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Abstract

In this work, the interfaces and growth by pulsed laser deposition of the all-oxide varactor heterostructure
was investigated. This all-oxide varactor heterostructure consists of StMoO5/Ba, Sr,_, TiO3/Pt/Au layers
and has several advantages over thin-film varactors with Pt bottom electrodes such as defect free, epitaxial
growth. Furthermore, new interface materials and optimized growth led to an improvement of the all-oxide
varactor microwave performance beyond the level of competing state-of-the-art platinum-based technology.
A key achievement for this performance increase was the fast and several micrometer thick growth of the
bottom electrode StMoO;. Although grown at a exceptional high rate of 1 um SMO in only 45 minutes,
the bottom electrode exhibits a high conductivity, low defect density, and atomically flat interface to the
dielectric layer. The influence of different substrates with varying in-plane lattice constants on the SrMoO;
growth was also investigated, including the industrially relevant substrate silicon. Epitaxial growth has
been realized for silicon and a wide range of scandates, proven by reciprocal space maps. In order to unite
the the reductive growth conditions of the bottom electrode with the oxidizing background pressure during
the growth of the dielectric, a oxygen diffusion barrier is implemented. In order to find the best performing
titanate compound, in terms of oxygen diffusion barrier, a novel measurement routine was established
utilizing X-ray photoelectron spectroscopy. In addition to comparisons of the different titanate compounds,
quantitative diffusion barrier limits for best performing compound, Ba, 5Sr, 5sTiO3, such as temperature
and background pressure were determined. This enabled the growth of the dielectric at higher oxygen
partial pressures leading to a sufficient oxygenation of the dielectric layer and a decrease of the leakage
current of several orders of magnitude. The findings were combined in high-performance all-oxide varactor
heterostructures both on the GdScO5 and silicon substrates.

In summary, fast and micrometer-thick growth of SrMoO5; and a novel oxygen diffusion barrier were
established and could raise the performance of all-oxide varactors and demonstrate the feasibility of this
technology for microwave applications.







Zusammenfassung

In dieser Arbeit wurden die Grenzflachen und das Wachstum der Volloxid-Diinnschichtvaraktoren mittels
gepulster Laserabscheidung untersucht. Diese Varaktoren bestehen aus SrMoO5/Ba, Sr;_, TiO3/Pt/Au
Schichten und haben mehrere Vorteile gegeniiber Diinnschicht-Varaktoren mit Platin Bodenelektroden wie
z.B. defektfreies, epitaktisches Wachstum. Dariiber hinaus fiihrten neue Grenzflachenmaterialien und opti-
miertes Wachstum zu einer Verbesserung der Volloxid-Varaktor Performanz, die das Niveau konkurrierender,
hochmoderner Technologie auf Platinbasis {ibertrifft. Ein Schliisselerfolg fiir diese Leistungssteigerung
war das schnelle Wachstum mehrerer Mikrometer dicker STMoO5; Bodenelektroden. Obwohl diese mit
einer auf3ergewohnlich hohen Rate von 1 ym in nur 45 Minuten abgeschieden werden, weisen sie eine
hohe Leitfahigkeit und niedrige Defektdichte sowie eine atomar flache Grenzflache zu der dielektri-
schen Schicht auf. Der Einfluss verschiedener Substrate mit unterschiedlichen Gitterkonstanten auf das
SrMoO5;-Wachstum wurde ebenfalls untersucht, einschliellich dem industriell relevanten Substrat Silizi-
um. Epitaktisches Wachstum wurde fiir Silizium und eine Vielzahl von Skandaten realisiert, was durch
Messungen des reziproken Raums nachgewiesen wurde. Um die reduktiven Wachstumsbedingungen der
Bodenelektrode mit dem benétigten sauerstoffhaltigen Hintergrunddruck wéhrend des Wachstums des
Dielektrikums zu vereinen, wird eine Sauerstoffdiffusionsbarriere implementiert. Um die Titanatverbindung
mit der besten Sauerstoffdiffusionsbarriere zu finden wurde eine neuartige Messroutine unter Verwendung
der Rontgen-Photoelektronenspektroskopie entwickelt. Zusitzlich zu qualitativen Vergleichen der ver-
schiedenen Titanatverbindungen wurden quantitative Diffusionsbarrieregrenzen fiir die leistungsfahigste
Verbindung, Ba, 5Sr, sTiO5, wie z.B. Temperatur und Hintergrunddruck bestimmt. Dies ermoglichte das
Wachstum des Dielektrikums bei hoheren Sauerstoffpartialdriicken, was zu einer ausreichenden Oxygenie-
rung der dielektrischen Schicht und zu einer Abnahme des Leckstroms von mehreren Grofsenordnungen
fiihrt. Diese Ergebnisse wurden in hochleistungsfdhigen Volloxid-Varaktoren angewendet, sowohl auf dem
GdScOs;- als auch auf Siliziumsubstraten.

Kurzgefasst konnte ein schnelles und mikrometerdickes Wachstum von SrMoO; und eine neuartige Sauer-
stoffdiffusionsbarriere etabliert werden, womit die Performanz von Volloxid-Varaktoren erh6hen werden
und die Machbarkeit dieser Technologie fiir Mikrowellenanwendungen gezeigt werden.
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1 Introduction

With cellphones becoming a mass product in the late 1990s, ferroelectric films were used in a high number
of commercial applications including non-volatile memories, also known as ferroelectric random access
memories (FRAMs) or microwave electronic components (MEMs) [1]. The approach of using ferroelectric
materials for microwave devices can be dated back over fifty years to the 1960s [2]. Microwave dielectrics
have also been used for almost half a century in numerous mobile communication devices such as satellite
television, radar, Global Position System (GPS) and Wireless Fidelity (WiFi) [3]. Nevertheless, only in
the last twenty years intensive research has taken place in this field, due to improvements both in device
electronics and material technology. The driving force behind this development is the goal of miniaturizing
microwave components and systems using ferroelectric thin-film technology [4]. Current telecommunication
evolved substantially with cell phone miniaturization, antenna tuning, high speed data connections with
upcoming 5G and internet of things (IoT) technologies [5]. These technological advancements require
new approaches and materials, such as highly tunable thin-film dielectrics with high quality factors and
low losses.

With the rapid increase in the amount of smartphone and other mobile devices combined with a growing
demand for fast data transfer and mobile data demand driven by rise of streaming and cloud-based-storage
comes a global bandwidth shortage [6,7]. Mobile carriers nowadays use the 2G, 3G, 4G and LTE protocols
with the frequency spectrum from 700 MHz to 2.6 GHz [6]. With upcoming 5G, which spans from 450 MHz
to 6 GHz and WiFi frequencies of 2.4 GHz as well as 5 GHz, smartphones need to be able to operate flawlessly
in all of these frequency ranges. In order to combine these requirements with the ongoing miniaturizing, it
is not useful to have static filters, which are currently deployed, to match each narrow frequency band.

Over a large frequency band, these static filters can not deliver a consistently high performance.

Tunable capacitors, called varactors, can provide the frequency matching for a very broad frequency
spectrum. They are a promising candidate to satisfy the steadily growing demand of higher data rates
in networks and deliver flexible impedance matching and frequency tuning. Ferroelectric varactors are
considered to be employed in phase shifters, delay lines, tunable resonators, filters, and other non-linear
devices. The request for space-saving components has driven the development of thin-film materials in a
wide range of devices in recent years, including ferroelectric varactors. They have a reduced footprint of
the device but require a rather high tuning voltage due to a rough platinum bottom electrode. Platinum
bottom electrodes are usually restricted to thickness of around 300 nm due to hillock formation and




delamination [8,9]. Furthermore, these hillocks prevent an epitaxial and thin dielectric [10]. The
dielectrics are typically in the range of 200 — 300 nm to avoid short circuits caused by the hillocks. These
thicknesses require tuning voltages above 20V to achieve a sufficient bias field.

A novel approach to ferroelectric varactors is the concept of all-oxide varactors, which solve the problem
of high tuning voltages and have a low power consumption. This opens up the new fields of applications
such as mobile communication. The concept of all-oxide varactors is based on the substitution of the metal
bottom electrodes with oxide bottom electrodes. Attempts to utilize STRuO5 as an isostructural bottom
electrode were abandoned due to insufficient conductivity of the electrode material [11]. The concept of all-
oxide varactors was discontinued until the highest conducting perovskite StMoO; revived the concept. The
single crystal conductivity surpasses platinum and thin-film conductivities of 20 uQ2-cm have been achieved
in previous work [12]. In addition to the application field of microelectronics, StMoQ; is a favorable
material for solid oxide fuel cells [13], transparent conductors [14, 15] and plasmonics [16]. The good
conductivity in conjunction with a very low lattice mismatch to the dielectric barium-strontium-titanate
Ba,Sr;_, TiO5 gives the opportunity for all-oxide varactors to surpass the performance state-of-the-art
ferroelectric varactors based on platinum and offers following advantages:

* Inexpensive materials

* High bottom electrode thicknesses above skin depth possible
* Atomically sharp interfaces

* Low defect density in the dielectric due to epitaxial growth

The atomically sharp interfaces in the all-oxide varactor allow dielectrics in the range of 50 nm without
short circuits, which in return lowers tuning voltages to the Li-ion battery voltage level (3.7 V) to achieve
similar electric fields. One drawback which has to be noted is the volatility of the material STMoO;. It
oxidizes rapidly to SrtMoO,, which is insulating and therefore drastically decreases the device performance.
Part of this work was the investigation of different intermediate capping layer materials. These suppress
oxygen diffusion during the deposition of the dielectric and, thus, preventing STMoOj; from oxidizing.
Another important factor considering industrial applicability of novel thin-film technology is the choice of
substrates. Up until now, research on all-oxide varactors was limited to the substrate GdScO5 [17,18],
which is not feasible for industrial application due to the high cost. Two alternative substrates are sapphire
and silicon. Sapphire has low losses and is currently used by competing platinum-based varactor technology.
Due to the low bottom electrode thickness of Pt electrodes of around 300 nm in commercially available
varactors, which is far below the skin depth, in the field of application of several GHz, a huge part of the
RF signal is penetrating into the substrate. Therefore, current varactor technology based on Pt bottom
electrodes is fabricated on sapphire substrates.

However, silicon would be the preferred substrate, since it is cheap, can be produced in wafers of 12 inch in
diameter and is the most popular substrate in semiconductor industry. In addition, a successful deposition
on silicon substrates is required to enable integration of all-oxide varactors into silicon RF circuit technology.




For these reasons, a technology transfer from the lab-scale substrate GdScO5 towards silicon, in combination

with unique advantages mentioned above, can establish the all-oxide varactor technology in the RF front
end market.







2 Fundamentals

2.1 Dielectric materials

In the presence of an external electric field, positive and negative charges are moved into opposite directions.
The response of a solid to such an electric field depends whether charges can move in the solid. In case of
metals, electrons can move quasi freely and shield the external field on a very short length scale [19]. In
insulators, the electrons can only be shifted slightly from their equilibrium position, causing an electrical
polarization [20]. These insulating materials are also called dielectrics [21].

32
Symmetry

Point Groups
I

21 11
Noncentrosymmetric Centrosymmetric
| (Non-piezoelectric)

20
Piezoelectric
Polarized u|nder stress
10
Pyroelectric
Spontaneously polarized

Subgroup
Ferroelectric
Sponateously polarized
Polarization reversible

Figure 2.1: Classification of the 32 point groups in non-piezoelectric, piezoelectric, pyroelectric and ferro-
electric materials [22].




In crystallography, the symmetry of a crystal is assigned to point groups corresponding the symmetry
operations, such that the crystal structure is unchanged after the operation. Depending on the point group
dielectrics can be further divided into non-piezoelectric, piezoelectric, pyroelectric and ferroelectric [22],
which will be explained in the following.

All crystals can be assigned to one of 32 different point groups (see Figure 2.1), which are based on
the seven basic crystal systems, in ascending symmetry: triclinic, monoclinic, orthorombic, tetragonal,
rhombohedral (trigonal), hexagonal and cubic [22]. Out of these 32 point groups, 20 exhibit piezoelectric
behavior. This means, that an electrical polarisation will arise under mechanical stress on the crystal in a
certain direction. Requirement for the piezoelectric effect is the existence of a polar axis. Polar axes can only
occur in crystal structures without a structural inversion symmetry. A 180° rotation of the crystal structure
perpendicular to the polar axis does not result in the initial state. This can be seen in Figure 2.2 (b), where
the polar axis is aligned in the c-direction [19].

In piezoelectrica, there exist a subgroup of 10 crystal classes named pyroelectrica. This group is character-
ized by a permanent polarization within a certain temperature range. The polarization is not a result of
stress like in the piezoelectrica, but arises spontaneously and forms permanent dipoles in the crystal and
changes with temperature [22].

If a material not only exhibits spontaneous polarization, but the dipoles are also reversible by an electric
field, it is called a ferroelectric. Therefore, the ferroelectrics represent a subgroup of the pyrolectrics
with the additional necessary requirement of reorientation of the polarization. Ferroelectricity was first
discovered in Rochelle salt in 1921 [23]. In analogy to magnetic materials, there also exist ferrielectric and
antiferroelectric materials [19].

Ferroelectric materials can be divided into two groups, depending on the type of transition from the para- to
ferroelectric phase, namely first-order or second-order transitions. A sudden jump at the Curie-Temperature
T is assigned to the first-order and a continuous transition is assigned to the second-order. The second-
order transition is also called order-disorder transition. This means, that above the transition temperature
T, the order of the electrical dipole moments is lost, however, the dipoles themselves do not disappear. An
example for the second-order transitions, is monopotassium phosphate (KH,PO,) [19].

During the first-order transition, also called displacive transition, two sublattices are shifted with respect to
each other. Dipol moments emerge due to a displacement of ions. Prominent materials for the first-order
transitions are ionic crystals with a perovskite structure (ABOs), such as barium titanate (BaTiO3). Above
the Curie-Temperature T = 383K, BaTiO5 has a centrosymmetric cubic crystal structure and, thus, BaTiO4
is in the paraelectric phase. Below the Curie-Temperature T a first-order phase transition occurs from the
cubic into the tetragonal ferroelectric phase [20]. This first-order phase transition is visible in Figure 2.2,
where the crystal structure of BaTiO is shown in the paraelectric (a) and ferroelectric (b) phase.




Figure 2.2: Crystal structure of BaTiO5: (a) Above the Curie-Temperature To = 383K, BaTiO5 exhibits a
centrosymmetric, cubic crystal structure and is in the paraelectric phase. (b) Below T, Ba?*
and Ti*" shift upwards and the negatively charged 0%~ shifts downwards, indicated by the
arrows, which leads to a slightly elongated c-axis. The crystal is in a tetragonal structure
without inversion symmetry and, thus, with a spontaneous polarization in c-direction [19].

2.2 Polarization and dielectric properties

As described in the previous section, if an electric field E is applied to an insulating material it leads to
separation of charges and, thus, a polarization P. Both are related to each other by the electric susceptibility
%. such that

P=e¢yy.E, (2.1)

where ¢, is the electric permittivity in free space (8.854- 1072 F/m). The susceptibility is linked to the
relative permittivity ¢, by

Xe=¢6—1, (2.2)

where y, and ¢, are 2nd order symmetrical tensors, which become scalar for cubic crystals and amorphous
solids [20]. The electric displacement field D describes the displacement of charges in a dielectric material
in the presence of an electric field E and is defined as

D =gyE + P = gy¢, E. (2.3)

For time-varying electric fields the electric displacement current 8D/t appears in the Maxwell’s equations

o

5 o 0
rotH =j +

, 2.4)

QD

t

with the current density J.




For small field strength of the applied electric field, the resulting polarization of the solid has a linear
response. Therefore, y(w) and ¢(w) are linear response functions of the solid to the applied electric field.
x(w) and ¢(w) satisfy the Kramers-Kronig-relation [24, 25]. For the dielectric function ¢ = ¢’ +ie” they

read to
oo
/N /
gw)—1= %?}2’ f Z/%(Zz)dw’, (2.5)
0
o0
TN
)= -2 f o)=L de. (2.6)

0

Here &2 denotes the principal value of the integral. Both equations imply that the real and complex part
of the permittivity can be converted into each other, if they are measured with sufficient accuracy. The
dielectric function is also connected to optical properties and can be linked to the refractive index n and
the extinction coefficient x with following equation

e=¢ +ie” =(n’ +ix)? 2.7)
and their components are related by
g =n?—x? and e’ =2n'k. (2.8)

Figure 2.3 shows the dielectric response of an insulating material depending on the frequency of the applied
field. The real part of the permittivity can be seen in the upper part and the imaginary part can be seen in
the lower part. Depending on the frequency, six different phenomena can be differentiated, which are also
numbered in Figure 2.3.

1: For very high frequencies (w > 10'° Hz) the oscillations are too fast for the polarizable elements of
the material to follow the field. Therefore, the material is not polarized and the relative permittivity
is close to 1 and the absolute permittivity corresponds to the vacuum permittivity &.

2: When the frequency is below w < 10'° Hz, the electrons of the deep internal layers close to the nucleus
follow the field and shift away from the positively charged nucleus. Absorption at the resonance
frequency w, = 10'® Hz occurs.

3: Approaching the optical spectrum, the valence electrons are responsible for the polarization. Two

resonance frequencies occur for two different types of valence electrons wg.; and wges-

4: In the infrared region (w ~ 10'2 Hz) the positive and negative ionic sublattices shift with respect to
each other and, thus, contribute to the polarization.

5: At radio and microwave frequencies (w < 10'° Hz) Debye- or orientation polarization takes place.
This effect is a reorientation of existing dipoles such as hydrogen bonds.
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Figure 2.3: Dielectric response function of an insulating material [26, 27].

6: Frequencies below («w < 10* Hz) are low enough to give slow-moving charges such as impurities at
grain boundaries or ions and electrons enough time to reach interfaces and form a depletion layer.

2.3 Microwave loss mechanism

Minimizing losses in dielectrics is crucial for commercialization of tunable microwave applications. In
recent years, losses of ferroelectrics have been reduced, especially in thin films, due to higher film quality.
Microwave losses can be differentiated in the paraelectric phase into intrinsic and extrinsic losses (see
Figure 2.4).

Intrinsic losses originate from the interaction of the external electric field with the phonons of the dielectric.
Extrinsic losses can be attributed to defects in the crystal. Both intrinsic and extrinsic losses will be briefly
discussed in the following section. For more detailed information, see [4,28,29]. The total losses of the

paraelectric crystal can be described as the sum of all contributing loss mechanisms

tan & =Ztan5i, (2.9)
i

where i denotes the individual loss mechanisms.
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Figure 2.4: Classification of the microwave loss mechanisms in paraelectric dielectrics [28].

2.3.1 Intrinsic losses

As described before, intrinsic losses describe the interactions of the electric field with the phonons of the
crystal. The energy quanta of the electromagnetic field icw (w is the frequency of the external field) are
absorbed by interactions with thermal phonons of much higher energy. This absorption occurs in the
three- and four-quantum mechanism. These processes involve two, and three phonons, respectively. The
three-phonon process dominates for popular paraelectrics, such as barium-strontium-titanate, and at room
temperature in the microwave region, this process leads to losses of [28]

tan &, o< we>/2T2, (2.10)

In addition to the discussed fundamental losses, external fields can lead to DC field induced Quasi-Debye
and microwave to acoustic transformations. DC and high-power-microwave fields can break the symmetry
by shifting the positive and negative charges and induce non-center symmetry. This leads to a polarization
of the crystal, which is desired for tunable devices but introduces Quasi-Debye and acoustic losses. Acoustic
losses originate due to the electristictive inverse piezoeffect generating acoustic waves.

In an ideal, defect-free paraelectric crystal, where all extrinsic losses are mitigated, the minimum losses of
a perfect paraelectric is determined by the electric field induced Quasi-Debye and acoustic losses. In thin
films usually losses are dominated by the extrinsic losses, which overlay the intrinsic losses. In high-quality,
epitaxial thin films produced in this work, the intrinsic and extrinsic losses are comparable.

10



2.3.2 Extrinsic losses

Extrinsic losses are associated with defects in the crystal. Depending on the defect density, the extrinsic
losses can be much higher than intrinsic losses. The most significant extrinsic losses are associated with

(i) charged defects
(i) universal-relaxation-law
(iii) Quasi-Debye contribution induced by random-field defects.

Losses due to charged defects contribute essentially in thin-film varactors, like the all-oxide heterostructure
in this work. Here, charged defects can be attributed to oxygen vacancies. The Quasi-Debye contribution in
centrosymmetric tunable materials can be caused by local polar regions. These may be induced by various
defects and structural imperfections [4].

2.4 Perovskites

This work is based on material systems, which belong to the group of perovskites. This material class
originates from calcium titanate (CaTiO3) and its crystal structure. The simple perovskites have the formula
ABO; and consist of two cations A and B as well as an anion O, which is oxygen in this work. The crystal
structure for BaTiO5 can be seen in Figure 2.2. The most simple perovskite structure is cubic with the space
group Pm3m (221).

Perovskites can differ from the cubic lattice structure. This deviation can be approximated by the Gold-
schmidt tolerance factor 7gg, which reads [30]

rA+rO

=4 7 2.11
V2(rg +15) ( )

Tas
where r, and rg are the radii of the A- and B-site cation and r is the radius of the oxygen anion. The
perovkite is cubic, if 7gg is between 0.95 and 1.04. For decreasing A cation radii, tgg falls under the
threshold value 0.95. This leads to octahedral distortion of the anion octahedra, which was reported
by Glazer et al. and Sasaki et al. [31-33]. For perovskites such as BaTiO3, the Goldschmidt tolerance
factor has a value of 74g > 1 and, thus, the B cation is too small to fill the oxygen octahedral. Hence,
below the Curie temperature, the B cation is shifted away from the octahedral middle position leading to a
polarization [34].
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2.4.1 Barium-strontium-titanate Ba, Sr,_,TiO,

Barium-strontium-titanate Ba, Sr;_, TiO; (BST) belongs to the group of ferroelectric materials and shows a
field dependent permittivity, which is very important for RF circuits and tunable ferroelectric varactors in
particular. The tunability states, how much the permittivity changes under the influence of an applied DC
field. A detailed introduction will be given in section 2.7. BST is the most studied ferroelectric material in
literature. It has a superior tunability, low dielectric loss and is, in addition, lead free [35].

BST is a mixed perovskite of strontium titanate (STO) and barium titanate (BTO). Depending on the ratio
of the A-site cations Ba:Sr the value of the Goldschmidt tolerance factor 7gg is changing. With increasing
Sr content, the octahedral distortions regress, which is reflected in the value of 75g, approaching 1.
Depending on the temperature, BST can be ferroelectric or paraelectric and shows a ferroelectric-paraelectric
transition at the Curie temperature T (see Figure 2.5). The Curie temperature depends on the barium and
strontium content in Ba, Sr;_, TiO5 and falls below room temperature for x < 0.7 in single crystals [36]. In
the ferroelectric phase, the material shows a hysteresis in the electric polarization field due to polarized
electric moments. This behavior is used for applications such as non-volatile memories. In the paraelectric
phase above T the hysteresis vanishes. This absence of the hysteresis is very important for varactors,
which is the reason why BST is used in the paraelectric phase for such applications.

T
Ferroelectric 7<T, Paraelectric T>T,
Polarization Polarization
Non-volatile High-K_
memories Capacitors &
/ (FeRAM) Varactors
/ Electric Field Electric Field

Figure 2.5: Permittivity dependence on the temperature with the ferroelectric-paraelectric transition at
the Curie temperature T, in the upper graph. The bottom two graphs show the hysteresis
behavior of the polarization in the ferroelectric phase and polarization behavior in the para-
electric phase [36].
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To explain the ferroelectic and paraelectric behavior, it is important to understand the lattice structure. BST,
similar to other complex metal oxide ferroelectrics with an ABO5 formula, is arranged in the perovskite
structure (see Figure 2.6). The barium and strontium ions sit on the corners of the unit cell (A-site cation).
Both A-site cations are present in the oxidation state Sr>" and Ba?". The titanium ion is in the middle of
the unit cell (B-site cation) with an oxidation state of Ti*'. It is surrounded by oxygen ions (oxidation state
0?7) in an octahedral structure. Since barium is bigger than strontium, the lattice constant rises with a
higher barium content. The lattice constant of BST can vary from 3.905 A for pure STO [37] up to the
tetragonal BTO with an in-plane lattice constant of a = 3.994 A and an out-of-plane lattice constant of
c = 4.038 A [38].

For the paraelectric phase above the Curie temperature, BST shows a cubic structure with the equilibrium
position of the titanium ion in the middle of the unit cell. Thus, the crystal has no spontaneous polarization.
This is different in the ferroelectric phase. The equilibrium position of the titanium ion is shifted away
from the center towards one side of the unit cell and therefore showing spontaneous polarization.

This can also be described by a 1-dimensional oscillator model of the perovskite crystal (see Figure 2.6).
The ions are represented by spheres and the bonds between the ions are represented by springs. In the
paraelectric phase, the equilibrium position of the positive titanium ion is in the middle (Figure 2.6 (a)),
where the free energy has a minimum. By applying an external electric field, the titanium moves away
from this middle position and induces an electric dipole. Without the presence of the electric field, the ion
returns to the center (x = 0). The free energy is described by a parabolic shape (= kx? with k being the
spring constant).

In the ferroelectric phase, the free energy of the crystal has two minima without the presence of an
external DC field. Hence, the positive ion is shifted away from the center position in one of these two
minima (Figure 2.6 (b)). This leads to the spontaneous polarization. By applying an external DC field, it is
possible to switch between both minima. This behavior is exploited, for example, in memory cells [28]. A
phenomenological theory based on the expansion of free energy of a ferroelectric crystal as a function of
polarization P is given in [28].
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(a) (b)

;} Free energy A Free energy

Distance, x Distance, x

Lattice constant, a,

Lattice constant, a

Figure 2.6: Crystal structure of BST in paraelectric phase (a) and ferroelectric phase (b). In the bottom
half, the free energy distribution in 1-dimensional unit cells of ABO; perovskites is displayed.
The spring model shows, how the titanium ion (green) can be shifted away from the middle
position towards an oxygen atom (red) [28].
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Thin-film BST

Although thin films and their bulk counterparts are chemically the same, the physical properties of thin films
can significantly differ from the bulk material [28]. The maximum values of the permittivity of bulk BST
samples can be over 60 times higher than comparable thin-film samples. The dielectric constant of thin-film
BST is around (¢, ~ 300) and, therefore, much lower than bulk BST (&, ~ 20000). This reduction effect
can be explained by smaller grain sizes, cation nonstoichiometry, in-plane stress or interfacial capacitance,
acting as a dead-layer [39-42]. This dead-layer effect is more pronounced in very thin films of only
several nanometers, were the thickness is comparable to the thickness of the dead-layer. In addition,
the temperature dependence of the dielectric constant is drastically reduced in the thin-film as it can be
seen in Figure 2.7. There is no obvious ferroelectric-paraelectric phase transition visible for thin films
(see Figure 2.7). The maximum in dielectric is shifting with different Ba/Sr ratios in temperature. This
allows to tailor the BST composition to have the maximum dielectric constant exactly at the operation
temperature area for a possible device. The tunability for thin-film BST requires lower voltages compared
to the bulk material [36].

30000, : 100000 ——— ———————
04 ;5 , Ba,,Sr,,TiO,
w 25000+ ’. + 06
~ .- '4 -
= ioi oo &
s 200000 IR | g 100004 Bulk E
c oot g 08 8 Ceramic
8 15000t S S
: H (&3
8 K 5
= H o O
T 10000} X 2 1000+ 1
Ko} 2 2
© i o cvvsm—sosssn
8 s000f ' " Thin Film e
0 ] ) ) . . 100 t=100nm
200 -150 -100 -50 O 50 100 150 200 0 100 200 300 400 500 600 700
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Figure 2.7: (Left) Temperature dependence of the dielectric constant for Ba, Sr;_, TiO5 bulk ceramics sin-
tered at 1450 °C for different Ba/Sr ratios [43]. The red dashed line shows the room tempera-
ture. (Right) Dielectric constant of bulk and thin-film Ba, ;Sr, 5 TiO5 as a function of tempera-
ture [42].

2.4.2 Strontium molybdate SrMoO,

In the past, efforts have been made to develop oxide electronics and implement conducting oxides as
electrode material. Promising candidates for oxide bottom electrodes are conducting perovskite oxides
such as StTRuO; [11,44-48], La, 551y 5Co05 [49,50], Lag 6751 33MnO3 [51-54] and LaNiO; [55, 56].

However, all these materials exhibit a resistivity above 100 u2-cm. Thus, the high frequency losses of such
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perovskite materials are too high for applications [12]. Therefore, it was concluded in literature, that
conductive oxide electrodes are too resistive for microwave applications [57].

Strontium molybdate SrMoO; (SMO) single crystals have the lowest resistivity of 5.1 uQ-cm among all
known perovskite oxides [58] even outperforming platinum (10.6 uQ-cm). Using the pulsed laser deposition
and a growth in reductive conditions it is possible to produce SrMoOs single crystalline thin films up to
500 nm with a DC resistivity below 20 uQ-cm [59]. The reported bulk value for the c-lattice constant is
3.974A. [60].

(b)

Figure 2.8: (a) Scheelite lattice structure of SrMoO, used as PLD target and (b) perovskite structure of
SrMoOQ; after reduction during PLD deposition, utilized as bottom electrodes in oxide electron-
ics.

Starting point for the SMO deposition is a STMoO, target. These targets are produced by spark plasma
sintering (SPS). SrMoO, exhibits a scheelite structure (see Figure 2.8). The molybdenum is in the
oxidation state Mo®" and, therefore, StMoO, is highly insulating. It is stable at atmospheric pressure. The
low resistivity of SMO down to p = 20 — 30 uQ-cm [12] relies on Mo being in the thermodynamically
unfavorable Mo** valence state with 4d? (tag) electronic configuration near the Fermi level [61]. Thus, it
is very important to reduce the SrMoO, target during thin-film growth and to maintain the Mo*" valence
state and prevent Mo from oxidizing into Mo®". This occurs very rapidly and already at very low oxygen
background pressures, which becomes evident in the thermodynamic diagram in Figure 2.9.

This oxidation is a big challenge during the production of heterostructures utilizing SMO as bottom electrode
material, since its growth is constricted to reductive conditions. It is visible in Figure 2.9 that the SMO
growth in vacuum is restricted to a very narrow growth window (below 10~ Torr at 650 °C). An alternative
to the growth under vacuum is the growth in reductive background gases such as argon or mixture of
hydrogen and argon (2.5% H, + Ar). This has been done in a previous PhD work [17] and H, + Ar
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Figure 2.9: Thermodynamic phase diagram of Mo0O3, MoO,, TiO,. The blue area shows the occurrence
of TiO, with Ti in 4+ oxidation state as desired in BST. The red area shows the occurrence
of MoO, with Mo in 4+ oxidation state as desired in SrMo0;. The black triangle shows the
narrow growth windows for SrMoO; in vacuum, which is technically feasible by PLD.

lead to the lowest resistivity values, which might be caused by the additional chemical component of the

reduction. However, hydrogen-argon gas mixture has technological drawbacks, such as an unstable gas

mixture requiring frequent growth optimizations [17].

It has to be noted, that dielectric materials, such as BST used during this work requires oxidizing growth

conditions in order to ensure a sufficient oxygenation of the dielectric. This is of importance, since oxygen

vacancies lead to undesired leakage current through the dielectric.

Therefore, in order to realize heterostructures with SMO bottom electrodes and functional oxide materials

requiring oxidizing growth conditions, an oxygen diffusion barrier at the interface of the SMO and dielectric

is necessary, which should reconcile the two contradictory

2.4.3 Oxygen diffusion barrier

growth conditions.

As described in the previous chapter, SMO and BST demand very contradicting growth conditions. Growing

both materials in a good quality requires an interlayer acting as an oxygen diffusion barrier. Diffusion can

be described by two complementary approaches [62,63].
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Macroscopic approach

The macroscopic approach does not consider matter as atoms. Fick’s law describes the material flux of
component i through unit area of a reference plane per unit time j; and reads

ji=—D; =, (2.12)
X

where ¢; denotes the concentration and D; the diffusion coefficient of a component i, respectively. This
1-dimensional consideration of Fick’s law is usually sufficient considering diffusion along one selected
direction. However, it can also easily be generalized into:

where ¢; is a scalar concentration field and D; is a symmetric second order tensor, which is reduced to a
scalar for cubic crystals. Although not visible in the formula (2.13), the driving force for diffusion is not
the gradient of concentration, but the gradient in chemical potential (Vu;) [62].

Microscopic approach

The microscopic approach derives the diffusion coefficient with the mean square displacement of the
diffusion species. The derivation of the microscopic definition of diffusion coefficient D; can be found
in [62]. It reads

D; = 6azzrl-, (2.14)

with the jump rate I; of the particle to one of its Z neighbors and the distance a to the neighbor sites.

In the present material system, the critical oxygen diffusion is not along the surface, but perpendicular to
the surface into the SMO layer. Two different oxygen diffusion processes are present.

1) the gas|solid interface during the growth of BST
2) the solid |solid interface from BST to SMO

Both processes can be supressed by an intermediate oxygen diffusion layer. SMO needs reductive conditions
during the growth and oxidizes easily, as visible in the thermodynamic diagram in Figure 2.9. On top
of SMO, a thin layer of 5 — 10 unit cells is grown in vacuum, which acts as the oxygen diffusion barrier.
Different materials have been investigated in literature with respects to the oxygen diffusion such as SrZrOs,
BaTiO;, SrTiO; and related perovskite oxides [64-66]. However, not only the bulk value needs to be
considered, but the strain is also very important [67,68] (see section 2.6).
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2.5 Thin-film growth

Since this work focuses mainly on thin-film deposition and the analysis of the crystal quality, differences
of the thin-film growth will be discussed in this section. Technical details of the film deposition will be

discussed in section 3.1. There are four distinct types of crystal structures:
* amorphous: only short range atomic (ionic) order
* polycrystalline: long range atomic (ionic) order in grains but no order between grains

* textured: long range atomic (ionic) order in grains and preferential orientation between the grains
and the substrate

* epitaxial: long range atomic order in grains and orientation relation between grains and substrate,
ideally only one orientation

Epitaxial growth is often achieved by growth on single crystal substrates. The epitaxial relation describes
the thin films adjusting the orientation to the substrate. Thus, the substrate material and orientation
dictates the orientation and structure of the thin films. If a material is grown on a crystalline substrate of
the same material the growth is called homoepitaxy. If substrate and film are two different materials it is
called heteroepitaxy.

The short pulse duration of the excimer laser, during the pulsed laser deposition, influences the nucleation
and growth process. The mean diffusion time ¢t of the ablated atoms is given by [69]

tp = y ! exp(%), (2.15)
where v is the attempt frequency for atomistic processes, E, is the activation energy for diffusion, and
kg is the Boltzmann constant. The mean diffusion time tj, sets the time frame for the nucleation and
growth process. For a great number of deposition conditions, ¢, exceeds the pulse length. Therefore, the
deposition can be seen as instantaneous for each pulse [69]. After each laser pulse there is a relative long
time interval with no deposition, depending on the repetition rate. During this duration with no ablation,
the atoms which reached the surface can rearrange and successively bond through nucleation [69].

The formation of a thin film has two different stages. The first stage is the nucleation. A schematic overview
of the processes on the sample surface during thin-film growth is shown in Figure 2.10. The atoms in the
plume arriving on the surface can penetrate, be absorbed, or be reflected from the substrate depending
on their kinetic energy. If they are absorbed, they are bound mainly by the Van-der Waals force, which is
called physisorption [70] and in this case, surface diffusion is possible. If the atoms form chemical bonds
with the substrate it is called chemisorption and diffusion is more difficult. The nucleation starts if atoms
shape clusters by forming chemical bonds to each other.

19



reflection

desorption

Figure 2.10: Schematic overview of possible processes for particles hitting the surface during thin-film
growth [71].

Further growth of the nuclei depends on the surface energy of the substrate yg, film y; and interface v;.
The growth of the nuclei can be described by the Young Equation [72]

Ys =Y typcoso, (2.16)

where yg, y; and yp are the surface energies and 6 is the contact angle. The schematic situation for
equation (2.16) can be seen in Figure 2.11. Four different thin-film growth modes are displayed in
Figure 2.12 and described in the following.

YF
Film
0

Ys Y1 Substrate

Figure 2.11: Simplified picture of a nucleus growing on a substrate. 6 represents the contact angle, v the
surface energy of the film, y4 the surface energy of the substrate and y; the interface energy
of substrate and film.
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Figure 2.12: Film growth modes: (a) layer-by-layer growth (Frank-Van-der-Merwe), (b) island growth
(Volmer-Weber), (c) Stranski-Krastanov, (d) step flow [69].

The Frank-Van-der-Merwe or layer-by-layer growth mode is characterized by [71]
Ys2Yrt+7r- 2.17)

The bonding towards the substrate is stronger than between neighboring film atoms. Thus, the substrate
gets fully covered by the film, which is called a 2-dimensional or 2D growth. This normally requires a
homoepitaxial growth, since there is no misfit energy. The contact angle 6 in equation (2.16) is 6 = 0,
since there are no islands or clusters.

The Step Flow belongs to the layer-by-layer growth. The differences between layer-by-layer growth and
step flow are determined by a number of kinetic parameters. The most important kinetic parameter is the
surface diffusion coefficient Dy of the adatoms which can be expressed as [69]

Dg = va? exp (_%) s (2.18)
where E, is the activation energy for diffusion, v the attempt frequency, and a the characteristic jump
distance. Two different diffusion processes have to be considered in order to differentiate between step flow
and layer-by-layer growth. The diffusion of atoms on a terrace, which is called intralayer mass transport,
and the diffusion of an atom to a lower terrace (interlayer mass transport). Both diffusion mechanisms are
also displayed in Figure 2.10. As shown in Figure 2.12 (d) the process leading to step flow is the intralayer
mass transport on vicinal surfaces, which can also be seen as stepped surfaces. If the diffusion length
I, = /Dy is bigger than the width of a terrace step, the mobility of the atoms is high enough to reach the
edge of the substrate steps. These steps can be compared to a sink and adatoms diffuse towards them.
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Thus, nucleation on the terraces is avoided [69]. To obtain layer-by-layer growth, a high interlayer mass
transport is necessary. Atoms deposited on a forming cluster must first reach the bottom of the cluster
and then diffuse to a lower layer. It is important to note, that although step flow has the same surface
morphology than layer-by-layer growth, it does not show any oscillations while monitored by the reflection
high-energy electron diffraction technique which is described in the next section.

For the Volmer Weber or island growth mode (see Figure 2.11 (b)) the criterion is:

Ys <Yr+71I1 (2.19)

During this growth mode, the bonding among film atoms is stronger than towards the substrate. Therefore,
the film is growing in 3-dimensional (3D) clusters which leads to a very rough surface of the film. For
this growth mode, equation (2.16) can be used to determine the contact angle 6, which can have values
between 0° < 6 < 90°.

In heteroepitaxial growth, the Stranski-Krastanov growth mode can occur. This growth mode describes
the change from layer-by-layer to island growth. Reason for this change in growth is a lattice mismatch
between substrate and film. Due to this mismatch biaxial strain is building up as the film is growing. This
results in an elastic energy growing with increasing film thickness. After a certain critical thickness h. misfit
dislocations start forming near the substrate-film interface [69]. These misfit dislocations are introduced
to relieve the mismatch strain and, thus, the layer-by-layer growth is switching to island growth mode.

2.6 Strain

Strain is a key factor during thin-film growth and has to be considered during material and substrate choice.
Not only does strain directly impact the growth of films, but it also alters the properties of the layers. It has
been shown in literature, that ferroelectric thin-film properties can be altered by different values and signs
of biaxial strain [73]. Theoretical calculations have shown, that magnetic and electric properties in STRuO,
thin films affected by the octahedral distortions due to strain can be altered [74]. Electric and ferroelectric
properties are very important in the heterostructures during this work. Therefore, the choice of substrate
plays a crucial role.

Strain between substrate and film or among two films always occurs if there is a mismatch between the
lattice constants of the substrate and film or films in heterostructures. The lattice mismatch is described
by [75]

A= Aa _ @substrat — FFilm , (2.20)

Agubstrat Agubstrat

where agy, and agysirar are the lattice constant of the film and and substrate, respectively. For high quality
epitaxial films, an excellent substrate quality is essential and the lattice mismatch should be smaller than
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Figure 2.13: Schematic of a fully coherent epitaxial film biaxial strained on the underlying substrate. Both,
substrate and film have a perovskite ABO; formula [73].

5%. If A < 0 the film is compressively strained in plane, whereas if A > 0 the film is tensile strained

in-plane. Other reasons than lattice mismatch for strain in crystals can be [28]:

* Temperature — e.g. thermal contraction during cooling after deposition

¢ Mechanical stress — elastic deformation

* External DC field — piezoelectric and electrostrictive effects

Strain can also impact the oxygen vacancy migration in different materials. This is very important for the
oxygen diffusion barrier discussed in the previous section 2.4.3.

In the example of SrTiO;, theoretical strain calculations have shown, that compressive strain up to 6 %
can significantly suppress the inter-plane oxygen diffusion normal to the plane of strain, whereas tensile
strain increases the diffusion in all directions [67,68]. At 2% compressive strain, inter-plane barrier was
reported to be increased by 35-50 % [68].

Theoretical calculations for BTO predict oxygen vacancy formation energy and migration barrier to be
enhanced by compressive strain [76]. Thus, strain engineering by choosing a certain material combinations
can increase the oxygen diffusion barrier of a material.

However, strain can also cause lattice defects or small cation nonstoichiometery hindering the comparison
with equivalent bulk crystals or theoretical calculations [77]. These defects can in return also lead to
a reduction in the oxygen diffusion barrier. Studies during this work investigated different materials as
oxygen diffusion barriers. The investigations were carried out by consecutive annealing and measuring
XPS. More detailed descriptions will be given in section 4.3.
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2.7 Varactors

Current wireless communication is based on a broad radiofrequency spectrum. Therefore, telecommunica-
tion devices need to be able to handle data in the broad frequency range. The circuits processing the signals
received from the antenna contain inductances and capacitors. In order to capture the whole spectrum
with sufficient quality, different values in capacitance are necessary. The impedance of the antenna needs
to be adapted to the changes in external circumstances such as, e.g. surrounding metals or other solids.
One solution for this demand are so-called switchable antenna tuners. They contain several capacitors with
different, but fixed capacitances. Depending on the required frequency to transmit, a particular branch
of the antenna tuner is selected. The drawbacks of this approach are a bigger size of the component and
that the maximum performance is not always reached, since the possible capacitances have only certain
discrete values and can not be changed continuously.

An alternative solution are tunable capacitors, also called varactors. The capacitance of a varactor can be
changed by applying an external electric DC field. Varactors are used in tunable filters and switches, voltage
controlled oscillators, microwave phase shifters, delay lines, tunable matching networks and other applica-
tions [57,78]. There are currently three different technologies to realize these tunable components, namely
semiconductor varactor diodes, RF micro-electro-mechanical systems (MEMS) and ferroelectric thin-film
varactors. There has been quite intensive work in the past on thin-film varactors. Most investigations
were focused on varactors with platinum bottom electrodes [57,78-87]. A different approach of varactors
utilizing oxide bottom electrodes, mainly SrRuOs, were also the topic of research in the past [11,45-48]
and also, recently, fully optically transparent varactors were produced [88]. However, it was concluded in
literature, that oxide bottom electrodes are too resistive for microwave applications [57]. The approach of
oxide electrodes and, thus, an epitaxial all-oxide heterostructure was revived by integrating the highest
conducting oxide StMoOj as the bottom electrode material. The varactor heterostructure in this work, i.e.
SrMoO,/Ba, Sr;_, TiO3/Pt/Au, is called all-oxide varactor. It has several advantages over the varactors
with Pt bottom electrodes such as:

* Inexpensive materials

Low surface roughness: high bottom electrode thicknesses above skin depth possible — low losses

Atomically sharp interfaces — dielectric thicknesses below 50 nm possible

Low defect density in the dielectric due to epitaxial growth

The device characteristics of the three competing technologies are shown in the Table 2.1. MEMS have on
the one hand a high Q value and linearity, but on the other hand a relative slow tuning speed (us) and
high packaging costs. They are also sensitive to environmental conditions such as moisture, temperature
and vibrations, possibly hindering the reliability [57].

Semiconductor diodes like GaAs are highly tunable and reliable. They also have a very high Q factor, but
only at lower frequencies. The Q factor decreases linearly at higher frequencies. In addition, they are more
expensive compared to ferroelectric thin-film varactors [57].
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All-oxide varactors further improve the advantages of conventional thin-film varactors, which enables
new application fields such as mobile communications. A schematic structure of the all-oxide varactors
investigated in this work will be given in section 2.7.1.
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Five parameters are commonly used to evaluate varactor properties namely loss tangent, quality factor,
tunability, relative tunability and commutation quality factor (CQF). Depending on the formula and
measurement, these parameters can characterize the individual materials properties or the performance of
the whole varactor device. All five parameters will be described in the following, both for description of
the ferroelectric material and varactor device properties.

* The loss tangent tané of a ferroelectric material, which is given by the ratio of the imaginary and

real parts of the permittivity [57]:

¢ (E) _ Im(e(E))

tan6(E) = ¢(E)  Re(e(E))

(2.21)

* The losses of a ferroelectric material can also be described with the quality factor Q(E) [11,57]:

1

QE) = tan6(E)

(2.22)

It has to be noted, that this equation represents the quality factor of the ferroelectric material. The
quality factors determined by the experimentally measured complex scattering parameters represents
the quality factor of the varactor device, which includes the electrode, substrate and additional
influences. Taking only the losses of the electrode into account leads to a quality factor representation

of the varactor device Q as

1
WCRgey

Qdevice(E) = (2.23)

* The tunability n describes the change of permittivity of the ferroelectric material with the electric
field [57]:
£ (0)

n(E) = B (2.24)

In addition, the tunability n can be defined as a device parameter with the change in capacitance
with applied electric field:

€

C(E) (2.25)

ndevice(E ) =

* The relative tunability n, is defined as the change of permittivity with an electric field, divided by
the by the permittivity absence of the field [57]:

£'(0)—¢ (E)

nr(E) = 8/(0)

(2.26)
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Similar to the tunability, the relative tunability n, can also be defined with the change in capacitance
as a device parameter:

C(0)—C(E)

(o) (2.27)

;. device (E ) =

* A summarizing figure of merit is the commutation quality factor (CQF) [28,78]. This parameter is
used to characterize the device performance

(n(E)—1)?

CQFaevicelE.f) = n(E) - tan O device (0, f ) - tan 8 geyice (E, f ) (2.28)
_1)2
= Qdevice(oaf) : Qdevice(E;f) : M (2-29)
n(E)

Advancements such as 5G and internet of things (IoT) requires an even more efficient use of the spectrum
driving the development of thin-film dielectrics with higher tunability n, quality factor Q and figure of
merit CQF [5]. Industrial desired performance properties of BST thin-film varactors are a device loss
tangent of tan d geyice < 0.01 (Qgevice > 100), as well as a high tunability n > 2 [57]. In literature, different
requirements for the CQF values are suggested. In [11,90] a CQF value greater than 2000 and in [78]
greater than 5000 is suggested, respectively, for RF/microwave applications.

Electrode

Top
Fingers BST Metal
/ Bottom
BST Substrate Substrate Metal

(a) (b)

Figure 2.14: Two different varactor layouts: (a) coplanar capacitor, (b) parallel-plate capacitor [78].

There exist two different types of thin-film varactor geometries, namely a coplanar or interdigitated
capacitor (IDCs) and a parallel-plate (PP) or metal-insulator-metal (MIM) capacitor (see Figure 2.14). A
comparison with advantages of the two different designs can be seen in Table 2.2. For the IDCs, the electric
bias field through the dielectric is determined by the gap between the electrodes and can, thus, be controlled
by the device design. However, parts of the fields are always confined in the passivation/surrounding air and
the field inside the ferroelectric exhibits a rather inhomogeneous distribution especially for small gaps. For
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the MIM structure, the field is applied quasi-homogeneous through the dielectric and, thus, it is controlled
by the thickness of the dielectric. However, the thickness has to be above a certain threshold, which depends
on the roughness of the bottom electrode to avoid short circuits through the dielectric. Usually the thickness
of the dielectric is around 300 nm for conventional varactors with Pt bottom electrodes, requiring tuning
voltages around 20 V.

Table 2.2: Comparison of the basic properties of coplanar and parallel-plate varactors [4].

Coplanar Parallel-plate
high tuning voltage small tuning voltage
voltage applied across the gap voltage applied through thickness
small capacitance large capacitance
smaller loss contribution of the electrodes | high loss contribution of the electrodes

2.7.1 All-oxide varactor

As already mentioned in the previous section, the concept of all-oxide varactors is the substitution of the
metallic bottom electrode with the highly conducting perovskite STMoO;. The complete all-oxide varactor
heterostructure consists of the layers StMoO;/Ba, Sr;_, TiO3/Pt/Au. StMoO; outperforms other perovskites
in resistivity (see Figure 2.15) and is located in the same region as metals such as platinum. A second key
benefit is, that SMO provides a perfect lattice match for a a wide range of BST compositions. In combination
with the right substrate (different scandades such as GdScO3) a heteroepitaxy with all involved lattice
mismatches below 0.5 % can be achieved. This enables an epitaxial, defect-free heterostructure with
atomically flat interfaces.

A schematic cross section of the heterostructure can be seen in Figure 2.16 (a). The thickness of the STO
buffer layer on GSO is about 5 — 10 unit cells and ensures smooth layer-by-layer growth of the SMO [92,93].
The buffer layer prevents the formation of an energetically unstable valence-mismatched interface between
GSO and SMO [12] and compensates the octahedral tilts of the GSO [94]. Despite the thickness of only 5
unit cells, the interlayer between SMO and BST prevents SMO from oxidizing during the BST growth and
will be further discussed in section 4.3.

The top electrodes (TE) are structured by photolitography with lift-off or ion-beam etching and deposited
via DC sputtering. The Pt layer between BST and Au with a thickness of 40 — 80 nm improves the adhesion
of Au. Unless stated otherwise,the TE have a circular structure as it can be seen in Figure 2.16 (b). The
outer (grounding) pad of the TE has a very large area and, thus, a very large capacitance. Therefore, it can
be neglected in comparison to the inner pad (Agyer > ~ 300 A her), Vielding the SMO bottom layer as an
effective ground for the main capacitance below the center (sourcing) pad [95]. On one 5 x 5 mm? single
crystal substrate, 36 varactor devices are structured in a 6 x 6 row array as displayed in Figure 2.16 (d).
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Figure 2.15: Comparison of some common conduction perovskite oxides (filled blue circles) to Au and
Pt (green diamonds) with respect to resistivity and lattice parameter. SrMoO; s.c. denotes
the single-crystal value [91].

These 36 varactors differ in dimensions which are specified in Table 2.3. The inner pad d varies from
20 — 60 um in diameter and the gap (D — d) varies from 20 — 80 um. The variation in dimensions is designed
to allow the extraction of properties such as the resistivity of SMO and BST loss tangent across the whole
substrate, assuming the material parameters to be constant across the complete substrate. Each dimension
composition exist multiple times for redundancy. Thus, the structure can also be seen as four similar 3 x 3
varactor arrays. The reason for this redundancy is to evaluate a performance divergence across the whole
sample and to have a redundancy in individual varactors in case the lithography or lift-off fails for a number
of pads.

This varactor heterostructure can be described by the common RLC model (see Figure 2.16 (c)). It consists
of a lossy capacitance C = C(1 —j - tan &) representing the dielectric in series with an inductance Lg., and
resistance Rg,,, of the electrodes. The energy of the AC field decays exponentially in conductors. If the
thickness is lower than three to five times the skin depth, the field penetrates into the substrate, which
leads to inaccuracies of the RLC model. Therefore, for thinner electrodes or smaller frequencies, this model
has to be extended, which was done for the all-oxide varactors of this work [95,96].
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Figure 2.16: (a) Schematic cross section of the all-oxide varactor heterostructure. Buffer- and interlayers
between Sub—SMO and SMO-BST 5 - 10 unit cells. The thicknesses of the individual layers
were varied between t,,; = 500 = 5000 nm, tgie; = 50 — 500 nm, t;,, = 350 — 4000 nm. The
top electrodes (TE) consist of a thin Pt layer for adhesion and a thick Au layer for contacting.
(b) Top view of the contacts (c) The schematic RLC model (d) Schematic structure of the top
electrodes of the 5 x 5mm? photolitographic mask of the circular test structure.

Table 2.3: Dimensions of the pads in Figure 2.16 (d). Three of the 6 lines and 6 rows are redundant and
therefore merged in this table.

column 1&4 2&5 3&6
Row | d (um) | D (um) | d (um) | D (um) | d (um) | D (um)
A&D 20 40 40 60 60 80
B&E 20 40 20 60 20 80
C&F 40 80 20 40 30 60
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2.7.2 Conduction mechanism in dielectric films

The leakage current in the varactor originates from conduction through the (insulating) dielectric film.
A leakage current needs to be avoided or suppressed as much as possible, since this increases the power
consumption of the device and hinders the application as mobile technology. Leakage currents are displayed
as a function over applied DC voltage in I-V curves or as as a function over the applied electric field. There
are several conduction mechanisms through dielectrics (see Figure 2.17). Conduction mechanisms in
dielectrics can be divided in two types: electrode-limited and bulk-limited conduction mechanism. For the
electrode-limited mechanism, the barrier height at the electrode-dielectric is the most important factor
whereas for bulk-limited mechanism, the trap energy level in dielectric films is important. The most
common conduction mechanism in perovskite dielectrics are: Schottky emission, Poole-Frenkel emission
and space-charge-limit conduction [97].

The Schottky emission is a electrode-limited conduction mechanism. It is also revered to as thermionic
emission. If an electron obtains enough energy, for example by thermal activation, the electrons can
overcome the barrier height at the metal — dielectric interface and, thus, be injected in the dielectric
(see Figure 2.18). This process depends on the barrier height between the electrode and dielectric and,
therefore, strongly depends on the interface. In the case of all-oxide varactors, bottom and top electrode
have different work functions. This leads to different barrier heights and a potentially asymmetric I-V curve.

Thin dielectrics are also subjected to the bulk controlled Poole-Frenkel conduction mechanism. This
conduction mechanism is present for higher voltages/fields surpassing the trap energy. Electrons are
emitted by thermal excitation from traps into the conduction band of the dielectric (see Figure 2.18). In
case of BST films in the all-oxide varactor heterostructure, oxygen vacancies act as internal traps, enhancing
the Poole-Frenkel conduction. This depicts a big challenge in the varactor production to fill oxygen vacancies

and ensure a sufficient oxygenation of the dielectric, while simultaneously prevent SrMoO; from oxidizing.
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Figure 2.17: Classification of the conduction mechanisms in dielectric films and the separation in to
electrode-limited conduction mechanism and bulk-limited conduction mechanism [98].
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Figure 2.18: Schematic energy band diagram in metal-insulator-semiconductor structures.
(Left) Schottky emission and (Right) Poole-Frenkel emission [98]
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3 Experimental methods

3.1 Pulsed laser deposition

All films were produced using the pulsed laser deposition (PLD). This method utilizes a pulsed laser beam
to ablate material off a target and create a material flux in plasma phase for the film deposition. It has to be
distinguished between two different types of extracting atoms from the target. If the laser energy absorbed
by the target is low, it results in thermal evaporation of the target. Whereas, if the laser energy is higher
than necessary for thermal evaporation, the target material is ablated. Stoichiometric and off-stoichiometric
deposition of target material on the selected substrate is feasible, provided that proper growth parameters
are chosen.

The ablated material forms a plasma, which is called plume. The particle density distribution of the ablated
material is symmetric with respect to the normal of the target surface and depends on the angle between
the plume and the surface normal. The particle density D can be expressed with [99]

D(6)=Bcos" 0, (3.1

where B is a constant of the laser energy density, also called fluence, 6 is the angle towards the normal
of the target and n is dependent on the spot size of the laser on the target. The laser energy density ¢ is
calculated by

&= Z, (32)

where E is the laser energy of the excimer laser on the target and A is the spot size of the excimer laser
beam on the target.

A schematic drawing of a PLD system as well as a picture of the used PLD system fabricated by DCA
instruments are shown in Figure 3.1. The excimer laser at the DCA PLD was the model LEXtra 200 by
Lambda Physik but it was exchanged during this work with a Compex 205 laser by Coherent. Both lasers
are KrF gas excimer lasers, operating at 248 nm and a laser pulse duration time below 30 ns [100]. The
importance of short laser pulses is based on the necessity to minimize heat diffusion into the target.
The PLD chamber is designed to deposit a film on a substrate with typical size of 5 x 5 mm?2. Up to six
different pellets used as PLD targets are installed simultaneously in the motorized target manipulator. The
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Figure 3.1: (Left) Schematic configuration of the PLD system used to produce the samples during this
work [17]. (Right) Picture of the PLD system PLD 500 from DCA Instruments.

manipulator allows to sweep and rotate the target during deposition, to ensure uniform ablation of the
target. Both, substrates and targets are loaded via a load-lock using a magnetically coupled transfer arm.
The substrate can be heated up to 1000 °C with a heating laser powered by a 140 W laser diode operating
at 938 nm. The substrate temperature is controlled by two infrared pyrometers.

The entire system is pumped to ultra-high vacuum with a base pressure below 1078 Torr in the load-lock
and 107° Torr in the chamber. The chamber is also equipped with a gas inlet system including several mass
flow control units to regulate the flow of the process gases (oxygen, nitrogen and argon) in the range from
0.3 to 100 sccm.

The PLD is equipped with a 50 kV reflection high-energy electron diffraction (RHEED) system fabricated
by Staib Instruments allowing in situ growth monitoring and surface investigations.

3.2 Reflection high-energy electron diffraction

Reflection high-energy electron diffraction (RHEED) is a powerful method to monitor the surface mor-
phology and growth kinetics in situ during deposition. In a typical RHEED system, such as that used
during this work, high-energy electrons with 50 keV hit the surface under a grazing incident angle 6 of
0.1 - 5°[101,102]. The absolute value of the wave vector of the incident electrons considering relativistic
corrections is given by [103]

-1 E\?

where # is the planck constant divided by 27 and m,, the rest mass of electrons. For energy of 50 keV used
in the RHEED setup during this work, the de-Broglie wave length [21] of the electrons A = 27 /k is 0.053 A,
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which is smaller than the lattice constants. The penetration depth of electrons with such high energies is
several hundreds of nanometers. However, due to the small incident angle, the electrons interact only with
the surface (1 — 2nm). This makes RHEED a very surface sensitive technique [101,102]. The scattered
electrons illuminate a phosphorous screen, showing the diffraction pattern. This diffraction pattern contain
information of the surface morphology and growth kinetic.

Phosphorous screen

Electron
source

Primary beam

Figure 3.2: Schematic setup during in situ RHEED measurement and formation of the RHEED pattern.

The RHEED diffraction pattern also originates from the Laue-condition, similar to the 26w X-ray diffraction.
Hence, only elastic scattering is considered for the RHEED images. Due to the grazing incident angle 6 and
the low penetration depth of some monolayers, scattering is only considered off a 2-dimensional surface.
Therefore, the reciprocal lattice consists of periodic rods perpendicular to the surface (truncation rods).
Figure 3.2 shows a schematic construction of the RHEED pattern. Electrons with the wave vector k; hit the
sample under the angle 6. The value of k, corresponds to the radius of the Ewald-sphere. The scattered
electrons hit the phosphorous screen and scattering spots are visible were the Ewald-sphere overlaps with
the reciprocal lattice and fulfills the Laue-condition. The scattering spots reside on Laue-circles of n-order.
Depending on the surface of the sample, the shape can differ.

Figure 3.3 shows different surfaces and the corresponding RHEED patterns. 2D atomically flat surfaces
result in sharp spots at the Laue-circles. For a transition of the atomically flat surface to a a vicinal surface
with steps, the spots are vertically broadened and evolve into ellipses. The broadening increases with a
higher step density or surface roughness. [17,104]. Due to the terraces on the surface, the truncation rods
are broadened and, thus, the overlap of the Ewald-sphere and the rods in the reciprocal space is larger
leading to the ellipses [105]. For a surface with islands, the assumption of a 2-dimensional surface does
not hold anymore and the scattering occurs on 3-dimensional clusters. The reciprocal lattice does not
consist merely of 2D rods, but a 3D arrangement and therefore, the scattering reflexes do not coincide
with the Laue-circles.
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Figure 3.3: Different schematic sample surfaces for several growth modes during thin-film growth with
the corresponding RHEED patterns.

In addition to the RHEED pattern, the intensity variation of the spots are monitored over time. If a layer
growth in the Frank-Van-der-Merwe growth mode, the intensity of the spots undergoes periodic oscillations.
Reason for these oscillations are a change of the surface during growth from a fully-filled with an intensity
maximum to a half-filled layer and an intensity minimum. These oscillations allow the determination of
thickness and growth rate of a layer. It has to be noted, that in case of the growth mode step flow, although
it is a 2D growth mode and the surface morphology looks identical to layer-by-layer growth with 2D steps,
no growth oscillations are visible.

3.3 X-ray diffraction

The main and most versatile technique used for characterization of crystalline materials is X-ray diffraction
(XRD). Depending on the measurement routine and setup of the system, it is possible to extract a large
variety of crystal properties [106]. The system used during this work was a Rigaku SmartLab® diffractometer
(see Figure 3.3) with CuK,-radiation. All measurements were performed in the parallel beam geometry. In
this geometry, a parabolic multi-layer mirror parallelizes the beam. The beam is still divergent in-plane
and the height limitation is confined by a manual slit system. Most measurements were performed with
a germanium 2-bounce monochromator. Inside this monochromator, two germanium crystals in (220)
orientation are cut 22.6° with respect to the beam. This leads to a measurement resolution below 20 arcsec
with this configuration. Further improvement of the resolution can be achieved by using the Ge(220)x2
analyzer crystal.

The probe stage can be moved in the three translation directions X, y, and z (see Figure 3.3). In addition,
the stage can also be rotated around the axis, which is perpendicular to the sample surface (angle ¢) and
parallel to the sample surface (angle y). The measurement plane is defined by the position of the source,
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Figure 3.4: (Left) Schematic configuration and degrees of freedom of the X-ray system used to perform
characterization in this thesis. (Right) Picture of the Goniometer of a Rigaku SmartLab® X-ray
diffractometer.

sample and the detector. The sum of the primary side angle 6, and the secondary (detector) side 6 is
called the diffraction angle 26.

Depending on different angles and the orientation of the sample to the source and detector, different
sample properties can be extracted by a variety of measurement routines. In the following, the most
common routines 20-w, w-Scan (rocking curve), Reciprocal Space Maps (RSM), X-ray Reflectivity (XRR)
and Phi-scans are briefly explained.

260-w X-ray diffraction

The 26-w scan is the most common measurement routine for epitaxial films. It allows the extraction of
film orientation, phase, thickness, out-of-plane lattice constant as well as the overall crystal quality [107].
After the sample is aligned with respect to the beam, w and 26 are varied in the desired range. As it can
be seen in Figure 3.3, w is the angle between the incident beam and the sample surface. The angle 26
corresponds to twice the incident angle w. In case of a symmetric scan, which were performed during this
work, w is equal to 6.

If the Bragg condition is fulfilled or the reflexes in the reciprocal space lie on the Ewald-sphere and fulfill
the Laue-condition (see Figure 3.5), constructive interference occurs and a peak is visible in the detected
spectrum. If higher orders of a particular hkl-reflex occur in the spectrum, the lattice constant in that
direction can be determined with the Nelson-Riley formula [108].

There can be additional peaks or oscillations originating due to interference of coherently diffracted beams
on the finite lattice. These peaks are called Laue oscillations and they can be used to determine the thickness

39



103
o ]
0102 °

101
o o —

9001

o o

100 200 o

9100

Ewald Sphere

Figure 3.5: Visualization of the reciprocal space map during a 26 —w measurement. ¢, and gy, repre-
sent the [100]- and [001]-directions. The [100]-direction corresponds to the sample surface.
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t of a film using [109]

A
= 2[5in(9i)—5in(9i_1)], (3.4

where 0; and 6;_; are the positions of the Laue oscillations and A is the wave length of the incident X-rays.

w scan (Rocking curve)

During a rocking curve measurement sequence, the 26 angle relation between source and detector remains
constant. This leads to a diffraction from the same hkl-lattice planes. However, the incident angle w is
varied by Aw. This variation leads to a diffraction at the misaligned lattice planes to the initial one. The
measured spectrum is, therefore, a representation of the overall spread of crystal plane orientations, also
called mosaicity. A perfect crystal with no or very few misorientations will lead to a very sharp peak. A high
mosaicity and dislocations lead to broadening of the rocking curve, since the atomic planes are not perfectly
parallel. Therefore, the distribution of preferred orientations can be estimated from the full width at half
maximum (FWHM) and the shape of the rocking curve scan [107]. A visualization of the measurement
principle can be seen in Figure 3.6.
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surface. The measurement direction is along g,,,.

Reciprocal space map

The measurement routines of the 26—w- and w-scan only reveal information of the out-of-plane sample
direction. In order to gain knowledge of the in-plane direction such as distortion/relaxation of the film and
determination of the reciprocal space maps (RSM) are a useful measurement routine. The RSM can be
interpreted as multiple rocking curve measurements with a varying 26 angle. Thus, the spread of lattice
planes can be directly seen in the RSM as the width of the sample peak. On the basis of Figures 3.5 and
3.6, the measurement directions g,4_g and qG,, define the RSM measurement area in the reciprocal space
as it can be seen in Figure 3.7. It has to be noted, that the measured area during a RSM measurement
gets distorted the further away from the origin the measured area is chosen. The reason for this is the
scattering condition on the Ewald Sphere.

To define the area of the RSM for a given sample, it is important, that all layers of this sample have at least
one reflex with an in- and out-of-plane component in this area. The reciprocal space can be simulated for a
given layered material heterostructure in the Rigaku SmartLab® Guidance software using the Diffraction
Space Simulation option. After the measurement, the data is converted with the software 3D Explore from
Rigaku and exported in a text file, which can be used for further analyzation and visualization.
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Figure 3.7: Visualization of the area during a reciprocal space map measurement. o, and g,,; represent
the [100]- and [001]-directions. The [100]-direction corresponds to the sample surface. G,y_g
and g, define the RSM measurement area.

Phi scan and pole figure

Phi scans can extract the preferred orientation of a sample. The 20, w and y for a particular reflex with
out- and in-plane component is set and stay constant for the Phi scan. During the measurement, the sample
is rotated by varying ¢ from 0° to 360°. In order to measure all layers in a heterostructure and relate
the orientation to the substrate, it is important to maintain the physical position of the sample in the
spectrometer. The data sets can be plotted over ¢ to the rotations of the lattice planes.

The Pole figure measurement routine is a sequence of multiple Phi-scans. After each Phi-scan, the angle y

is varied. This leads to a ¢ — y map with multiple reflexes.

X-ray reflectivity

Unlike the previous scans, the X-ray reflectivity (XRR) is not a technique to investigate diffraction phenom-
ena, but rather to analyze the X-ray reflection intensity from grazing incident X-ray beams. This method
can determine thickness, density and surface morphology or interface roughness [110].

If the incident X-ray beam hits the flat surface under a grazing angle smaller than the limit for total
reflection 6., the X-rays undergo total reflection. If the incident beam hits the surface under the critical
angle 6., the X-rays propagate along the sample surface. Above the critical angle 6., the X-rays penetrate
into the material by refraction and pass through the film onto the substrate.

An example for an XRR graph is displayed in Figure 3.8. Below the critical angle the X-rays are fully reflected.
Above 0, the reflectivity decreases rapidly, proportionally to 8~* [110]. There are several properties which
can be extracted from XRR data, namely thickness, density and surface or interface roughness.

As it can be seen in Figure 3.8, the reflectivity oscillates which can be explained as interference of the X-rays
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Figure 3.8: Graph of the reflectivity as a function of the the 26 angle observed in an XRR measurement.
The boxes describe which parameters can be extracted from the graph [110].

reflected from the surface of the film and the interface of the film and the substrate. These oscillations
are called Kiessig fringes, named by their discoverer Kiessig in 1931 [110]. The period of the oscillations
depends on the thickness of the film. Shorter periods of oscillation corresponds to a thicker film. However,
the Kiessig fringes are very dependent on the interface quality and can vanish with a very rough interface.
The amplitude of the oscillations and the value of the critical angle depend on the density. A higher density
results in an higher critical angle as well as a higher amplitude of the oscillations.

An indicator for the surface roughness is the slope of the reflectivity. The interface roughness consists of
physical uneven interfaces and transitional boundary layers with continually changes in density [110].
A higher roughness leads to a sharper drop of reflectivity. The interface roughness can be seen in the
reflectivity curve by a decrease in amplitude of the Kiessig fringes (see Figure 3.8).

3.4 Photoemission spectroscopy

Photoemission spectroscopy (PES) is a characterization technique used to determine the density of states,
oxidation state and chemical composition of a given sample. This measurement technique is based on the
photoelectric effect. PES utilizes photons with higher energy than the work function of a certain material.
These photons eject electrons, called photoelectrons, from this material. Depending on the energy of the
incident photons it can be differentiated between X-ray photoelectron spectroscopy (XPS) and ultraviolet
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Figure 3.9: (Left) Electronic band structure in an XPS spectrometer with the physical quantities of the
incident photon energy h-v, binding energy Eg, kinetic energy of the photoelectron Ey;,,, vacuum
energy Ey,,, Fermi energy Er and the work function of the sample pp and the spectrometer
¢s. (Right) Schematic structure of an XPS spectrometer [26].

photoelectron spectroscopy (UPS). The main difference between these two techniques is the penetration
depth of the photons caused by the different source energies. The penetration depth for UPS is much
smaller, thus, it is highly surface sensitive. In this work only XPS was used to gain more information of
the chemical composition deeper inside the material. Although the penetration depth of the XPS is higher
than UPS, it is also surface sensitive due to the short mean free path. This is limited by interactions of the
electrons with phonons, plasmons or excitons. Hence, it is not save to extrapolate from XPS results certain
information for the whole thickness of the sample.

The photoelectrons emitted by the incident photons can be measured dependently on their kinetic energy
Eyin and can be described with the following equation:

Ekin:h'v_EB_(PS (35)

with h - v being the energy of the photon, Ey being the binding energy of the electron and ¢g being the
work function of the spectrometer. The sample is electrically connected to the spectrometer, leading to
a matching of the Fermi energies of the spectrometer and the sample (see Figure 3.9 left). The binding
energy of the electron is usually given with respect to the Fermi energy and therefore it is independent
of the work function of the sample p. The work function of the spectrometer is measured using a clean
metal surface to calibrate the Fermi energy to Ez = 0eV.

A schematic structure of an XPS spectrometer is shown in Figure 3.9 (right). Photons produced in an X-ray
source are focused as well as monochromatized with a crystal monochromator before hitting the sample
surface. The photoelectrons pass an analyzer before reaching the detector. To ensure a long mean free path
of the electrons, this process takes place in a ultra-high vacuum. The analyzer consists of two concentric
hemispheres with a well defined potential difference. Due to this potential difference only photoelectrons
with one specific energy can pass the analyzer. To vary the kinetic energy of the photoelectrons and
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Figure 3.10: X-ray photoelectron spectroscopy of a semiconductor [111]. A shift of the valence band in
respect to the Fermi energy leads to a shift of the whole spectrum. A change of the work
function ¢ leads to a change in the position of the secondary electron edge Eggk.

detect the whole range, a deceleration voltage is used before the analyzer. The potential difference of the
hemispheres is always constant.

An example for an XP spectrum can be seen in Figure 3.10. The binding energy-axis is typically inverted.
The steep drop in intensity on the left side of the spectrum is caused by the secondary electrons. This edge
is also used to calculate the work function of a material. The secondary electrons are caused by inelastic
scattering and form the background in the spectrum. Above this edge of secondary electrons the kinetic
energy of the electrons is zero and they cannot leave the sample. Therefore, the work function can be
calculated with:

wp=h-v—Egg (3.6)

On the right side the spectrum ends with the valence band, closest to the Fermi level.

The measured spectra can be used to calculate the chemical composition of a sample near the surface.
First, the background has to subtracted from the spectrum. For the background correction two different
methods are available.

The Shirley background, [112]:

A2(E)
“a1(E) +A2(E))

S(E) =1, + (3.7)

This algorithm calculates the background S(E) in a certain energy range using two regions Al and A2. The
variable I, is the intensity of the end of the energy range and « is the step in energy, typically equal to
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(I, — I,) where I, is the intensity at the beginning of the energy range. This is an iterative algorithm, since
the areas A1 and A2 are calculated respective to the background S(E) and with each calculation step the
background and therefore the areas A1 and A2 are adjusted.

The Tougaard background, [113]:
T(E)= J F(E'—E)S(E")dE’ (3.8)
E

The Tougaard algorithm convolutes an energy loss cross section F(E) and the measured spectrum S(E). The
energy loss cross section represents the probability of an electron at an energy E undergoing a loss event
and therefore contributing to the background. The universal cross section used in the program CasaXPS is
described by

B-E

F(E)= m,

(3.9)
where B is a parameter adjusted by the program CasaXPS to match the background with the data at the
region limits.

After the background correction, the raw area under the spectrum for all elements is calculated. This area
is divided by a tabulated element dependent Relative Sensitivity Factor (RSF). Hence, the concentration of
an element c, in the sample can be calculated using following equation [26]:

6 = S B5E (3.10)
> I;/RSF;

The XPS measurements were performed at the DAISY-BAT (DArmstadt’s Integrated SYstem for BATtery
research) XPS system. This spectrometer is a PHI Versaprobe 5000, which allows angle dependent XPS
and UPS measurements. It is connected to DAISY-BAT PLD via a distribution chamber. This enables in
situ sample transfer from the PLD to the XPS and vice versa. The radiation used for the experiments was
monochromatic AlK, (hv = 1486.6eV). The measurements were performed at room temperature and
under ultra-high vacuum of 3.8:107° Torr. The detector was set in at angle of 75 ° towards the substrate,
which leads to an information depth of ~ 5 — 8 nm.
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3.5 Electrical characterization

Evaluation of the electrical performance was done by determining the electrical resistivity p of the bottom
electrode material SMO as well as measuring the high frequency properties of the varactor heterostructure.

Determination of the electrical resistivity

The most frequently used geometry to determine the electrical resistivity was the four-bar geometry (see

Figure 3.11). Top contacts are applied by sputtering gold through a shadow mask on the sample. The

sample is contacted in the measuring stick by applying a current on the outer electrodes and measuring

the voltage at the inner electrodes. The resistivity is calculated from the resistance through a certain cross

section per length. In present setup, the resistivity is determined by
d-1 _U-d-l

p=R—

3.11
5 T (3.11)

where R is the resistance, U is the voltage, I is the current, d is the thickness, b is the distance and [ is the
length. To eliminate the impact of the thickness of a given sample and for better comparison, the property

of the sheet resistance pg is introduced:

Po= (3.12)

Qo

The unit of pg is /0 where O is the unit area and has no dimension.

1 1
a) U b) U
)
L
[
b
Lo

Figure 3.11: Two different geometries for the measurement of the electrical resistivity. a) four-bar geom-
etry and b) Van-der-Pauw geometry.

The Van-der-Pauw geometry was used during Hall measurements, where in addition to the resistivity also
charge carrier density and mobility can be determined. The contact is ensured by spring loaded pins,

47



touching the electrodes at the corner.
Both measurements can also be done temperature dependent. Further information for both geometries
and the setup devices including temperate dependent measurements can be found in [17].

Impedance analyzer

The microwave performance of the varactors were measured in the frequency range from 1 MHz to 3 GHz
with an impedance analyzer. During impedance spectroscopy the sample is exposed to an alternating
electrical field and the resulting current as well as the phase shift to the applied field are measured. With
current and applied voltage, the impedance can be calculated as a complex resistance Z. From that, the
effective capacitance and quality factor can be calculated as

1

Ceft = T onfIm(Z) (3.13)
B _Im(Z)

Q= Re(2)’ (3.14)

where f is the frequency of the alternating electrical field. The parallel-plate MIM structure design of the
varactors used in this work (see Figure 2.16 in section 2.7.1) has a large-area bottom electrode compared
to the small circular contact electrodes and small layer thickness d compared to the radius r of the contact
electrodes. With the real part R = Re(Z) and imaginary part I = Im(Z) the permittivity ¢ depending on f
can be calculated:

e=¢ +ie” (3.15)
, I d

= . 3.16

* TRt 2nf egmr2 ( )
R d

” 3.17)

TRZ4I2 2nfeqmr?’

This determination of the permittivity loses accuracy until the limit of the impedance analyzer around
3 GHz, because then the losses of the electrodes can not be neglected for frequencies approaching the
impedance analyzer limit.

In the complex impedance plane, the x-axis represents Re(Z), which can be attributed to a resistance.
The y-axis represents Im(Z), which is is attributed to an inductance or capacitance, depending on the
sign. (inductance: positive, capacitance: negative) The varactor is a capacitor and, thus, a perfect varactor
without losses would solely have a contribution on the y-axis. In reality, all varactors have losses, acting as
resistance. Thus, the losses can be attributed to the part of the x-axis and be calculated by tané.
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Vector network analyzer

In the frequency range from 300 kHz to 20 GHz, the vector network analyzer (VNA) Keysight E5071C is
used to measure the microwave performance. Although the lower limit is specified to be 300 kHz, the
accuracy for the quality factor is not sufficient in this range. Therefore, the VNA is deployed from 300 MHz
to 20 GHz.

Instead of directly measuring the impedance, the vector network analyzers measures the reflected and
transmitted portions of a wave transmitted to the device under test (DUT). This measured complex scattering
parameter can be described by a matrix and links the incoming signal (a; and a,) to the outgoing signal
(b; and b,), where the subscript indexes the port.

2
b, Sa1 S22/ [ A2

For multiple subscripts such as S,; the first subscript indexes the output port and the second subscript
indexes the input port. The varactors are characterized in reflection. The impedance is determined by:

o m— 3.1
refl_S11 ( 9)

Zpytr =2

3.6 lon beam etching

Ion Beam Etching (or milling) (IBE) utilizes ions to remove material from a sample. If the sample is
patterned with a mask beforehand, it can be used for structuring e.g. the top electrodes. IBE provides high
precision structuring and clean edges.

During this work a MANTIS ion beam etching system has been used. It is connected with a transfer tunnel to
the DCA PLD and allows an in situ sample transfer. The ion source uses RF excitation of Ar ions, which are
accelerated to the energy of 500 eV. The mean free path of the ions is longer than the chamber dimensions
due to the low background pressure of 1-10~* mbar. The Ar ion beam has a diameter of 40 mm and provides
homogeneous etching for samples with a size up to 10 x 10 um?. The system is equipped with a HIDEN
ANALYTICAL quadrupole mass spectrometer. This allows an in situ monitoring of the currently etched
material. It enables a precise calibration of the etch rate and etch stop at a desired interface. For longer
etch processes, the sample stage can be cooled with liquid nitrogen.

IBE was used during this work for structuring the top electrodes in case of very thick Au top electrodes,
which does not allow lift-off or removal of a gold seed layer in case of galvanic growth. Another use case
was the structuring during the production of the surface mount device component, which will be discusses
in section 4.5.
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3.7 Photolitography

Before the electrical characterization of the all-oxide varactors can be done, top contacts need to be applied,
completing the MIM-structure. After the PLD deposition, the top layer of the heterostructure is BST. All
non-destructive materials characterizations such as XRD, XPS, or microscopy (laser microscopy, scanning
electron microscopy or atomic force microscopy) were done before further processing of the samples.

UV Exposure Pt/ Lift-off with Acetone
LT M
;I S plsly e e
SMO SMO SMO SMO SMO
a) b) C) d) e)
UV Exposure lon Beam Etching
2 R T W7 ST
§ A— A_ | ' W SMO
S _ _ _
fqé SMO SMO m.—.‘
° SM
a) b) C) d) e)

Figure 3.12: Procedure of the photolitography used for structuring top electrodes of all-oxide varactors.
The first row shows the steps during lift-off structuring and the lower row shows the steps
for structuring with lon Beam Etching.

The processing was done in the inhouse clean room. The backsides of the samples were cleaned from all
residual silver glue, to ensure a good vacuum contact during spin coating. The photolitography sequence
can be seen in Figure 3.12. Two patterning techniques can be applied. The lift-off technique (upper row
Figure 3.12) and IBE (lower row Figure 3.12). In the lift-off technique, the BST surface is covered with
photoresist and patterned. Then, top contacts are applied, which are partially removed by acetone in the
lift-off process. In contrast, during the IBE patterning top contacts are directly sputtered on the BST surface
and then photolitography is done. Afterwards, etching removes the undesired gold areas by bombarding
the sample with argon ions. Etching can be monitored with a HIDEN analytical spectrometer enabling a
precise etch control and stopping at each interface. Additionally, the IBE patterning technique allows in
situ deposition of the top contacts, which guarantees a good interface.

Both techniques start by spin coating a photoresist, which was the negative resist ma-N 1420 from Microresist.
It was applied by spincoating with 3000 rpm resulting in a thickness of 2 um. Due to the centripetal force
during spin coating the photoresist builds up at the edges and corners (edge bead). This accumulation
might lead to contacting problems during exposure in the mask aligner. Thus, the edge bead is removed
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from the corners with a thin rectangular cover glas. Afterwards, the resist is soft baked at 105 °C for two
minutes on the heating plate to reduce the remaining solvent concentration.

Structuring of the photoresist is done in the mask aligner (MJB4 from Siiss MicroTec). This device is
equipped with a microscope and is used to align the glas mask exactly over the substrate and bringing
both into contact. A Hg-lamp containing the emission lines g-line (A = 436 nm), h-line (A = 405 nm),
i-line (A = 365 nm) exposes the sample with UV light. This UV exposure leads, in case of negative resist,
to a hardening. After the exposure, the sample is submerged in the corresponding developer only leaving
behind the hardened parts of the photoresist. The surface is cleaned finally by O, plasma etching.

After a final quality control with the microscope, the Pt/Au contacts are sputtered and then the resist is
stripped by acetone leaving behind the final structure. In case of the IBE routine, the samples are directly
processed by IBE and etched until the desired layer.

In summary, the IBE routine is to be favored, since it allows in situ electrodes and produces finer structures.

3.8 Scanning electron microscopy

High resolution scanning electron microscopy (SEM) was used to investigate and analyze the microstructure
and topological features of the samples. In contrast to optical microscopy, SEM utilizes an electron beam
(1 — 30keV), which enables a resolution below 1 nm. This electron beam is focused and deflected on the
sample by a variety of electromagnetic lenses. The beam path and sample chamber is in high vacuum to
avoid electron scattering with a background gas particles. A convergent electron beam is scanned across
the sample, interacting with the surface of the sample, ejecting high and low energetic electrons and
characteristic X-ray radiation, which are detected and processed to form an image.

Depending on the applied voltage, the energy of the electron beam can be commonly varied from 1 — 30 keV,
which affects the penetration depth of the incident electron beam. In case for the material SMO, at 30 keV,
the penetration depth of the incident electron beam is around 2 um.

In this work, a Philips XL30 SEM and dual beam Jeol SEM/FIB JIB-4600F were used. Both systems are
equipped with an Oxford Instruments energy dispersive X-ray detector (EDS). For imaging, detection of
low-energy electrons (< 50 eV) by the secondary electron detector (SE) was used.

3.9 Scanning transmission electron microscopy

The varactor heterostructures were investigated by scanning transmission electron microscopy (STEM) in
order to get atomic resolution images of the cross section of the heterostructure and all interfaces. These
measurements were done in collaboration with the group of Dr. Leopoldo Molina-Luna.

The samples have to be prepared for measurement in the STEM. A thin lamella (< 100 nm thickness) has
to be cut from each sample. The cross-sectional cuts of the samples were done using a SEM/FIB dual beam
Jeol JIB-4600F focused ion beam (FIB) with a gallium ion source. An atomic resolution microscope (ARM)
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Jeol 200 F TEM with Cs corrector was used in this work for taking the atomic resolution images in STEM
mode. The microscope was operated at 200 keV and the images were acquired using a high-angle annular
dark-field (HAADF) detector. HAADF images use highly deflected elastically scattered electrons, which
interact with the atom nuclei, therefore, they contain information about the average density (Z-contrast)
of the imaged atoms.

3.10 Atomic force microscopy

The atomic force microscopy (AFM) is a powerful tool to measure and characterize surfaces. It uses a small
tip, which is attached at the end of a cantilever. The tip is scanned across the sample usually in an area of
5 x 5um? - 20 x 20 um?. The sharp tip reacts to the forces of the sample surface (e.g., attractive, repulsive,
magnetic, electrostatic, van der Waals) and the cantilever is bent (see Figure 3.13). The reaction of the
cantilever is measured by a reflection of a laser beam from the cantilever on a photodiode. By tracking
the reaction of the probe tip, a 3-dimensional map of the sample surface can be generated. This allows a
height resolution in the range of 0.1 nm — 0.5 um.

The images for this work were created in the tapping mode at the Cypher AFM from Asylum Research. During
tapping mode, the cantilever with the tip is driven by the piezo oscillator near its resonance frequency
(200 — 300kHz). The tip is only in contact with the surface during oscillations of the cantilever, which
eliminates lateral shear forces [114].

deflection
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Figure 3.13: The schematic principle of AFM. The sample, represented by the circles is scanned by the
cantilever and tip [114]. The piezo crystal driven by the oscillator is used during the tapping
mode.
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4 Results and discussion

In this chapter, results will be presented and discussed in 6 different sections. It is structured in a way that
all layers and interfaces of the all-oxide thin-film heterostructure will be discussed successively, starting
from the substrate towards the top contacts. In section 4.1 the influence of different substrates, leading to
different strain values, on the SMO growth has been investigated. In addition, a feasibility of the transition
to an industrially relevant silicon substrate has been investigated. Section 4.2 describes the growth of
several um thick SMO. Both, the crystal structure, as well as the influence on microwave properties of
the all-oxide varactors are discussed. In section 4.3 the search for an effective oxygen diffusion barrier
material between SMO and BST utilizing a novel XPS measurement routine are presented. The sections
4.4 and 4.5 cover the BST composition and development of a novel component design. In the final section
4.6, all-oxide varactors grown on silicon as well as high-performance all-oxide varactors on GdScO5 will be
demonstrated and compared to commercial state-of-the-art platinum-based varactors.

4.1 Substrate

During this work, all-oxide varactor heterostructures have been grown on different substrates and their
influence on the growth and crystal structure has been investigated and will be discussed in this section. The
different substrates introduce different strain values to the SMO and their applicability in future industrial
depositions vary widely. A fast growth established on substrate GdScO5 will be presented followed by the
influence of strain from different scandate substrates. In the end of the section, growth on silicon covered
by an STO buffer layer will be presented.

4.1.1 Fast SMO growth on GdScO,

Single crystalline gadolinium scandium oxide, GdScO5 (GSO) in (110) orientation, has been used in previous
works as a substrate for extensive SMO growth optimizations [17] and for all-oxide varactor heterostructure
depositions [18]. However, the growth has always been limited to fairly low laser repetition rates of 4 Hz
and the thicknesses never exceeded several hundreds of nanometers. To obtain outstanding microwave
performance for the all-oxide varactors, a thick bottom electrode is of importance while maintaining a high
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conductivity. A faster growth rate can be achieved by increasing the laser spot size, laser energy density,
and the repetition rate. However, the laser spot size can not be increased sufficiently without becoming
inhomogeneous. In addition, the laser can not provide the necessary energy for large spot sizes. Increasing
the fluence was also not an option, since higher laser energy densities lead to higher SMO resistivities. This
trend of low resistivities and small lattice constants at low laser energy densities has been observed in
literature for SMO [17] and STO [77,115-117]. For these reasons, the growth has been optimized for
higher excimer laser repetition rates of up to 20 Hz to achieve SMO thicknesses of several micrometer in a
feasible time frame.

The lattice parameters of 5 x 5 mm? single crystal GSO substrates are a = 5.48 A, b = 5.75A, ¢ = 7.93A
[118], which lead to a pseudocubic lattice parameter of (ap. ~ % ~ % A %’ [119]) cpe= 3.966 A and
a lattice mismatch of only A = 0.18 % of its pseudocubic lattice parameter of a* = 3.967 A with that
of STMoO; (a(SrMoO) = 3.974 A) [60]. A five unit cell buffer layer of SrTiO5 has been grown prior to
SrMoO; films to ensure smooth layer-by-layer growth [92,93].

Starting with the growth parameters from [17], several optimization studies have been carried out, including
the variation of temperature, fluence, pressure and gas flow. The first achievement was a repetition rate of
10 Hz, which was the limit of the Lambda Physik LEXtra excimer laser at the DCA PLD. The 26 — 6 XRD
scan near the SMO 002 reflex (see Figure 4.1) shows pronounced Laue oscillations indicating the high
crystalline quality of the SMO layer. The Laue oscillations have been used to determine the thickness,
which yielded 144 + 2 nm. The out-of-plane lattice constant exhibits a value of ¢ = 3.990 A (determined
by the Nelson-Riley formula). Taking into account a Poisson ratio of 0.271 [120], the expected c-lattice
constant for a fully strained SMO on GSO is 3.977 A as compared to the theoretical bulk value of 3.974 A.
The repetition rate of 10 Hz could substantially increase the growth rate to 8.6 nm/min in comparison to
previous work from [17,18] with growth rates of 4.7 nm/min and 6 nm/min, respectively. However, to this
point of time, further increase in repetition rate was not possible, due to limitations of the excimer laser.
This changed with the purchase of a COMPex 205 excimer laser from Coherent in January 2019. The
repetition rate could be further increased and new optimization experiments have been performed. After
installation and alignment, the previous SMO thin-film quality was reproduced before new attempts to
further increase the repetition rate have been made. The SMO growth parameters for different laser
repetition rates, as well as the corresponding growth rates are shown in Table 4.1. The growth temperature
for all laser repetition rates was 630 °C and the fluence was 0.92J/cm?. It has to be noted that the
substrate-to-target distance was decreased due to a change in the beam path based on the optics alignment
of the new laser. In addition, the lowest spot size is bigger (3 mm?) compared to 2.3 mm? of the previous
setup. Therefore, the background pressure had to be increased to achieve the same reduction with the
higher ablation rates. 26 — 8 XRD scan near the SMO 002 reflections of SMO films produced with the new
laser and the corresponding resistivities, determined in the four-bar geometry, can be seen in Figure 4.1.
The dashed line indicates the theoretical peak position of a fully strained SMO on GSO (¢ = 3.977 A [60])
taking into account the Poisson ratio of 0.271 [120]. All samples grown with the new laser are between
290 - 350 nm thick and have excellent crystalline quality shown by Laue oscillation.
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It is evident that with an argon background pressure of 30 mTorr the SMO 002 reflex produced with the
new excimer laser is shifted towards lower angles due to a larger out-of-plane lattice constant of ¢ = 4.009 A
compared to the sample produced by the old laser with the same growth conditions. This confirms that
the growth conditions are not reductive enough due to the smaller substrate-to-target distance and higher
material flux due to the larger laser spot size.

This is also reflected in the higher resistivity of 45 uf2-cm, which is correlated to larger out-of-plane lattice
constants, which has been reported before [17]. The reason for this change in conductivity and lattice
constant is off-stoichiometry. This has been reported in literature for STO [77,115,116]. The cation
stoichiometry can be altered by adjusting the background pressure, whereas the gas flow changes the
reduction of the background gas. This impacts the anion stoichiometry, directly affecting the oxidation
state of Mo and therefore the conductivity [17].

By increasing the background pressure and flow simultaneously to the repetition rate, the SMO out-of-plane
lattice constant could be adjusted towards the theoretical value of a fully strained SMO on GSO of 3.977 A
(dashed line in Figure 4.1) and the resistivity could be lowered significantly. The background pressure of
50 mTorr in combination with an argon flow of 30 sccm leads to the correct stoichiometry and reduction
for 20 Hz laser repetition rate. The resulting SMO film has an out-of-plane lattice constant of 3.992A and
a resistivity of 31 u2-cm. 15000 excimer laser pulses were necessary to achieve a thickness of 300 nm.
This translates to a growth rate of 24 nm/min.

The successful SMO optimizations on GSO with the new laser yielded a repetition rate of 20 Hz combined
with the conditions in Table 4.1 and enable a growth of 1 yum SMO in only 45 minutes with resistivities of
31 uf2-cm. This allows thick bottom electrodes for all-oxide varactors and will be discussed in section 4.2.

Table 4.1: Growth parameters of SMO on GSO substrates for different laser repetition rates. The growth
temperature for all laser repetition rates was 630 °C and the fluence was 0.92 J/cm?. The
parameters were optimized to achieve a high growth rate in combination with a low resistivity.

Frequency (Hz) | Pressure (mTorr) | Flow (sccm) | Growth rate (nm/min) | Resistivity (u-cm)
10 old laser 30 15 8.6
10 new laser 40 20 12 39
15 45 25 19.2 32
20 50 30 24 31
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Figure 4.1: High resolution 26 — 6 scan of the SMO 002 reflections. The dashed line indicates the theoret-
ical out-of-plane peak position of a fully strained SMO on GSO. The resistivity values were de-
termined in the four-bar geometry and the lattice constants were determined by Nelson-Riley
formula. The SMO peak shifts towards higher angles by increasing the background pressure
and laser repetition rate towards the bulk value.

The resistivity value for the 10 Hz sample produced by the old laser was not determined and
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could not be remeasured due to SMO degradation over time.
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4.1.2 SMO growth on different scandates XScO, (X = Dy, Tb, Gd, Sm, Nd)

In order to investigate the influence of strain on the growth of SMO and especially on the cation stoichiometry,
different scandate substrates with varying in-plane lattice constants were chosen. Namely, dysprosium
scandate DyScO; (DSO), terbium scandate TbScO5 (TSO), gadolinium scandate GdScO; (GSO), samarium
scandate SmScO5 (SSO), and neodymium scandate NdScO5; (NSO). With this substrate variety, a change
in in-plane lattice constant from A(NSO - DSO) = 0.068 A can be achieved. All substrates are 5 x 5 mm?
single crystals, orthorhombic and cut in the (110) orientation. This leads to a pseudocubic in-plane lattice
constant. The important parameter determining the strain is the pseudocubic in-plane lattice constant
calculated by 0.5-va2 + b2. The lattice constants of all substrates, including the pseudocubic ones, can
be seen in Table 4.2. Due to the different in-plane lattice constants of the substrates, SMO is exposed to
different amounts of tensile and compressive strains. The hypothesis of the SMO growth mode is, that
the material self adjusts the cation stoichiometry to accommodate the strain and overcome the critical
thickness. This leads to the ability of SMO to grow up to several micrometer (see section 4.2) without
any relaxation. However, different amounts of strain might affect the resistivity of SMO due to additional

scattering centers which have their origin in cation off-stoichiometry or defects.

Table 4.2: Lattice constants of different scandate substrates and their pseudocubic lattice constant for
the (110) orientation used during this work [118].

Crystal || a @) | bA) | cA) | 0.5va2+b2 @A) | 0.5¢ A)
DyScO; || 5.440 | 5.717 | 7.903 3.946 3.952
TbScO, || 5.466 | 5.731 | 7.917 3.960 3.959
GdScO, || 5.480 | 5.746 | 7.932 3.970 3.966
SmScO, || 5.527 | 5.758 | 7.965 3.991 3.983
NdScO; || 5.575 | 5.776 | 8.003 4.014 4.002

All samples on the scandate substrates have been grown with a laser repetition rate of 20 Hz and the
corresponding growth parameters in Table 4.1. Optimizations for each individual substrate have not been
done in order to make sure possible shifts in stoichiometry or growth are related to strain and not due to
changed growth conditions. A five unit cell buffer layer of SrTiO5 has been grown on the substrates prior to
SrMoO; films to ensure smooth layer-by-layer growth [92,93]. To protect the SMO layer from degradation
over time and to ensure subsequent FIB preparation without any loss in film quality, all SrtMoO4 layers
were capped with a 10 unit cell thick layer of SrTiOs.

Figure 4.2 shows a high resolution 26 — 6 scan of the SMO 002 reflections of all SMO samples on the
different scandate substrates. All films have a thickness of around 620 — 660 nm. The samples have been
grown with high thicknesses, in order to examine possible relaxations of the SMO layer for higher lattice
mismatches or if the SMO continues to grow strained.

The SMO layers on TSO, GSO and SSO exhibit Laue oscillations, which have a very small period due to
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Figure 4.2: High resolution 26 —6 scan of the SMO Figure 4.3: Rocking curve measurements of the
002 reflections on the different scan- SMO 002 reflections on the differ-
date substrates. The dashed line indi- ent scandates. Coinciding with the
cates the theoretical peak position of broader peak in the 26 — 6 scan, the
bulk SMO. The inset shows the Laue FWHM of the rocking curves for SMO
oscillations for the SMO layers on TSO on DSO and NSO are broader.
and GSO.

the high thickness. Thus, they are only visible under high magnification of the spectra (see the inset in
Figure 4.2). All thicknesses have been determined using these Laue oscillations and can be seen in Table
4.3. The absence of Laue oscillations for the SMO on DSO and NSO makes it difficult to determine the
precise thickness, which is why an approximate value is given, based on the same amount of laser pulses
and laser energy density as the other samples and extrapolation of RHEED intensity oscillations.

The substrate peak position shifts in the 260 — 6 scan from DyScO5, TbcO5;, GdScO3, SmScO5, NdScO4
towards lower angles due to the increasing lattice constants (see Table 4.3). Note, that the 20 — 6 is only
dependent on the out-of-plane lattice constant. However, the in-plane lattice constant behave similarly
as shown in the RSM measurements (Figure 4.4). The substrate peak of DSO appears extraordinarily
broad. X-ray diffraction of this exact substrate was measured before deposition and the results are visible in
Figure 6.1 in the Appendix. The broadening appears after deposition and might be related to the annealing
of the substrate or overlapping of a different phase. An XRD alignment issue can most certainly be excluded,
since the sample alignment angle as in the measurement of the blank sample before deposition was used
and the measurement was repeated several times.

The SMO 26 — 6 002 peaks on DSO and NSO are very broad with a FWHM values of 0.08° and 0.13°, respec-
tively, whereas the SMO 002 peaks on the other substrates exhibit FWHM values of 0.02° £+ 0.003°. This
divergence of crystal quality to the other SMO layers is also evident in the rocking curves (see Figure 4.3).
The rocking curves of the SMO layers on DSO and NSO have a larger FWHM of 0.035° and 0.05°, respectively,
indicating a higher spread in lattice planes. Both layers exhibit a distinct second component underlying
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Table 4.3: Thicknesses, out-of-plane lattice constants cgyq of SMO, in-plane lattice constants agg of
the substrates displayed in Figure 4.2, resulting lattice mismatch, and theoretical out-of-plane
lattice constants cgyo poisson ©f SMO taking into account the Poisson ratio 0.271 [120]. The
in-plane lattice constant of the substrate and SMO film are identical due to strained growth.
Thicknesses were determined using Laue oscillations, out-of-plane lattice constants using
Nelson-Riley-Plots and in-plane lattice constants from RSM (see Figure 4.4).

Substrate | SMO thickness (nm) | cqyo A) | agyss exp (A) | lattice mismatch (A) | cspo poisson )
DyScO, ~ 650 4.003 3.949 -0.025 3.981
TbScO4 621 3.998 3.958 -0.016 3.978
GdScO4 657 3.992 3.964 -0.010 3.977
SmScO; 664 3.977 3.985 0.011 3.971
NdScOs4 ~ 650 3.978 4.009 0.035 3.965

the main peak. The FWHM values do not include these broad components since they appear below half
of the main intensity. The origin of this second component is diffusive scattering on defects such as
dislocations [121, 122], which arise due to the larger amount of strain on these substrates. The SMO
on TSO, GSO, and SSO exhibit an excellent crystal quality with low mosaicity as indicated by the small
FWHM values of 0.009° to 0.014°. These values are near the resolution limit of the used optics of the X-ray
diffractometer.

SMO, being in-plane locked to the substrate, has different out-of-plane lattice constants for varying sub-
strates. With smaller in-plane lattice constants, the unit cell expands out-of-plane according to the Poisson
ratio. Both experimental and theoretical out-of-plane lattice constants of a fully strained SMO, according
to the Poisson ratio of 0.271 [120], can be seen in Table 4.3. This experimental values cgy;o follow the
overall trend of cgyig poisson, €Xcept the SMO on NSO. The out-of-plane lattice constants cgy o shrink from
¢(DSO) = 4.003 A to c(SSO) = 3.977 A. The value c(NSO) = 3.978 A does not follow the trend, which
might be caused by an in-plane relaxation of the film due to the large tensile strain.

A confirmation that SMO is in fact in-plane locked to the substrate can be seen in Figure 4.4. Note, that for
all RSM measurements, the same color gradient is applied. All samples, except for SMO on NSO, grow
in-plane locked with thicknesses over 600 nm and do not relax. The RSM data coincides with the results of
the 26 — 6 scan and rocking curves in terms of peak broadening, mosaicity and lattice constants. The spread
in the in-plane wave vector Q, follows the FWHM values and shape of the rocking curve measurements
confirming a higher mosaicity and second component due to diffusive scattering for SMO on DSO and
NSO. The SMO layers on TSO, GSO, and SSO are strained to the substrate and do not show a large spread
in lattice planes. SMO on DSO is still strained, however the crystalline quality is impaired compared to
the layers on TSO, GSO, and SSO. It is also visible, that the DSO substrate peak is broader than the other
substrates as also visible in the 26 — 6 scan. The out-of-plane lattice constants determined by the RSM
values coincide by £ 0.001 A to the values in Table 4.3 determined by the Nelson-Riley-Plot.

The RSM of SMO on NSO explains, why the out of-of-plane lattice constant of SMO for this sample does
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not follow the overall trend of this series, which suggests it to be smaller than the one for SMO on SSO.
SMO grows relaxed on NSO with an in-plane lattice constant of a = 3.996A and ¢ = 3.977A. Seemingly, a
compressive lattice mismatch of -0.025 A in case of DSO and tensile lattice mismatch of 0.035 A in case of
NSO are too high for SMO to grow in-plane locked without defects such as dislocations. The underlying
growth mechanism accommodating this strain for a thickness of several micrometer on different scandates
will be further investigated by TEM.
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Figure 4.4: Reciprocal space maps of SMO layers grown on different scandate substrates. From top left
to bottom right: DyScO;, TbSc03, GdScO5, SmScO,, and NdScO5. The dashed lines indicate
the in- and out-of-plane positions of bulk SMO in the reciprocal space map. All SMO layers,
except on NSO, grow in-plane locked.
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After the influence of different substrates was investigated with respect to strained or relaxed growth, a
second study was carried out to check the influence of strain on the SMO conductivity. This could not
be done on the first set of samples, since these were capped with a 10 unit cell layer of STO to prevent
SMO degradation until FIB preparation can be done. Unfortunately, this capping layer rules out electrical
measurements.

For this reason, a new set of of samples has been grown with a SMO thickness of 69 — 77 nm. These samples
were not covered by an STO capping layer. Figure 4.5 shows a high resolution 26 — 6 scan of the SMO 002
reflections of all SMO samples in this series. The XRD scan reveals a discrepancy in sample quality. The
SMO 002 peak on the DSO is broadened as compared to the other films, which falls in line with the results
from the RSM measurements (Figure 4.4) and 20 — 6 scans from the thicker samples in Figure 4.2. SMO
on NSO and TSO are better than layer on DSO, however, as compared to the SMO quality on GSO and SSO,
the peaks appear broadened and the Laue oscillations are not as pronounced.

The resistivity values in Figure 4.6 confirm the trend from the XRD 26 — 0 scan. Note that the y-axis
is interrupted and the two regimes do not have the same scaling. The SMO layer on DSO has a room
temperature resistivity of 736 uQ2-cm, which is one order of magnitude higher than the other room
temperature SMO resistivities (see Figure 4.6). Thus, it can be concluded that this sample is defect enriched
hindering the conductivity. However, possibly this drastic increase might also be amplified by an error such
as a bad interface from the gold contacts to SMO.

The reduction from resistivity of the SMO layer on TSO — GSO — SSO follows the decrease in out-of-plane
lattice constant towards the bulk lattice constant. This coincides with the findings of section 4.1.1 and [17].
The increased resistivity on NSO can be traced back to the lower crystal quality of the SMO layer. The best
SMO room temperature resistivity during this study was achieved on SSO with a value of 34 uQ-cm.
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Figure 4.5: High resolution 26 — 6 scan of the SMO 002 reflections on the different scandate substrates.
The dashed line indicates the theoretical peak position of bulk SMO. These samples were used
to determine the resistivity. Thickness of the samples were determined by Laue oscillations.

700
600
500
400

T DSO p(RT) =736 nacm
50 |k 1 TSO p(RT) =50 pQem
GSO p(RT) =36 pQcm
SSO p(RT) = 34 pQem
40 | NSO p(RT) = 51 pQcm

30

Resistivity (uQcm)

20 | -

1 0 " 1 " 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300

Temperature (K)

Figure 4.6: Resistivity over temperature of SMO grown on different scandates, including the room tem-
perature values. The resistivity was determined in the four-bar geometry. The thickness of
the samples can be seen in the (left) Figure 4.5 and varies from 69 — 77 nm.
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4.1.3 Silicon covered with an STO layer

Since the industrial applicability of GSO and other scandate substrates is limited due to the high price
and the scarceness of big wafers, it is highly important for the all-oxide varactor technology to substitute
GSO with a more industrially relevant substrate in order to accomplish the transition from the lab scale
proof-of-concept towards industrial production. The most widespread substrate in industry is silicon. It is
cheap and can be produced up to 12 inch wafers. In addition, successful SMO deposition might open up
the possibility of all-oxide varactors in integrated RF circuits.

However, the epitaxial growth directly on silicon is very difficult. The silicon substrates need to be treated
before deposition to remove the amorphous SiO, layer. This can be done either by Hydrofluoric acid
treatment or an in situ cleaning process by heating the substrates to break the SiO, bonds [123]. This
procedure has been done in the DCA PLD and works very well (see Figure 6.2 in the Appendix). However,
cleaned silicon again forms very rapidly a SiO, layer when exposed to oxygen. This already occurs for
perovskite depositions by PLD in ultra-high vacuum, since the oxygen in the target is enough to form an
amorphous SiO, layer. This amorphous oxide layer leads to a loss of epitaxy for subsequent layers.

A first alternative are commercially available silicon substrates coated with an STO layer by the manufacturer.
On these substrates the feasibility of an epitaxial all-oxide heterostructure should be demonstrated. The
substrates were provided from Crystec and have dimensions of 10 x 10 mm?. Prior to usage of the substrate,
they were cut to 5 x 5 mm? dimensions. This was done by cleaving the backside of the substrate with a
diamond pen and then breaking it, which created a clean breaking edge.

The silicon substrates are (100)-oriented and have an out-of-plane lattice constant of 5.430A [124]. The
STO layer on the substrate is (001)-oriented. The STO out-of-plane lattice constant was calculated from
the measured XRD 260 — 0 scan (see Figure 4.11 (a)), using the Nelson-Riley formula and has a value of
¢ = 3.898 A. A Phi-scan (see Figure 4.7), measured on a varactor heterostructure, showed that the STO
is rotated 45° around the Si surface normal [001] axis. Thus, the diagonal of the STO unit cell lies over
the edge of the silicon unit cell (see Figure 4.8), which leads to a fairly small lattice mismatch of ~ 1.7%.
This is also reported in literature [125]. SMO and STO are well aligned on top of each other. The results
of an XRR measurement of a blank substrate can be seen in Figure 4.9. The oscillations originate from
the STO layer. The thickness of the STO layer was determined by fitting of the XRR curve using RCRefSim
software [126] and can be calculated to 97 nm. The RHEED surface image of the preapplied STO layer
can be seen in Figure 4.10. The streaky pattern indicates an epitaxial, 2-dimensional STO growth.

The same growth conditions for SMO have been used for these substrates, as for SMO on GSO substrates (see
Table 4.1). Despite the STO buffer layer with a thickness of 97 nm on the silicon, still a five-unit-cells-thick
STO buffer layer has been grown by PLD prior to SMO in order to ensure a high quality buffer layer and
good interface between STO and SMO. On top of this buffer layer, a 96 nm thick SMO layer has been
grown at 30 mTorr Ar background pressure and 10 Hz repetition rate. The SMO was then capped with
a 10 unit cell STO layer to prevent SMO oxidation. The XRD 26 — 6 full scan of this sample can be seen
in Figure 4.11 (a). It shows no additional phases. The high resolution scan of the SMO 002 reflex (see
Figure 4.11 (b)) exhibits Laue oscillations evidence for the good crystal quality of the SMO layer. These
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Figure 4.7: Phi-scan of a SMO film grown on a Figure 4.8: Schematic top view of the silicon unit
silicon substrate covered with an STO cell (black) and the 45° rotated unit cell
layer. It can be seen that the STO is of STO on top (red). Black/red dots
45° rotated with respect to the silicon. mark the positions of Sr and Si atoms
SMO and silicon are well aligned. and red dots mark the positions of Sr.

Laue oscillations were used to determine the SMO film thickness. The out-of-plane lattice constants were
determined using Nelson-Riley-Plots and are ¢(STO) = 3.898 A and c(SMO) = 3.977A. Taking into account
the Poisson ratio of STO 0.238 [127] and SMO 0.271 [120], the theoretical out-of-plane lattice constants
are Cpojsson (STO) = 3.900 A and cpjsson (SMO) = 3.986 A, which agree with the experimental values. The
peaks out-of-plane are matched in the following: STO(001) | |Si(001), whereas in-plane, STO is 45° rotated
meaning STO(110) | |Si(100).

To confirm the in-plane strained epitaxial growth on this substrate also for thicker SMO films, another
sample was grown with a thickness of around 600 nm (see Figure 4.11(b)). This sample has been produced
with the new excimer laser and a repetition rate of 20 Hz. The SMO layer in this sample does not shows
Laue oscillation which makes a precise thickness determination difficult. This is the reason, why only an
approximate value is given, based on the same amount of laser pulses and laser energy density as the
other samples and extrapolation of RHEED intensity oscillations. The out-of-plane lattice constants are
¢(STO) = 3.901A and c(SMO) = 3.982 A. Both values are in very close agreement with the theoretical
out-of-plane positions cpy;sson Of Strained STO and SMO according to the Poisson ratios (Table 4.4).

A reciprocal space map of this sample can be seen in Figure 4.12. It is clearly visible that the STO 114 and
SMO 114 peaks are strained to the silicon 026 substrate peak. The background reflex around SMO 114
originates from the Au 331 peak. The sample was coated with an Au layer for FIB preparation prior to the
RSM measurement. The RSM allows the determination of the in- and out-of-plane lattice constants, shown
in Table 4.4. Although, the whole heterostructure is in-plane locked, the lattice constants of silicon and
STO/SMO differ. This can be explained by the 45° rotation of STO around the Si surface normal [001]
axis. Over this diagonal of the Si unit cell two STO unit cells are located. The lattice mismatch of SMO to
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ered with an STO layer. The oscillations silicon substrate with a preapplied
originate from the STO layer and con- STO buffer layer.

firm a thickness of 97 nm.

Table 4.4: Lattice constants of the STO/SMO heterostructure on silicon substrates coated with an STO
layer showed in the RSM (see Figure 4.12). cpyisson iS the theoretical lattice constant according
to the Poisson ratios.

| Layer || out-of-plane ¢ (A) | in-plane a (A) | Choisson (A) |

Silicon 5.441 5.556
STO, 3.901 3.928 3.900
SMO, 3.982 3.928 3.986

the underlying STO, which is rotated by 45° with respect to Si, is A = —0.046 A = —1.2%. The dashed line
in Figure 4.12 indicates the theoretical out-of-plane positions of fully strained SMO taking into account the
Poisson ratio.

Although the XRD results suggest a good crystal quality of SMO on Si substrates, in order to deploy SMO
as a bottom electrode in the varactor heterostructure, the resistivity has to be low. This has been verified
by four-bar resistivity measurements. A 70 nm thick SMO layer on silicon substrates with an STO buffer
layer has been grown with the same conditions and amount of shots as the samples in Figure 4.5. RHEED
surface images indicate a mixture of 2D and 3D growth (see Figure 4.13). In addition, the SMO 002 reflex
is slightly broadened in the 26 — 6 scan in Figure 4.13 as compared to previous SMO layers on Si. The
four-bar resistivity results can be seen in Figure 4.14 and the room temperature resistivity for this sample
is 48 uf2-cm, which is a good value for a SMO layer with this quality. Further small optimizations can lower
the resistivity values in the same range as achieved on GSO.

After an epitaxial SMO growth on Si substrates has been established and a sufficient resistivity was realized,
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the next step was to grow the complete varactor heterostructure on silicon substrates. The results of crystal

structure and microwave performance of these devices will be discussed in section 4.6.2.
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Figure 4.11: (a) 20 — 6 full scan of a 96 nm thick SMO layer on silicon substrate covered with an STO
layer. (b) 26 — 6 scan of two SMO samples around the SMO (002) peak on silicon substrate
covered with an STO layer. The SMO layer with 96 nm has similar intensity to the STO peak

which is in the same thickness regime and exhibits Laue oscillations.
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Figure 4.12: Reciprocal Space Map of a 600 nm thick SMO layer on a silicon substrate covered with an
STO layer. STO 114 and SMO 114 peak are in-plane strained to the silicon 026 substrate peak.
The background reflex around SMO 114 originates from the Au 331 peak. The dashed line
indicates the theoretical out-of-plane positions of fully strained SMO taking into account the
Poisson ratio.
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Figure 4.13: (Left) High resolution 20 — 6 scan of the SMO 002 reflex on silicon substrate covered with
an STO layer. This sample has been used to determine the resistivity. (Right) RHEED surface
image halfway through the SMO layer. The surface reflects a mixture of 2D and 3D growth.
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Figure 4.14: Resistivity over temperature of SMO grown on silicon substrate covered with an STO layer.
The resistivity was determined in the four-bar geometry. The thickness of the particular sam-
pleis 70 nm.
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4.2 Growth of several micrometer-thick SMO films

Since a thick bottom electrode is indispensable for the microwave performance of varactors, emphasis was
put on accelerating the SMO growth and achieving epitaxial bottom electrodes with thicknesses in the
range of several micrometer. As already mentioned in section 4.1.1, the laser repetition rate was increased
to 20 Hz enabling the growth of several micrometer thick samples in a reasonable time span. The growth of
thick samples will be discussed in detail in this section.

The increase of the bottom electrode thickness has two beneficial influences on the varactor performance.
On the one hand, the series resistance can be lowered and on the other hand the bottom electrode exceeds
the skin depth. The skin effect leads to a accumulation of an alternating electric current near the surface of
a conductor. This effect increases for higher frequencies and the skin depth 6 can be described by [57]

5=1L, (4.1)

where p is the resistivity, w is the angular frequency and u is the material permeability. In section 4.1.1,
the SMO resistivity was optimized to 31 uQ2-cm. For the assessment of the skin depths (see Table 4.5) a
resistivity of 40 uf2-cm was estimated, which is realistic for thicker SMO layers in the micrometer range as
used in the all-oxide varactors. Thus, the calculated skin depths might deviate slightly depending on the
achieved SMO resistivity.

Table 4.5: Skin depth in SMO for varactor heterostructures with a SMO resistivity of 40 uQ-cm
Frequency (GHz) || 0.45 1 2.7 | 4 6 8
Skin depth (um) || 15.0 | 10.1 | 6.1 | 5.0 | 4.1 | 3.6

Table 4.5 shows that the skin depth is as large as 15 um for 450 MHz and decreases for increasing frequency.
This shows that the dissipation of the field in the conductor is greater, for higher frequencies. For the 5G
frequency spectrum from 450 MHz to 6 GHz, the skin depth varies from 15 um to 4.1 um. However, it is not
sufficient to match the desired skin depth with the electrode thickness. The electrodes in microwave devices
should ideally be thicker than three to five times the skin depth [57]. Otherwise, the high current densities
increase the Ohmic losses. If the skin depth surpasses the thickness of the electrode, the field can not decay
completely inside the bottom electrode and penetrates into the substrate. This leads to a contribution to
the total losses due to the free carrier absorption [128]. These losses due to electrodes thinner than the
skin depth were modeled in detail for the present all-oxide varactor heterostructure in [95,129], using a
novel analytical model derived from the common RLC model.

A second benefit of thicker bottom electrodes is the lower series resistance of the bottom electrode, which
leads to an increase in the quality factor. This is directly visible in equation (2.23) in section 2.7, where
Q = 1/wCR,;. With increasing thickness, Ry, becomes smaller, resulting in an overall higher Q of the
varactors. This increase can be seen in Figure 4.15, where the impact of different SMO thicknesses on
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the quality factor was simulated by a 3D EM model using CST Studio Suite by M.Sc. D. Walk. For these
simulations, a dielectric thickness of 85 nm, relative permittivity of 330, and SMO resistivity of 40 uQ-cm
were estimated as fixed conditions.

For the frequency range up to MHz, the losses are dominated by the dielectric. The losses due to charged
defects of the dielectric mainly contribute to the total loss up to 500 MHz. At higher frequencies, the losses
are dominated by the electrode series resistance [11].

This behavior can be seen in Figure 4.16 (left). At lower frequencies, the series resistance Ry, and
inductance L can be neglected and the resulting impedance can be described by a parallel connection of
the losses of the dielectric Ry and the capacitance. Therefore, the quality factors Q can be described in
this case by Q = wCRy;.- For higher frequencies, series resistance and inductance can not be neglected
and the quality factor follows equation (2.23). The quality factor decays proportional to ™! and reduces
to O at the series resonance frequency of the capacitance with its electrode’s inductance. More in-depth
information regarding the modeling can be found in [130].

The simulated data of the all-oxide varactors in Figure 4.16 (right) follows the overall trend of the 10 pF
capacitor (left) in the displayed frequency range. The resonance frequency f,, can be described by

1
lim = . 4.2)
R, fo 2nVIC

The dependence of the resonance frequency f,, on the inductance is the reason, why the resonance frequency

is not reached until 12 GHz for the simulated all-oxide varactors. Although the capacitance for both, the
simulated data for the all-oxide varactors and the 10 pF capacitor are comparable, the inductance varies,
leading to the shifted resonance frequency.

It has to be noted that these simulation of the all-oxide varactors should only visualize the dependency of
the quality factor on the SMO thickness. The simulated data might deviate from the experimental real
device Q, since several factors such as thickness of dielectric and top electrode were predefined and kept
fixed.

The quality factor can also be increased by lowering the capacitance C. The capacitance for a parallel-plate
varactor is defined by C = gy¢,A/d. This formula suggests, that decreasing the capacitance can be achieved
by lowering permittivity ¢, or increasing the thickness of the dielectric. However, both of these possibilities
come with drawbacks. Lowering the permittivity would generally lower the achievable tunability and
increasing the thickness would require a higher tuning voltage, which would negate the unique benefit of
the all-oxide varactor of tuning voltages in the ion battery regime.

Decreasing the lateral area of the varactor is, in addition to a thicker bottom electrode, the second measure
without drawbacks to increase the quality factor. This change in the design of the varactor device will be

discussed in section 4.5.
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Figure 4.15: Simulation of the quality factor for all-oxide varactor heterostructures with different SMO
thicknesses. (Left) Q-factor over frequency for different SMO thicknesses from 300 nm to
2.5 um. (Right) Q-factor over SMO thickness for frequencies of 1, 2.7, 4 and 6 GHz.
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Figure 4.16: (Left) Quality factor of a 10 pF capacitor over the frequency, adapted from [130]. The red
square visualizes the frequency range, which is relevant for the all-oxide varactors. (Right)
Quality factor of an all-oxide varactor heterostructure for different SMO thicknesses. Both

graphs are plotted over the same frequency range.
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4.2.1 Crystal structure of micrometer-thick SMO films

A first attempt of scaling up the thickness of SMO on GSO substrates was performed in early 2017. This
was carried out with the LEXtra excimer laser under the old growth conditions (see Table 4.1). A set of
four all-oxide heterostructures was produced with a varying SMO thickness from 420 — 2800 nm and a
BST thickness of 61 — 70 nm. Thicknesses were determined by XRD 26 — 0 Laue oscillations or, in case of
the SMO thickness of 2800 nm, which is beyond the resolution limit, by RHEED intensity oscillations. For
this reason, the determined value has an error of +£ 50 nm since the thickness value was extrapolated by
RHEED intensity oscillations for the first 30 unit cells.

Results of XRD 26 — 0 scans from these GSO/SMO/BST heterostructures with STO buffer layers can be
seen in Figure 4.17. The out-of-plane lattice constants for all four samples are also coinciding. The values
were determined via the Nelson-Riley Plot to be c(SMO) = 3.989 + 0.03 A and ¢(BST) = 3.984 + 0.03 A.
All BST layer thicknesses differ by less than 10 nm and show very pronounced Laue oscillations over several
degrees. SMO Laue oscillations can be seen for thicknesses up to 1380 nm (see inset in Figure 4.17 (right)),
which is near the resolution limit of the Rigaku SmartLab® X-ray diffractometer and could only be achieved
with an additional Ge(220)x2 analyzer at the detector side. In case of the sample with 420 nm SMO, the
corresponding SMO Laue oscillations are also visible for several degrees and form a superposition with the
BST Laue oscillations.

Rocking curve measurements of the SMO 002 reflections were performed on this series of samples and the
results can be seen in Figure 4.18. It has to be noted that the rocking curves for the samples with 1380 nm
and 2800 nm have been measured with the Ge(220)x2 analyzer at the detector side. All samples have very
low mosaicity as indicated by the sharp rocking curves and low FWHM values of 0.003° — 0.012° (see Figure
4.18). The rocking curves of 1380 nm and 2800 nm thick SMO show a diffusive background due to the
higher number of defects based on the increase thickness of the SMO layer [121,122]. The rocking curve
measurement of the 671 nm thick SMO layer shows an additional peak at 0.027 ° which can be assigned as
a tail of the BST 002 reflex. The FWHM values decreases with increasing SMO thickness until 1380 nm
and slightly increases to the 2800 nm thick sample. Generally, the FWHM are near the resolution limit of
the X-ray diffractometer and in the same range as the GSO substrate.

To confirm that 2.8 um thick SMO is still in-plane locked to the substrate and not relaxed, a RSM mea-
surement was performed (see Figure 4.18 (right)). It is clearly visible, that the SMO continues to grow
in-plane locked to the GSO substrate, even after several micrometer and provides a good surface for the
subsequent BST layer, which is also in-plane locked to the layers underneath.

Based on these XRD results, an unlimited increase in SMO thickness seems possible, while still maintaining
strained, epitaxial relation. In the later section 4.6.1, a working and high performance varactor with over
5 um SMO bottom electrode will be presented.
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Figure 4.17: (Left) 26 — 6 scan around the SMO 002 reflections with different thickness of 420 — 2800 nm
from a study early 2017. (Right) High resolution scan with the Ge(220)x2 analyzer at the
detector side of the SMO sample from the left graph with a film thickness of 1380 nm. The
inset shows the SMO Laue oscillations on top of the BST 002 peak.

Defects in thick SMO layers

Further inspection of the surface of varactor heterostructure, with micrometer-thick SMO bottom electrodes,
revealed defects, already visible in the optical microscope under low magnification (see Figure 4.19 (left)).
The surface depicted in these figures are the BST layer of the varactor. However, the origin of these
structures originate in the SMO, which is shown by further inspections. These structures only appear for
SMO beyond a thickness of ~ 1um. The defects appear in clusters of higher densities across the 5 x 5 mm?
sample. These clusters have an elongated, elliptical appearance and are aligned parallel to each other. One
theory, which links these clusters to insufficient substrate cleaning, could be disproven, since the defects
also appear after cleaning the substrates with an established cleaning routine. With a higher magnification
(see Figure 4.19 (right)), the defects can be divided into two different shapes:

i) rectangular
ii) star/butterfly shaped

To get a more precise picture of the SMO surface, another 5 um varactor sample was measured by SEM.
However, this sample was already structured and patterned using ion beam etching. Therefore, the area
not covered by the gold contacts, was etched down to SMO. For this reason, the measured surface is not
BST, but SMO. It also has to be noted, that although both varactors with 5 um SMO show these defects, the
microwave performance is not compromised and the varactors still function as desired.

The SEM images (see Figure 4.20) were taken in the center region of the sample at 10 kV acceleration
voltage to minimize the interaction volume and be as surface sensitive as possible. The SEM images coincide
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Figure 4.18: (Left) Rocking Curve Measurements of the SMO (002) reflex with different thickness from a
study early 2017. (Right) Reciprocal space map of an all-oxide heterostructure with 2800 nm
SMO.

with the optical microscope image of Figure 4.19. This proves, that the defects do not originate in the
BST, since the BST layer of this sample was etched by IBE. The picture of the rectangular defect (Figure
4.20) has a high spot in the middle indicated by the increased brightness. This high spot in square shape is
surrounded by a trench lower than the overall sample surface. The star/butterfly shaped defect has the
high point at the edge of the defect and a hole in the middle.

The height profile of these two types of defects was also investigated by atomic force microscopy (AFM).
The corresponding profiles can be seen in Figure 4.21. The AFM results confirm the interpretation of the
SEM images. The high point in the square defect is 197 nm high, whereas the trench has a depth of 215 nm
(see Figure 6.3 in the Appendix). The high point at the edge of the star/butterfly shaped defect has a height
of 143 nm and the depth in the middle is 328 nm (see Figure 6.3 in the Appendix).

In addition to the AFM measurements of the SMO surface, etched by IBE, this sample was also measured
by AFM directly after growth. Therefore, the measured surface is the dielectric BST. The resulting AFM
images can be seen in Figure 4.22. The 3D image of a 20 x 20 um? area (Figure 4.22 (left)) shows the
same rectangular and star/butterfly shaped defects. This validates, that the defects do not have their origin
in the IBE process, but arise during growth. In addition to these two types of defects, the surface shows an
additional structure similar to grain boundaries. A finer scan of a 5 x 5 um? area (Figure 4.22 (right))
shows a height difference from top to valley of 3.5 nm. The RMSR (Root Mean Square Roughness) equals
RMSR = 0.2 nm (between the grains) and RMSR = 0.5 nm (over the grain boundaries), both for 5 x 5 um?
measurement area. These grain boundary structures were not visible in the previous AFM and SEM images,
since the originate in the BST and are very thin. For these reasons, they were etched by IBE and are not
visible anymore.
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Figure 4.19: (Left) Low magnification microscope image of the BST surface of a varactor heterostructure
before structuring by photolithography with 5um SMO bottom electrode. Areas with high
and low density of defects are visible. (Right) High magnification image of the same varactor
heterostructure. Two types of defects, rectangular and star/butterfly shape are visible.

To clarify the origin of the defects, a FIB lamella was cut through two rectangular shaped defects (see
Figure 6.4 in the Appendix for the lateral alignment). This lamella was cut on the same varactor sample
with 5 um SMO, which was investigated in the previous SEM and AFM images. An image of the lamella can
be seen in Figure 4.23. Before cutting the FIB lamella, a platinum layer is deposited on the sample surface
to protect the sample. This layer is visible as a bright layer on top of SMO. The red line at the SMO - Pt
interface outline the shape of the rectangular defect. The trench and square high point are clearly visible.
For both defects, a black line is visible at its boarder. This line continues in a cone shape deep into the
SMO. This black line might be a crack through the SMO caused by a dislocation. Further TEM images will
clarify the origin and exact type of crack. The origin of the defect is visualized by a red dot. It appears for
the SMO thickness range 600 — 1200 nm.
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Figure 4.20: Upper Image: SEM image of the SMO surface with a thickness of 5um. The rectangular
defect (a) and star/butterfly shaped defect (b) are shown in the higher magnification below.
Bottom left: rectangular defect (a) with diameter of 1um. Bottom right: Both rectangular
and star/butterfly shaped defects from (b).




SMO surface

Figure 4.21: SMO surface of a varactor with 5 um SMO bottom electrode after IBE. (Left) 3D AFM depth
profile of the rectangular defect. (Right) 3D AFM depth profile of the star/butterfly shaped
defect.

BST surface

150.00 nm

1.77 nm

0.89

-1.77

Figure 4.22: BST surface of a varactor with 5um SMO bottom electrode. (Left) 3D AFM depth profile
of the defects on the surface. The same defects from Figure 4.20 are visible. (Right) 3D
AFM depth profile of the same varactor surface on a section with no defects. The surface
shows structures with RMSR (Root Mean Square Roughness) of RMSR = 0.5 nm over the
grain boundaries. They are also visible in the left image.
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Figure 4.23: (Left) SEM image of a FIB lamella through two square shaped defects. (Right) Higher mag-
nification SEM image of the two defects. The bright top layer is a protective platinum layer.
The red line indicates the defect. The trench and top part are clearly visible. Through the
5um SMO layer a clear cone shaped crack is visible. The origin, indicated by a red dot is
several hundred nanometer above the substrate.
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4.2.2 Microwave results for varactors with micrometer-thick SMO bottom electrodes

After the heterostructures with varying SMO thickness presented in the previous section (see Figure 4.17)
were fully characterized by XRD, top electrodes were structured by photolithography, sputtering, and lift-off
process. The microwave performance of the resulting 36 varactor devices of each sample were determined
by VNA and impedance analyzer. The microwave properties are shown in Figure 4.24. The values for each
sample are averaged over all varactor devices with 20 um inner pad diameter. All microwave properties
are plotted over the bias field V/um. This field is calculated with the applied DC bias and the thickness of
the dielectric BST layer, which is 61 — 70 nm for these samples. This way of displaying the data has been
chosen to better compare the samples, since the DC field is important to achieve the polarization of the
BST layer and, thus, change in permittivity and tunability. The voltage can be recalculated from the BST
thickness in Figure 4.17 and is around 6.5V for 100 V/um.

Judging from the XRD results in Figure 4.17 one would expect very reproducible microwave performance,
since the SMO and BST have very similar positions in the 26 — 6 peak positions. However, the microwave
results of the samples vary considerably. The devices are not symmetrically tunable and show a very high
leakage current. The varactors are only tunable for negative bias voltages and the measurements abort for
positive bias fields around 50 V/um (around 3 V). All samples have a tunability of almost 60 % for negative
bias fields of -100 V/um (around -6.5V). The permittivity shows a spread over all samples from maximum
values of 450 down to 250, although the crystalline quality of the BST indicated by Laue oscillations and
002 peak positions is almost identical for all samples (see Figure 4.17).

The measurements were aborted at positive bias fields around 50 V/um due to a too high leakage current
through the dielectric. The measurement setup is equipped with a current compliance limit of 1 mA. If this
limit is reached, the measurement is aborted to protect the dielectric from being burned by the high leakage
current. Generally, leakage currents are caused by electrode or bulk-limited conduction mechanism (see
section 2.7.2). In this case, the leakage current is caused by oxygen vacancies in the dielectric BST layer.
The samples of this series were grown before investigations on oxygen diffusion barriers and BST optimized
deposition conditions have been done. For these reasons, the BST was deposited at low oxygen partial
pressure of 1.5 mTorr to prevent SMO oxidation, causing the oxygen vacancies. The leakage current density
in Figure 4.24 has maximum values for negative bias fields of -100 V/um of around J(leak): 10° A/m?.

The high leakage current prohibits investigations of the SMO thickness on the microwave properties,
primarily on the quality factor. No trend following the SMO thickness is visible in the quality factor. This is
caused by the widely varying permittivity, which changes the overall capacitance C and, thus, the quality
factor Q = 1/wCRg,. The conclusion of this study is that high crystalline quality does not necessarily
lead to good microwave performance. The high leakage current reduces the overall functionality of the
varactors and lead to unpredictable behavior.
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Figure 4.24: Microwave properties of varactors with different SMO thickness from a study early 2017. It
is evident that the microwave properties are not as expected due to high leakage current.
The values are averaged over all varactors with a 20 um inner pad diameter on one sample.
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After the problem of the high BST leakage current was solved (see section 4.3 and 4.4), a new set of
samples was produced. Results of XRD 26 — 6 scans can be seen in Figure 4.25. The SMO 002 peak
reflections coincide for all samples at 45.415 + 0.005 ° leading to a c-lattice constant of 3.990 + 0.001 A. In
addition, the SMO layers show Laue oscillation until the sample with a thickness of 958 nm, approaching
the resolution limit of the XRD. The SMO thicknesses were determined by Laue oscillations and in case
of the absence of Laue oscillations for the SMO layer with 2000 nm the thickness was extrapolated by
the RHEED growth oscillations. Therefore, this value has an error of + 50 nm. The SMO layers were
grown from 243 — 2000 nm with a number of 16 250, 33 000, 60 000, and 130 000 excimer laser pulses
respectively.

The BST peak is shifted towards lower angles compared to the previous set samples with varying SMO
thickness due to a higher out-of-plane lattice constant. The c-lattice constants are 4.009 + 0.008 A. Usually
one would expect a smaller out-of-plane lattice constant with a filling of the oxygen vacancies, since the
cation repulsion is suppressed by the oxygen ion. However, this shift might be caused by a change in
the cation stoichiometry, since the different mass of the atoms lead to different scattering and mean free
paths with higher background pressures. All BST layers were grown with 7 500 excimer laser pulses and
an oxygen background pressure of 15 mTorr. This leads to a thickness of 85 + 3 nm determined by Laue
and RHEED intensity oscillations. All layer are in-plane locked to the GSO substrate and only differ in
out-of-plane lattice constant, proven by the reciprocal space map for the sample with a 2 yum SMO bottom
electrode (see Figure 4.25 (right)).

— 2000 nm SMO 002 GSO 220 Max
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Figure 4.25: (Left) 26 — 6 scan of the SMO 002 reflections with different thickness of 243 — 2000 nm
after the high BST leakage current was solved. (Right) Reciprocal space map of the varactor
heterostructure with 2 um of SMO.

81



The RHEED surface images taken after each layer (see Figure 4.26) during the heterostructure deposition
confirms a layer-by-layer growth for all layers until the end of the heterostructure. The pattern remains
consistent throughout the deposition indicating a 2-dimensional layer-by-layer growth. Furthermore, no
oxidation of the SMO is visible during the BST deposition with increased background pressure. It has
previously been observed that Mo*" — Mo®" oxidation caused by a too high oxygen background pressure
leads to a roughening of the interface shown by a 3-dimensional island RHEED pattern [131].

End STO End SMO End BST

o - -

Figure 4.26: RHEED surface images for all four samples displaying the end of of the STO buffer layer,
SMO layer and dielectric BST, which is also the final surface of the samples.

243 nm
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Figure 4.27: Microwave properties of varactors with different SMO thickness of 243 — 2000 nm after
the high BST leakage current was solved. The values averaged over all varactors with a
20 um inner pad diameter. The gray dots indicate the minimum and maximum values and
the colored dots shows the averaged values over all measured devices.
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After X-ray characterization, top electrodes have been deposited utilizing photolithography, sputtering
and lift-off process. The microwave performance of the resulting 36 varactor devices of each sample have
been measured with a VNA and an impedance analyzer. The results are displayed in Figure 4.27. The
properties are plotted over the bias field V/um. The voltage can be recalculated from the BST thicknesses
in Figure 4.25 and is around 8.5V for 100 V/um.

All varactor devices perform as expected and are symmetrically tunable in both bias directions over the
whole range until =100 V/um. The optimized growth conditions with the increased oxygen background
pressure of 15 mTorr lead to a decrease in leakage current of five orders of magnitude from the current
compliance 10° A/m? down to 10 A/m?, proving a higher oxygenation of the dielectric BST. The leakage
current behavior is different for negative and positive bias voltages. Reason for this are the two varying
interface materials Pt — BST and SMO - BST. The differing work functions of Pt (5.3 — 5.7€eV) [132,133]
and SMO (4.1eV) [17] lead to a different charge injection. Charge injection at the interface occurs, in
particular, for small barrier heights at the interface. For the Pt — BST interface, a barrier height of 1 eV has
been reported [134]. Considering a BST electronegativity of ~ 3.9 eV [135] and the difference in work
function between SMO and Pt, it is evident that the barrier height is considerably smaller for the SMO — BST
interface, in the range of 0.1 eV. Positive biasing injects charges through the SMO — BST interface and due
to the lower barrier height, the leakage current is higher in this case.

The hysteresis for negative bias voltages might be explained by the filling of traps with the first increase in
bias voltage, leading to a higher measured leakage current. Note that the leakage current is measured
at the current source of the measurement device, thus, a filling of traps leads to an increase in measured
leakage current. When decreasing the voltage again, the traps are already filled, hence, the drain of current
and measured leakage current is smaller.

For the samples with 243 nm, 958 nm and 2000 nm SMO, the tunability is around 0.75 £ 0.02. Only the
sample with 507 nm differs with an averaged value of 0.66. In addition, this sample shows the largest
spread of values across all measured varactor devices. A similar trend is visible for the permittivity, since
both, tunability and permittivity are generally connected. The samples with 243 nm, 958 nm and 2000 nm
SMO have a BST relative permittivity at 0V bias of 340 + 20. The averaged permittivity of the sample with
507 nm SMO is lowered to 270 also explaining the lower tunability. Reason for this decreased permittivity
might be slight deviations in the BST stoichiometry due to fluctuations during the deposition process.
As expected, the values of leakage current, tunability, and permittivity should be independent of the
SMO thickness, since they are a property of the dielectric layer and the BST has the same thickness and
composition in all samples.

However, with increasing SMO thickness, the quality factor is also expected to be increased as shown in the
simulated data for the Q-factor in Figure 4.15 due to a reduction of the series resistance Rg,. This expected
behavior can be seen in the experimental data in Figure 4.27. It has to be noted that the increased value
for the sample with 507 nm SMO is based on the lowered permittivity leading to a smaller capacitance and
quality factor, since Q is invers proportional to C for higher frequencies: Q = 1/wCRg,.

The experimental values for Q(0V) averaged over all varactors with 20 um inner diameter as well as
individual varactors are displayed for 1 GHz and 2.7 GHz depending on the SMO thickness in Figure 4.28,
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in addition to 3D EM simulated values of the quality factor. The individual varactors were chosen to have a
relative permittivity close to 330 and an inner pad diameter of 20 um. This should ensure, that a change in
dielectric permittivity does not impact the Q-factor and the fixed conditions of the simulations are matched
accurately. As already mentioned, the averaged quality factor for 507 nm thick SMO has to be excluded
from this series due to the lowered permittivity. However, the value for the individual varactor does coincide
with the simulated data. The 243 nm thin sample does also fit to the simulated data. For the SMO layers
with 958 nm and 2000 nm, the experimental Q-values are increasing, however, slower than the simulated
data. For these simulations, a BST dielectric thickness of 85 nm, relative permittivity of 330, dielectric
loss tangent of tand = 0.008, and SMO resistivity of 40 uQ2-cm were estimated as fixed conditions. This
lowered experimental Q-factors suggest a higher SMO resistivity than the assumed 40 uf2-cm. Fitting of the
experimental data with a highly accurate analytical model [95] yielded SMO resitivities of 55 uQ-cm for
958 nm SMO and 56 uQ-cm for 2000 nm SMO. These higher resistivities explain the lowered experimental
values, which fall short compared to the simulated values.

However, this study showed that by increasing the SMO thickness, the Q-factor can be increased. No visible
threshold for the SMO thickness has been found during this thesis. This suggest that an increase in SMO
thickness beyond 10 um and the skin depth at 1 GHz is possible. This can further increase the performance
edge of all-oxide varactors over state-of-the-art platinum varactors.
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Figure 4.28: Simulated Q-factors over SMO thickness for frequencies of 1 and 2.7 GHz (solid lines) as
well as the experimental data for the same frequencies averaged over all varactors with a
20 um inner pad diameter and individual varactor pads with 20 um inner pad diameter and
a BST permittivity of 330.
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4.3 SMO - BST interface: Oxygen diffusion barrier

The high conductivity of SMoOj relies on the Mo cation in the thermodynamically unfavorable Mo**
valence state with the 4d? (tzg) electronic configuration near the Fermi level [61]. In order to prevent
Mo*t — Mo®" oxidation (leading to formation of the electrically insulating SrMoO, phase), a highly
reductive atmosphere is required for the growth of SrMoO;, which is incompatible with the relatively high
oxygen pressure typically used for the thin-film growth of functional oxide materials, such as BST. The
dielectric BST requires a high oxygen partial pressure in order to minimize oxygen vacancies and suppress
the leakage current in the final varactor device. Literature reports suggest a partial oxygen background
pressure of 75 mTorr [136]. For this reason, the reductive growth conditions of SrMoO; present a major
obstacle for the production of thin-film heterostructures with SrMoO; electrodes. The obstacle can be
overcome if the SrtMoOj film is capped by a thin layer of a material which minimizes oxygen diffusion
between BST and SrMoOj; and, thus, prevents Mo*"— Mo®" oxidation.

In general, the transport of oxygen ions plays a central role in applications of oxide materials. Oxygen
diffusion has previously been intensively studied based on sophisticated positron beam annihilation or
oxygen tracer experiments [65,66,137-141]. For heterostructures with SrtMoO;, oxygen diffusion through
the capping layers can be indirectly, yet still accurately, analyzed by monitoring the Mo valence state using
X-ray photoelectron spectroscopy (XPS) [142,143].

Here, a similar measurement routine has been utilized and the Mo oxidation state in SrMoO5 has been
monitored by XPS to compare oxygen diffusion through Ba, ;Sr,sTiO; and two other capping layers,
namely SrTiO; (STO) and BaTiO; (BTO). An oxidation limit for the growth of functional BST on top of
SrMoOQ; is determined from the rise of the Mo®" oxidation state for each capping material [143].

The capping materials were selected according to the following criteria:

i) perovskite structure with a low mismatch of the lattice parameters between the capping material
SrMoO; and the GdScO5 substrate

ii) consistency of the oxidation states of their cations with the formula A'BVO, to prevent formation of
an energetically unstable valence-mismatched interface with StMoO; [12]

Accordingly, perovskite titanates with Sr and Ba at the A-site were selected as the capping materials, i.e.
SrTiO5 with a lattice parameter of 3.905 A 371 (A=-1.56% to GdSc0O;), BaTiO5 with an in-plane lattice
parameter of 3.994 A [38] (A = 0.68 %), and Bay sSr, sTiO; with a lattice parameter of 3.947 A [144]
(A =-0.5%).

The heterostructures were grown on (110) GdScO5 5 x 5 mm? single crystal substrates. A ceramic StMoO,
pellet, produced by spark plasma sintering, was used as a PLD target for SrMoQj thin films. Stoichiometric
ceramic pellets were used for the growth of the correspondent capping layers. The KrF excimer laser in
the DCA PLD was operated during the SrMoO5 deposition with a fluence of 0.9 J/cm?. In order to provide
an effective reduction of StMoO, to StMoO; during the film growth, the PLD chamber was filled with
30 mTorr of argon background gas supplied at a flow of 15 sccm. The substrates were kept at a temperature
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of 630 °C. The thickness of the SrMoO; layer in all samples was 33 = 2nm. A buffer layer of 5 — 7 unit
cells of SrTiO; was grown on GdScOs5 substrate prior to SrMoOj films to ensure smooth layer-by-layer
growth [92,93].

All capping materials with a thickness of 6 unit cells were grown with a fluence of 0.6 J/cm?. The depositions
of the capping layers were performed in vacuum, specifically at a base pressure of 4-1078 Torr in the PLD
chamber. The growth of the entire heterostructure was monitored in situ using a RHEED system. The
roughness of the layers was determined via the fitting of the XRR curves using RCRefSim software [126].
XPS was utilized to trace the Mo valence state in SrMoO5 through the capping layer after annealing of
the samples in oxygen. This method allows an indirect quantification of the oxygen diffusion through
the capping layer as the ratio of Mo*": Mo®". This indicates the amount of Mo oxidized from the initial
state (Mo**— Mo®"). XPS measurements were carried out with a PHI Versaprobe 5000 spectrometer
using monochromatic Al Ka radiation at the take-off angle of ¢ = 75° to record Mo 3d emission from
the underlying SrMoO; through the thin capping layers. Binding energies for all recorded spectra were
measured with a precision of +0.1eV.

The sequence of the XPS measurements can be seen in Figure 4.29. First, as-grown heterostructures with
SrTiO5, BaTiO3, and Ba, 5Sr( 5 TiO5 capping layers were mounted together onto one sample holder and
the Mo 3d and valence band emissions were measured by XPS. After measuring each sample, the sample
holder was transferred in situ into an annealing chamber where the samples were annealed in oxygen. The
XPS measurements of each sample were repeated after each annealing step and the increase in Mo®" due
to a thicker oxidized SrMoO, layer can be determined.

2. Oxygen Annealing 4. Oxygen Annealing

1.XPS  SnBaTi0, 3. XPS sr Ba, T 0, 5. XPS i ga, 1, 0, 1o Mo

Capping
Layer: 6 u.c. SrMoO,
~2-3 nm

SrTiO;

(a) (b) (c)

Figure 4.29: Annealing procedure used to evaluate oxygen diffusion through different capping layers. All
transferring was done in situ. (a) All as-grown samples were mounted on one holder and
measured in the XPS. After successive annealing steps, the samples were measured again
in the XPS and increasing contribution of Mo®" due to a thicker oxidized SrMo0Q, layer can
be observed during measurements (b) and (c).
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Figure 4.30: Time variations of the RHEED specular spot intensity during the growth of the heterostruc-
tures for a 6 — 8 unit-cells-thick SrTiO; buffer layer (left side), the SrMoQ; film (middle),
and the SrTiO3, Ba, sSr, s TiO5, or BaTiO5 capping layers (right side). The intensity varia-
tions for the SrTiO4 buffer layer and the SrMoO; film are shown for the sample capped with
Ba, sSr, s TiO5. Dashed lines indicate interfaces between different layers of the heterostruc-
tures. The arrows denote the start and stop moments for the depositions of the SrTiO,
buffer layers and the capping films. The RHEED intensity oscillations are observed through-
out the growth of the complete SrMoO; film thickness and are shown only at the beginning
and directly before the end of the SrMo0O; deposition.

The time dependence of the RHEED specular spot intensity recorded during the growth of the heterostruc-
tures is shown in Figure 4.30. The growth oscillations are clearly visible for all layers indicating their high
quality layer-by-layer growth and make a precise deposition with a thickness control in the unit cell scale
possible.

The XRD out-of-plane 26-6 scan of the as-grown sample before annealing shows c-axis orientation of
the heterostructure similar to previously reported results [12,142]. High crystal quality for all as-grown
samples is indicated by the pronounced and distinct Laue oscillations assigned to the SrMoO; layer
(see Figure 4.31 (a)). The period of the oscillations yields 33 £ 2nm SrMoOs film thickness, which is
independently confirmed by the RHEED, XRD, and X-ray reflectivity (XRR) data (see Figure 4.30 and inset
in Figure 4.31 (a), respectively). The surface roughness of the capping layers (R,) and the roughness of
their interface with StMoO; (R;,;), extracted from the fitting of the XRR curves, are given in Table 4.6.
The values of both R, and R;,; for the samples with SrTiO; and Ba, 5Sr, sTiO5 capping layers are smaller
than those for the BaTiO5-capped sample (see Table 4.6). The XRD pattern of the BaTiO5-capped sample
shows an asymmetric 002 SrMoO5 peak shape with a higher intensity shifted towards the lower 26 angles.
One reason for this is the larger out-of-plane lattice parameter of BaTiO5 as compared to StMoO;. For the
sample capped with SrTiO3, a small out-of-plane lattice parameter of the SrTiO5 capping layer results in
the asymmetrical high intensity of the XRD pattern at higher 26 angles.
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Figure 4.31: 26-6 XRD patterns around the 002 reflections of SrMoO; for the (a) as-grown heterostruc-
tures (b) after their annealing in oxygen for 2 minutes at 630°C and 10 mTorr. Left insets
show X-ray reflectivity curves for the heterostructures which are schematically depicted in
the corresponding right insets. Surface oxidation of the annealed SrMoO; films is highlighted
in orange.

After the annealing of the samples for 2 minutes at 630 °C in oxygen atmosphere at 10 mTorr, a significant
difference between the samples arises. The 266 scan in Figure 4.31 (b) shows a spread in their crystal
quality. The SrTiO5- and Ba, 5Sr, s TiO3-capped samples still maintain low intensity Laue oscillations
and a high SrMoO; peak intensity after the annealing step. However, the observed SrMoO; peak of the
BaTiO5-capped sample has low intensity and shows no Laue oscillations, indicating degraded SrMoQO,
crystal structure as a result of its oxidation during the annealing. Moreover, for all samples, a significant
roughening can be observed due to a surface oxidation of StMoO; to StMoOQ,, resulting in a bad interface.
This is confirmed by the XRR fitting, which yields the best matching with a 3-5 nm thick SrMoO, surface
layer (see right inset in Figure 4.31 (b)). After the first annealing step, both R;,; and R are increased up
to 0.7 — 0.9 nm for the SrTiO;- and Ba, 5Sr, s TiO3-capped samples and even further up to 1.4 nm for the
BaTiO;-capped sample. Note that the roughness values for the SrTiO5-capped sample increase more than
those for the Ba, 5Sr, 5 TiO3-capped one.

Table 4.6: Surface roughness of the capping layers (R,) and the roughness of their interface with SrMoQ,
(Rint) for the as-grown and annealed heterostructures with different capping layer materials.

| StTiO; | Bag5SrysTiO; | BaTiO; |

as-grown R; | 0.5nm 0.5nm 0.6nm
as-grown R;,; | 0.2nm 0.2nm 0.4nm
annealed R, | 0.9nm 0.7 nm 1.4nm
annealed Ry, | 0.9 nm 0.8 nm 1.4nm
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Figure 4.32: (a) Mo 3d spectra of a SrtMoO; sample capped with 6 unit cells Ba, sSr, s TiO5 for different
annealing times at 630 °C with TmTorr background pressure and 1sccm flow of oxygen.
Fitting of the Mo 3d spectra for (b) non-oxidized and (c) oxidized heterostructures using
a combination of the peaks for metallic Mo?, fully oxidized Mo®*, and screened (subscript
"s") and unscreened (subscript "u") Mo** [142,145].

The Mo 3d spectra recorded after each annealing step are shown in Figure 4.32 (a) for the heterostructure
with the Ba, 5Sr, s TiO5 capping layer. Screening effects in conducting transition metal oxides lead to
a splitting of the core peaks of the transition metals and an occurrence of so-called screened satellite
sharp peaks at low binding energies, whereas the unscreened peaks at high binding energies appear
broadened [145]. For this reason, the observed Mo 3d spectra of the heterostructures were fitted with a
superposition of two sharp peak doublets related to Mo®" (3ds /2 = 233.0eV and 3d;,, = 236.2€eV) and
the screened peaks of Mo** (3ds/, = 229.3€V and 3d;/, = 232.5eV), as well as a broad doublet of the
unscreened peaks of Mo** (3ds;, = 231.8 eV and 3ds,, = 235.0eV) in agreement with Ref. [142,145]
(see Figure 4.32 (b) and (c)). In addition, the as-grown samples exhibit a metallic Mo® contribution at
227.9eV [59]. For all the doublets, the spin-orbit splitting between the peaks of A E = 3.2 €V is nearly
identical.

The extracted amount of Mo** for the heterostructures with different capping materials, normalized by
the sum of Mo** and Mo®*, is shown in Figure 4.33. The Mo® component of 3.0 % is present only in
the as-grown samples and vanishes after the first annealing step. For this reason, this component is not
included in the quantitative analysis. The amount of Mo*" in the as-grown samples shown in Figure 4.33
is 99.5 %. The first two annealing steps lead to only minor formation of Mo®". After the third annealing
step (total annealing time of 4 minutes), the Mo*" percentage in the BaTiO5-capped sample decreases
drastically to 78 %, whereas in the other two samples, it remains at approximately 95 %. Aside from the
steep initial oxidation of the BaTiO5-capped sample, all the samples exhibit almost linear oxidation with
time. After the 6th annealing step (22 minutes), Ba, 5Sr, s TiO; emerges as the material with the highest
oxygen diffusion barrier of the three titanates, still having 75 % of Mo**.
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Figure 4.33: The relative intensity of the Mo** 3d emission in SrMo0O5 capped with SrTiO5, Ba, sSro s TiO3,
and BaTiO3, depending on the annealing time. The annealing was performed at 630°C in
oxygen atmosphere at 1TmTorr and 1sccm. The intensity is normalized by the total intensity
from the Mo** and Mo®* components. A small contribution from Mo° for the as-grown
heterostructures is neglected.

The extracted amount of Mo** for the heterostructures with different capping materials, normalized by
the sum of Mo*" and Mo®", is shown in Figure 4.33. The Mo® component of 3.0 % is present only in
the as-grown samples and vanishes after the first annealing step. For this reason, this component is not
included in the quantitative analysis and the amount of Mo** in the as-grown samples shown in Figure 4.33
is 99.5%. The first two annealing steps lead to only minor formation of Mo®*. After the third annealing
step (total annealing time of 4 minutes), the Mo*" percentage in the BaTiO5-capped sample decreases
drastically to 78 %, whereas in the other two samples, it remains at approximately 95 %. Aside from the
steep initial oxidation of the BaTiO5-capped sample, all the samples exhibit almost linear oxidation with
time. After the 6th annealing step (22 minutes), Ba, 5Sr, s TiO; emerges as the material with the highest
oxygen diffusion barrier of the three titanates, still having 75 % of Mo**.

In general, oxygen diffusion in perovskite oxide materials depends on the stability of the oxidation state of
the B-site cation. It has been previously shown, that transition metals with low electronegativity form stable
ionic bonds with oxygen. Titanium, with an electronegativity of 1.54, is considered a good candidate for
high oxygen barrier perovskite materials [139-141]. As titanium is present at the B-sites of all three chosen
capping materials, it is not surprising that they have similar bulk oxygen diffusion coefficients [65, 66].
Thus, the observed differences in oxygen diffusion in these materials are likely related to their crystal- and
microstructure.

The results of the initial theoretical calculations suggested that in-plane compressive strain of SrTiO5
films up to 6 % should significantly suppress the inter-plane oxygen diffusion, whereas in-plane tensile
strain should increase the oxygen diffusion in all crystallographic directions [67, 68]. For SrTiO; films
compressively strained by 2 %, this theory predicts an increase in the inter-plane oxygen diffusion barrier
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Figure 4.34: XPS spectra for the SrMoO; sample capped with 6 unit cells of Ba, 5Sry 5 TiO5 during the
pressure study (a) Mo 3d spectra. The contribution of the 4+ valence state decreases with
an increase in oxygen pressure. The green dashed line shows the position of the Mo** 3d5,,
and Mo** 3d,,, peaks and the black dashed lines show the positions of the Mo®* 3ds/
and Mo®" 3d;,,, (b) Spectra of the valence state. The density of states at the Fermi level
(represented by the dashed line) decreases with a higher background pressure and indicate
the transition from conducting SrMoQ; to insulating SrMoO,.

by 35-50 % [68]. However, theoretical calculations assume perfect microstructure and do not consider
defects or change in microstructure due to strain.

The observed faster oxidation of the SrMoOj film capped with BaTiO; (see Figure 4.33) indicates faster
diffusion of oxygen ions in the compressively strained BaTiO; film as compared to the other investigated
titanites, which does not comply with the aforementioned theoretical predictions [76]. This result can
be qualitatively explained, in that the as-grown BaTiO5-capped sample before the annealing was rough
as compared to the other investigated samples (see Table 4.6). The rough microstructure leads to the
formation of multiple grain boundaries which serve as channels for the diffusion of oxygen ions. For the
other two samples capped with SrTiO5; and Ba, 5Sr, 5 TiO5, similar StMoO oxidation rates are observed
for the initial annealing steps approximately up to the total annealing time of 7 min (Figure 4.33). This
observation is in line with the similar roughness values measured for these two samples (see Table 4.6).
However, the larger strain value for the SrTiOs film, as compared to the Ba, 5Sr, sTiO3, probably leads to
the faster accumulation of defects and faster degradation of the microstructure. As a result, for an annealing
time longer than 7 min, the oxidation of the SrMoO; film proceeds more quickly for the SrTiO5-capped
sample. For these reasons, the Ba, 5Sr, 5 TiO; film is the most effective capping among the investigated
materials.
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Figure 4.35: (a) The relative intensity of the Mo*" 3d emission in SrMoO; capped with Ba, sSr, s TiO5 over
the different annealing steps with increasing background pressure at an annealing temper-
ature of 630°C for 2 minutes. The annealing process can be divided into a low and high
pressure regime. For both, a linear fitting was done and the dashed lines are an extension
as a visual guidance.

(b) The relative intensity of the Mo** 3d emission in SrMoO, capped with Ba, sSr, s TiO5 over
the different annealing steps with increasing temperature and a constant annealing pressure
and time. In case of Ba, sSr, s TiO3, the pressure was 10 mTorr and annealing time 2 minutes.
The annealing process can be divided into a low and high temperature regime. For both a
linear fitting was done and the dashed lines are an extension as a visual guidance. In ad-
dition, values for SrTiO5 are shown, but for pressures of 100 mTorr and annealing times of
5 minutes. The threshold manifests at lower temperatures of 450 °C and the dashed line a
visual guidance. However, the overall temperature dependence is similar for both materials.

Ba, 5Sr( s TiO5 capping was chosen for further experiments to determine the quantitative limits of oxygen
diffusion in the heterostructures. The effect of oxygen pressure was investigated using a sample with
6 unit cells of Baj ;Sry;TiO; capping. The sample was consecutively annealed in steps of 2 minutes
each at 630 °C. For each consecutive step, the oxygen background pressure was increased from 1 mTorr
up to 50 mTorr. Valence band and Mo 3d emissions were measured after each annealing step. The
Mo®* 3d, /2 peak at 236.2 eV appears at pressures above 10 mTorr, indicating the start of the STMoO,
oxidation (Figure 4.34 (a)). The intensity of this peak increases with pressure. Moreover, the screened
Mo** 3ds,, peak at 232.5 eV peak broadens with annealing and its intensity shifts towards the Mo®" 3ds /2
peak at 233.0 eV. Meanwhile, the Mo? contribution has already vanished after the first annealing.

The valence band spectrum of the as-grown sample shows states at the Fermi level due to the 4d> (tyg)
electronic configuration of StMoO; (Figure 4.34 (b)). The spectral intensity at the Fermi level decreases at
high annealing pressures and vanishes completely above 30 mTorr, confirming the formation of insulating
SrMoOQ,.

The normalized amount of Mo** derived from the fitting of the XPS spectra can be seen in Figure 4.35 (a).
Up to 8 mTorr, the STMoO; oxidation is a slow linear function of pressure, resulting in a decrease of the
number of Mo** cations by 0.5 % per mTorr. Above 8 mTorr, the linear oxidation with pressure is preserved,
however, with significantly higher rate of 1.5 % per mTorr. Thus, up to an oxygen pressure of 8 mTorr
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at 630 °C, Ba, 5Sr, sTiO5 capping serves as an efficient oxygen barrier. Above this pressure, the StTMoO,
deteriorates and an insulating SrMoO, layer is formed.

Because oxygen diffusion is a function of both pressure and temperature, the impact of temperature on the
oxygen diffusion through the Ba, 5Sr, sTiO5 was investigated. For this purpose, a similar heterostructure
comprised of an StMoOs film capped with 6 unit cells of Ba, 5Sr, sTiO; was annealed in steps of 2 minutes
at the annealing temperatures, increasing from 500 up to 650 °C. During the annealing, the oxygen
pressure and flow were kept at 10 mTorr and 4 sccm, respectively. Photoelectron spectra were measured
after each annealing step. The amount of the Mo** as a function of the annealing temperature is shown
in Figure 4.35 (b). The SrMoO; oxidation exhibits different rates below and above 580 °C. Only minor
oxidation occurs below 580 °C, with approximately 97 % Mo** cations still present. Above 590 °C, the
oxidation rate is vastly increased up to 0.8 % per Kelvin. Thus, the growth parameter window for the
heterostructure with Ba, 5Sr, sTiO5 capping layer extends up to 580 °C at 10 mTorr of oxygen.

Figure 4.35 (b) shows the data for an SrMoO; sample capped with 10 unit cells of SrTiO5, which was
consecutively annealed for 5 minutes at 100 mTorr. The behavior in this case is very similar with almost no
oxidation below 450 °C and after the annealing step at 500 °C, a drastic oxidation to 25 % Mo** occurs.
In general, oxygen diffusion in heterostructures is affected by three important factors. Firstly, the chemical
potential, which is due to the oxygen concentration gradient between the sample and the surrounding
gas phase. Secondly, the activation energy necessary to fill the oxygen vacancies in the capping layer. The
concentration gradient is pressure dependent, whereas the activation is temperature dependent. These two
factors determine the oxygen diffusion in the as-grown heterostructures with sharp and smooth interfaces.
The initial weak oxidation of SrtMoO5 with pressure and temperature, observed in Figure 4.35, might be
explained by the oxygen deficiency of the capping layers, which were grown in vacuum [69, 77]. These
oxygen vacancies are gradually filled until the oxidation of the capping layer is complete. This process is
determined by a combination of oxygen pressure, temperature, and annealing time. Once the capping
layer is fully oxidized, the oxygen diffuses further towards the interface, causing Mo**— Mo®*" oxidation.
As a result, a StMoO, with a scheelite structure forms at the interface and leads to the degradation of
the capping layers, which, in turn, accelerates further oxidation of the underneath SrMoO5. The third
important factor is related to the microstructure of thin films, which differs for samples with different
capping materials. Among the as-grown samples, the heterostructures with SrTiO5; and Bag 5Sr; 5 TiO;
reveal the smaller R; and R;,, roughness as compared to the BaTiO5-capped sample. This fact naturally
explains the rapid oxygen diffusion through the compressively strained BaTiO5 capping layer in contrast to
theoretical predictions [76].

4.3.1 Effect of the vacuum deposition on stoichiometry

The capping layers on SMO described above are deposited in vacuum. It is well known from literature,
that depositions in vacuum lead to oxygen deficiency [69, 77]. In order to confirm this hypothesis, XPS
was measured on capping layers different deposited in vacuum and the stoichiometry was determined
from the resulting XPS spectra. For reference, a STO substrate was also measured. The chemical formula
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were determined by adding the element areas from the XPS spectra of each element, which were corrected
by corresponding relative sensitivity factor and normalizing it to five according to the perovskite formula
ABO;. The subscripts of the elements determine the ratio of each element to the normalized entire area.
For the fitting of the titanium spectra, the satellite peaks at 471.8 eV and 476.7 €V have been taken into
account (see Figure 4.36). These satellites are related to plasmon excitations of the photoelectrons while
leaving the sample. Thus, they are related to a higher binding energy, since they lost kinetic energy during
the excitation.

Table 4.7: Stoichiometries of different capping layer deposited in vacuum determined by XPS.

Sample Transfer Stoichiometry

SrTiO5 substrate ex situ S11 95Tl 950403

SrTiO5 capping layer ex situ Sr1.94Tig 9804 78
Ba, 5Sr( 5 TiO5 capping layer | insitu | BagesSrg.70Tig 930579
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Figure 4.36: XPS spectrum of titanium measured on a STO substrate.

As it can be seen in Table 4.7, this approach leads to matching chemical formula for the STO substrate.
The STO capping layer is a 20 nm film on SMO and was measured ex situ by XPS. A Ba, 5Sr, 5 TiO5 layer
was deposited directly on GSO and measured by XPS with in situ sample transferring. The resulting
stoichiometries reveal an excess in A-site cations for both thin-films deposited in vacuum and, thus, also
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oxygen deficiency due to charge neutrality. This coincides with reports from literature. The oxygen
deficiency of this interlayer possibly acts as an additional trap for oxygen further preventing SMO oxidation.

4.4 BST composition

During this work, only barium-strontium-titanate with the composition Ba, ;Sr, sTiO3 was used. As it can
be seen in Figure 2.7 (section 2.4.1), this composition is in the paraelectric phase at room temperature.
For thin films, this transition can be different due to strain. It is very important to maintain the paraelectric
phase in the varactor heterostructure, in order to avoid hysteresis behavior during tuning of the device. For
the Ba, 5Sr( 5 TiO5 composition, in some samples, small hysteresis behavior could be seen, which might be
attributed to local polar regions. Further tuning the composition towards a higher barium content might
increase the overall permittivity and, thus, tunability, but comes with the risk of ferroelectric behavior. This
requires very fine stoichiometry control of the BST composition but is a possibility for future performance

increase.

The correct oxygen stoichiometry and avoidance of oxygen vacancies is also important for the all-oxide
varactor performance. Oxygen vacancies are responsible for the bulk conduction mechanism in the
dielectric and drastically increase the leakage current of the varactors. A full oxygenation of the dielectric
is difficult, since a high oxygen background pressure during BST growth oxidizes the bottom electrode
of the heterostructure. However, with the finding of a new oxygen diffusion barrier material, the oxygen
background pressure during the BST deposition could be increased.

The oxygen background pressure during BST growth could be optimized to 35 mTorr by lowering the BST
growth temperature to 470 °C, which was done by Zeinar et al. [131]. This was achieved by mapping the
growth temperature and oxygen partial pressure and growing a large set of samples to determine the
transition, where the oxygen diffusion barrier can not protect the SMO, thus, StMoO3; — SrMoO, oxidation
occurs. This oxidation can be observed in situ by a surface roughening. In addition, the leakage current
of all samples were compared to verify an improved oxygenation of the dielectric. With these optimized
growth parameters, a decrease in leakage current of several orders of magnitude could be achieved.

4.5 Top contacts: Surface mount device

The circular test structure, introduced in section 2.7.1 (Figure 2.16), has been used to characterize all
samples shown in this thesis. It also allows to extract the relevant properties of the dielectric layer and
bottom electrode.

The future goal is to dice the substrates with the all-oxide heterostructure and patterned top electrodes
into individual varactors and mount them onto a circuit board to prove the functionality in a real device.
Mounting on a circuit has to be done with low-inductance connections, e.g. with flip-chip bonding, since

96



wire bonding is not suited for high frequency operation due to high inductances. However, the circular
structure does not allow mounting the individual varactors on a circuit via low-inductance flip chip bonding.
A novel design for an all-oxide surface mount device (SMD) has been proposed by Walk et al. [146]. The
processing and a microscope picture can be seen in Figure 4.37. RF front ends in mobile communications
deploy capacitance in the low pF regime. The capacitance are described by C = ¢,¢,.A/d. Due to the high
crystalline quality of the BST resulting in a high permittivity in addition to the very thin layer thickness,
the electrode area needs to be small (< 300 um?). Thus, separate contact areas are added on the device,
which do not contribute to the capacitance. Their purpose is to provide enough surface area for flip-chip
bonding. In-depth information for the processing procedure can be found in [146].

The final device can be seen in Figure 4.37 as a schematic in the upper row in step 4 and the real device in
the bottom row. The effective area contributing to the capacitance is 200 um? and the length/width of the
contact pads for bonding are 150/100 um. Walk et al. have shown the functionality of this design. In the
future, integration in a network will prove its application benefits in a real-case scenario [146].

Final component (after etching of seed layer)
with bumps for flip chip bonding

Epoxy
(isolation)

1 Etching of varactor channels into 2 Spi ting, exp and devel 3 Planar seed layer, deposition of photoresist for 4
planar BST/SMO (on GSO substrate) of isolating SU-8 top electrode, structured electroplating

Io!lBeLm \J \I \I :\ J Au electoplaca) | I
Au/Cr (seed layer) (IS | Ty
(isolation)

Etching Photo-
Resist

Epoxy
(isolation)

Epoxy
(isolation)

Figure 4.37: Upper Row: Processing steps of the all-oxide SMD component. Side view (top) and top view
(bottom). Lower Row: Microscope picture of the SMD component [146].
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4.6 Varactor Heterostructures

4.6.1 High performance all-oxide varactors

With the results of section 4.2, namely, an epitaxially grown, atomically sharp and micrometer-thick bottom
electrode in combination with an oxygen diffusion capping layer and low leakage BST dielectric, the growth
of high performance all-oxide varactors was enabled.

The bottom electrodes have been deposited on GdScO substrates with a 2nm STO buffer layer to ensure
smooth layer-by-layer growth of the SMO [92,93]. More than 300 000 laser pulses with conditions shown
in Table 4.1 (see section 4.1.1) yielded a thickness of over 5 um for the SMO bottom electrode. Figure 6.5
in the Appendix shows a picture of the SMO target after the deposition of the 5um thick SMO layer.
Two samples will be discussed in this section, both with 5 um bottom electrodes. One sample has a STO
interlayer, to prevent SMO oxidation, and 50 nm dielectric BST layer and the other sample has a BST
protective interlayer and 100 nm dielectric BST layer. Top electrodes were applied with a thin Pt and Au
seed layer, followed by a thick (> 4um) Au layer grown by electroplating. The structuring has been done
utilizing photolithography and Ar-based ion-beam etching.

Both heterostructures have a highly coherent crystalline structure as shown by XRD analysis in Figure
4.38 (a) — (¢). They exhibit Laue oscillations for BST in the 260 — 6 XRD scan near the SMO 002 reflex
(see Figure 4.38 (a)). The peak position for SMO 002 differs slightly from SMO;ggm st = 45.416° to
SMOs0nm st = 45.442° by A = 0.026°. This corresponds to out-of-plane lattice constants of SMO1gg nm BsT
= 3.990A and SMOsg ym BsT = 3.989 A.BST 002 has a larger peak shift of 0.54° leading to lattice constants
of BST100nm = 4.009 A and BSTsg,,, = 3.968 A. This can be explained by different growth conditions of
the two BST layers. BST5,,,, was grown with a relatively low oxygen background pressure of 1.8 mTorr,
whereas the BST;yg,,m» Was grown with 15 mTorr. In spite of the difference in BST lattice constant, both
films show similar microwave properties. However, the leakage current could be reduced significantly due
to a better oxygenation of the dielectric layer, which will be discussed later.

The rocking curves at the 002 reflections of SMO and BST show low diffuse backgrounds and the full
width at half maxima (FWHM) of 0.008° is remarkably only limited by the crystallinity of the substrate
(see Figure 4.38 (b)) and could only be achieved by measuring with a Ge(220)x2 analyzer crystal at the
detector side. Note that the rocking curves are plotted in the linear intensity scaling.

The SMO and BST layers are in-plane locked to the substrates throughout the full stack thickness of several
micrometers for both samples as confirmed by the reciprocal space map (see Figure 4.38 (c) and (d)).

It is known that heterostructures with lattice mismatch acquire increasing strain energy with increasing
thickness, leading to a strain relaxation by misfit dislocation formation. This occurs at a critical thickness,
which is typically in the range of several tens to hundreds of nanometers for perovskites. The RSM in
Figure 4.38, however, clearly shows the coherent growth beyond the critical thickness. The in-plane lattice
constants are locked to the substrate, which leads to enlarged c-axis constant of SMO;09ym pst = 3.990 A
and SMOsq,m gsT = 3.989 A. Based on this achievement, the functional BST layer can be grown also

98



(@ [-100nm | SMO002 © & T —(d) ;& [ m .
. |-50nm GSO 220 ! Max | Max
_..g I I _
5 | GdScO 4 332 ~ l ~
_d ’Q-J\ ) N /g?
8 =2 =~ S
~ c =
o4 © = =
B BST 002 . & &
L 1 L 1 L 1 L 1 L
440 445 450 455 460 465 BST 013
20 (deg.) = Min <
<) - o
(b) |- smvo00 4 \
—BST50
—_ < . - <
2 |~ GdScO, ) 3
>
5 SrMoO 5 013
S !
~ 1
|
:
|
N 1 N 1 N 1 N b%) L X L i L b%) .
100 -50 0 50 100 V0248 0.252 0256 oY 0248 0.252 0.256
K A
Aw (arc sec.) Q, (A™) Q, (A"

Figure 4.38: (a) 26 — 6 XRD scan near the SMO 002 reflex for both heterostructures with 50 nm (black)
and 100 nm (red) thick BST layer. (b) XRD w-scan of the following reflections from the het-
erostructure with 50 nm BST: SMO 002 (FWHM = 0.008°), BST 002 (FWHM = 0.008°), GSO
220 (FWHM = 0.008°) measured with Ge(220)x2 monochromators at source and detector
side. (c) and (d) Reciprocal space map of the heterostructure with 50 nm and 100 nm BST,
respectively.

in-plane locked with similar crystalline quality as if grown directly onto the substrate.

All layers grow layer-by-layer as indicated by the streaky RHEED patterns (see Figure 4.39 (a)) and intensity
oscillations of the specular spot (see Figure 4.39 (b)). To maintain a constant fluence throughout the
deposition of 5 um of SMO, the laser energy has to be checked and adjusted during the deposition. For
these particular depositions, 350 000 laser pulses were shot onto the target. The energy was checked
after every 50 000 shots and readjusted. Reasons for a decrease in fluence are laser gas exhaustion and
coating of the laser entrance windows into the chamber due to the huge amount of ablated material. The
RHEED intensity recording was switched on before the restart of the deposition after each energy check.
Figure 4.40 shows intensity recordings of the specular spot after the restart of 100 000 and 200 000 pulses
respectively. In both cases intensity oscillations arise, proving a layer-by-layer growth.

High-resolution STEM images of the whole heterostructure (see Figure 4.39 (c)) reveal the exceptional
high crystalline quality between substrate, STO buffer layer and lower end of the SMO electrode (see
Figure 4.39 (d)), as well as the interface between the upper end of the SMO electrode and the subsequent
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Figure 4.39: RHEED and TEM results for the heterostructure with 50 nm BST (a) RHEED patterns of the
GSO substrate, STO buffer layer, SMO, STO capping, and BST layer (b) Intensity oscillations
of the specular spot, recorded at the beginning of buffer STO (black), SMO (blue), STO cap-
ping (green), and BST layer (red). (c) Low-resolution HAADF-STEM image of the varactor
heterostructure. (d) and (e) High-resolution HAADF-STEM image along with (f) and (g) ele-
mental intensity lines of the SMO/STO/GS0 and BST/STO/SMO interface, respectively.

STO/BST layer — with 5 um SMO in between. This shows the close-to-perfect dislocation free atomic
layering of the SMO over several micrometer.

As already discussed in section 4.2, the mechanism behind the high-thickness growth of perovskites with
atomic control is the ability of perovskites to change their lattice constant as a function of cation ratio.
This ratio can be tuned by deposition parameters during thin-film growth. During the PLD deposition, a
growth rate of several tens of Hertz provides a constant material flux in the plasma plume, which leads
to small, but stable cation off-stoichiometry throughout the electrode growth. This deviation from the
ideal stoichiometry allows growing perfectly lattice matched, strain-free "single crystal" films. In order
to consolidate this model, the stoichiometry of SMO thin films were determined by XPS measurements.
The Sr 3d, Mo 3d, and O 1s core photoelectron spectra were measured for 20 regions of four different
films (see Figure 4.41). The Mo 3d spectra (Figure 4.41 (b)) exhibits a Mo®" contribution, visible at the
appearance of the Mo 3ds3/, = 236.2 eV peak. This Mo®" contribution occurs as the films were exposed
to air prior to the XPS measurements, which indicates that the surface of SMO oxidizes to the scheelite
structure STMoOy,.
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Figure 4.40: RHEED intensity of the specular spot after the energy check of (a) 100 000 and (b) 200 000
laser pulses. After the restart, intensity oscillations arise.

Figure 4.41 (d)) shows the relative atomic concentrations of Sr and Mo in 20 studied regions. The
stoichiometries were determined by fitting according to the descriptions in section 4.3. The mean atomic
concentration of Sr (51.6 %) and Mo (48.4 %) with the threefold standard deviation of 3o & 1.0 indicate Sr
excess in the SMO thin films. This off-stoichiometry is associated with antisite defects act also as additional
scattering centers, reducing the conductivity of the SMO thin films as compared to the bulk values.

The thick bottom electrodes with a low resistivity lead to a very low sheet resistance in the varactors. In com-
bination with atomically flat interfaces, proven in Figure 4.39, it is possible to fabricate high-performance
varactors utilizing only 50 or 100 nm thick dielectric layers.

The microwave performance is shown in Figure 4.42. The effective relative permittivity &, .¢ (Figure 4.42 (a))
also including the capping layers at 1 GHz is 325 for the 50 nm BST (black) and 375 for 100 nm BST (red).
This effective permittivity includes the non-tunable, low permittivity of the STO interlayer. Assuming a
STO permittivity between 100 and 150 and applying a simple model of stacked dielectric capacitors leads
to a relative BST permittivity for the 50 nm BST layer between 395 and 440. The resulting capacitance
value for these varactors without bias field are around C(0 V)50, gst = 17 pF and C(0V) 199 nm st = 15 PF,
both for pad sizes with 20 um inner diameter. The thin functional layer allows the application field of
low tuning voltages in the Li-ion battery regime of 3.7V, which are not feasible with conventional Pt
varactors. This voltage corresponds to a maximum electric field of 74 V/um (0.74 MV/cm) and 37 V/um
(0.37MV/cm) for a 50 nm BST and 100 nm BST respectively. At the frequency of 1 GHz, the varactor with
50nm BST has a high tunability of n(3.7V) = 3.1, defined as n(V,¢g) = C(0)/C(V,¢f). The varactor with
100 nm BST reaches a tunability of n(3.7V) = 2.1 and for 7.4V, which leads to the same applied field of
0.74MV/cm n(7.4V) = 3.3. For over 100 tuning cycles of applying +£100V/um, the varactor showed no
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Figure 4.41: XPS spectra for the elements (a) Sr3d, (b) Mo3d, O1s, and (d) relative atomic concentration of
Srand Mo measured for 20 regions of 4 SMO thin films grown by PLD. The threefold standard
deviation of 30 ~1.0 is shown for every measured region. Prior to the XPS measurements,
the film were exposed to ambient atmosphere for 10 minutes.

signs of degradation and the performance is steady (see Figure 6.6 in the Appendix).

Figure 4.42 (b) displays the quality factors (Q) of the varactors measured up to frequencies of 3 GHz. The
zero-bias Q-factors for both samples (50 and 100 nm BST) are quite similar, especially at the electrode
dominated frequencies above 500 MHz where both curves are coinciding. The zero-bias values for the
sample with 50 nm BST at 1 GHz (3 GHz) are 76 (41). For the sample with 100 nm BST, the zero-bias
Q-factors at 1 GHz (3 GHz) are 72 (40). The behavior of the quality factor is dominated by the losses of
the dielectric or electrodes, depending on the frequency. For frequencies above a few gigahertz, the quality
factor is dominated by the electrode losses. At lower frequencies, it is determined by the losses of the
dielectric [4,97]. The varactor with 100 nm BST reaches a Q-factor of almost 150 at 50 MHz (see red line
in Figure 4.42 (b)), showing the high crystallinity and low losses of the epitaxial BST. With applied bias of
4V, the quality factor of the 50 nm BST varactor decreases below 300 MHz due to an increased leakage

current caused by residual oxygen vacancies which occur due to the deposition at a low oxygen pressure
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before the optimizations in section 4.4. The 100 nm BST was deposited under optimized growth conditions
at a higher oxygen partial pressure, leading to a reduction in oxygen vacancies. This leads to a decrease in
leakage current of over four orders of magnitude (Figure 4.42 (c)). The Q-factor of this sample under bias
behaves as expected, increasing for low frequencies and reaching values of 200 at 50 MHz.

The performance of varactors are commonly evaluated by the commutation quality factor (CQF), which
takes both tunability and losses into account (see equation (2.29) in section 2.7). The combination of
excellent tunability at small bias voltage and high quality factor of all-oxide varactors lead to a CQF of 3700
(1200) at 1 GHz (3 GHz) for 3.7V bias voltage (see Figure 4.42 (d)). The decrease in CQF for the 50 nm
BST varactor is caused by the lowered Q(E) due to high leakage current caused by oxygen vacancies, which
is not the case for the 100 nm BST varactor grown under the improved higher oxygen growth conditions.
The threshold for RF applications suggested in literature [11,90] of CQF > 2000 is fulfilled by all-oxide
varactors up to 2.3 GHz. Although the CQF is often used to compare varactor performances, it originates
for switches operating at two defined states with emphasis on the quality factor [147]. In order to take
the low-voltage applicability in the performance comparison into account, the voltage performance factor
(VPF) was defined [91]:

n(%)

VPF(V,,,F) =
(W, F) v,

Q(OV,f), (4.3)

where V; are the applied tuning voltages. The VPF values of all-oxide varactors in comparison with available
literature values are plotted in Figure 4.42 (e). The VPF representation shows clearly that all-oxide varactors
stand out due to their unique capability of operation at low voltages and surpass other values in literature.
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Figure 4.42: (a) Dependences of effective relative permittivity ¢, ¢ and tunability n from the applied bias
voltage V, (b) frequency dependence of the Q-factor, and (c) leakage current as function of
the applied electric field of the MIM varactor heterostructure with 50 nm (black) and 100 nm
(red) thick BST layers. Comparison of (d) commutation quality factor (CQF) and (e) voltage
performance factor (VPF) of the varactors to literature values of BST-based MIM varactors
[79, 83, 84] and, for more completeness, tunable IDCs [85-87]. Note that IDCs intrinsically
need considerably higher operation voltages as compared to MIM varactors.

104



Performance comparison with state-of-the-art commercial varactors

To classify the results of the previously discussed all-oxide varactor with 5 um SMO bottom electrode
in comparison to commercial platinum-based varactors, a varactor from STMicroelectronics (STM) was
measured and compared to the all-oxide varactors. This commercial varactor from STM is a Parascan™
tunable integrated capacitor, developed by Paratek Microwave. Table 4.8 shows the electrical characteristics
of the Parascan™ tunable integrated capacitor. These varactors are grown on sapphire substrates (see
Figure 6.7 in the Appendix). In the following, the most important electrical parameters of the all-oxide

and commercial Parascan™ varactors are compared.

Table 4.8: Electrical characteristics of the Parascan™ tunable integrated capacitor taken from the
datasheet of the manufacturer [148].

| Parameter | Rating | Rating Min. | Rating Max. | Unit |
Bias voltage 25 1 25 \Y
Operating frequency 700 2700 MHz
Capacitance (1V) 3.2 2.82 3.58 pF
Capacitance (24 V) 0.57 0.52 0.62 pF
Tuning range 5/1
Quality factor (700 MHz, 2V) 65 55
Quality factor (2700 MHz, 2V) 50 35
Leakage current (24 V) 100 nA

Bias voltage

The Parascan™

varactor is specified to function in a range of 1 — 24V and in order to gain optimal
performance and tuning, it requires a voltage of 24 V. By contrast, the all-oxide varactors only need voltages
in the Li-ion battery regime, due to the low thickness of the dielectric layer. This enables application in

mobile devices without the need of DC/DC converters.

Capacitance

The capacitance values of the Parascan™ varactor is between C(0V) = 3.2pF and C(24V) = 0.57 pF.
These are significantly lower than the capacitance values of the all-oxide varactors reported in the last
section between C(0V) = 10 — 15 pF. A lower capacitance around C(0V) = 3 pF is desired for integrating
the device in an RF front-end. As presented in section 4.5 a new layout of the top contacts will solve this
discrepancy in capacitance by decreasing the effective tunable area, while still maintaining a large contact
area for flip-chip bonding.
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Leakage current

The maximum leakage current for the Parascan™ varactors is 100 nA for a bias voltage of 24 V. The leakage
current for the all-oxide varactors in the SMO thickness study (see Figure 4.27 in section 4.2) was below
30 nA for bias fields of = 100 V/um (~ 8.5V). The all-oxide varactor with 5 um SMO bottom electrode
and 100 nm BST layer described in last section has a leakage current for I}, (10V) = 64 nA. Both leakage

current values are measured at a pad with 20 um inner pad diameter.

Tunability

The tunability of both Parascan™ and all-oxide varactors with 5 um SMO bottom electrode and 100 nm
BST layer can be seen in Figure 4.43. Due to the thinner dielectric layer, the tuning requires lower voltages,
because the applied field is higher. For the sample in Figure 4.43, at battery voltages of 3.7V of 54 % can
be achieved from the all-oxide varactor, whereas the Parascan™ only shows a tunability of 37 % at this
voltage. However, if required, the BST thickness can also be lowered, to achieve even higher tunability at
lower voltages.

Quality Factor

The quality factor for frequencies between 200 MHz and 3 GHz with and without bias are displayed in
Figure 4.43. It is directly evident that the all-oxide varactors with 5 um SMO bottom electrode surpass
the commercial platinum-based varactor over the whole frequency range. However, the Q-factor of the

all-oxide varactor exhibit acoustic resonances.
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Figure 4.43: Comparison of the all-oxide varactors with 5um SMO bottom electrode and 100 nm BST
layer with commercial varactors from STMicroelectronics. (Left) Tunability at 1GHz and
(Right) Quality factor over frequency for different bias voltages.
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4.6.2 All-oxide varactors on silicon

In order to transfer the all-oxide varactor technology from the lab-scale towards industrial production, a
first step is the change of substrate from scandate substrates towards cheap, industrial substrates such
as silicon. After preliminary successful depositions of SMO on silicon substrates covered with an STO
buffer layer (see section 4.1.3), the varactor heterostructure was grown on these silicon substrates with an
STO buffer layer. The growth conditions have been similar to the conditions for heterostructures for GSO
(see section 4.6). For further description of the substrates and the preapplied STO buffer layer from the
manufacturer, see section 4.1.3.

XRD results of this heterostructure can be seen in Figure 4.44. The full XRD scan in Figure 4.44 (left)
confirms the absence of any additional phases. The SMO layer in this heterostructure is ~ 450 nm thick,
estimated from previous depositions with the same conditions and RHEED intensity oscillations, since this
sample does not show Laue oscillations for the SMO layer. The out-of-plane lattice constant determined
by Nelson-Riley-Plot has a value of c(SMO) = 3.979 A and coincides with the value from section 4.1.3.
The SMO still provides a good surface and interface for a 60 nm thick BST layer with an out-of-plane
lattice constant of c(BST) = 3.964 A. Laue oscillations of this BST layer are visible showing the good crystal
quality. RHEED surface images after each layer (see Figure 4.45) confirm a flat 2-dimensional growth for
the entire heterostructure.
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Figure 4.44: (Left) 26 — 6 scan of a varactor on on silicon substrate covered with an STO layer. (Right)
High-resolution 26 — 6 scan of the SMO, STO and BST 002 peaks of the same sample.

After X-ray characterization, top electrodes were applied by photolithography, sputtering, and lift-off
process. The microwave properties of the 36 devices of this sample were measured with the VNA and the
results can be seen in Figure 4.46. It has to be noted that this sample was produced during a similar time
as the first SMO thickness study (see section 4.2). Therefore, the BST is not sufficiently oxygenated and
has oxygen vacancies. This is reflected in the leakage current values, which reach the current compliance
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Figure 4.45: RHEED surface images after each layer of the all-oxide heterostructure on a silicon substrate
with a preapplied STO buffer layer.

of 1 mA. For negative bias voltages, the device shows a tunability of up to 0.6. However, for positive bias
voltages, the measurement aborts already at 3V, which originates from the leakage current limit of the
measurement setup. The shape of the tunability curve is also different for positive bias voltages being much
flatter. The overall microwave properties of this sample mirror the results of the first SMO thickness study
(see Figure 4.24) quite well. The oxygen vacancies in the dielectric BST layer aggravate the functionality
of the device.
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Figure 4.46: Microwave properties of varactors with ~ 450 nm SMO on a silicon substrate. The values
show one pad (A1) with a 20 um inner pad diameter.

After the problem of the insufficient BST oxygenation was solved, new samples on silicon/STO substrates
have been produced to prove the functionality of all-oxide varactors on silicon substrates. The growth
conditions for the STO buffer layer and SMO was unchanged, however, the oxygen partial pressure
during the BST deposition was increased to 35 mTorr with a flow of 15 sccm. The XRD 26 — 6 scan (see
Figure 4.47 left) shows no additional phases. The scan near the 002 SMO, BST, and STO reflections of
SMO and BST shows pronounced, separated peaks, however, no Laue oscillations are visible. The SMO
layer has a thickness of ~ 700 nm estimated by previous depositions and an out-of-plane lattice constant
determined by Nelson-Riley-Plot has a value of c(SMO) = 3.979 A, which is identical to previous SMO films
on these substrates.

After the findings from section 4.3, a BST capping layer was deposited subsequently to the SMO layer. The
capping layer has a thickness of 12 unit cells and has been deposited in vacuum of 3-1078 Torr. To ensure a
sufficient oxygenated dielectric layer and subsequent lowering the leakage current, the BST was deposited
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Figure 4.47: (Left) 26 — 6 scan of a varactor on on silicon substrate covered with an STO layer. (Right)
High-resolution 26 — 6 scan of the SMO, STO and BST 002 peaks of the same sample. Both
scans show a sample after the high BST leakage current was solved.

at 35 mTorr, 15 scem oxygen flow, and has a thickness of 95 + 3 nm as determined by RHEED oscillations.

Figure 4.48 shows the RHEED surface images after each interface. The streaky pattern of the STO buffer
layer on the silicon is the starting point for the deposition of the subsequent layers. The pattern remains
consistent through the deposition of the heterostructure, indicating a 2-dimensional layer-by-layer growth.
Furthermore, no oxidation of the SMO is visible during the BST deposition with increased background
pressure. It has previously been observed that StMoO, oxidation caused by a too high oxygen background
pressure leads to a roughening of the interface shown by a 3-dimensional islandy RHEED pattern [131].

Substrate STO buffer SMO BST capping BST

Figure 4.48: RHEED surface images after each layer of the all-oxide heterostructure on a silicon substrate
with a preapplied STO buffer layer.

The varactors were patterned with the circular test structure by photolithography, then Pt and Au electrodes
were sputtered and structured by a lift-off process. The microwave properties of the 36 devices of this
sample were measured with the VNA up to 20 GHz. The results can be seen in Figure 4.49.

It is immediately visible that the devices behave as desired with a symmetrical tunability over the whole
bias range. The leakage current is lowered by three orders of magnitude as compared to the previous
samples in Figure 4.46. This proves the better oxygenation of the dielectric. However, the I-V curve exhibits
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a hysteresis behavior for negative bias voltages, which has also been observed for varactor heterostructures
on GdScO; shown in Figure 4.27 and might be caused by filling of the traps in the BST.

The device is tunable with a value of 0.5 for bias values of + 10 V. For negative bias voltages, the tunability
curve shows a hysteresis, similar to the I-V curve, which might be attributed to local polar regions or caused
by filling of the traps in the dielectric. The tunability for this sample is lowered as compared to other
samples on GdScO;. This can be explained with the relatively small permittivity value of ¢ = 120. The
origin of this lowered permittivity value was not fully clarified, but might be traced back to non optimal
growth conditions. This could be solved by a optimization study on these silicon substrates. The resulting
capacitance values are C(0V) = 3.3 pF and C(10V) = 1.7 pF for pad sizes of 20 um inner pad diameter.
However, the quality factor Q(0V) = 45 at 1 GHz is higher than for previous samples with comparable
thickness and is in the same range as for samples with a 2 um bottom electrode. The reason for this increase
in quality factor is the lowered permittivity and, thus, capacitance in this sample, as discussed in detail in

section 4.2.
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Figure 4.49: Microwave properties of varactors with ~ 700 nm SMO on a silicon substrate after the high
BST leakage current was solved. The values show one pad (B6) with a 20 um inner pad
diameter.

Fitting of the measurement data with an highly accurate analytical model by Walk et al. [95] has been
performed to extract the resistivity of SMO in this heterostructure. The fitting yielded in a resistivity of
44 uQ2-cm. This falls very well in line with previous SMO resistivity measurements and is a very good

starting point for further optimizations of the all-oxide heterostructure on silicon substrates.
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5 Conclusion and outlook

Conclusion

In the scope of this work, interfaces in all-oxide varactor heterostructures were investigated and deposition
on new substrates as well as novel diffusion barrier materials were established. The highly conducting bottom
electrode SrMoOQO; has been grown by pulsed laser deposition up to a thickness of several micrometer.
These thick bottom electrodes in combination with a new oxygen diffusion barrier material enabling
oxygenated dielectric layers, significantly improved the performance of all-oxide varactors beyond the
level of state-of-the-art platinum-based competitors. By establishing the growth on the industrial popular
substrate silicon, the path has been opened for all-oxide varactors to establish as a serious contender in the
RF front end market for mobile communication.

In order to achieve thick bottom electrodes in a feasible time frame, the growth has been optimized at
a higher laser repetition rate. The optimizations yielded in a laser repetition rate of 20 Hz, while still
maintaining a SMO resistivity of only 31 uQ-cm. Thereby, a growth rate of 23 nm/min was established,
which allows the growth of 1 um SMO in only 45 minutes.

In order to gain a deeper understanding in the growth of SrMoO;, especially how strain impacts the growth,
SrMoO; has been grown on a variety of scandates, namely DyScO5, TbScO5, GdScO5, SmScO5; and NdScOs.
SMO layers with thicknesses of 650 nm have been grown in-plane locked on TbScO;, GdScO5, SmScOs,
confirmed by reciprocal space maps. Growth on DyScO; and NdScO5; showed a decrease in crystal quality
as compared to the other scandates, suggesting that a compressive lattice mismatch of -0.025 A in case of
DyScO; and tensile lattice mismatch of 0.035 A in case of NdScO; are too much strain for high-quality
SrMoO; growth.

Silicon substrates already coated with an SrTiO5 buffer layer from the manufacturer were the base to prove
the deposition of the all-oxide heterostructure on the industrially relevant substrate. Phi scans revealed,
that the STO is oriented 45° rotated around the Si surface normal [001] axis. On these substrates, SMO has
been grown without any additional phases and high crystal quality and visible Laue oscillations. Reciprocal
space maps confirmed, that the SMO layer and STO buffer layer are in-plane locked to the substrate.

A first study varying the SMO thickness in varactors, lead to the conclusion that high crystalline quality
does not necessarily lead to good microwave performance. The SMO thickness has been successfully scaled
up to 2 um with excellent crystal quality and in-plane locked films. However, it is of huge importance,
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to ensure a sufficiently oxygenated dielectric, otherwise a high leakage current can disturb the overall
functionality of the varactors and lead to unpredictable microwave properties, which did not follow the
predicted trend.

After the leakage current of the varactor devices could be lowered by several orders of magnitude with
optimized growth parameter and a higher oxygen partial during the BST deposition, the impact on the SMO
thickness on the varactor performance could be measured. By increasing the SMO thickness, the overall
quality factor could be improved significantly, following the trend of theoretical predictions. However, the
experimental data of the Q-factor remained below the simulated values.

To improve the oxygenation of BST with a higher background pressure during growth, new diffusion barrier
materials were investigated with a new approach to study oxygen diffusion in thin-film heterostructures
utilizing XPS. By monitoring the Mo valence state in SrMoQO; with XPS, it was possible to quantify the
oxygen diffusion through thin-film SrTiO5, Bay;Sr,;TiO; and BaTiO; capping layers as a function of
oxygen pressure, temperature, and annealing time. The studies in this work revealed Ba, 5Sr, ;TiO5 to be
the most efficient oxygen barrier material among the titanates investigated. It was demonstrated that a
six-unit-cell-thick capping layer of Ba, 5Sr, sTiO53 on SMoQs is sufficient to maintain over 95 % of Mo** at
8 mTorr oxygen partial pressure at a temperature of 630 °C for two minutes. The determined pressure,
temperature, and time phase-stability window of SrMoOj allows for the growth of functional, epitaxial
heterostructures with highly conducting SrMoOs electrodes. In effect, a Ba, Sr;_, TiO5 capping layer with a
thickness of only 6 unit cells effectively prevents oxidation of StMoO5 and enables integration of STMoO4
bottom electrodes with a large range of functional materials in the implementation of all-oxide epitaxial
microelectronic devices.

The performance of all-oxide varactors with micrometer-thick bottom electrodes showed, that the all-oxide
varactor technology has the potential to enter into the field of electronic devices. Despite the thick bottom
electrodes, the growth still maintains the layer-by-layer mode and interfaces are atomically sharp. In a
ferroelectric varactor with a five-micrometers-thick low-resistive StMoO; bottom electrode and a 50 nm
thin tunable dielectric BST layer, the tunability reaches above three at a battery voltage of 3.7 V. The
all-oxide varactors have the unique advantage, which allows significant and sufficient tunability at the
battery voltage level. Upon further material and device optimization, SrtMoO; based varactors have the
potential to drive all-oxide varactors in the emerging 5G frequency range of 3 — 6 GHz.

In order to enable the transition into industrial fabrication, the all-oxide heterostructure was deposited on
silicon substrates with a SrTiO5 buffer layer from the manufacturer. The results were very successful and a
phase-pure heterostructure grown layer-by-layer was achieved. Microwave properties showed a tunability
of 0.5 at 10V bias and a quality factor of Q(0V) = 45 at 1 GHz with only 700 nm SMO thickness. These
results prove, that the advantages of the all-oxide varactors are also achievable on industrially relevant
silicon substrates.
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Outlook

To gain additional insight in the SrMoO; growth mechanism, the samples investigated in this work,
especially the SMO layers grown on the different scandates, will further be characterized by TEM. This
allows to map the SMO stoichiometry through the whole thickness, which can be used to compare possible
shifts in SMO stoichiometry to a strain map. The possible occurrence of dislocations can be confirmed and
correlated to different strain values. Results can verify the hypothesis of a self-adjusting cation stoichiometry
to overcome the critical thickness. In addition, the defects for the films on DSO and NSO can be identified
and at what thickness during deposition the SMO on NSO starts to relax.

Several approaches can further increase the performance of all-oxide varactors.

* The composition of the dielectric (Ba:Sr ratio) can be fine tuned, to increase the permittivity at room
temperature, while still maintaining the paraelectric phase. This can further increase the tunability
or the desired tunability can be achieved at lower bias voltages. In addition, the field of doping the
dielectric layer with external elements, such as iron or manganese, is yet still completely unexplored.
This is an tremendously huge field and can lead to performance increase of lower leakage current or
decreased losses.

 Utilizing the newly-developed experimental measurement technique with XPS can be applied in
future investigations of oxygen diffusion through other capping layer materials (e.g. perovskite
scandates, hafnates, zirconates) grown onto SrMoO5. With a further improvement in the oxygen
diffusion barrier, further increase in oxygen background pressure during BST and, thus, completely
oxygenation can be achieved.

* The impact of different interlayer materials on the Schottky barrier has not been investigated. Studies
and determination of the Schottky barrier height for the SMO — BST and BST - Pt interface in all-oxide
varactors can further clarify the leakage current behavior.

* The deposition of a polar material on top of SMO can increase the work function. With a higher work
function, the leakage current can be further decreased lowering the overall power consumption of
the varactor device.

After the feasibility of the all-oxide heterostructure on silicon substrates with a SrTiO5 buffer layer from
the manufacturer has been shown, the next step is to deposit the heterostructure directly on silicon.
Experiments to clean the substrates via flash heating have already been successful. Hence, the STO buffer
layer growth on silicon can be attempted by MBE.

For further endeavors to establish an industrial production of the the all-oxide varactor technology the
deposition technique has to be changed. The most appealing technique for this use case is sputtering.
After a successful transfer to sputtering was done, scaling and endurance studies have to be done. A
homogeneous deposition on large scale silicon wafers has to be ensured, in addition to a high endurance of
the devices. The already performed studies with 100 bias cycles has to be extended to mimic life cycles
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of future application devices such as smartphones. This applies to the number of bias cycles, as well as
environmental conditions such as temperature, moisture and vibrations.

114



6 Appendix

)
c
S5
£
8
e
‘®
c
)
=
8
= — DyScO, after Deposition
— DyScO, before Deposition
M [ M
45 46 47
20 (deg.)

Figure 6.1: DSO Substrate measured before the deposition (black) and afterwards (red). A clear broaden-
ing of the substrate peak is visible.
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Figure 6.2: Flash Heating procedure in the DCA PLD.
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Figure 6.3: (Left) 2D AFM image of the rectangular defect. (Right) 2D AFM image of the star/butterfly
shaped defect.
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Figure 6.4: Top view of the SMO surface, where the FIB lamalla has been cut to investigate the origin of
the SMO defects. The red rectangular indicates the dimensions of the lamella.
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Figure 6.5: SMO target after deposition with 300 000 shots, yielding a layer thickness of 5um.
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Figure 6.6: Enduarance of a varactor over 100 bias cycles. The low quality factor is due to a bottom
electrode thickness of ~ 500 nm. No breakdown is visible and the performance is steady.
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Figure 6.7: To validate the substrate material of the commercial Parascan™ varactor, the packaging was
removed and the substrate was measured by EDS.
(Left) SEM image of the investigated sample. The red dot shows the measurement location of
the EDS spectrum. (Right) EDS spectrum of the substrate of a Parascan™ varactor indicating
sapphire substrate material.
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