aspects. Firstly, no loss criteria was considered
in the previous section, since Q¢ is no fair comparison for varying electrode sizes.
The alternative is comparing material properties, which is not possible without
modeling. Hence, the is evaluated for selected samples to identify the
resistivity and loss factor. Secondly, in the above analysis, different samples
have shown both a large and a small spread of material properties, respectively. The
impact of this spread will be illustrated in the following discussion.

Figure 5.2/ shows the loss-defining properties of the two samples #4 and #10, which
are representative for a high and low uniformity, respectively. The permit-
tivity is also plotted as it strongly impacts the dielectric loss factor. Red numbers
depict extrapolated values for dysfunctional dies, i.e., these values are not vali-
dated by characterization. The layer thicknesses of #4 are ts\jo = 500nm and
tgst = 50nm. The resistivity pspo is homogeneous with values between
3011Q cm and 36 nQ) cm. From comparison with Figure these resistivity values
PsMo ~ 3ppt appear up to now as a good standard for integrated layers. The m
permittivity e, st is highly homogeneous compared to all functional layers. Ne-
glecting die F2, it ranges between 210 and 285, where the rather small values are
typical for very thin layers due to the neglected oxygen barrierE| The dielectric loss
factor tan dpgr is likewise homogeneous with most values around 0.005. Note that,

2The oxygen barrier is neglected in this model and, hence, affects the extracted properties,
compare Figure This impacts especially for thin layers where the fixed thickness of
the oxygen barrier contributes stronger.
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Figure 5.2: Detailed zero-bias material properties of two samples from Figure
extracted by the model presented in Section[4.1] The upper and the lower data is
representative for samples with small (#4) and large spread (#10), respectively. Red
numbers depict extrapolated values for dysfunctional dies.

like the permittivity, the loss factor is stronger affected by the oxygen barrier for
thinner layers. However, even when the corresponding non-ferroelectric lower loss
improves the extracted value, a very high quality of the dielectric is documented.

The layer thicknesses of sample #10 are tspo = 507 nm and tgst = 91 nm. Gener-
ally, a weak trend from good to bad varactors from left to right (columns 1 to 6) is
observed. The resistivity shows a wide spread between 35 1Q cm and 79 nQ cmﬂ
Hence, it is degraded in comparison to sample #4 which might be connected to
the longer deposition time of thicker [BST|layers or other process fluctuations. The
high values of the permittivity are significantly larger than for #4. However,
the degradation with increasing column number is clearly visible. The parallel

3Note that this wide spread possibly decreases the accuracy of the model with a fixed reference,
which is 30 pQ cm in this case.
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Table 5.1: Bias-independent properties and model error of SrTiO3/Si varactor.

tsMo  tBST PSMO CSMO  €0,BST M Zactop  ERR
(nm) (nm) (pQem) (GPa) (GPa) (Nm?/C?) (kgs/m?) (%)

700 95 45.9 3343 288.0 4.12e+11  3.30e+07 6.1

decreasing ¢, pst and increasing psyo can be explained by a failure of the oxygen
barrier, adding a layer of insulating SrMoQOy in-between. The dielectric loss factor
for the good varactors is still small with values between 0.006 and 0.008. The local
peak loss factors for dies C5 and F4 indicate defect dies.

5.2 Transfer to Silicon Substrate

The original substrate GdScO3; was chosen due to its matching lattice constant and
interface to the deposited oxide thin films. However, high material costs even for
only small substrate sizes promote the search for alternatives, in particular when
addressing an industrial realization. The most widely used substrate for semi-
conductor processes is silicon. An easy integrability with established fabrication
processes motivates the experimental transfer that is presented in this section.

The GdScOj3 substrate is replaced with a silicon substrate that was previously cov-
ered with a 97 nm SrTiO; layer ("SrTiO3/Si"). To evaluate the success of the transfer,
a detailed view only on selected properties suffices. For this, the model presented
in Section 4.2|is used on this sample to identify its material properties. Note that the
change of substrate from GdScO3 to SrTiO3/Si is not considered and might degrade
the model accuracy. However, the model can still be deployed as a good estimate
because a variation of the substrate properties has shown a low impact on the
phenomenological substrate impedance, compare section[4.1.1f The summarized
characterization results are shown in Figure The close tracking of the measured
data by the model documents the high confidence of the extracted properties. A sig-
nificant difference in the acoustic resonance frequencies is observed in comparison
to the results for the GdScOj3 varactors, compare Figure This reveals the impact
of the structural similarity of the GdScOj3 substrate to the deposited oxide thin films.
Further validation, i.e., the graph on result stability of the nested optimizer and a
comparison of the individual bias states can be found in the appendix in Figure
and Figure respectively. The film thicknesses, bias-independent model results
and fitting error ERR are shown in Table The low ERR yields the resulted fitting
properties to be reliable. Their similarity to the reported values and the results in
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Figure 5.3: Measured and modeled capacitance and quality factor versus frequency
and electric bias field. A detailed evaluation reporting the low model error can be
found in the appendix in Figure B.4and Figure

Table {4.6| confirms regular mechanic film properties and the applicability of the
model.

This allows to validly analyze selected results of the SrTiO3 /Si varactor in Figure
For an easier comparison of the modeled data, the respective data for VI81 is added
as gray dashed lines. The measured quality factor Q¢ is high despite the thin [BE]
This is due to two reasons. The first requirement is the functional layer with
extracted p = 45.9 1Q cm despite the non-optimal growth conditions [Sal20]. Sec-
ondly, the permittivity is decreased significantly to €, st max = 130 compared
to the GdScO3 samples in section The corresponding capacitance decrease
further lifts the measured Q.. Note that this comparison does not consider the
possibly significant fluctuation of properties between the deposition of different
samples. Furthermore, a decreased tunability T, a rather large dielectric loss factor
tan dgie; and the decreased electromechanic coupling coefficient K? further indicate
a lower film quality. However, the latter leads to a reduced degradation by acoustic
waves, which is another reason for the higher Q¢ under bias.

In conclusion, the transfer of the integrated oxide thin films to the industrially
established silicon substrate was successful. Systematic studies on the optimization
of deposition on SrTiO3/Si will follow in the future. Nonetheless, the presented
results are very promising and clearly document the feasibility of the transfer to
other substrates.
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Figure 5.4: Selected results of varactor on SrTiO3/Si substrate. The measured Q¢
depicts the varactor quality factor. The other data, i.e., the relative permittivity
exBsT, loss factor tan dpst and electromechanical coupling coefficient K? is obtained
by modeling. The modeled data of VT81 is shown as a dashed line for comparison.

5.3 Surface-Mount Device

Despite the issue of low reproducibility, first steps have been taken towards the
system integration of all-oxide varactors. In this section, a varactor design in
isurface-mount device (SMD)|configuration is proposed that can be as well used for
circuit-integrated deposition concepts.

The design of an[SMD]is not straightforward due to conflicting area requirements
of bonding surface and desired capacitance range. Filters and matching networks
in mobile communications typically deploy capacitances in the lower pF domain.
To obtain the required values, the electrode area needs to be small (< 300 pm?) due
to the very thin, high permittivity layer. As this is much too small for stable
bonding processes, separate contact areas must be added that do not contribute to
the capacitance of the stack. Hence, an experimental fabrication process was
developed in this work that solves the conflict between both area requirements.

The component is designed for flip-chip bonding and provides low-inductance
integration into circuits. The process steps of the design flow are shown in Fig-
ure[5.5] In the first step, the planar deposited [SMO|and [BST|layers are structured
laterally. The desired regions are covered with photoresist, and the remaining parts
are dry-etched with [ion beam etching (IBE)|using argon ions with energy 500eV.
The etching avoids the capacitive coupling of the contact pads to the which
would increase the varactor capacitance. Secondly, an insulation layer is added and
structured on either side of the BST]/ bar that can consist of several materials.
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Etching of varactor bars into Spin-coating, exposure and Planar seed layer, deposition of 4 Final component (after etching
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Figure 5.5: Processing steps of the varactor in profile (top) and top view
(bottom). Geometric ratios are not true to scale.

In this work, either the epoxy-based negative photoresist SU-8 (Microchem Corp.) or
the amorphous silicon compounds SiOx or SiNy, deposited via [plasma-enhanced|
ichemical vapour deposition (PECVD)|, were used. The former is fast but will often
result in rather thick insulation layers while the latter allows an easier control of the
resulting film thickness, down to a few 100 nm. This layer overlaps the BST|area on
all edges to ensure electric insulation between the contact pads and the BE| For the
TE| 20 nm chromium and 80 nm gold are deposited by [physical vapor deposition|
(PVD)] i.e., thermal evaporation as a seed layer. Then, the unwanted regions are
covered with photoresist for electroplating the [TEl In the final step, the sample is
cleaned from the photoresist and exposed to another short step for removing
the seed layer. While, for the test structure, platinum was deposited for adhesion in
isotropic sputtering, a directed deposition process like evaporation must be used
here. In test samples with sputtered top electrodes, the varactors were shorted after
the final step due to remaining metal on the vertical edges.

The final device is shown in step 4 of Figure The resulting varactor consists
of a twofold cascaded stack, the effective varactor area of each is marked
in blue in the top view. The varactor top electrode area on top of is Aelec =
15.4pm x 13 pum = 200 pm? for both capacitances, with a spacing of dtg = 50 pm. A
microscope photo of the fabricated oxide varactor with epoxy insulation is shown in
Figure[5.6al The thicknesses of the respective layers are as follows: tspo = 2.1 pm,
tgsT = 59NM, tepoxy = 7.6 um and trg = 1.5 pm. Length/width of the contact pad
and epoxy insulation are 150 pm /100 pm and 200 pm /200 pm, respectively, with
30 pm overlap of the epoxy on the oxide.
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Figure 5.6: Fabricated varactor. (a) Microscope photo. (b,c) Embedded data
vs frequency and electric bias field, respectively. The of a test structure is also
shown for comparison. The leakage current is compared to a sample without[TE]
where the sole top metalization is provided by the on-wafer probe.

Characterization

Like the test structures, the varactor is characterized on-wafer but with a
SG-probe with 350 um pitch. It probes the device at the far ends of the contact
pads, the skate traces are visible in Figure As the bias voltage is again applied
in-line with the [RF test signal, the double voltage is applied and divides equally
on both of the cascaded Varactorsﬁ In a real application, this setup can easily be
biased through a decoupled, third port connected to the bottom electrode. This
provides an inherent one-sided decoupling of the bias and the [RF| signal, which
greatly simplifies the required bias network.

The capacitance, quality factor and are plotted versus frequency in Figure
The reduced maximum frequency of 11 GHz is due to the wider pitch of the on-
wafer probe. Due to the wide pitch and small pin surface of the on-wafer probe, an
additional series resistance is measured. When deployed in circuits, that resistance
is much smaller due to an areal contact of bumps that are, additionally, closer
to the actual capacitances at the center. The data can be de-embedded from the

4Equal capacitances are assumed for both pads, i.e., equal electrode size and permittivity.
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increased resistance in a subsequent modeling step. At 1 GHz and with no bias
voltage applied, C350 ym = 0.91 pF and Q350 :m = 33 are recorded. Even when taking
its embedded nature into account, the quality factor is still smaller than expected.
This is more clear to see in the 50 um- The zero-bias resistance is increased by
approximately one order of magnitude in comparison to the reference test structure
from section [3.3.1] This large increase reveals unexpected defects when considering
that a comparable BE| resistance can be assessed from the geometry of the
conduction path. The bias-induced increase of the is inherent to ferroelectric
varactors and has been discussed elsewhere, see sections and

Figure (top) shows C350ym and Qzsoum at 1 GHz versus the electric bias field
Epc. For a film thickness of 59 nm, a common ion battery voltage level of
3.7V corresponds to 63 V/pm electric bias field. While, for this layer stack and
bias field strength, a tunability of 66 % was measured in the reference test structure,
this prototype only shows 28.6 %. This will be discussed further together with the
increased zero-bias in the following section. The general characteristic of the
quality factor is as expected from the reference test structure. For weak bias fields,
the quality factor increases with bias up to 38 until it decreases for stronger bias,
presumably due to acoustic activity.

The leakage current is shown at the bottom of Figure For the test structure, the
interface to the top electrode caused a[SEldominated leakage current [y < 1nA.
Due to the symmetric design used in this work, the weaker Schottky barrier between
[BST| and [SMO] should not be effective. Hence, a symmetrical and equally small
leakage current was expected for both negative and positive polarity. However,
the leakage current is by orders larger and the I-V characteristic does not clearly
indicate a dominant mechanism. By probing another sample before adding the
top electrode, i.e., after step 2 in Figure the epoxy-based insulation layer is
found responsible. Although in this case, the only metalization is provided by the
pins of the on-wafer probe, a significant leakage current is measured. Additionally,
considering the smaller contact surface, its I-V characteristic is in good agreement
with the characteristic of the DUT. Hence, the leakage current through the SU-8
pads and the [SMQ| bottom electrode appears to dominate the measured leakage
current and overshadows the one of the actual varactor.

Discussion and Integration

In this section, the de-embedding is explained and the extracted results are dis-
cussed, as the [RF performance does not meet the expectations. The effective relative
permittivity can be calculated as e, = 57 from a simple model as in (3.12)
but with a factor 2 for the twofold cascade. Both the permittivity and tunability are
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Figure 5.7: EM model of Varactor (a) as measured and (b) for de-embedding
of the contact pads. (b) Quality factor for several varactors. The characterized
data and fitting model is compared to results for defect-free BST and the potential
performance for an optimized geometry.
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much smaller than in the reference test structure or other reported values of
thin films [Vor+04]. As the 350 um pitch of the SG on-wafer probes is larger than
the effective distance of the bonded bumps, a higher series resistance is measured.
This probing resistance needs to be compensated before evaluating the losses of
the device. The above geometric parameters are entered into the corresponding
3D EM model, shown in Figure It is excited via pins and a barrel port to a
[PEC|boundary. The excitation and compensation of its additional inductance is
implemented analogue to section However, note that a negative calibration
inductance Lneg is not effective in this design due to the much different structure,
i.e., the similarity of the varactor to the calibration structure. The coarse fitting
of the[EM|model and the measurement data is shown in Figure

With the above effective permittivity and an average BE|conductivity of 4 - 10°S/m
taken from Figure the effective dielectric loss factor of tandggy = 0.035 is
determined by the EM model. The vastly increased dielectric loss factor requires
clarification. Two effects are conceivable. Firstly, a fine layer of epoxy or photoresist
could have remained on top of the layer before the evaporation of the [TE|seed
layer. This, indeed, was observed for earlier samples. However, this error source
was excluded by a reactive-oxygen-ion etching step that was inserted prior to the
evaporation of the seed layer. More probably, the degradation is connected to the
deposition of the i.e., step 3 in Figure The chromium adhesion layer may

*Instead of the top boundary, the coating boundary is used in this case. If the top boundary was
used, a huge capacitive coupling between the contact pads and the boundary would distort the
electromagnetic fields in the simulation that could not be easily compensated.
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have partly oxidized into chromium (III) oxide. The consequence would be an
interlayer with higher resistance and an oxygen-deficient with less tunability
and an increased loss tangent [Kim+00]. The absence of acoustic resonances in
the measured also indicates a deficient lattice. Although chromium was
already combined with [BST|before as, e.g., in thick films devices, the particularly
thin layer is more likely to suffer from the oxygen drain. Unfortunately, an
accurate modeling of a possible semiconducting chromium (III) oxide interlayer
or residual photoresist on top of the layer is not possible. Due to the very
high aspect ratio, a EM simulation is feasible only with a single effective dielectric
block between the electrodes. Hence, a relation to chromium must be clarified in
future work experimentally by replacing chromium with another adhesion layer,
e.g. platinum. This is not possible in the currently used while the otherwise
used sputtering is disqualified by being isotropic.

However, the EM model can be used to predict the RF properties without degraded
BST|and to de-embed the on-wafer measurement. The de-embedding, i.e., the mod-
eling of a contact via gold bumps is done by narrowing the pitch and increasing the
cross section of the excitation pins to 100 um, respectively, as shown in Figure 5.7a-
b. The modeled device quality factors are shown in Figure 5.7 with "No defect"
depicting a varactor with non-degraded For the following evaluation, all
varactors exhibit an effective low-frequency capacitance of 6.1 pF, i.e., the same
BST|properties and electrode size. By comparison to "No defect, 100 pm", the
model predicts a Q factor decrease by up to 15 from the embedding by the 350 pm
measurement pitchﬁ Hence, when the complete contact pad is used for integration
into circuits, the corresponding resistance will decrease drastically. Note that the
presented varactor merely depicts a first prototype with not yet optimized
thickness and a geometry with increased spacing of electrodes for simpler handling.
The potential performance of this varactor design is assessed by the model with
optimized geometry, "Opt., 100 um" in Figure It uses a[TE and BE thickness
of tg = tsmo = 5 um, respectively, and a smaller [TE|spacing of dtg = 30 pm. With
that, a quality factor of Q = 40 is modeled for 4 GHz. This fulfills a requirement
on this technology to be of general industrial interest that was defined by a large
European manufacturer of semiconductor components in bilateral discussions.

In conclusion on this discussion, three main tasks remain for future work. Firstly,
the deposition process should be stabilized to yield predictable dielectric and con-
duction properties of the films. Secondly, the epoxy-based negative photoresist SU-8
enabled a significant leakage current; its exchange with other insulating materials

®For the fitting model with reduced permittivity and increased dielectric loss factor, the de-
embedding does not increase the overall quality factor significantly. This is due to the dielectric
loss dominating the electrode loss up to about 5 GHz.
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like, e.g., SiNy or SiO, deposited by PECVD|should be attempted to decrease the
leakage current. Thirdly and most importantly, the dielectric layer was severely
degraded after the top electrode processing. Hence, the chromium adhesion layer
must be replaced. First lab prototypes can be, e.g., realized with platinum deposited
via After optimizing the manufacturing process, the integrable varactor will
be built with thick electrodes and optimized geometry to realize the predicted
performance.

The final step regarding the[SMD] varactor is its integration into circuits. Principally,
two concepts are conceivable. On the one hand, the varactor can be flip-chipped as
an independent device and bonded into a circuit with a corresponding footprint.
On the other hand, the varactor can be grown as an integrated component with
the complete circuit on the same substrate. The sophisticated deposition process
of the oxide thin films recommends the former concept since the fabrication of
varactor and circuit can be split and conducted independently from each other.
Furthermore, varactor testing is simplified and substrate size limitations for the
varactor deposition do not limit the size of the total circuit. The benefits of the latter
concept are the absence of any increased inductance and contact resistance of the
integration step itself. Both concepts have been investigated within this project.
Additional steps required for bonding the independent component contain depo-
sition of the ball bumps, flip-chipping and bonding via thermocompression. Two
main challenges impeded the successful demonstration of a complete bonding
process. Firstly, the stable adhesion via the gold bumps is sensitive to temperature,
pressure and surface quality. Secondly, a certain minimum temperature is required
for placing the gold bumps and, more severely, for thermocompression bonding.
However, heating up the all-oxide varactor under oxygen atmosphere increases
the risk to oxidize the [BE, Hence, a careful control and optimization of all process
parameters is necessary. Within this work, the deposition of gold bumps could
be accomplished with a maximum heating-plate temperature of 125 °C. However,
during first experiments for thermocompressiorﬂ a stable adhesion of the TE with
the substrate could not yet be established. After replacing the epoxy insulation
with a silicon compound, the next step will be finding the optimum temperature
transiency for thermocompression, i.e., the trade-off between a stable adhesion
and the non-oxidization of SMO!| Note that a certain minimum cross section of the
sample should be satisfied for easy handling and especially precise flip-chipping.
The second concept of growing circuit-integrated varactors does not require addi-
tional steps, i.e., the recipe from section 5.3|can be used. The surrounding circuit

"Different temperature-time curves with up to 190 °C over up to 2 min have been evaluated without
success yet. However, a limited sample quality impeded reliable tests as, e.g., the[I'E|occasionally
loosened from the insulating epoxy.
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Figure 5.8: (a) Design of loaded with geometric parameters. (b) Design of
TRLj calibration scheme with shifted reference plane to exclude the contact pads.

can be grown simultaneously with the[TE| deposition in the same step. However, in
the currently established [PLD|process, this yields a limitation of the substrate size
to ~ 4 x 4 mm?, excluding a non-processable region at the substrate edge. After
transferring the deposition to, e.g., sputtering, larger substrate sizes are conceiv-
able. An example realization of a phase shifter based on all-oxide varactors will be
presented in the following section.

5.4 Fully Integrated Tunable Circuits

A phase shifter built as a loaded is adequate to firstly demonstrate the perfor-
mance of varactors in networks. The design of the independent can be easily
adapted for the integrated component. The lithography mask of the[TE|is simply
extended by the phase shifter network, see section Hence, the substrate for
the is the same as for the[SMD|component, i.e., GdScOj3 for the scope of this
section. The design of the loaded |[CPW|containing the definition of all geometric
parameters is shown in Figure

Note that the contact pads are not part of the analyzed phase shifter. They are
excluded by the|thru-reflect-line (IRL)|calibration structure shown in Figure
At a distance of [.;; = 120um, all transition effects in the EM fields due to the
change in gap width are decayed. The remaining electrical length of the line is
Nine,ph = 2 580 um. Since ljine el = Ac/4 with center frequency wavelength A, the
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Table 5.2: Geometric and electric properties of the loaded PS design.

w 5 tGso tAu luc Cvar C’ Z0
(mm) (mm) (mm) (pm) (mm) (pF) (pF/mm) (Q)
0.1 0.5 1 5 0.73 Unloaded 0.15 71.2
Unbiased 3 8.2 9.6

Biased 1 2.7 16.3

corresponding frequency is [Ag851]]

_ ¢ o
4lline,el 4] line,ph+/ Ereff

fe = 8.6GHz, (5.1)

with effective relative permittivity e,o¢¢ = (er,gso +1)/2 ~ 11.4 [ZB00]. As
fmax/ fmin = 8/1 for a single line length, the lower frequency limit is obtained
as

2
fmin - §fc — 1.9 GHZ. (5,2)

A lower minimum frequency would require a larger substrate or the termination by
a well-defined impedance matching to the characteristic line impedance. For this
demonstration, the phase shifter will be evaluated at frequencies above that limit
such that the given line length suffices.

Neglecting the finite conductor thickness, the impedance of an unloaded is
calculated by [ZB00]

~ 30m K/(k)
\/ Ereff K(k) ’

with elliptic integral of the first kind K(k) and geometric ratio k = w/(w + 2s).
An unloaded impedance of Zy = 71.9 Q) is obtained for the dimensions given in

Table[5.2] Neglecting losses, the impedance of any [TL]supporting a quasi-transverse|
lelectromagnetic (I'EM)|mode like can be described by

Zo (5.3)

L/

ZO — a

(5.4)

8Note that K’ (k) = K(k') with k' = v/1 — k2.
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Figure 5.9: Microscope photo of a fabricated PS (with lithography alignment marks).
Contacting with GSG on-wafer probes leave white scratches in the metalization.

with L" and C’ being the inductance and capacitance per unit length, respectively.
These can be approximated analytically with an error less than 1% by a Schwarz-
Christoffel conformal mapping as described in [Hei93]. With that, the characteristic
impedance of the loaded is approximated with sufficient accuracy by

L/
Zowar = | 5 .
O,Va C, + C‘/Iar (5 5)

with the specific loading capacitance C/,, = 2Cyar/lyc, a single varactor’s capac-
itance Cyar and the length of a loading unit cell lucEl The impedance of loaded
are generally small due to the necessary significance of the specific loading
capacitance C;,,. > C’. This can be partly compensated by increasing the|TL|specific
inductance with, e.g., slits in the ground lines. Table 5.2|shows the impedance data
of the loaded for the two capacitance values 3 pF and 1 pF for the zero-bias
and biased case, respectively. With tgsy = 80nm and varactor [TE| overlapping
area Avar = 12 X 12um2, this corresponds to &,psT(0V) = 376 and a tunability of
T = 67 %. Due to the reported permittivity fluctuations, a more detailed modeling
is obsolete prior to the characterization. In this case, the expected characteristic
impedance of the loaded lies between 9.6 Q and 16.3 Q.

Figure [5.9/shows a microscope photo of the fabricated phase shifter. The characteri-
zation results are shown in Figure[5.10|for a reference impedance of Z.¢ = 10.1 Q.

9This approximation is most accurate for a long line with many shunt varactors. Then, I;;c approxi-
mates the spacing between two varactor stubs.
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Figure 5.10: Characterization results of the PS for different bias states and Z.; =
10.1 Q as (a) insertion loss |Sy1| and return loss |S11|, (b) transmission phase £Sy;
and its difference to the zero-bias phase and (c) figure of merit.

The insertion loss is smaller than 1dB up to 3 GHz, while the return loss is better
than 10dB up to 3.7 GHz for all bias states. In a co-simulation of an EM model
with discrete capacitors, a zero-bias and full-bias capacitance of 2.2 pF and 0.9 pF,
respectively, leads to coarse fitting of the measured data. Assuming equal material
properties for all varactors, this corresponds to a zero-bias relative permittivity of
expsT = 276 and a tunability T = 59 %. Note that a limited fitting accuracy allows
no statement on the varactor quality factor. Though the overall differential phase
shift is small due to the limited phase shifter length, it rises up to 57° at 3 GHz.
phase shifters with different lengths are commonly compared by a relating the
differential phase shift to the insertion loss as

max(Z/Sy1) — min(£Sy1)
max(|S1,qs|)

As shown in Figure it is steadily larger than 54°/dB up to 3 GHz and peaks,
within the calibration range, in 62°/dB at 2.2 GHz.

A fair comparison to competing phase shifter technologies is impeded by the limited
number of unit cells due to the small substrate size. The length of reported phase
shifters usually spans across a few cm. For a given differential phase shift, a
smaller phase shifter length requires a larger capacitance change per unit cell. This
degrades the matching condition over the full tuning range and, hence, the

FoM =

(5.6)
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Table 5.3: Comparison with other reported ferroelectric phase shifters.

Frequency ¥ FoM  Bias voltage Length Width

(GHz)  (°/dB) (V) (mm)  (mm)
Thin-film technology
.2 40 160 . 26 24 [Kim+04]
.22 62 30 L9 19  Thiswork
24 62 160 2.2 2.6 [Kim+04]
24 42 (sim.) 6.61 102 [Ma+14]
2.5 56 160 5.4 6.5  [Kim+02]
42 47 12 0.8 0.8  [Che+07]
10 80 17.5 17.5 3.5 [Aci+02]
12 26 20 7.25 1.5 [Mer+17]
15 50 19 3.06 0.8  [Par+06]
%0 27 20 306 07 [Erk+00]
Thick-film technology
1.72 70 200 36 1.6 [Nik+14]
4 36 140 231 1.64 [Saz+11]
7.7 46 50 10 4.5 [Nik+15]
oo 29 140 . 231 164 [Saz+ll]
Varactor diodes
2.5 113 13 3 2 [AC]18]
3.5 48 15 10 10 [Urb+20]

[Erk+00]. Furthermore, the required biasing voltage is increased. Despite the simple
design and non-optimal deposition, the comparison in Table |5.3| reveals a good
performance of the all-oxide phase shifter. In comparison to the reported thick-film
phase shifters, a slightly higher is indicated despite the smaller required size
and reduced bias voltage. In future work, the frequency range can be extended with
a more sophisticated design including, e.g., a tapering of the shunt stubs. When the
available substrate size is increased, an even better performance, i.e., a higher
is expected. Furthermore, a well-performing concept of reflection-type phase shifter
has been reported, where varactor diodes are used for demonstration and which
can be adopted to ferroelectric varactors [ACJ18].
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For the first time, this work investigates the novel all-oxide technology for mi-
crowave varactors. They belong to the group of ferroelectric thin-film varactors,
which deploy the strong electric-field dependence of the polarization to tune the
capacitance with a|direct current (DC)|bias voltage. The most prominent ferroelec-
tric material is barium strontium titanate Ba,Sr;_, TiO3 (BST), which is also used
in this work. The state of the art is based on metal-, e.g., platinum electrodes and
impaired by a low crystal quality close to the metal interface. This degradation
originates in the strong crystallographic mismatch between metals and the oxide
ceramics. It inflicts an untunable deadlayer between the electrode and the [BST]
layer that, additionally, grows polycrystalline. As a result, the varactor requires
higher tuning voltage levels and suffers from an increased dielectric loss. Both
of these drawbacks can be overcome by the all-oxide technology. The term "all-
oxide" refers to the replacement of metals as electrode material with a conducting
oxide. After the concept of radio frequency (RF) varactors with oxide electrodes
was generally discarded already decades ago due to too high conduction loss, it
could be revived by novel findings on the highly conducting [strontium molybdate
[StMoOj3 (SMO)| It structurally matches very neatly to Hence, when using[SMO
as pottom electrode (BE), the ferroelectric can grow monocrystalline from the first
atomic layer on. Instead of the minimum thickness of about tgst ~ 300nm
for state-of-the-art varactors, highly functional all-oxide varactors with thicknesses
down to tgsT = 40 nm have been demonstrated. This greatly reduces the required
tuning voltage level down to ion battery voltage level, making the use of
converters for biasing obsolete.

Since this work depicts the pioneer steps in this novel research field, a comprehen-
sive RF characterization and modeling is required for the optimal design of devices.
An automated setup is developed that allows to characterize all varactors on a sam-
ple at all bias states in a row. Powerful post-processing Matlab scripts quickly yield
a statistic evaluation and an easy comparison of multiple samples of any evaluated
property. However, prior to the actual characterization, a major contribution of this
work is the significant extension of the applicable frequency range of the deployed
on-wafer test structures. Due to the particular shape of this standard test structure,

114



6 Conclusion & Outlook

the felectromagnetic (EM)|field distribution in the test structures is very different
from the one during calibration. This introduces a systematic error that affects
the recorded data for increasing frequencies in the GHz range. The impact of this
systematic error is identified; it can be compensated by subtracting a small negative
inductance. Furthermore, systematic studies based on this improved [RF| characteri-
zation are a key element for the optimization of the deposition process. Finally, they
allow for the deposition of high-performance varactors with unprecedented
and thicknesses greater than 5 um and smaller than 50 nm, respectively.

The most significant progress of this work is achieved in the field of analytic
modeling. Prior to this work, only a rudimentary interpretation of the varactor
is available: The RLC model. It comprises a complex capacitance in series with a
resistance and inductance, modeling the dielectric and electrodes, respectively. In
particular, there is no mean to consider the substrate. However, simple evaluations
of the skin depth reveal that the substrate often contributes significantly, especially
for the thin usually used in such thin-film devices. This conflict is resolved
during this work by extending the RLC model with a phenomenological substrate
impedance Ay, resulting in a reasonably exact fitting of the true impedance. This
novel junshielded substrate model (USM)|depends on the five major material pa-
rameters, i.e., and dielectric thicknesses, conductivity as well as dielectric
permittivity and loss factor. The variation of the former four impacts the energy
in the substrate exponentially, leading to a likewise exponentially scaled contri-
bution of Ay, The greatly increased accuracy of the is proven over a wide
parameter range via extensive EM modeling and validation by several samples.
In particular, and in contrast to the RLC model, intuitive expectations like a lin-
ear dependence of the sub-skin-depth{BE|resistance on its thickness are very well
tulfilled by the In a second phase, this model is extended by the dimension
of the electric bias field to the [acoustic unshielded substrate model (AUSM)| For
this, the electromechanical excitation of acoustic waves must be considered due to
the electrostriction-induced piezoelectricity. A convoluted optimizer scheme for
the identification of the material properties is derived and validated that yields a
very high accuracy of the It enables an unprecedentedly close impedance
tracking in both bias field and frequency up to 100 V/pum and 12 GHz, respectively.
Two significant benefits are obtained. Firstly, the high accuracy makes the a
powerful tool for the design of circuits based on the all-oxide technology. Secondly,
both electric and mechanic properties of the analyzed materials can be identified by
a mere on-wafer [RF|characterization within a very short time. Finally, the
is used to predict the possible suppression of acoustic resonances in all-oxide var-
actors, which are the dominant cause of the frequency limitation in conventional
thin-film varactors. A significant extension of the applicable frequency range is
predicted for optimized acoustic properties of the thin films.
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The last part of this work investigates the required steps for an industrial realization
of the all-oxide technology. Reproducibility and uniformity are evaluated as a key
precondition for the design of [RF|circuits. Both cannot be sufficiently guaranteed
with the hitherto used [pulsed laser deposition (PLD), such that this work can not
pursue the demonstration of the expected excelling performance. Nonetheless,
some further steps are investigated. The feasibility of the transfer to the indus-
trially established silicon substrate is demonstrated, which is important for the
later integrability of the all-oxide technology with industrial fabrication processes.
Furthermore, design concepts for the circuit integration are demonstrated in two
configurations. Firstly, the layout and experimental fabrication process of a stan-
dalone [surface-mount device (SMD)|is presented and characterized. Secondly, the
varactor is grown fully integrated into an all-oxide phase shifter that shows good
performance despite the fluctuating deposition condition and [PLD}inflicted limited
substrate size. In the future and with another deposition method, high-performing
varactors can be tailored to fabricate significantly improved phase shifters and other
circuits.

In the following, two approaches for future work are presented that can significantly
improve the device performance in the complete 5G sub-6 GHz range and beyond.

The first approach is using doping which evolves in recent years as a highly
promising approach to optimize the material tunability and loss. Note, how-
ever, that the modeled assessment of the performance of doped in Fig-
ure can only be understood as a rough estimate. Its accuracy is particularly
strained by the order-of-magnitude estimate of material properties and the
neglected impact on the electromechanical coupling. Hence, systematic stud-
ies with samples of varying doping material and concentration are necessary.
A first example varactor with doped having 3 % manganese content was
fabricated and characterized as an outlook to demonstrate the potential. Fig-
ure 6.1/ compares the results of the doped varactors with those of an original
all-oxide varactor with undoped The respective relative tunability T
and quality factor at 1 GHz in Figure react on the doping as expected:
The quality factor increases and the tunability decreases. The important in-
formation, however, comes from Figure The Qe factor of both samples
is plotted versus frequency for a fixed tunability of 25 %E| In spite of the
equal evaluated tunability in both samples, a remarkable improvement in the

IThe varactor with undoped (tgsT = 85nm, tgpqo = 800nm, ogpo = 51.1 uQ cm) is chosen
with similar properties to the doped one (tgst = 100 nm, tspj0 = 750 nm, ospo = 56.9 pQ cm).
2Hence, the electric bias fields of the doped and undoped varactor are different, i.e.,

66 V/pm vs. 31 V/um for 25 % tunability.

116



6 Conclusion & Outlook

—eo—Undoped —#—Doped ‘

60
100 .
0 ~ o
N =
- 180 L 8
2 O 2
— 70 — b
] g 2
50 &
40
0 20 40 60 80 100 1 2 3 4 5 6 7 8
Electric bias field Epc (V/pm) Frequency (GHz)
(a) (b)

Figure 6.1: Comparison of varactors with 3 %-manganese-doped and pure re-
spectively. (a) Tunability T and Q¢ factor versus electric bias field and (b) Qe factor
at 25 % tunability, obtained at a bias field of 66 V/uum and 31 V/pm, respectively.

doped varactor is observed, depicted as the green area in the plot. Due to
the very similar [BE|conductivity and thickness, this difference is attributed
to the dielectric. However, as this is just a single sample with non-optimized
properties, more detailed studies will reveal the exact benefit and potential of
doping When targeting ultra-thin layers for lowest acoustic activity,
the incorporation of the oxygen barrier layer between [BST| and [SMO|in the
model becomes increasingly important, see section [.2.4]

The second approach improves the integration of the all-oxide technology in[RF|
circuits. An important precondition for this will be to stabilize the depo-
sition process as was shown in section However, a precise control of
the material properties is commonly difficult for the used method, i.e.,
[Sub+13]]. Furthermore, the usable substrate size is limited. With the current
substrate size of 5 mm x 5 mm, the realization of circuits is obstructed as was
shown in section Both issues might be solved by a transfer to another
deposition method like, e.g., sputtering as in [Miz+00]. With precise control
of the deposited material properties and larger substrate sizes, the design of
high-performance circuits can be pursued with high confidence. Besides that,
a related topic is the exchange of the rather expensive [gadolinium scandate]
substrate with the widely used silicon. The general feasibility was also
demonstrated already in section [5.2|and this topic will be further investigated
in the future.
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Beyond the scope of this thesis on microwave varactors, the all-oxide technology
might as well provide valuable benefits in other fields.

Firstly, the application in [thin-film bulk acoustic resonators (FBARs)| introduces
a large degree of freedom for design engineers: The structural similarity can be
exploited to chose the capacitance independent of the acoustic resonator length.
Hence, the input impedance is no longer strictly connected to the chosen resonance
frequency. Furthermore, a low-voltage use case is favored by the large demonstrated
coupling coefficient even for very thin layers.

Secondly, thinking beyond [RF scenarios, another application as memory cells in
DRAM might be promising. Ferroelectric memories are valued due to clear advan-
tages like non-volatility, low power consumption, high endurance and high speed
writing [Tak00]. Ferroelectric-memory-based reconfigurable devices can also be
used as|dynamic programmable gate array (DPGA)|[Tak00]. A particular benefit of
the all-oxide technology in these applications would be replacing platinum with
Hence, the issue of platinum contamination of the ferroelectric layer during
annealing processes can be avoided [Bou+02].
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A De-Embedding of Excitation
Bridge in EM Simulation

This chapter refers to section It explains the calculation of self-inductance
values by magnetostatic (MS)[simulations in detail, i.e., how to remove the impact
of the excitation bridge from the simulation results for the complete varactor. As no
external magnetic flux is present, the apparentﬂ inductance can be calculated as

L=—, Al

- (A1)
where @ and [ is the magnetic flux and the current, respectively. The latter is an
input parameter for the MS|simulation and the former is obtained by

O = / BdA, (A2)
A

where B is the magnetic flux density and A depicts any open surface framed by the
current loop of the MS{simulation. For computational calculations, the domain gets
discretized and the above integral is replaced by a summation across all contained
mesh cells.

The excitation bridge is copied from the EM simulation, where the circular electrodes
and all material below are removed. Instead, a [perfect electrically conducting (PEC)|
boundary is added which closes the current loop. The corresponding [MSmodel
is shown in Figure As excitation, the cylindrical RF port in the center can
be replaced by a coil segment with a single winding of the same size and shape.
However, the RF port is treated as during the EM simulation, whereas the coil
segment allows magnetic fields inside its body in the MS/simulation. To achieve the
most similar excitation compared to the EM simulation, the RF port is split up. The
length of the coil segment is defined very small, i.e., 0.1 pm and the remaining gap

! Anyways, since no magnetically nonlinear materials are contained, a distinction between incre-
mental and apparent inductance is obsolete.
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Figure A.1: Simulation setup to obtain the self inductance of (a) the excitation
bridge, where mutual inductances are not shown in the schematic, and (b) of the
PEC boundary.

is filled with another cylinderﬂ The matching distribution of magnetic fields in
the MS|and EM simulations confirms a valid representation in the MS/model. From
the field distribution shown in Figure the inductance

LexBridge—MS =41.6 pH (A.3)

is extracted. However, this is not yet the final result since the additional inductance
of the previously introduced lower [PEC|boundary must be removed. This is done
in a second step, after the inductance Lyq has been determined. However,
simulations require a closed current loop for convergence, which impedes a simple
simulation of the conductor strip. Due to that, Lyq is extracted indirectly with a
simulation setup as shown in Figure A square is formed of four equal
bricks and with side length equal to the pitch of the on-wafer probe, i.e., 100 pm.
As in the model for the full excitation bridge, only a very short coil segment is
defined to exclude fields inside the metal, whereby its thickness is negligibleﬂ The
determination of the accurate effective width of the boundary is, however, not
straightforward. The current will not use the full width of the bounding box and will
instead distribute differently for different distances from the center. This is shown in
Figure[A.2a]by means of the magnetic field close to the boundary, which induces the
surface current in the conductor. The effective conducting width w is defined as the
width, where the inducing magnetic field decreases to —40dB = 1 % with respect to

’The fields inside the center cylinder were falsely included in the calculations for [1], leading to
slightly increased inductance values in the referenced paper. This, however, remains without
impact on the central results of that work.

3No significant difference in the resulting inductance was observed below a coil thickness of 1 um.
Hence, 0.1 pm was chosen for this analysis.
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Figure A.2: (a) Top view of Figurewith magnetic field and definition of the
effective boundary width. (b) Width w, at which the magnetic field decays to —40 dB
(1 %) with respect to the plane maximum versus distance x to center pin. Both refer

to a height close to the PEC boundary of Figure[A.1a] i.e., at z = 49 um.

the plane maximum. The resulting width is plotted over the distance to the center x
in Figure Using its mean value as an approximation for the overall effective
boundary width, the self inductance of one boundary strip is obtained as [RG17, p.
155]

1
Lbd = ZLbd,sq =63 pH (A4)

Of course, an intuitive approach to avoid the uncertainty provided by the
boundary, would be to use a rectangular bar with known inductance instead. How-
ever, independent of the chosen conductor geometry, its close proximity to the test
structure (EM) or the opposite[PEC|boundary (MS), respectively, causes a significant
mutual inductance. Hence, as this cannot be avoided, it is important to choose a
geometry which provides a similar mutual inductance as the test structure. Due
to the planar |BE| with only thin layers on top, a large similarity is expected from
replacing it with a boundary. This is likewise confirmed by the matching
magnetic field distribution in both simulations. Due to that geometric similarity, it
can also be expected that the self inductance of the test structure is of the order of
Lpq. Note that possibly differing mutual inductances can affect the precision of the
extracted self inductance.
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A De-Embedding of Excitation Bridge in EM Simulation

In conclusion, the resulting inductance of the excitation bridge obtained from this
simulation is

L 6.26 pH
Ly/p = LexBridge-Ms — % = 41.55pH — p

— 38.4pH. (A.5)

The obtained result can be validated by comparison to the values obtained by
analytic approximations which exist for many simple conductor geometries. The
port and pins can be approximated as cylindrical wires. Since no field is confined
inside the PEC|wire, their inductance in nH can be approximated by [RG17, p.151]

LRFport = Lpin = 2] |i10g2?l — 1:| ~ 19.96 pH, (A6)

where [ and r is the length and radius of the pin in cm, respectively. With the same
unit scaling, the approximation for the boundary inductance can be calculated from
the formula for a square with rectangular section. One obtains [RG17, p.155]

1 1 l o+
Lpg a1t = Zquuare,loop = 1 (81 [log o + 0.2235T[3 + 0.726] ) ~ 6.55pH
(A.7)

with side length I = 100 pm, width o« = 276 um and breadth (3 = 0 for the infinitely
flat boundary, which strongly agrees with (A.4). The overall analytic result

Loin + Lbd, 1
Lp/p,alt = LRFport + pmfat = 33.2 pH (A8)

is of the order of (A.5), the value from the full MS|simulation. The decrease with
respect to the result is explained by the negligence of mutual inductances of
parallel conductors in the analytic consideration. The [MSresult from will be
used as it inherently takes the weak inductive coupling into account.
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B Additional Data to the Analytic
Models

B.1 USM
This section contains additional data to the

Table B.1: Extension to section and section Model parameters for all
pairs of used electrode sizes.

Al1/B1/C2 B2 B3 C3 A2 C1 A3
din (1m) 20 20 20 30 40 40 60
dout (M) 40 60 80 60 60 80 80
Cret (PF) 10506  10.494 10.488 23414 41.348 41314 91.004
Ryef (Q) 0.243 0247 0246 0212 0187 0192  0.157
Lot (pH) 3.913 3873 3811 3980 3.870 3769  3.786
Kpof 0.218 0171 0131 0194 0205 0157  0.180
fyef (NS/Q) 1.217 1466 1723  1.638 1959 2330  2.733
Nc 0.003 0002 0006 -0.002 -0.003  0.00 -0.001
Nk 0.057 0055 0051 0070 0085 0083 0.111
NL ~0.032  -0.025 -0.017 -0.032 -0.030 -0.022 -0.025
Nibot —0.667  -0.651 -0594 -0625 -0.739 -0.765 —0.898
N st ~0.441  -0423 -0317 -0.046 -0.095 -0.083 -0.307
N, bot 1.281 1192 1.056  1.082 1238 1184  1.325
N, BST ~0.051  -0.333 -0510 -1.047 -0913 -0941 -0.556
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B Additional Data to the Analytic Models

B.2 AUSM

This section contains additional data to the[AUSML
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Figure B.1: Extension to section Measured and modeled impedance data
for VT168 with Zi,p = 35-10° kg/sm?, compare Figure I4.13al Semi-transparent
colored surface plots of the measured (a) capacitance and (b) quality factor along
with gray-scaled mesh plots for the model result.
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Figure B.2: Extension to section Measured and modeled impedance data
for VT40 with Zi,p = 45 - 10°kg/sm?, compare Figure Semi-transparent
colored surface plots of the measured (a) capacitance and (b) quality factor along
with gray-scaled mesh plots for the model result.
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Figure B.3: Extension to section showing the impact of acoustic activity
depending on the film thickness. The data shows capacitance and Q factor for two
different modeled stacks "air/Au/Pt/BST/SMO/GSO". Since tgst/ r%E is equal in
both cases, there is no change in the microwave characteristic (constant nominal

capacitance), only in the acoustic domain.
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Figure B.4: Extension to section Result of outer optimizer to evaluate the
globality of the obtained minimum for the SrTiO3/Si sample. The left axis (blue)
shows the target function ERR. On the right one (red), SMO and zero-bias BST
stiffness and effective gold thickness versus acoustic impedance of top termination
are shown. See section[d.2.3|for a more detailed explanation.
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Figure B.5: Extension to Figure Measured and modeled impedance data
for the SrTiO3/Si sample with Zactop = 33 - 10°kg/sm? (see Figure . The (a)
normalized capacitance and (b) quality factor are shown versus frequency for
multiple electric bias fields Epc =. The normalization value for the capacitance
(its average value Cn(Epc) = avg{C(Epc,f)}) labels each data line. The quality
factor reference value is Q; = 20. In both graphs, the data of each bias state has
been shifted by one line of the grid for readability.
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Acronyms

ADC analog-to-digital converter.

ATFT Advanced Thin-Film Technology group.
AUSM acoustic unshielded substrate model.

BAW/SAW bulk/surface acoustic wave.
BE bottom electrode.

BST barium strontium titanate Ba,Sr;_,TiOs.

CPW coplanar waveguide.
CQF commutation quality factor.

CSD chemical solution deposition.

DC direct current.
DPGA dynamic programmable gate array.
DUT device under test.

EM electromagnetic.

ESR equivalent series resistance.

FBAR thin-film bulk acoustic resonator.
fcc face-centered cubic.

FEM finite element method.

FoM figure of merit.

FWHM full width at half maximum.
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Acronyms

GSG ground-signal-ground.

GSO gadolinium scandate.

IBE ion beam etching.

IDC interdigitated capacitor.

ImpA impedance analyzer.

loT Internet of Things.

IRGN iteratively regularized Gauss-Newton.

ISS impedance standard substrate.
LNA low-noise amplifier.

MBE molecular beam epitaxy.
MEMS micro-electromechanic systems.
MIM metal-insulator-metal.

MIMO multiple-input multiple-output.

MOCVD metalorganic chemical vapour deposition.

MS magnetostatic.

OSL open-short-load.

OT over-travel.

PCB printed circuit board.
PEC perfect electrically conducting.

PECVD plasma-enhanced chemical vapour deposition.

PF Pool-Frenkel.
PLD pulsed laser deposition.
PPC parallel-plate capacitor.
PS phase shifter.
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Acronyms

PVD physical vapor deposition.

RF radio frequency.

RFFE RF frontend.

RHEED reflection high-energy electron diffraction.
RMSE root-mean-squared error.

RSM reciprocal space map.

SDR software-defined radio.

SE Schottky emission.

SMD surface-mount device.

SMO strontium molybdate SrtMoOs.

SRF self-resonant frequency.

TE top electrode.

TEM transmission electron microscopy.
TEM transverse electromagnetic.

TF thin-film.

TL transmission line.

TRL thru-reflect-line.
USM unshielded substrate model.

VCO voltage controlled oscillator.
VNA vector network analyzer.

VPF voltage performance factor.

XRD X-ray diffraction.
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Symbols and Abbreviations

o)
IBT
X

5skin

€0

UsMO

tan 5diel

Ldsub

PsMO

A' depicts the transposition of a matrix A.
Dielectric impermittivity for a constant stress T
Electric susceptibility

Skin depth: An EM field that enters a conductor will decay to 1/e ~
37 % at a distance of 1Jgin

Electric constant; ey ~ 8.854 187 817 62 - 10712 As/Vm
Relative permittivity (e; = &/¢g)
Acoustic impedance Z = v,

Combined error criteria for the relative deviation of modeled capaci-
tance and quality factor to the respective measured data

Angular frequency (w = 27tf)

SMO conductivity (cspmo = 1/psmo)

Pure dielectric loss factor (cleaned from impact of acoustic waves)
Phenomenological substrate impedance

SMO resistivity (psmo = 1/0sm0)

Material density

The sign = in an equation depicts the equaling of the former expres-
sion to the order of magnitude of the latter one.

Elastic stiffness for a constant electric field E
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Symbols and abbreviations

Ce Effective varactor capacitance (after de-embedding via subtracting
negative inductance)

Crneas Raw effective varactor capacitance (as measured)

D Electric displacement

E Electric field

Epc Electric bias field in varactors to tune the BST permittivity

8ind Electrostriction-induced piezoelectricity coefficient of the strain-voltage
form

j Imaginary unit (j = v/—1)

k Proportionality factor that weights the high-energy portion with

significant substrate contribution at the center of the test structure
against the total electrode impedance

K? Electromechanical coupling coefficient
M Electrostrictive nonlinearity of stiffness
Qe Effective varactor quality factor (after de-embedding via subtracting

negative inductance)

Ors Electrostriction coefficient

Qmeas Raw varactor quality factor (as measured)

S Mechanic strain

sP Elastic compliance for a constant electric displacement D

T Mechanic stress

Tc Curie temperature: Phase transition between ferro- and paraelectric

phase in a ferroelectric material

Vac Acoustic velocity
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