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Abstract

Vanadium dioxide (VOy) is a multifunctional smart material, which exhibits a reversible
martensitic transformation at 67 °C. The transformation is accompanied with an insulator-
metal transition as well as drastic changes in optical properties in the infrared- (IR-) wave-
length range. This work focuses on three main goals. First, the design, fabrication and
evaluation of free-standing VVO2-based test devices for systematic studies on size effects.
Second, development of first-of-its kind VO»-based nanoactuators. Third, to use this
understanding for development of a demonstrator device for application in
nanophotonics.

In this work, VO2 and VMo0O: films are deposited using reactive magnetron sputtering at
Ruhr-Universitdt Bochum (RUB). In order to achieve free-standing VO.-based
nanostructures, flexible nanofabrication methods on silicon- (Si-) based substrates are
established. Two top-down fabrication processes are presented, in which the substrate is
nanomachined either before or after film deposition using electron beam lithography
(EBL) and reactive ion etching (RIE). By direct nanomachining of VO.-based films, free-
standing nanostructures with lateral widths down to 100 nm are fabricated. Another
approach of nanofabrication involves VO2 deposition on substrates with Si nanopillars.
These processes enable downscaling of VO structures reaching the scale of grain size
and, thus, oligocrystalline configurations.

For electrical characterization, a four-terminal setup is designed inside a thermostat under
quasi-stationary conditions. Electrical resistance characteristics of VMoO2 nanobridges
indicate that the phase transformation persists down to a lateral width of at least 200 nm.
However, results show no significant size-dependence of the transition temperature on
the lateral width. As a major effect, the electrical resistance drop upon the insulator-metal
transition in VMoO2 nanobridges is larger compared to a reference film, which increases
for decreasing widths. For mechanical characterization, out-of-plane deflection of bi-
morph cantilevers are investigated in-situ inside a scanning electron microscope (SEM)
either by Joule heating using nanomanipulators or by altering the sample temperature
homogeneously using a micro heating-cooling stage. The out-of-plane deflection of
Cr/VMoO2 nanoactuators reveals the shape memory effect (SME) even for the smallest
lateral width of 300 nm. A large relative actuation stroke As/l of up to 15 % is observed
for nanoactuators with a beam width of 600 nm.

The operation concept of the VO.-based photonic device is to modulate the propagation
of light in Si waveguides based on the insulator-metal transition in VO films. The
experimental results from temperature-dependent optical transmission measurements
show a reduction in the transmission for the hot (metal) state compared to the cold
(insulator) state allowing for on/off optical switching.






Kurzfassung

Vanadiumdioxid (VOy) ist ein multifunktionales, intelligentes Material, das bei 67 °C
eine reversible martensitische Phasenumwandlung zeigt. Die Phasenumwandlung geht
sowohl mit einem Isolator-Metall-Ubergang als auch mit drastischen Anderungen der
optischen Eigenschaften im Infrarotbereich einher. Diese Arbeit hat drei Hauptziele:
Erstens sollen freistehende VOo-basierte Teststrukturen entworfen, hergestellt und
untersucht werden, um mogliche GroReneffekte systematisch zu analysieren. Zweitens
sollen neuartige VO»-basierte Nanoaktoren entwickelt werden und drittens soll das
gewonnene Verstandnis fir die Entwicklung eines nanophotonischen Demonstratorgeré-
tes werden.

Im Rahmen dieser Arbeit werden VO2- und VMoO-Dunnschichten mittels reaktivem
Magnetronsputtern an der Ruhr-Universitdt Bochum (RUB) hergestellt. Um freistehende
VO»-basierte Nanostrukturen zu erhalten, werden flexible Nanofabrikationsmethoden fir
Silizium- (Si-) basierte Substrate entwickelt. Es werden zwei Top-Down-Fertigungsver-
fahren vorgestellt, bei denen das Substrat entweder vor oder nach der Schichtabscheidung
mittels Elektronenstrahllithographie (EBL) und reaktivem lonenétzen (RIE) nanostruktu-
riert wird. Durch die direkte Nanostrukturierung von VO2-basierten Dinnschichten kon-
nen freistenende Nanostrukturen mit lateralen Breiten bis zu 100 nm hergestellt werden.
In einem weiteren Fabrikationsprozess wird VO, auf strukturierten Substraten mit Si-
Nanosdulen. Beide Prozesse ermdglichen es VVO2-Strukturen, bis auf die GroRenordnung
der Korngrdf3e zu miniaturisieren und somit oligokristalline Strukturen herzustellen.

Fur die elektrische Charakterisierung der VO Strukturen wird eine
Vierleiter-Messanordnung in einem Thermostaten entwickelt, der quasi-stationdre
Temperaturbedingungen ermdoglicht. Elektrischen Widerstandsmessungen an den
VMoO-Nanobriicken zeigen, dass die Phasenumwandlung mindestens bis zu einer
lateralen Breite von 200 nm auftritt. Die Ubergangstemperatur zeigt keine signifikante
GroRenabhéngigkeit von der lateralen Breite. Ein wesentlicher Unterschied der Nano-
strukturen im Vergleich zu einer durchgéangigen VMoO:.Diinnschicht besteht darin, dass
der elektrische Widerstandsabfall beim Isolator-Metall-Ubergang in
VMoO2-Nanobriicken groRer ist. Der Widerstandsabfall erhéht sich mit abnehmender la-
teraler Breite. Cr/VMo0O-Bimorph-Nanoaktoren werden mechanisch untersucht indem
sie in-situ in einem Rasterelektronenmikroskop (REM) einer Temperaturanderung
unterworfen werden und dabei die Auslenkung gemessen wird. Die Temperaturdnderung
wird entweder durch Joulesche Wé&rme mit Hilfe von Nanomanipulatoren erreicht, oder
durch eine homogene Anderung der Probentemperatur mit Hilfe eines Mikro-Heiz-Kiihl-
tisches. Die Auslenkung von Cr/(VMoO2-Nanoaktoren zeigt den Formgedéchtniseffekt
(SME) selbst bei der kleinsten untersuchten lateralen Breite von 300 nm. Nanoaktoren



Kurzfassung

mit einer Balkenbreite von 600 nm erreichen einen groRen relativen Aktorhub bezogen
auf die Balkenlange von 15 %, der bei einer Balkenbreite von 300 nm auf 8 % abnimmt.

Das Funktionsprinzip der VO.-basierten photonischen Bauelemente besteht darin, die
Lichtausbreitung in Si-Wellenleitern auf der Grundlage des Isolator-Metall-Ubergangs in
VO,-Schichten zu modulieren. Temperaturabh&ngige optische Transmissionsmessungen
zeigen, dass die Transmission beim Ubergang vom heiBen (Metall-) zum Kkalten
(Isolator-)Zustand verringert, wodurch optisches Ein/Ausschalten erméglicht wird.

Vi
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1 Introduction

The continuous demand for low-cost and large-scale production made development of
miniaturized devices one of the main concerns in various fields such as in semiconductor
technologies, photonics and biomedical applications in the past fifty years [1]. Aiming at
miniaturized devices with multifunctional properties, new concepts need to be estab-
lished, which enable integration of various components, passive as well as active on a
single substrate. In order to increase the performance of devices in micro and nano scale,
not only innovative fabrication techniques are required, but developing novel materials
and investigating their properties is in focus of many ongoing studies as well.

For the first time in 1969, S.E. Miller [2] proposed the term integrated optics to highlight
the similarity between planar optical circuits and the well-developed integrated
micro-electronic circuits. Integration on a single chip, requires miniaturization of
different photonic devices, where combining and interconnecting them is realized through
optical waveguide structures [2]. Currently, different concepts are being developed to
modify the propagation of light in a waveguide including either active or passive switch-
ing methods. These concepts comprise coupling of the light between fixed waveguides,
changing the direction of the waveguide as well as the evanescent coupling or modifying
the refractive index of the material [3,4].

Regarding active switching, the co-integration of micro and nano electro mechanical
systems (MEMS and NEMS) and optical devices have led to various technological and
scientific achievements in recent years [3]. State-of-the-art technologies include photonic
crystal slab waveguides with integrated bimorph cantilevers [5], Mach-Zehnder interfer-
ometer configurations [6] and resonant structures such as electrostatically actuated ring
resonators [3,7,8]. These devices require relatively large footprints, typically in the order
of a few hundreds of microns [3]. Passive switching can be achieved by integration of a
material with nonlinear properties into silicon (Si), e.g. graphene [9], organic materials
[10] and alternatively the multifunctional vanadium dioxide VO..

A group of materials, so-called smart materials show great potential for development of
devices in small dimensions, due to their favorable scaling behavior and multifunctional
property. Shape memory materials (SMM) are a class of smart materials exhibiting mar-
tensitic phase transformation. The transformation can be induced either by changing the
temperature or by applying an external stress, through which, SMMs exhibit particular
thermomechanical behavior and shape memory capabilities [11]. Accordingly, SMMs
and shape memory alloys (SMMA) are widely used in variety of applications such as
actuation, energy harvesting and elastocaloric cooling [12-15]. Providing high energy
densities in the order of 10" J/m3, SMAs can greatly contribute to further downsizing of
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actively controlled photonic components. However, fabrication complexities and experi-
mental challenges as well as fundamental physical constraints could be obstacles towards
realizing nano-scaled structured based on SMMs. Up to now, bimorph nanoactuators
based on SMA are fabricated with lateral dimensions down to 50 nm [16,17]. First optical
waveguide switches have been developed having a footprint of 10 um?, where optical
switching between outputs of two sustainable waveguides in close vicinity of each other
Is enabled by the out-of-plane deflection of a SMA/Si nanoactuator [18,19].

Besides conventional SMMs, e.g. Ni-Ti and Cu-based SMAs, shape memory effect
(SME) is investigated in polymers and ceramics as well, among which, VO has attracted
interest of numerous studies in recent years.

It was first in 1959 that Morin reported on the reversible insulator-metal transition in VO2
at the temperature of around 67 °C [20]. The transition caused by a crystal structure trans-
formation is accompanied with drastic changes in physical properties such as in optical
transmittance or thermal conductivity. The phase transformation in VO can be induced
by diverse external stimuli including optical, thermal or electric and magnetic fields [21].

Device performance is principally dependent on the size, doping, morphology and
crystallinity of VO2 [22—24]. It has been previously shown for polycrystalline oxides that
decreasing the size of structures in thickness and lateral width down to the scale of grains
results in considerable enhancement of mechanical strength and reduced internal mis-
match stress during martensitic transformation [25]. Accordingly, by decreasing charac-
teristic dimensions of VO structures, grain-related defects are expected to be reduced,
thus, mechanical as well as electrical performances could improve.

Furthermore, the insulator-metal transition in VO leads to drastic changes in the refrac-
tive index and the optical absorption coefficient particularly in the infrared (IR) wave-
length region [26], which makes VO2 a material for optical devices and for applications
in telecommunications [27-29]. Due to its multifunctional properties VO is a great can-
didate for both passive and active optical switching as well as for the development of
novel smart devices [21,30,31].

Up to now, various bottom-up and top-down methods have been reported for the fabrica-
tion of VOz-based structures. Nevertheless, achieving free-standing nanostructures to
study size dependence is challenging. Based on previous top-down approaches, VO-
structures have been developed on the micrometer region. For instance, VO2 beams have
been fabricated either by deposition of VO, films on pre-structured substrates [32] or by
subtractive methods using photolithography [33]. Another approach to realize nanostruc-
tures is based on bottom-up processes. Particularly, bottom-up methods are applied to
create monocrystalline structures, where martensitic transformation properties can be in-
vestigated in VO crystals. These methods usually involve the random growth of individ-
ual nanowires on substrates [34-38] followed by the challenging process of transferring
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grown nanowires to a target substrate. A possible method is described in [38], where
positioning of nanowires on the target substrate is achieved by creating interconnections
using an e-beam induced deposition (EBID) of Pt contacts. Alternatively, after deposition
of VO»-based films on planar substrates, single crystalline nanowires can be created by
the focused ion beam (FIB) milling, which is a complex and a time-consuming process
[25,39]. Hence, it is essential to overcome limitations in the nanofabrication technology
for investigations on multifunctional properties of VO> in the nanoscale.

Thesis Objectives

Goal of this thesis is to explore, develop and demonstrate novel nanostructures and
devices based on VO; thin films to study their electrical and thermo-mechanical proper-
ties including their size dependencies. For this purpose, nanofabrication methods need to
be established, which enable not only patterning of films on planar substrates but realizing
free-standing VO»-based nanomachines as well. New characterization techniques have to
be developed to accomplish a profound understanding of multifunctional properties of
VO in the nano-scale regime. This knowledge is then applied to demonstrate proof-of-
principle photonic devices. Here, the focus is on a VO.-based nanoswitches to control the
propagation of light in a Si waveguide using the insulator-metal transition. This develop-
ment is supported by finite element method (FEM) simulations of the optical switching
performance.

Thesis Outline
This thesis consists of 9 chapters.

Chapter 2 starts with an introduction to smart materials and martensitic transformation.
Afterwards, the phenomenology of the insulator-metal transition in VO is described re-
garding its crystal structure and energy band diagram.

Chapter 3 describes fundamentals of silicon photonics including the propagation principle
of electromagnetic waves in solids, basic Si-based structures and the corresponding opti-
cal loss mechanisms.

In chapter 4, various techniques of nanofabrication and characterization of materials and
devices are introduced including physical vapor deposition (PVD), electron beam
lithography (EBL), ellipsometry and four-terminal electrical measurements.

Chapter 5 explains the deposition of VO-based thin films by reactive magnetron
sputtering and different top-down and bottom-up fabrication procedures developed to
realize free-standing nanostructures based on VO films.
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Chapter 6 is dedicated to scaling and size effects in VO»-based micro and nanostructures.
In particular, the temperature-dependent electrical resistance of VMoO: free-standing
nanobridges is studied with respect to a reference film. Furthermore, the actuation of
Cr/VMoO: nano double-beams is investigated in-situ inside a SEM through Joule heating
and homogeneous temperature control.

Chapter 7 presents a VO»-based photonic demonstrator device using the metal-insulator
transition in a VO, nanostructure to control the propagation of light in a Si waveguide on
a silicon on insulator (SOI) platform. The device performance is investigated by FEM
simulations and by optical transmission measurements.

Chapters 8 and 9 summarize and give an outlook on future challenges to investigate
scaling/size effects, nanoactuation and photonics applications, respectively.



2 Smart Materials

Smart materials are special materials with intrinsic sensing and/or actuating capabilities
which are controlled by external stimuli, such as temperature, electric field, stress, light
etc. Different types of smart materials include e.g. piezoelectric materials, photovoltaic
materials, ferroelectrics etc. [40].

Multifunctional materials are a group of smart materials, which can implement multiple
tasks in a system. Multifunctional materials combine enhanced structural or mechanical
performances such as high strengths and stiffness, with at least one additional function-
ality related to a material property, e.g. optical or electrical characteristics. Typically,
multifunctional materials can be autonomic, i.e. they can sense and respond to external
stimuli with smallest external intervening. Furthermore, they can be adaptive, i.e. they
can readjust their functionality or structural performance depending on circumstances
[41]. The multifunctionality of materials can be exploited from macro down to nano
scales including microrobotics and NEMS [16,42] . These materials have great potentials
in development of high-performances devices, while enabling down-sizing [21,41,43—
46].

Shape memory materials (SMMs) belong to active multifunctional materials, which
exhibit a mechanical response to various stimuli including external stress, thermal, elec-
tric and magnetic fields [47]. The following sections give an introduction to shape
memory materials including shape memory alloys (SMA) and oxides like vanadium
dioxide (VO2) regarding their crystallographic structure and phase transformation
properties. Afterwards, the target material of this work, namely, vanadium dioxide, and
its multifunctional properties are introduced and discussed in detail.

2.1 Shape Memory Materials

Shape memory materials are a class of smart materials exhibiting the exceptional property
of remembering their original shape, which is described by the shape memory effect
(SME) [46]. SME was first found in a SMA Au-47.5 at % Cd alloy in 1951 by Chang and
Read [48], but still unutilized until 1963, when it was published with the discovery in
NiTi by Buehler et al. [49]. Today, besides conventional SMAs, such as NiTiCu or CuZ-
nAl [50,51], a whole series of shape memory material systems are known exhibiting the
SME. This includes polymers, e.g. PTFE (polytetrafluoroethylene) and ceramics, e.g.
ZrOz or VO3, in which shape memory properties are observed [11,43,47]. The phenome-
nology of the SME is described in the following section.
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2.1.1  Martensitic Transformation in Shape Memory Materials

Shape memory materials commonly exhibit two stable phases having different crystal
structures: a high and a low temperature phase, austenite and martensite phases, respec-
tively. The austenite phase is usually cubic, whereas the martensite phase has a lower
symmetry of crystal lattice. Generally, there are multiple variants of martensites having
different crystal orientations. The transformation between austenite and martensite phases
is called a martensitic transformation, which is a diffusionless first order transition that
is enabled by shear lattice distortions [11,46]. Upon cooling from austenite, formation of
self-accommodated martensitic variants leads to a twinned assembly. In this case, variants
with specific crystallographic orientations are equally distributed over the sample and,
thus, the averaged macroscopic shape change is negligible. If a mechanical load is ap-
plied, the most unfavorably oriented portions will realign to twinned martensites. This
leads to the formation of detwinned martensite and results in a macroscopic shape change.
Figure 2.1 depicts a schematic of crystal structures in the stress-temperature phase dia-
gram of a SMA.

By increasing the temperature of the material in the detwinned martensite, it transforms
to austenite and undergoes a complete shape recovery. This process defines the SME or
more precisely the one-way SME. The martensitic transformation is associated with a
hysteresis and involves four characteristic transformation temperatures. Upon cooling,
austenite begins to transform to martensite at the martensitic start temperature Ty until
it fully transforms to the martensite at the martensitic finish temperature Ty By reverse
transformation, martensite starts to transform to austenite at the austenitic start
temperature T, and subsequently, the transformation is completed at the austenitic finish
temperature Ta¢ [52], as depicted in Figure 2.1.

The martensitic transformation can also be induced by applying a sufficiently large me-
chanical load to a sample in austenite state, i.e. at temperatures above Txs, Which results
in transformation to the detwinned martensite. If the material is mechanically relieved, a
complete shape recovery occurs. This behavior is known as the pseudoelastic effect.

For a better understanding, the thermodynamic aspects of the phase transformation in
shape memory materials are further described in the following.
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detwinned martensite

Stress

twinned martensite austenite

Tyr Tus Tys Tur Temperature

Figure 2.1: Schematic stress-temperature phase diagram of a SMA. The shape change associated
with the phase transformation for a single crystal with six unit-cells is illustrated. Ty;s and Ty are
the martensitic finish and start temperatures, respectively. Ty and T, indicate the austenite start
and finish temperatures, respectively. Adapted from [53].

Thermodynamics of Phase Transformation

The martensitic transformation can be explained in terms of thermomechanical potentials
of austenite and martensite states. The Seelecke-Miuller-Achenbach model describes the
evolution of martensitic fractions based on thermally activated processes [54]. For sim-
plification, a one-dimensional system is assumed with one austenite (A) and two marten-
site states (M~ and M) and only one transformation temperature (Tt). The Gibbs free
energy of the system is given by

G=U-ST—PA (2.1)

where, U and S indicate the internal energy and entropy, respectively. T is the tempera-
ture, P the applied external load and A the shear length. Figures 2.2a, b1 and cl illustrate
the effective potential energy of the system at zero external load P = 0. At the transfor-
mation temperature Ty, austenite and martensite are in the thermodynamic equilibrium,
thus, the Gibbs free energy indicates local minima for A, M~ and M states. For tempera-
tures higher than Ty, the austenite local minimum is lower than the martensite minima,
thus, the austenite A is the stable state. Accordingly, at temperatures below Ty, the mar-
tensite minima decrease, hence, martensite phase is energetically the more favorable state.

Under application of an external load + P, the minimum of the potential well of one of
the martensite variants decreases.
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Figure 2.2: Effective potential energy landscape of a shape memory material and illustration of
unit-cells. Abbreviations A, M- and M* stand for austenite and two martensite variants, respec-
tively. Ty is the transition temperature at zero external load P=0. (a) At T=Ty and P =0, all
three crystal structures of A, M-and M* coexist. (b1) At Ty < T < Tarand P =0, A and M phase
coexist. (b2) By applying an external load + P, the minimum of the potential well of one of mar-
tensites variants decrease to lower than the minimum of A. (c1) At T < Ty¢ and P = 0, both M-
and M* can coexist and, (c2) at T < Ty and x P, either M- or M* will be the only stable state

[11,55,56].

For temperatures below Ty, this leads to the formation of a specific martensite variant,
either M~ and M™ (Figure 2.2 c2) and for temperatures higher than Ty, the external load
induces a phase transformation to one of the martensite phases (Figure 2.2 b2). Though,
by further increase of temperature, austenite will be the only stable state [11,55,56].

Clausius-Clapeyron Relation

The theoretical derivation of the stress-induced phase transformation is determined from
the Clausius-Clapeyron relation [57,58]. The Clausius-Clapeyron relation is a macro-
scopic model, which describes the correlation between the pressure and temperature for
conditions of equilibrium between two phases in a pressure-temperature phase diagram.
The Clausius—Clapeyron relation is derived from the Gibbs free energy at the equilibrium
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state [58]. For simplification, the one-dimensional model is considered with equal stiff-
ness and thermal expansion coefficient for austenite and martensite phases. Consequently,
a linear dependence on temperature is obtained by [47,58]:

dP_ AHp _ 22)
dT YT, ¢ '
where dP and dT are variations in stress and temperature, respectively. AH indicates the

enthalpy of transformation, p the density of the material and " the transformation strain.

2.2 Vanadium Dioxide

Vanadium dioxide VO is a multifunctional material, which goes through a reversible
structural phase transformation at a temperature of around 67 °C. This transformation can
be prompted by diverse stimuli including electrical, optical, mechanical, electromechan-
ical or magnetic perturbations. Owing its multistimuli responsive transformation, VO3 is
known as an interesting smart material and has been extensively studied in recent years
[21,30,59].

The structural phase transformation in VO3 is also accompanied with an insulator-metal
transition, through which material properties change drastically, including its mechanical,
electrical and optical characteristics. The following sections describe the phenomenology
of the transformation in VO3 regarding its crystal structure and the energy band diagram.

2.2.1  Crystal Structure and Mechanical Properties

Above transformation temperature T > Ty, VO2 adopts a tetragonal rutile structure R,
which belongs to the space group of P4,/mm with unit cell parameters a = b ~ 4.55 A and
¢~ 2.85 A [60,61] (Figure 2.3c).
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Figure 2.3: Schematic depiction of VO, crystal structures for the (a) monoclinic M1 phase at
T < Tw, (b) the monoclinic M2 phase at T < Ty and (c) the tetragonal R phase at T > Ty.. Adapted
from [62].
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At temperatures below Ty and at ambient pressure, pure VO2 has monoclinic structure
M1 with space group of P2i/c and lattice constants a~5.74 A, b=~452 A, c=537 A
[60,63]. The M1 unit cell is characterized by pairing of V atoms along the am1 axis, which
corresponds to the c direction of the parent R phase. As shown in Figure 2.3a, it forms a
zig-zag chain of V atoms with the dimer rotation along am: [64,65]. Besides the M1, an
additional monoclinic structure is identified for pure VO2. The so-called M2 phase is sta-
bilized under an applied stress [60,61,66—68] or by substitutional doping of the pure VO>
with a third material such as Al, W or Cr [69-71]. M2 phase belongs to the space group
C2/m with a=9.0664 A, b =5.7970 A, ¢ = 4.5255 A [64,65]. In M2 unit cell, two types
of V atoms coexist. As depicted in Figure 2.3b, V2 types are tilted but not paired and V1
types are dimerized, nevertheless not tilted around the bm2 axis [62]. In addition to M1
and M2 phases, another semiconducting phase may occur under certain circumstances. It
has been shown that at low temperatures in association with the stress along the cr axis,
atriclinic T phase may occur. The T phase shows up as an intermediate structure between
M1 and M2 phases [66,72].

It has been demonstrated that depending on the range of temperature and stress, various
transformation paths can be triggered for VO2-based materials including M1-R, M1-M2-
R and M1-T-M2-R transitions [68,72—-74]. The R>M1 transformation leads to a sponta-
neous strain of ~ 1 % along the cr axis and contractions of ~ 0.6 % and ~ 0.1 % in the ar
and br directions, respectively [64,75]. For the R>M2, the transformation strain is up to
~ 2 % along cr [76].
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Figure 2.4: Comparison of actuation stress and strain diagram for various materials and systems.
Dashed lines indicate contours of equal work output densities. Shape memory ceramics (SMC)
offer work output values approaching 100 MJ/m?. Stars indicate work outputs of VO films and
single crystals exceeding 10 MJ/m3. Adapted from [45].
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Overall, large transformation strains and the high Young’s modulus of ~ 140 GPa for both
M1 and R phases enable motions with large forces and high work densities [45,77], as it
is depicted and compared to other materials and systems in the actuation stress and strain
diagram in Figure 2.4.

2.2.2  Energy Band Diagram and Electrical Properties

Upon metal-insulating transition in VO, its electrical resistivity declines up to five orders
of magnitude [78,79]. There are two main approaches to describe the nature of the
insulator-metal transition in VO2. The first mechanism was originally proposed by
Goodenough and describes a Peierls-type transition based on the electronic band theory
of independent electrons. In contrast, Zylberszejn and Mott attributed the insulator-metal
transition to the Mott-Hubbard model, driven by strong electron-electron correlations
[80].

In the primary work of Goodenough, the electronic and band structure of the VO is de-
scribed by the electronic band theory of independent electrons [81]. Figure 2.5 illustrates
a schematic of the energy band diagram of VO in the metal (a) and the insulator (b) state.
In this model, two energy bands of * and d; are found around the Fermi energy Ek.

Upon metal-insulator transistion, the crystal lattice distortion leads to an increase in
energy of the * band above the Fermi level EF accompanied by a split of the d; band.
Splitting of the d; is driven by the dimerization of V chains along the cr axis. The
reorganization of these bands forms an energy bandgap in the insulating phase M1, as it
is depicted in Figure 2.5b.

Up to now, several experimental studies have investigated the electronic structure of VO»
using optical reflectivity, electrical transport measurements, X-ray photoemission and
absorption spectroscopy [31,82-86]. Results from these studies are generally in
agreement with Goodenough’s model. Later, studies based on new technologies and com-
puter simulations have offered important corrections to this model. Particularly, correc-
tions are suggested to the magnitude of the bandgap in the monoclinic phase based on
investigations on M1, M2 and T phases [75,83,86,87]. Moreover, photoemission and UV
reflectance experiments revealed that besides structural distortions, a further opening of
the bandgap is caused by electron-electron interactions indicating a correlated electronic
nature of the transition rooted in the Mott-Hubbard theory [80,87,88]. In the work of Yao
et al. [85], simultaneous tracking of the electrical resistivity and twisting angle of V
dimers probed by X-ray absorption fine structure (XAFS) in fine temperature steps re-
vealed a strong dependence of the electrical resistivity on the lattice distortion and found
an intermediate monoclinic-like structure but with the metal character. Therefore, they
concluded that the phase transformation may be described as a cooperative Peierls and
Mott transition, named as Mott-assisted Peierls or Peierls-Mott models.

11
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(a) (b)

Figure 2.5: Schematic depiction of the VO, band diagram based on the Goodenough’s model for
(a) the rutile R crystal structure corresponding to the metal state and (b) the monoclinic M1 struc-
ture of the insulator state. The Fermi level is indicated by Er. Adapted from [82].

2.2.3  Lattice Dynamics and Optical Properties

Optical properties of solids can be explained based on the energy-band structure of the
material and the electron-phonon interactions. Different experimental techniques and
simulation methods are applied to understand the exact evolution of phonons across the
insulator-metal transition in VO [37,89-93]. Studies by means of Raman and IR optical
spectrometries revealed a strong broadening in the phonon spectrum of the rutile phase
compared to the M1 phase, which is attributed to the strong electron-phonon coupling
[31,91,92]. In a simplified model, optical and electronic properties of the VO, can be
understood from the overall energy band diagram of the metal and insulator phases, as it
is shown in Figure 2.5. Through the transition of VO> from the monoclinic to the rutile
phase, the energy bandgap disappears leading to an insulator-to-metal transition. This re-
sults in a significant alteration of optical constants such as the refractive index n and the
extinction coefficient x, thus, leading to a drastic change in optical transmittance [27,94—
97]. In fact, the absorption of light in the metal phase is much stronger compared to the
absorption in the insulating phase for a wide range of wavelengths spectrum including
the visible range 1.6 - 3.2 eV. In the spectral range below 0.7 eV, i.e. in infrared IR and
near infrared NIR range, the insulating phase of the VO is nearly transparent, whereas
the metal state is opaque [26,94,98].
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Integrated photonic devices combine basic optical components for light generation,
coupling, polarization, modulation etc. on a single chip. A key element in integrated
photonics are the optical waveguides, which enable transmission of light in specific di-
rections and interconnection of various photonic components.

Silicon (Si) is a semiconductor that offers a low energy absorption at typical wavelengths
used in telecommunications, i.e. 1300 nm and1550 nm, providing the main requirement
for the efficient transmittance of light through photonic devices [99]. Besides appropriate
optical properties of Si, its compatibility for low-cost and large-scale fabrications makes
it a promising material for manufacturing of micro- and nano photonic components [99].

In this chapter, basic physical principles of optics and photonics are described. In section
3.1.1, key components for coupling and guidance of electromagnetic waves are intro-
duced including Si-based grating couplers and waveguides integrated in a silicon on in-
sulator (SOI) chip. Furthermore, possible optical loss mechanisms, which reduce the ef-
ficiency of light transport within a medium, are discussed briefly.

3.1 Fundamentals of Light Propagation in Materials

The principle of optic and photonic technologies is based on the interaction of light with
matter. The propagation of an electromagnetic wave in a linear, homogeneous and iso-
tropic material is described by Maxwell’s equations

V.D=p
V.B=20
0B
= —_ 3.1
VXE o (3.1)
VX H= _+6D
BERNT:

where E and B are electric and magnetic fields, respectively. The displacement field is
determined as D = ¢E and the magnetizing field as H = iB, where, € and [ are material

constants for dielectric permittivity and magnetic permeability, respectively.

The transport energy is the flux of the energy carried by the electromagnetic wave and is
defined by [100]

P=ExH (3.2)
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The propagation speed of the electromagnetic wave is determined by v = 1/+/eu. For
propagation in free space, i.e. the speed of light, it is given by ¢ = 1/\/%, where, &,
and u, are parameters for the dielectric permittivity and the magnetic permeability of the
free space, respectively. The propagation speed can be also expressed as a function of
speed of light by [100]

V= E (33)

where n represents the refractive index, which is determined by

VE_
v €olo

For a non-magnetic, i.e. u = uy, and absorbing material, the dielectric permittivity and
therefore, the refractive index are complex quantities. The complex refractive index 7 is
defined by

n= (3.4)

n=n+ik (3.5)

here, n defines the real refractive index and k is the extinction coefficient [100].

3.1.1 Electromagnetic Waves in Silicon-Based Structures

The transmission of light through a medium depends basically on two main parameters:
material properties, such as the complex refractive index and geometry parameters, which
enable the confinement of light within a structure. The low photon absorption in Si [99]
makes it a promising material for the efficient guidance of the light in photonic compo-
nents. In the simplest description, light can be confined within structures having higher
refractive indices compared to those of surrounding media, due to the total internal re-
flection at the interphases. Figure 3.1a depicts a schematic of light propagation through a
planar Si waveguide embedded on a SiO2 substrate and a cladding with lower reflective
index than Si. The totally confined light in a planar waveguide can be guided, if the con-
dition for constructive interference is fulfilled. This implies that the total phase shift due
to the reflection at interfaces should be a multiple of 2z, thus, the guidance of the light
inside a waveguide is limited to a certain set of propagation angles. This condition leads
to specific guided modes having a certain electromagnetic field distribution and propaga-
tion velocity. Generally, two types of modes are guided through a rectangular waveguide,
I.e. transverse electric (TE) modes, with the electrical field parallel to the propagation
direction, and transverse magnetic (TM) modes with the magnetic field parallel to the
propagation direction.
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(a) (b) optical fiber
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Figure 3.1: (a) Schematic illustration of light propagation inside a Si waveguide by total reflec-
tion, and (b) Si grating coupler for light coupling from an out-of-plane source by an optical fiber
(not to scale).

Achieving monomode channel waveguides is of great importance in integrated photonics
and telecommunication applications [101]. Single mode waveguides are realized by re-
ducing the cross-sectional dimensions of waveguides, where only one mode can be
guided.

In order to couple light efficiently from an out-of-plane source, e.g. from a laser into a
waveguide, a vertical grating coupler is integrated to the input of the waveguide. An ad-
ditional grating coupler is required at the other end of the waveguide to collect the output
signal. The basic operation of a grating couple is determined through the Bragg condition
[102]:

Neff = ntop sin 9C + kj—\ (36)
where nq¢ and ny,,, are the effective refractive index of the grating and the refractive
index of cladding material on top, respectively. 6. is the coupling angle measured per-
pendicular to the plane of the grating and the wave vector k defines the particular diffrac-
tion mode. A is the wavelength of the incident light and the grating period is given by A.
Figure 3.1b shows a Si grating coupler on a SiO> substrate. In addition to mentioned pa-
rameters, the depth of the gratings and the fill factor influence the coupling characteristic.
The fill factor is the part of the grating period that is occupied by the Si structure. By
adjusting the parameters of the grating coupler, its efficiency can be optimized for either
TE or TM modes at a given input wavelength [103].

3.2 Optical Loss Mechanisms

The propagating light through a waveguide is attenuated through different loss mecha-
nisms, which is mainly ascribed to absorption, scattering and radiation losses [104,105].
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Absorption loss

Light absorption is a major cause of loss in optical components. Through interaction of
the electromagnetic wave with the material, the light power is absorbed and transferred
into other forms of energy like the thermal energy [104]. The absorption loss depends on
the wavelength of the light and the complex refractive index of the medium, as it is dis-
cussed above.

Scattering Loss

The scattering loss is attributed to the fabrication process and usually predominates in Si
waveguides [106,107]. The volumetric scattering occurs due to the refractive index inho-
mogeneity at impurity islands and crystal defects, whereas the surface scattering happens
at structure boundaries and interfaces [108]. The surface scattering has a major impact on
reducing the efficiency of the optical transmittance in Si waveguides due to the roughness
at sidewalls of the waveguide after fabrications through lithographic processes [105,106].

Radiation loss

The propagating light is not perfectly confined inside the waveguide. In fact, a small frac-
tion of the light wave is guided outside through the evanescent field leading to the power
loss by radiation [109]. The energy loss can be described by the tunneling of photons
through a potential barrier at boundaries of structures. The larger the refractive index
contrast between the waveguide medium and its surrounding, the higher the potential bar-
rier for photons to tunnel, thus, the radiation loss declines. Radiation losses become sig-
nificant for structures having curved boundaries e.g. for s-shaped waveguides [104].

In addition to the general optical loss mechanisms mentioned above, there is another
mechanism termed as the coupling loss. The coupling of the light from an out-of-plane
source into an on-chip waveguide is associated by optical losses as a result of the mode-
mismatch and the misalignment of the fiber to the on-chip grating [110]
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Characterization Techniques

In the following chapter, fabrication technologies to realize the micro and nano devices
are introduced. Two common ways for deposition of thin films based on physical vapor
deposition (PVD) are explained, namely, electron beam physical vapor deposition
EBPVD (section 4.1) and dc-pulsed reactive magnetron sputtering (section 4.2). Methods
for nanomachining of substrates based on electron beam lithography (EBL) and different
material etching approaches are described in sections 4.3 and 4.4, respectively. Various
characterization techniques are used to investigate material properties. Ellipsometry
measurements are used to obtain the thickness and optical properties of films, which will
be discussed in section 4.5. Furthermore, the four-terminal method to determine the sur-
face electrical resistivity is presented in section 4.6.

4.1 Electron Beam Physical Vapor Deposition

A common method to deposit thin films on surfaces is through physical vapor deposition
(PVD). The evaporation of solid precursors is realized by diverse physical approaches
such as inductive heating, laser or electron beam (e-beam) induced heating. PVD by e-
beam, known as EBPVD, provides high deposition rates on large areas [111]. The oper-
ation principle is schematically illustrated in Figure 4.1. The electron beam is generated
by an electron gun, commonly by field emission of tungsten filaments, is accelerated to a
high kinetic energy and then focused on the material/target ingot. The kinetic energy of
electrons transforms into thermal energy leading to the material evaporation.

substrate
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Figure 4.1: Sketch of a typical electron beam physical vapor deposition (EBPVD) system.
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The generated vapors coat all surfaces in the vacuum chamber, which leads to a homog-
enous deposition on the sample/substrate that is placed on the other side of the chamber
on top of the ingot.

4.2 Reactive Magnetron Sputtering

Magnetron sputtering is a way of PVD to coat layers with thicknesses from a few na-
nometers up to several micrometers. This method is applicable for the deposition of oxide,
nitride and carbide films with at least one metal or metalloid compound and a non-metal
component. The metal element is placed on a precursor, so-called target, and the non-
metal component is introduced to the chamber through the corresponding reactive gas
e.g. Oz [112]. The operation principle of the reactive magnetron sputter is depicted in
Figure 4.2. The metal target is sputtered by energetic positive ions, which consequently
generates the metal vapor.

The most commonly used inert gas for this purpose is argon (Ar), which is extracted from
a magnetically enhanced glow discharge at a low pressure in the vacuum chamber. In
addition, an electrical potential difference is applied between the target (cathode) and the
chamber (anode). Due to the magnetic field above the target, a strong electric field devel-
ops along the perpendicular direction to the magnetic field. Accordingly, positively
charged ions are accelerated towards the target and eject metal atoms, which travel
through the chamber and deposit on the substrate surface. The desired compound is
formed by the chemical reaction of the sputtered metal with the reactive gas mainly on
exposed surfaces [113,114].

PEM
system

substrate

g ?
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Figure 4.2: Schematic illustration of the reactive magnetron sputtering chamber including a
plasma emission monitor (PEM) system and mass flow controllers (MFC). The PEM system is
coupled to the O,-MFC and allows for the dynamic control of the O, flow into the chamber. A
magnetically confined plasma is created above the target surface and creates positively charged
ions, which strike the target. Sputtered atoms from the target spread through the vacuum chamber,
collide with reactive gas atoms and deposit on the substrate.
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4.3 Electron Beam Lithography

Electron Beam Lithography (EBL) is a mask-less technique for fabrication of micro and
nano structures. In this method, the focused beam of electrons is used to write single or
multi-level patterns onto surfaces.

The EBL process includes three main steps, which are the coating of the sample with a
layer of an e-beam resist, the exposure by the e-beam and the development of the resist.

The ability of patterning nanometer-scale features stems from the short wavelength A of
accelerated electrons that is defined by the de-Broglie relation:

h
1=

- (4.1)
m-+v

where h is the Planck’s constant, m and v are mass and velocity of the electron,
respectively.

Structures presented in this work are patterned using a Raith EBPG5200Z e-beam writer,
which operates with an acceleration voltage of 100 kV. The approximated velocity of an
electron is 0.55 times the speed of light ¢ = 2.99 * 108, thus, the de-Broglie wavelength
of electrons is determined to be around 0.037 A.

The maximum achievable resolution is in practice limited by the quality of equipment
components, such as the electron source and electromagnetic lenses and deflectors, which
result in a larger spot of the focused beam. Other limitation factors include the chemical
contrast of the resist and the corresponding developer. Furthermore, the interaction of the
e-beam with electrons of atoms in the resist generates backscattered electrons. Conse-
quently, the diameter of the focused e-beam d increases as a function of the resist thick-
ness tg, which is defined by

d=09- (%)1'5 (4.2)

where E is the acceleration energy of the e-beam in keV [115].

Nevertheless, a minimum feature size of around a few nanometers can be realized [115-
117]. In addition to the high-resolution patterning, the mask-less process allows for the
flexible change of layouts, which is beneficial for research purposes. The e-beam writer
provides a graphical interface to create and to visualize layouts of patterns for exposure,
through which an e-beam dose variation can be implemented as well. The disadvantage
of the EBL is that the writing of patterns by the scanning electron beam is a slow process
[118].

19


https://en.wikipedia.org/wiki/Electron

4 Nanofabrication and Characterization Techniques

In this work, resists are applied by using a spin-coater. Through this method, the sample
rotates at a high speed, thus, the fluidic resist is spread on the substrate by centrifugal
forces. Depending on the resist and the substrate, the thickness of the resist layer can be
adjusted by the rotation speed and it is determined by ellipsometry measurements, as de-
scribed in section 4.5.

E-Beam Resists

Resists are generally long chains of carbon-based polymers. There are two types of e-
beam resists, namely, positive and negative tone resists.

In a negative resist, the e-beam exposure leads to the polymerization and the cross-linking
of polymer chains, thus, the part of the resist that is exposed to the e-beam becomes in-
soluble to the resist developer. In contrast, for positive resists, the part of the resist which
is exposed to the e-beam becomes soluble to the resist developer [118].

After spin-coating and exposure by the e-beam, the desired layout of patterns is trans-
ferred to the resist by applying the corresponding developer fluid, which removes soluble
parts of the resist.

Lift-Off Process

Lift-off is a method for patterning of deposited films. One method to produce patterns
with sub-micrometric lateral resolution is by applying a bilayer resist [119]. In this work,
a bilayer of the positive PMMA e-beam resist is used. The bottom layer is a slightly more
sensitive PMMA with a lower molecular weight, while a PMMA with a higher molecular
weight distribution serves as the top resist. Consequently, after e-beam exposure and
development, the bottom layer is removed more rapidly than the top layer defining an
undercut profile, as it is depicted in Figure 4.3. After material deposition from top, this
undercut provides a region, free from deposited sidewalls that is reachable for the resist
solver. PMMA is then removed in an acetone-bath using either an ultrasonic or a
megasonic cleaner.

Alignment Markers

In order to write multi-level patterns on a single chip, marker structures are used to align
one layer of the lithography with other layers. The e-beam writer determines the relative
position of the e-beam and patterns already existing on the substrate with respect to
markers.
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==
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Figure 4.3: Sketch of the cross section of a substrate with a coating of PMMA bilayer after dep-
osition. Material will be deposited on surfaces and sidewalls of the top layer. The undercut profile
largely prevents the deposition on sidewalls of the bottom layer and below the top layer, providing
a region for the contact with acetone in the lift-off process.

A common strategy is to have four markers at corners of the chip to provide translation,
rotation and magnification corrections to the e-beam at each chip side. In this work,
octagonal gold Au markers are used, which are fabricated by EBL, the deposition of Au
by EBPVD and the lift-off process, as it has been described above.

4.4 Etching Techniques

Layers of materials are removed by two different etching processes based on either dry
or wet etchants. In order to define patterns of structures on a substrate, some regions of a
sample need to be covered by a mask to be protected from the etchant. This process
involves either hard masks, e.g. other materials that persist the etchant, or patterned resists
such as e-beam resists after EBL, as it has been described in the section 4.3. Etching can
be chemical, physical or a combination of both processes. The chemical etching occurs
isotropic in all directions, whereas the physical etching is an anisotropic process in a
defined direction.

44.1 Reactive lon Etching

Reactive ion etching (RIE) is a dry etching process. A key attribute to the RIE technique
is the capability of the anisotropic chemical etching. The RIE equipment in this work
(Plasmalab 100 ICP 380 from Oxford Instrument) consists of a plasma chamber with
inlets for process gases. The plasma is initiated by a radiofrequency (RF) power source.
Ar gas is excited by a capacitive coupled plasma (CCP) system with two electrodes that
create an alternating electric field. Consequently, gas molecules dissociate, creating ions,
radicals and free electrons. Free electrons take part in ionization of neutral gas atoms.
Then, a DC bias voltage forms on the bottom electrode at the sample holder, which
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accelerates ions and radicals towards the substrate, where they react at the surface with
the material and eject its molecules [120].

Cryogenic Etching Technique

High quality etching of silicon is essential for the development of nano and microelec-
tronic demonstrators and photonic devices [121]. In this work, anisotropic Si etching is
one of the main fabrication steps. In order to realize Si structures with smooth sidewalls
and high aspect ratios, a cryo process is used inside the RIE at sample temperatures below
—80 °C and process gases O2 and SFe. lons generated by plasma react chemically with Si
at etching surfaces and create passivation layers of SiOxFy. During the process,
passivation on surfaces perpendicular to the acceleration direction of ions is removed,
nonetheless, they remain on sidewalls and prevent etching in the lateral direction. After
heating to the room temperature, passivation layers become instable and evaporate away
[121,122].

4.4.2  Wet Etching

Wet etching is a chemical process that uses aqueous solutions for removal of material
from a substrate. Liquid etchants diffuse to the material, where, usually, a reduction-oxi-
dation reaction entails the oxidation of the material and dissolves the oxidized material.
Byproducts of the reaction are transported away from the reacted surface by convection
or diffusion [123]. In this work, wet etching is used to undercut SiO2 layers. Therefore,
samples are immersed into diluted hydrofluoric (HF) acid. The chemical reaction of the
etching is described by

Siozsolid +6 HFquuid N HZSiFGdissolved + 2H20quuid (4_3)

The etching is stopped by wet-to-wet transferring of samples from HF to deionized-water
bath.

Critical Point Drying

If samples of nanostructures are introduced to aqueous medium, e.g. after the wet etching
with the HF acid, air (evaporative) drying needs to be avoided. Direct evaporation of
liquid medium can cause deformation and collapse of free-standing structures, due to the
existing surface tension. Alternatively, the critical point drying (CPD) technique is used
to reduce the surface tension to zero [124,125]. A schematic of the phase diagram of the
process is depicted in Figure 4.4.
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Figure 4.4: Schematic of the phase diagram demonstrating the fundamental of the critical point
drying through a supercritical fluid phase realized above the critical pressure and temperature.

Along the boundary between liquid and vapor phases it is possible to choose a tempera-
ture-pressure combination, where liquid and vapor can co-exist and hence, have the same
density. This is known as the critical point.

In the first step of the CPD, the aqueous medium is exchanged with a fluid having pref-
erably a low critical temperature and pressure. The most common is CO2 with a critical
point at around 30 °C achieved at a pressure of approx. 7 * 108 N/m?.

In a CPD equipment, samples are placed in a chamber filled by liquids having a good
solubility in liquid CO., e.g. isopropanol. Afterwards, the isopropanol is exchanged by
the liquid CO2 under increased pressure. Next, the temperature is increased to above the
critical temperature at a constant pressure. Hence, CO> transforms into a supercritical
fluidic. Next, the pressure is gradually decreased at a constant temperature and the super-
critical fluid transforms to the gaseous form leaving a dried product [124,125].

4.5 Ellipsometry

Ellipsometry is an optical technique that measures a change in polarization as a polarized
light beam is reflected or transmitted from a material structure. The nature of the change
in the polarization depends on the thickness and the complex reflective index of the ma-
terial. Figure 4.5 illustrates the setup of an ellipsometer schematically. The beam emitted
from a light source is polarized by passing through a linear polarizer. After interaction
with the material, the beam is reflected and goes into a second polarizer, referred to as the
analyzer. Subsequently, the beam enters a detector, which converts the optical signal to
an electronic signal to determine the polarization of the reflected light. The light beam
with a linear polarization interacts with the material.
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polarizer analyzer

\/ detector

Figure 4.5: Schematic of a basic setup of an ellipsometer. Optical constants and the thickness of
the film (indicated in green) is determined through measurement of change in the polarization of
the incident light after interaction with the material.

light source

The polarization of the output signal is compared to the input signal to determine the
polarization change, which is defined by [126]

p = tan (We'?) (4.4)

where W and A are the amplitude ratio and the phase difference, respectively. Measure-
ment results are presented in terms of ¥ and A, as functions of the photon energy or the
light wavelength. An ellipsometer is equipped with an analyzing software, through which
a model is constructed to describe the structure of the sample and its properties.

4.6 Four-Terminal Electrical Measurement

The easiest method to measure the electrical resistivity of a material surface is by using
two surface probes, where the electrical current | is sent through one probe spreads on the
surface and is collected through a second probe. The electrical resistance Ryt is calculated
by combining the measured current and voltage V as Rt = V/I. However, Ryt is not the
real electrical resistance of the material surface. It also includes the parasitic contact
resistance, i.e. the electrical resistance between the material and the probe touching the
surface and the parasitic spreading resistance caused by the current flowing into the
sample surface.

In contrast to the two-point probe measurement, the four-terminal method uses four
electrical probes, as depicted in Figure 4.6. In this method, two outer probes carry the
electrical current, and two additional probes are placed in between, which measure the
voltage drop across the material surface. Hence, parasitic resistances, measured by the
two-point probe method are eliminated [127].
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Figure 4.6: Schematic of a four-point-probe setup to determine material surface resistivity.

Probes 1 and 2 carry the electrical current, whereas probes 2 and 3 measure the voltage.

The electrical resistivity p of a semi-infinite volume of the material is determined by
[127]

1,1 1 1 (4.5)

where s1, s> and s3 are point spacings between probes, as it is depicted in Figure 4.6.

For a measurement setup with equidistance probes, i.e. s1 =52 = s3 =S5, the relation 4.5
simplifies to
vV

p = 727{5 (46)

In practice, resistivity measurements are not applied on a semi-finite volume of materials
but on a slab or slice of finite thickness. Thus, the real electrical resistivity differs from
that in relation 4.6. In fact, the real surface resistivity of the material p, is defined by
[128]:

pr=p/C.D. (4.7)

where C. D. is the correction divisor for specific cases depending on factors such as the
thickness of the substrate, the distance between probes, edge effects, etc. [128-130]. For
the case that the film thickness t is less than half the probe spacing s, the correction factor
is expressed by C.D.~ (2In2)s/t [128].
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5 Fabrication of Vanadium Dioxide-
Based Nanostructures

The focus of interest of this thesis is to investigate multifunctional properties of VO, at
the nanoscale. The gained knowledge promotes the development of novel nanodevices
based on VO thin films. To these aims, as a main context of this work, reliable process
flows for the flexible fabrication and the tuning of VO nanostructures are established.
These techniques are applied for scaling down of the lateral size of structures to the film
grain size and to enable systematic studies and characterizations.

First, in section 5.1, the fabrication method of VO films and V1xMxO- films doped by a
third material M is introduce. The fabrication of VO2- and V1.xMxO.-based nanostructures
Is achieved by two main processes. The procedure in section 5.2 describes the method
based on the nanomachining of a SOl wafer before deposition of films on created struc-
tures. An alternative fabrication method is based on the direct nanomachining of VO,-
based films on Si-based substrates, which is explained in section 5.3.

Before starting fabrications, samples are cleaned in an acetone bath, then, in an isopropa-
nol bath by using an ultrasonic cleaning device. To prevent recontamination, the whole
nanofabrication is performed inside a clean room. The quality of fabrication results is
controlled after each process step through different techniques. Thickness of deposited
films and spin-coated resists are determined by ellipsometry, as it has been previously
described in section 4.5. The morphology of films and the quality of structures require to
be controlled by inspection techniques, such as by light microscopy or SEM.

5.1 Vanadium Dioxide-Based Thin Films!

The fabrication of VO thin films is quite sensitive to deposition parameters, due to the
complex phase diagram of VOx with different stoichiometries [131]. Synthesizing of pure
VO, demands for the precise control of the stoichiometry to avoid the formation of
oxygen defects and other stoichiometric phases by modifying growth conditions [21,131].

Crystallinity and morphology of VO films are other important properties, which define
characteristics of the metal-insulator transition [132].

1 Presented results in this section are partially reproduced from [S. Rastjoo, X. Wang, A. Ludwig, M. Kohl, Top-down fabrication
and transformation properties of vanadium dioxide nanostructures, J. Appl. Phys. 125 (2019) 225104.], with the permission of
AIP Publishing.
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Figure 5.1: XRD patterns of VO, and VMoO: films. Peaks at 20 = 28°, 55.6° and 57.7° corre-
spond to the (011), (220) and (022) crystal-plane orientations of the monoclinic phase M1,
respectively. Adapted from [133].

For applications, desired electrical, mechanical and optical properties can be adapted
through engineering of deposition parameters and the deliberate modification of film
properties.

VO, films are fabricated by the reactive magnetron sputtering by our collaborators at
Ruhr-Universitdat Bochum (RUB). VO films are deposited using a vanadium V target
with the purity of 99.95 %. The substrate is placed on a rotating plate that is heated to
520 °C. After the sputter chamber is evacuated to 2 * 10 Pa, 80 sccm of Ar is introduced
into the chamber. Then, the pressure is equilibrated to 1.3 Pa. After 5 min of pre-sputter-
ing, the pressure is decreased to 0.4 Pa for the main deposition. Pulsed dc power of 300 W
is applied to the target at a pulsing frequency of 10 kHz and a reverse time of 5 us The
O- flow rate is dynamically controlled by a PEM system [134]. After deposition, the sam-
ple is cooled down to room temperature in vacuum [133].

Fabrication of doped films V1xMxO: is realized at RUB by the co-sputtering of V and a
second metal target under similar process conditions as for pure VO films. V0.99Mo.102
(hereafter referred to as “VMo0O>”) films are deposited by introducing the molybdenum
Mo content (1 at. %) through a contamination effect using a shutter. Chemical composi-
tions of films are determined by the Rutherford backscattering spectroscopy (RBS) meas-
urements and crystalline structures of films are studied by the X-Ray diffraction (XRD)
crystallography. Figure 5.1 shows XRD patterns of fabricated VO2 and VMoO: films. A
dominant diffraction peak occurs at about 26 = 28°, which corresponds to the (011) crys-
tal-plane of the monoclinic phase M1.
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5.2 Nanomachining of Substrate Prior to Film Deposition

Figure 5.2: Scanning electron micrographs of as-deposited films on SiO./Si substrates. (a) A VO,
film with a grain size of 125 £ 5 nm, and (b) a VMoO: film with a grain size of 100 + 5 nm. The
green square indicates a randomly chosen area of 1.5 um x 1.5 um, within which the averaged
grain sizes of films are determined.

The quality of fabricated films are investigated by a SEM. The average size of grains is
evaluated within a reference area of 2.25 um? in SEM images. Figure 5.2a shows the
surface of a VO film with a thickness of 100 nm indicating a dense polycrystalline struc-
ture with an averaged grain size of 125 + 5 nm. Whereas in Figure 5.2b, the VMoO: film
having the same thickness of 100 nm exhibits a less dense surface structure with an aver-
aged grain size of 100 £ 5 nm [133].

Thicknesses of films are determined either from SEM images of cross sections of samples
or by optical ellipsomtry measurements, as it has been described in section 4.5. Optical
properties of films are related to microstructures and the surface roughness of films. Fab-
ricated films in this work indicate typically rough surfaces, which need to be considered
in ellipsometry analyses. Further details on ellipsometry models describing the construc-
tion of samples are presented in Appendix A.

5.2 Nanomachining of Substrate Prior to Film
Deposition?
The top-down fabrication method introduced in the following is based on the

nanomachining of a SOI wafer to realize free-standing structures prior to the film depo-
sition. The process flow on the SOI chip having a 340-nm Si device layer and a 2-um

2 Presented results in this section are partially reproduced from [S. Rastjoo, X. Wang, A. Ludwig, M. Kohl, Top-down fabrication
and transformation properties of vanadium dioxide nanostructures, J. Appl. Phys. 125 (2019) 225104.], with the permission of
AIP Publishing.
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SiO2 box layer is depicted in Figure 5.3. In the first step, the Si device layer is structured
by the EBL. Before spin-coating, the substrate is heated to around 120 °C for roughly
10 min to remove adsorbed water from its surface. In order to improve resist adhesion, a
monolayer of Tl Prime adhesion promoter is spin-coated, followed by spin-coating of a
negative tone resist with a thickness of approx. 200 nm. The thickness of the resist is
adjusted to be thick enough to withstand the subsequent etching process [135]. After
exposure to the e-beam and development, patterns of structures are transferred to the resist
layer (Figure 5.3b). For the development of the resist, a spray developer is used, where
the sample is placed on a rotating plate and the developer mixed with deionized water is
sprayed using the air pressure. The development is stopped with spraying deionized
water, followed by spin drying. Next, the Si layer is etched by RIE using process gases
HBr and O at a temperature of 60 °C (Figure 5.3c). The remaining resist is removed by
an acetone immersion bath, then, rinsed by isopropanol. In the next step, the buried oxide
layer is removed by wet-etching using hydrofluoric (HF) acid, followed by a critical point
drying step (refer to section 4.4.2) to avoid sticking effects (Figure 5.3d). The HF-acid
etching rate in the lateral direction is determined to be 1.3 um/h. Based on this method,
free-standing Si nanostructures with high aspect ratios are fabricated [133,135]. After-
wards, Si thermal oxide is grown on the substrate, followed by the sputtering of V1.xMxO>
film from top onto the sample (Figure 5.3e) [133]. Deposition of films on the surface of
the thermal SiO- leads to the texturing with the cr-axis lying in the plane of substrate,
which enables the actuation based on the martensitic transformation in VO, [44,136].
Figure 5.4a shows a top-view SEM image of a double-beam structure fabricated by this
method. Due to the introduced tension between layers after film deposition, the structure
is deformed compared to the design pattern, as it is shown in the schematic 3D illustration
in Figure 5.3e. The side-view SEM image in Figure 5.4b reveals that, although the VO>
is deposited from top, the film grows also on side walls of structures, which impede out-
of-plane actuation. Furthermore, this process is not appropriate for the fabrication of free-
standing VO structures, since the release of the VO, film from the substrate is
challenging due to side-wall depositions.
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Figure 5.3: Schematic of the fabrication process of free-standing structures based on VixMxO;
films. (a) Starting platform is a SOI wafer. (b) Patterns of structures, here double-beams, are
transferred to the resist by the e-beam lithography. (c) Si layer is etched inside a RIE chamber by
using HBr and O, process gases. (d) Free-standing structures are achieved through the isotropic
etching of the SiO; buried layer. (e) After growth of a thin layer of Si thermal oxide, V1.xMxO>
films is sputtered on top of structures.
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300 nm

Figure 5.4: (a) Top-view and (b) side-view scanning electron micrographs of a free-standing
double-beam fabricated by the deposition of a 100-nm thick VO, film on the pre-structured SOI
substrates.

5.3 Direct Nanomachining of Vanadium Dioxide-Based
Films3

In this section, a top-down process flow is introduced for fabrication of free-standing
structures based on the direct nanomachining of deposited V1-xMxO: films. Fabrication
steps are schematically depicted in Figure 5.5. The initial substrate is a Si wafer having a
thermally grown SiO; with a thickness of 1.5 pm on top.

The V1.xMxO: film is deposited on the substrate at RUB by dc-pulsed reactive magnetron
sputtering (Figure 5.5a), as previously described in section 4.2. The nanofabrication
begins with EBL. Before spin-coating, the adsorbed water on the surface of the substrate
is removed through heating it on a hotplate to around 120 °C for about 10 min. After
cooling of the substrate to room temperature, a monolayer of TI Prime adhesion promoter
is spin-coated to improve the adhesion of the resist on the substrate. Subsequently, a layer
of a negative-tone resist with a thickness of approx. 330 nm is spin-coated. After exposure
by the e-beam, the resist is developed by a spray developer. Development is stopped by
spraying of deionized water and dry spinning of the substrate (Figure 5.5b). The process
step in Figure 5.5¢ demonstrates the pattern transfer from the resist to the V1.xMxO2 film
by the RIE at room temperature using SFe and Oz as process gases. Etching rate depends
on the chemical composition of films and is approx. 1.5 nm/s and 4.5 nm/s for VO, and
VMoO: films, respectively.

3 Presented results in this section are partially reproduced from [S. Rastjoo, X. Wang, A. Ludwig, M. Kohl, Top-down fabrication
and transformation properties of vanadium dioxide nanostructures, J. Appl. Phys. 125 (2019) 225104.], with the permission of
AIP Publishing.

32



5.3 Direct Nanomachining of Vanadium Dioxide-Based Films

3D: Cross section:

(@)

A
(b)

- ]
©

[ T

e-beam resist

(d) H V.,MO0,

B thermal SiO,

Figure 5.5: Schematic of the fabrication flow of the direct nanomachining of as-deposited
V1.xM,O: films. After (a) reactive magnetron sputtering of the V1.xMxO; film on the SiO/Si sub-
strate, (b) patterns of structures, here nanobridges, are transferred to the resist by the e-beam li-
thography. (c) V1.xMxO; film is etched by the RIE. (d) Undercut of the thermal SiO; by the fluidic
HF acid creates free-standing structures.

Resist is removed, first, through an ultrasonic cleaning inside an acetone bath and the
subsequent rinsing by the isopropanol, second, by stripping of resist residuals using the
O2 plasma. Afterwards, the buried oxide layer is etched by immersing the substrate into
the HF acid bath (Figure 5.5d). The etching time is adjusted with respect to the lateral
width of free-standing structures by considering a lateral etching rate of 1.3 um/h.
Samples are then dried by the critical point drying (refer to the section 4.4.2). Fabricated
nanostructures through this method are shown in Figure 5.6. Based on this method, free-
standing structures of V1xMxO: films are fabricated with lateral sizes down to 100 nm
indicating sharp edges and uniform sidewalls. The accuracy of patterns transfer to the
film is estimated from SEM images to be below 10 nm [133].
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200 nm

Figure 5.6: SEM images of VMo0O; free-standing structures fabricated by the direct nanomachin-
ing of deposited films on SiO./Si substrates. (a) A nanobridge with the lateral width of
w =100 nm and the length of 1 =5 pum. (b) A Double-beam structure with w =100 nm and
1=2pum.

5.3.1 Fabrication of Bimorph Nanoactuators

Nanoactuators are realized by fabricating Cr/V1.xMxO2 bimorph structures. Therefore,
double-beams depicted in Figure 5.6b, are deposited from top by chromium Cr using the
electron beam physical vapor deposition (refer to the section 4.1). A Cr/V1.xMxO- thick-
ness ratio of 0.37 is considered to gain a maximum out-of-plane actuation, calculated
from the beam bending theory of Timoshenko (see Appendix B) [137]. Figure 5.7¢ shows
a fabricated Cr/\VMoO> double-beam having a lateral beam width and a length of 100 nm
and 3 um, respectively. Deposition of Cr occurs at temperatures higher than the marten-
sitic transformation of VMo0O., when it is in the austenite phase with smaller in-plane
lattice constants. After the sample cools down to room temperature, the release of the
built-in stress causes the bimorph to bend towards the Cr side [44,138].

Figure 5.7: (a, b) Schematics of the fabrication of a bimorph double-beam nanoactuator. (a) A
free-standing V1.xMxO> double-beam generated by the direct nanomachining of the V1.xMxO- film
on a SiO./Si substrate. (b) The Cr/V1.xMxO2 actuator is realized after deposition of Cr on top of
the substrate. (¢) Scanning electron micrograph of a fabricated Cr/\VMoO- nanoactuator with a
lateral beam width and a length of 100 nm and 3 pm, respectively. The thickness of Cr and
VMoO:; layers are 37 and 100 nm, respectively.
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5.4 VO2 Nanopillars

Figure 5.8: Scanning electron micrographs of (a) Si pillars with diameters of d = 1 um and (b) Si
nanopillars with d = 100 nm. Through deposition from top, (c) VO, single crystals grow on top
of Si nanopillars. (d) Oligocrystalline-like structures are realized for a longer time of the deposi-
tion. Crystal growth on Si nanopillars with d = 100 nm results in large grains having diameters of
around 500 nm.

5.4 VO: Nanopillars

In addition to top-down fabrications described in previous sections, another approach to
realize nanostructures is based on bottom-up processes. The fabrication method
comprises the deposition of the VO- film on pre-structured nanopillars on a typical Si
wafer. Si nanopillars with different diameters and high aspect ratios can be fabricated by
EBL and RIE [139]. The layout of the design consists of circles having diameters from
100 to 1000 nm. First, a layer of a negative resist HSQ is spin-coated on a Si substrate.
After e-beam exposure, the resist is developed inside the diluted 25 %
tetramethylammonium hydroxide (TMAH) bath. Subsequently, the development is
stopped with rinsing of the substrate, first, with isopropanol, then, with DI-water. Next,
the Si is etched by the cryogenic technique, as it has been explained in section 4.4.1.
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Resist residuals are removed by immersing the substrate into the 5 % HF-acid bath.
Figure 5.8 a, b show SEM images of fabricated Si pillars. Afterwards, the VO3 film is
deposited onto the sample at RUB by the reactive magnetron sputtering, as described
before in section 4.2.

The SEM image in Figure 5.8c depicts preliminary fabricated VO. single-crystallins on
specific positions defined through Si nanopillars on the substrate. Obviously, growth of
VO> on Si nanopillars occurs with larger grains compared to the film on the planar sub-
strate. By increasing the deposition time, thus, increasing the thickness, Oligocrystalline-
like structures are fabricated, as shown in Figure 5.8d. The size of grains can be attuned
by varying diameters of Si pillars and deposition parameters.

5.5 Summary

VO»-based thin films are fabricated at RUB by the reactive magnetron sputtering. This
method allows for the flexible fabrication of doped films such as VMoO:- films to tune
the metal-insulator transformation properties. Two top-down process flows based on the
EBL and the RIE are investigated for fabricating free-standing VO,-based nanostructures.
The method of sputtering of VO2 on pre-structured SOI substrates indicates deposition
on sidewalls. In contrast, the process of the direct nanomachining of deposited films on
SiO2/Si substrates results in nanostructures having sharp edges and smooth sidewalls.
This method benefits from the precise transferring of design patterns to the film, which
enables downscaling to the lateral width of 100 nm. In another approach, VO- films are
deposited on Si nanopillars. Based on this fabrication method, VO. nanopillars are
fabricated reaching the scale of grain size and oligocrystalline structures. Bimorph nano-
actuators are fabricated through a final step of the deposition of Cr on top of samples with
free-standing structures using electron beam physical vapor deposition. Quality of fabri-
cated structures depend on the precision of each process step and is investigated by
different techniques, mainly by a SEM. More details on challenges of the nanofabrication
can be found in Appendix C.

36



6 Electrical and Mechanical
Performance of Vanadium
Dioxide-Based Nanostructures

Electrical and mechanical characteristics of VO,-based nanostructures are investigated
by temperature-dependent measurements. The focus of interest is to investigate the
influence of down-scaling on the transformation properties by reducing lateral widths
down to the grain size.

In section 6.1, electrical resistance characteristics of VO-based thin films are discussed.
Next, the measurement setup inside a thermostat is presented for experiments on the
temperature-dependent electrical resistance. Electrical characteristics of a series of free-
standing nanobridges are systematically investigated with decreasing lateral widths. In
section 6.2, out-of-plane deflections of VO2-based nanoactuators are studied in-situ inside
a SEM. Details of in-situ measurement setups are introduced including the development
of a micro heating-cooling stage (MHCS) for homogenous temperature control of
samples inside a SEM and Joule heating of nanostructures using nanomanipulators.

6.1 Electrical Properties?

6.1.1  Temperature-Dependent Electrical Resistance Characteristics of VO2-
Based Films

In this work, electrical characteristics of VO2-based thin films are investigated. Films are
deposited by reactive pulsed dc sputtering as described in section 5.1.
Temperature-dependent electrical resistances are determined inside a thermostat by a
four-terminal setup using four equidistant probes with spacing of around 1500 pm. Meas-
urements are performed under quasi-stationary conditions by allowing sufficient waiting
time between measurement points. The pressure of the measurement chamber is reduced
to around 10 mbar to prevent the oxidation of the film as well as the ice formation on
the sample surface due to the air humidity at temperatures below 0 °C. Moreover, the heat
transfer via convection is negligible in vacuum, which is essential for keeping a constant
set-temperature during measurements.

L The main part of presented results in this chapter are reproduced from [S. Rastjoo, X. Wang, A. Ludwig, M. Kohl, Top-down
fabrication and transformation properties of vanadium dioxide nanostructures, J. Appl. Phys. 125 (2019) 225104.], with the per-
mission of AIP Publishing.
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Figure 6.1: (a) Electrical resistance of a VO film as a function of temperature. The phase trans-
formation temperatures upon heating Tyn = 69.5 °C and cooling Tic = 66.4 °C are indicated with
red and blue arrows, respectively. (b) Transition temperatures are determined by the maximum of
Gaussian fit of the first derivative of electrical resistance characteristics. Adapted from [133].

Electrical characteristic of a VO thin film is depicted in Figure 6.1a. The abrupt change
in the electrical resistance is in-line with reported results on bulk samples and films show-
ing the semiconductor-metal transition [20,81,140]. The initial temperature-dependent
drop of electrical resistance reflects the semiconducting behavior at low temperatures.
Phase transformation temperatures of heating (Tw,n) and cooling (Tw.c) curves are deter-
mined from the peak position of Gaussian fit of the first derivative of electrical resistance
characteristics on a logarithmic scale by —&§(log R) /6T, as indicated in Figure 6.1b.

Figure 6.2 shows the temperature-dependent electrical resistance for a VO film and
V1xMxO: films. As it can be seen, the phase transformation properties of films, i.e. the
hysteresis and transition temperatures, clearly alter by doping of films with a transient
metal M such as Molybdenum (Mo) and Tungsten (W). Table 6.1 summarizes phase
transformation properties of fabricated films in this work compared to those in literatures.
In the following, properties of the VO, and the VMoO: films are discussed in detail.

As given in Table 6.1, the fabricated polycrystalline VO film in this work indicate a
transition temperature of Tyh = 69.5 °C, which is slightly higher than previously reported
value of 66 °C for a single crystal VO and of 64 °C for an epitaxial VO3 film [27,141].
This result can be attributed to the built-in stress in the film due to sputtering conditions
and can be explained using Clausius Clapeyron relation (equation 2.2). By considering a
Clausius—Clapeyron dependency of 1.2 * 1072 K/MPa [141], a transition temperature
shift of 4.5 K leads to a stress of about 370 MPa.
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Figure 6.2: Electrical resistance as a function of temperature for a VO,, VM00O, and VWO; film.
By doping of films with a third material, their transformation characteristics can be tuned. Tran-
sition temperatures for heating and cooling traces are indicated by arrows.

For the sputtered VMoO: film in this work, transition temperatures are determined to be
Tiwrn =55.7 °C and Twc = 29.1 °C, which indicate a shift to lower temperatures compared
to values for the VO film. This effect is explained by the substitution of V by Mo, which
may break V-V pairs causing local distortion around the added elements [70] and intro-
ducing extra electrons [142] to promote the transformation of VO..

The electrical resistance ratios Rmin/Rmax 0Ff VO2-based films are listed in Table 6.1. Rmin
and Rmax are the minimum and maximum electrical resistance values at the resistance
drop, respectively. For the VO film in this work, the electrical resistance ratio is deter-
mined to be Rmin/Rmax = 7.4 * 10, which is in-line with values for polycrystalline films
in previous studies [143,144]. In comparison, electrical resistance ratios of VO single
crystals and epitaxially grown films are in the order of 10° [27,141]. For the sputtered
VMOoO:; film, the ratio of Rmin/Rmax = 6.7 * 107 is about one order of magnitude smaller
compared to the resistance ratio of the VO, film. This reduction can be explained by the
high-valence cations Mo®" that introduce additional electrons to the film and, accordingly,
increases the electron concentration of VO2 in semiconductor state [142].

In Table 6.1, the transition hysteresis width (AT) is defined as the difference between Ty
and Tic. The full width at half maximum (FWHM) of Gaussian fits of the heating traces
are determined to quantitatively describe the phase transition width. The present VO film
exhibits a narrow hysteresis with AT =2.9 K and a FWHM of 5.4 K. These values are
comparable with previous reports for polycrystalline films with AT =2.2 K [143] and
FWHM of 6 K [144]. The VMoO: film shows an unexpected hysteresis with AT = 26.6 K
and a FWHM of 18 K.
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Table 6.1: Transformation properties of VO,-based films [133].

Sample Ttr,hloc Ttr,cloc AT/K FWH M/K Rmin/Rmax
polycrystalline VO, film 69.5 66.4 2.9 5.4 7.4%10
[this work]

polycrystalline VMoO film ¢ 20.1 26.6 18 6.7%10°
[this work]

pol_ycrystalllne VWO: film 34 26.7 73 246 1.4%102
[this work]

polycrystalline VO, film i 1 d
[144] 71 6 6*10
polycrystalline VO, film "1 d
[143] 60 2.2 4.4*%10
single crystal VO, film [141] 66 0.5-1 1*10°
epitaxial VO; film [27] 64 3.9 1.1*10°

The transformation hysteresis can be described according to a study by Lopez et al. [145],
where they show that the VO, phase transformation is associated with heterogeneous nu-
cleation processes, driven by extrinsic defects in films. The hysteresis originates from the
nucleation barrier during the phase transformation, and its width is correlated to the
microstructure and impurities of the film. For instance, VO films with a small grain size
in the range of 100 nm and below indicate a broader transformation hysteresis [145],
while elemental addition could reduce the hysteresis width, due to increased defect-in-
duced nucleation sites in the film [142,146,147]. In the present study, the polycrystalline
VO: film indicates a broader hysteresis width AT compared to that of VO2 single crystal
of less than 1 K, due to the small constituent grains. Nevertheless, the VMoO: film exhibit
a wider hysteresis width, which diverges from previous studies. For instance, Liu et al.
[142] reported that the hysteresis width is monotonically decreased from 7.7 K for a VO2
film to 1.6 K for a Mo-doped VO film with 12.2 at.%. In Hanlon’s study [148], the
hysteresis width is narrowed to less than 2 K for 1 at.% Mo. For a better understanding
of the transformation hysteresis characteristics, the morphology of films needs to be taken
into account. According to SEM images in Figure 5.2, the VMoO: film has smaller grains
with the average size of ~ 100 nm compared to the VO film with the average grain size
of ~ 125 nm. Further, the VMoO: film shows an enhanced surface roughness with a less
dense arrangement of grains. This considerably affects the phase transformation and
could result in broadening of the hysteresis [133].
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Figure 6.3: Schematic of the setup inside a thermostat including electrical connections for four-
terminal electrical measurements. Sample is attached on a ceramic plate, which is fixed by screws
inside the thermostat. The layout size is 10 x 10 mm? and consists of nanobridges and contact
pads. Nanobridges are electrically connected to four copper sheets via wire bonding. The
connection to source and measurement units is provided by a four-port cable, which is soldered
to copper sheets.

6.1.2  Temperature-Dependent Electrical Resistance of VM0O:2 Nanobridges

In the following, electrical characteristics of free-standing VMoO, nanobridges are
presented. The influence of the nanofabrication process and down-sizing on transfor-
mation properties are discussed in detail.

For electrical resistance measurements inside a thermostat, samples are prepared on a
ceramic plate as sketched in Figure 6.3. The ceramic plate will be fixed inside the
thermostat by two screws. Four copper sheets are glued to the ceramic plate. Subse-
quently, four cables are soldered to copper sheets, which are then connected to the power
source and measurement units. The sample is fixed on the ceramic plate by conductive
silver glue.

Fabricated VMo0O: nanobridges on a SiO2/Si substrate are connected on one side to a
large common electrical contact pad and on the other side to a pad having a size of
0.2 um?2. These pads facilitate separate electrical connection of each nanobridge to the
copper sheets by wire-bonding.

For experiments, the temperature is first increased to 75 °C and, subsequently, decreased
step-wise down to —45 °C, while the electrical resistance is recorded after sufficient
waiting time to allow for quasi-stationary conditions. The upper limit of the sweep
temperature is set to 75 °C to avoid instabilities and, thus, to prevent overheating and
destruction of nanostructures. The maximum acceptable temperature range is limited to
T + 0.3 °C and the stability range of measurement points is adjusted to 3 * 10 1/s.
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Figure 6.4: Electrical resistance as a function of temperature for VMoO; nanobridges with widths
w = 200 to 900 nm, having the same length of | = 5 um. The metal to semiconductor (R-M) trans-
formation persists for the nanostructures. The change of the electrical resistance due to the M2-
M1 phase transformation is indicated by green arrows. Adapted from [133].
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Si substrate ‘ Si substrate

Figure 6.5: Scanning electron micrographs of VMoO; nanobridges with widths of w = 100 nm
and lengths of | =5 um after failed electrical measurements. (a) Local overheating leads to
damaging of the nanobridge due to the less dense structure of film grains, and, (b) instabilities in
the electrical current results in melting of the entire nanobridge.

The electrical resistance characteristics of VMoO: nanobridges with | = 5 pm and various
widths from 900 down to 200 nm are plotted in Figure 6.4. All nanobridges are fabricated
on a single chip with identical parameters. Measurements have been repeated several
times in each case. The plotted characteristics depict single representative cooling-heating
cycles.

The characteristic semiconductor—metal transition is observed for VMoO:;
nanostructures, indicating that the phase transformation persists for nanobridges with
lateral widths down to w =200 nm. For sensible measurements at the nanoscale,
inhomogeneities, either in the as-deposited VMoO. film or those caused after
nanomachining process, could hamper measurements noticeably. Here, the electrical
characteristic of the smallest nanobridges with w = 100 nm could not be determined, as
overheating due to large abrupt variations in the electrical current at the transition could
not be avoided. Figure 6.5 shows SEM images of two damaged nanobridges with widths
of 100 nm after electrical resistance measurements.

Transition temperatures of VMoO: nanobridges are determined from electrical
characteristics in Figure 6.4 by Gaussian fit, as it is described for films in Figure 6.1b.
Transition temperatures upon cooling Tic and heating Ty are plotted in Figure 6.6 and
compared to those of the reference unpatterned VMoO: film that is indicated by dashed
blue/red lines. Accuracies of measured data are estimated from statistical analysis of
multiple measurements taking into account uncertainties due to the instrument precision
[133]. Obviously, determined results on T and Ten Of all nanobridges are shifted to
higher temperatures compared to the reference film.
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Figure 6.6: Transition temperatures of VMoO; nanobridges of various widths upon heating T
(red triangles) and cooling Tic.(blue triangles). The thickness t and the length I of nanobridges
are 100 nmand 5 um, respectively. Error bars are determined from statistical analysis of multiple
measurements considering uncertainties due to instrument precision. Ty, and Ty ¢ of the reference
VMoO:; film are indicated by red and blue dashed lines, respectively. Corresponding measure-
ment precision is indicated by grey shaded areas. Adapted from [133].

However, transition temperatures upon cooling Tt show a slightly larger shift than T
values. This is caused by systematic measurement errors, since the limitation of the max-
imum set-temperature to 75 °C leads to an incomplete phase transition upon heating. Con-
sequently, hysteresis loops decline and the inflection points T shift to higher values
[133]. However, Ty values are slightly increased, indicating the presence of the built-in
stress in nanobridges in contrast to the unpatterned film. For bridge structures with the
restriction of fixed ends, a positive uniaxial stress is introduced along the length. Previous
studies on the electrical resistance characteristics of VO,-based microbridges reveal the
presence of this excess stress and its influence on phase transformation properties
[68,149,150].

In Figure 6.4, beside main metal-to-insulator transitions, extra small jumps are identified
in electrical resistance characteristics in the temperature range of —10 to —30 °C upon
cooling, as indicated by green arrows. This jump is more pronounced for nanobridges
with widths of 800 and 900 nm. It declines for decreasing width and cannot be resolved
for the smallest nanobridge with w =200 nm. Furthermore, it tends to shift towards
higher temperatures for decreasing width [133].
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Figure 6.7: Schematic of the VO, temperature phase diagram, adapted from [149]. In presence
of a positive stress, both M1 and M2 insulating phases may coexist, depending on the temperature
of the system. For bridge structures under uniaxial stress along their length, an increase in R-M
transition temperature is observed, and, by cooling from metal state, R>M2->M1 transformation
occurs. Transformation path is roughly shown by the green arrow and the dashed line.

The extra jump in electrical resistance at lower temperatures is related to the existence of
two monoclinic crystal structures M1 and M2, which can occur in VO2 under application
of uniaxial stress [66,68,76,149,151]. Cao et al.[149] have studied the electrical resistance
across the insulating and metal state over an extended temperature phase diagram of VOo.
They observed a second jump in the electrical resistance of VO, microbridges with end-
end clamps in contrast to those of flexibly bendable structures. They correlate this jump
to the presence of the M2 phase with the electrical resistivity of about three times larger
than of the M1 phase [149]. Figure 6.7 schematically illustrates the stress-temperature
phase diagram of VO». As it can be seen, the presence of a positive stress leads to an
increase of the metal-to-insulator phase transition temperature R-M. This may result in
the coexistence of M1 and M2 phases at low temperatures. By reducing of the temperature
at a constant positive stress, the system undergoes the transition R>M2->M1.

Tuwh values of investigated free-standing nanobridges are increased in average by around
5.4 °C. According to Clausius Clapeyron coefficient of ~1.2 «+ 1072 K/MPa [141], a
stress increase of ~ 400 MPa is determined, which is shown by the dashed green line in
Figure 6.7.
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Figure 6.8: Electrical resistances measured at a temperature of T = —45 °C for VMoO; nano-
bridges with lateral widths w between 200 and 900 nm, the thickness of t = 100 nm and the length
of I =5 um. The electrical resistance of the semiconductor state shows an inverse dependence to
the lateral width revealing homogenous material properties. Error bars are determined from sta-
tistical analysis of multiple measurements with considering uncertainties due to instrument pre-
cision [133].

Under existence of this stress and through cooling from the metal state first the R>M2
transformation occurs, which is then followed by M2->M1 transformation upon further
decrease of the temperature. As the M1 phase has a lower electrical resistance compared
to M2 phase [149], a jump towards smaller electrical resistance values is detected (Figure
6.4). These results agree with previous reports on beam structures, where a small jump in
the electrical resistance in the low-temperature semiconductor was ascribed to the M2-
M1 transformation [68,149]. In this work, we extended studies to a broader range of lat-
eral widths down to the nanoscale [133]. As stress relaxation is likely to occur for narrow
nanobridges, the phase transformation may only be stabilized for structures with suffi-
ciently large beam widths [133]. However, as it can be seen in Figure 6.6, transition tem-
peratures Ty and Ty n do not indicate any significant width-dependence for nanobridges
with lateral widths down to 200 nm.

The range of electrical resistance values of nanobridges is at least two orders of magnitude
larger than that of the reference film. In the semiconducting state at the temperature of
T =—-45°C, the absolute value of the electrical resistance of the reference film is
Rrim =~ 2.2 * 10° Q, while, for instance, the electrical resistance Rmax 0of nanobridges in-
creases from 2.1 * 10° Q for w = 900 nm to 8.5 * 10° Q for w = 200 nm [133]. Mean val-
ues of absolute electrical resistance in the semiconductor state as a function of nano-
bridges widths are plotted in Figure 6.8.
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Figure 6.9: Electrical characteristics of a VMoO; free-standing nanobridge with a width of
w =200 nm, a length of I =5 um and the unpatterned reference VMoO: film, having the same
thickness of t =100 nm. The difference between the electrical resistance changes of the nano-
bridge and the film Dy is indicated by the red arrow. The change R/Rmax is increased for the
nanobridge compare to the reference film.

Previous studies on VO thin films indicate that electrical properties are constant within
each grain [152]. Thus, no drastic change in transition characteristics due to a size effect
is expected for structures with lateral widths larger than the grain size. Therefore,
assuming homogeneous material properties, the electrical resistance is expected to scale

with the width according to R « é which is in-line with measurement results in Figure

6.8 [133]. Indeed, the observed width dependence of electrical resistances does not indi-
cate any size effect for nanobridges with lateral widths down to 200 nm, which confirms
our results obtained from the analysis of width-dependent transition temperatures.

Figure 6.9 shows the temperature-dependent normalized electrical resistance R/Rmax Of &
representative VMoO2 nanobridge with the lateral width of w = 200 nm and the length of
| =5 um, compared to the electrical characteristic of the unpatterned reference VMoO;
film. Although, the electrical characteristic of the nanobridge at lower temperatures indi-
cates an analogous semiconducting behavior like the electrical characteristics of the ref-
erence film, there is a major difference in the magnitude of the electrical resistance change
upon phase transformation. This difference is indicated by Dy in Figure 6.9. In fact, all
nanobridges exhibit an enhanced electrical resistance drop compared to the reference film
[133].
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Figure 6.10: Width-dependence of the electrical resistance ratio Rmin/Rmax 0f VM0O2 nano-
bridges. Rmin and Rmax correspond to the electrical resistance at the metal and the semiconductor
state, respectively. Nanobridges have the same length of | =5 um and the same thickness of
t = 100 nm. Error bars are obtained from statistical analysis of multiple measurements considering
uncertainties due to instrument precision. The ratio Rmin/Rmax for the reference VMoO; film and
the corresponding measurement precision are indicated by dashed line and the grey shaded area,
respectively. The ratio Rmin/Rmax declines for decreasing lateral widths, as indicated by the solid
blue line [133].

The enlarged change of the electrical resistance could be understood by the nature of grain
boundaries and percolation effects, and is attributed to the reduced film inhomogeneities
[132]. It is known that the electrical properties remain constant within each grain.
Nevertheless, electrical resistance values (Rmin and Rmax) are increased at grain
boundaries, particularly in the case of disoriented thin films [132,152]. Therefore, by de-
creasing the lateral width, the absolute number of grain boundaries between electrical
contacts reduces leading to a reduction of the electrical resistance mainly in metal state.
In fact, experimental results show that the normalized electrical resistance change
(Rmax— Rmin)( Rmax)™* in nanobridges increases compared to the reference film (Figure 6.9
and Figure 6.10).

For a better understanding, the electrical resistance ratios Rmin/Rmax 0f VM0O2 nano-
bridges are determined and plotted in Figure 6.10. The dashed line indicates the Rmin/Rmax
ratio of the reference VMoO: film. As it can be seen, Rmin/Rmax Values tend to decrease
by reducing lateral widths w. In other words, the drop of electrical resistance over the
phase transformation tends to increase by decreasing width of nanobridges. Obtained
ratios for 700- and 200 nm- wide nanobridges deviate from this trend. This could be
caused by issues, such as local variances in film grains and variations of geometry and
structural boundaries due to fabrication tolerances [133].
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Figure 6.11: (a) Micro heating-cooling stage (MHCS) for the homogenous temperature control
of samples inside a SEM. (b) Side-view to the SEM chamber. The sample is fixed at an angle of
80 ° to the MHCS, which is connected via an integrated vacuum/air splitter in the chamber flange
to a temperature control unit.

6.2 In-Situ Nanoactuation

Actuation characteristics of bimorph Cr/VMoO- double-beams are studied. Nano double-
beams are fabricated as described in section 5.3. For investigation of mechanical move-
ments at the nanoscale, a specific measurement setup inside a SEM is required. Thermal
actuation is either realized by altering the temperature of the sample homogeneously, or
by Joule-heating of individual structures.

6.2.1  Nanoactuation by Homogeneous Temperature Control

As part of this work, the first prototype of a micro heating-cooling stage (MHCS) for
homogenous temperature control of samples inside a SEM is developed in collaboration
with Kleindiek Nanotechnik GmbH (see Figure 6.11). The MHCS is equipped with
multiple Peltier elements, which are integrated in one unit with a temperature control
system to maintain set temperatures stable for several minutes. This allows for measure-
ments under quasi-stationary conditions. As it can be seen in Figure 6.11, the MHCS can
be used as a SEM stage. The sample is attached by conductive silver glue to a sample
holder at an angle of 80°, which is fixed to the stage in direct connection to the heat
source/sink.
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Figure 6.12: (a) Top-view schematic of a double-beam nanoactuator with the width of w and the
length of I. (b) Overlay of two SEM images of a Cr/\VVMoO- double-beam actuator with | = 12 um
and w = 600 nm at temperatures of —40 °C and 85 °C. Thickness of Cr and VMoO; films are 37
and 100 nm, respectively. An upward deflection As is observed upon cooling under
quasi-stationary conditions.

Figure 6.12a depicts a top-view schematic of a double-beam nanoactuator with beam
length | and width w. The fabricated double-beam is a bimorph consisting of a Cr layer
on top of the VMoO: film having thicknesses of 37 and 100 nm, respectively. For meas-
urements, the nanoactuator is cooled down step-wise from a high temperature, larger than
the phase transformation temperature Ty, to below Ty, and reheated to the starting tem-
perature to complete the transformation hysteresis loop. Sufficient waiting times at each
set temperatures guarantees the quasi-stationary measurement conditions. During heating
and cooling of the location of the nanoactuator moves relative to the SEM window. This
drift is caused by thermal expansion and compression of the setup and must be corrected
after reaching a steady state for each set temperature.

At each set temperature, a SEM image is taken from the nanoactuator. In order to deter-
mine the out-of-plane deflection, a motion sequence of successive SEM images is estab-
lished. The sequence is imported and analyzed by tracking software.

Figure 6.12b shows an overlay of two SEM micrographs of a Cr/VMoO> double-beam
nanoactuator with width of w = 600 nm and length of | = 12 um. By cooling down from
85 °C to —40 °C, the double-beam bends upwards.

Principally, the temperature-dependent deflection characteristics of SMM-based bimorph
beam actuators is a sum of three mechanisms. First mechanism is a bimorph effect due to
the different thermal expansion coefficients of materials.
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Figure 6.13: (a) Out-of-plane deflection of the tip of a Cr/VMoO- double-beam actuator with the
length of | = 12 um and the width of w = 600 nm. Thicknesses of Cr and VMoO; films are 37 and
100 nm, respectively. The nonlinearity in the tip displacement at the temperature range of
0° C < T <60 °C is caused by the phase transformation of VMoO_, which is in agreement with
the electrical resistance characteristic of a VMoO- nanobridge with the same width of 600 nm, as
depicted in (b).

Another effect is a result of phase transformation in the shape memory material, since
austenite and martensite exhibit different material properties including different thermal
expansion coefficients. The third mechanism includes the effect of self-accommodation
in martensite state [135,153]. It has been shown previously that the bending characteristic
of SMM-based nanobimorphs reveal a competition between these mechanisms and
depends strongly on the thickness ratio of layers [153]. Apparently, the deflection char-
acteristics of the Cr/VMoO: double-beam nanoactuator with the thickness ratio of
terltymoo, = 0.37 is mainly ascribed to the change of the crystal lattice constant upon
phase transformation, as it has been previously reported for bending characteristics of Cr
on VO»-based beams and cantilevers as well [44,138,154,155]. As described in section
2.2.1, VO has a larger lattice constant in the martensite than in the austenite. Thus, by
cooling down, the double-beam bends away from the VMoO: layer and, consequently, it
bends upwards. However, in order to have a better understanding of actuation character-
istics, different material properties need to be determined including lattice constants and
thermal expansion coefficients of the austenite (A) and martensite (M1, M2) phases of
the VMOo0O..

Figure 6.13a shows the out-of-plane tip displacement As of the Cr/VMoO- double-beam
for the first temperature cycle. Clearly, the tip displacement indicates a non-linear char-
acteristic in the temperature region between 0 °C and 60 °C, which is in the range of phase
transformation temperature as determined before by the electrical measurement resistance
for a VMoO; nanobridge with the same width of 600 nm (see Figure 6.13Db).
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Figure 6.14: Out-of-plane tip displacement of a Cr/VMoO, double-beam actuator for the first
three successive cooling-heating cycles. The relative stroke decreases from 9 % for the first cool-
ing trace 1->2 to around 4 % for the trace 56, which corresponds to a decrease of about 58 %.
The third cycle demonstrates an almost linear behavior. Through observations by focused electron
beam of the SEM, the VMoO:; forfeits its phase transformation properties.

Due to the phase transformation of VMoOz, a large displacement of around 1.7 pm is
achieved upon cooling, which corresponds to a large relative actuation stroke of
As/l = 1.7 um/12 pm * 100 ~ 14 %. Nevertheless, the transformation hysteresis is broad-
ened. This could be related to the induced strain across the Cr and VMoO: interface. This
strain stabilizes a multiple M-R domain structure along the VO- layer, which leads to a
gradual phase transformation [35,66,138,156]. By heating up back to 85 °C, the double-
beam bends downwards. However, it does not return to the initial tip position.

For a better understanding of the actuation characteristic, the tip displacement of a double-
beam with w = 300 nm and | = 6 um is investigated for three successive cycles in a tem-
perature range of —40 to 85 °C. The tip displacement As is shown in Figure 6.14. As
before, the actuator demonstrates a non-linear characteristic for the first cooling trace
1->2, with an out-of-plane tip displacement of around 0.5 um, which corresponds to a
relative actuation stroke of around 9 %. Upon heating 2->3, the double-beam does not
return to the initial position, and, the second cycle begins at the tip position of
As~ 0.6 pm. Upon cooling 3->4, the non-linear tip displacement is again observed.
However, the relative actuation stroke is reduced to around 7.6 %. This is also the case
for the third cycle, where the stroke is further decreased to around 4 % for the trace 526,
and, moreover, it exhibits an almost linear actuation characteristic. In total, the relative
actuation stroke of the nanoactuation has declined by about 58 %.
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Figure 6.15: SEM micrographs of a Cr/VMoO; double-beam actuator with w =300 nm and
| =6 um at the temperature of 85 °C, (a) before starting the measurement, and (b) after three
cooling-heating cycles. The focus window of the SEM and the magnification is kept fixed over
the entire measurement of exceeding 6 hours. The morphology of the film surface and the double-
beam is changed. A thickening effect is observed.

The actuation shows a systematic drift over successive cycles, and, it loses the non-linear
characteristic induced by the VMoO:> phase transformation. As it can be seen in Figure
6.15, the morphology of the structure also drastically changes after finishing the three
measurement cycles over a time period of exceeding 6 hours. The form of the actuator is
changed permanently, and it does not go back to original form even after several hours or
days. Apparently, irreversible changes of the structure of the VMoO material caused by
exposure by electrons degrade the actuation.

In order to elucidate any nano scale effects, unpatterned films are investigated under sim-
ilar conditions. First, the surface of the VMoO: film, without Cr coating, is observed in a
SEM by a rectangular reduced scanning window at the temperature of 25 °C for 10 min
(Figure 6.16a). The area of the reduced window appears to be brighter after observation,
due to surface charging by electrons. However, the film morphology does not show any
significant change. Figure 6.16b depicts the surface of the VMoO: film after observations
via the reduced scanning window at —35 °C for 10 min. In contrast to Figure 6.16a, film
grains are locally inflated around the observation window. Furthermore, the effect is not
related to any Cr layer. The alteration of grains is irreversible as it was observed before
for the double-beam nanoactuators. However, there occurs no changes in the film surface
elsewhere, away from SEM observation area.

This is also the case for structures on the sample in Figure 6.15, i.e. other double-beams,
which were not continuously observed by SEM during temperature-dependent
measurements, have maintained their original shape.
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100 nm

Figure 6.16: SEM micrographs of VMoO:; films after temperature-dependent measurements.
The surface of the film after 10 min of exposure to the SEM e-beam through a reduced scanning
window at 25 °C. (a) and at —35 °C (b) indicating local change of crystal structure. Reduced
scanning windows can be recognized by the brighter rectangular areas in the middle of graphs.

In addition, samples after electrical resistance measurements inside the thermostat do not
indicate any shape or morphology alterations as well (section 6.1.1). For those measure-
ments, the temperature is swept between —40 °C and 120 °C. These results indicate that
changes in the film are associated with electron exposure at low temperatures. Similar
investigations on VO films reveal the same effect. The change of structure also occurs
for VO films and, thus, it does not depend on the Mo content.

In conclusion, continuous observation of VO»-based films and structures by a SEM at
low temperatures leads to irreversible changes of crystal structure. This leads to the
degradation of phase transformation properties and, thus, drastically affects the actuation
performance of bimorph double-beam actuators. Therefore, temperature-dependent in-
situ inside SEM experiments need to be limited to a single cooling track.

Before measurements, the sample is heated up and cooled down in a cyclic manner for
several times. Figure 6.17 shows the relative actuation stroke As/l of double-beams with
an identical length to width ratio of I/w =20 upon cooling from 85 °C to —40 °C. All
three bimorph actuators show non-linear deflection characteristics as a result of the
structural phase transformation of VMo0O,. However, the actuation stroke declines and
the slope of the deflection change As/l upon the transformation decreases by reducing
size. This indicates the increasing influence of the inhomogeneities and defects after
nanofabrication.
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Figure 6.17: Relative actuation stroke As/l of Cr/\VVMoO; double-beam nanoactuators, while cool-
ing from 85 °C down to —40 °C. Tip displacement As is extracted from SEM images by using
tracking software. All double-beams have the same layers thickness, i.e. tcr/tymoo, =

37 nm/100 nm. A large relative actuation stroke of around 15 % is achieved for the double-
beam with the length of | = 12 um and the width of w = 600 nm. The relative stroke declines by
decreasing the size of actuators, due to inhomogeneities and defects in small structures introduced
by nanofabrication.

6.2.2  Nanoactuation by Joule Heating

The out-of-plane deflection of Cr/VMoO: double-beams is also investigated in-situ by
direct Joule-heating inside a SEM. A four-point-probe setup is established using
nanomanipulators to electrically interconnect individual nanoactuators, as illustrated in
Figure 6.18. Three electrical connections are provided by nanomanipulators and the
fourth one is a wire-bonded Al wire. An electrical current is applied by an outer positioned
nanomanipulator and the Al wire, while the voltage is measured by inner nanomanipula-
tors, which are precisely positioned at both sides of the structure. These are then con-
nected to a source measure unit, which is controlled by a LabVIEW script and enables
the real-time determination of the electrical power, current, voltage, resistance and time
in milliseconds. Monitoring of the electrical resistance allows for the real-time noticing
of the phase transformation progress. As current passes through the double-beam, a
temperature gradient occurs along the structure with the maximum at the tip [157]. The
out-of-plane deflection of the structure is recorded during measurement. Subsequently,
the SEM video is used to determine the tip displacement by tracking software. Figure
6.19 shows the out-of-plane deflection of a double-beam with w = 500 nm and | = 10 um
after applying a constant electrical power of 0.02 mW. From real-time electrical
resistance measurement, it is inferred that the rutile state is fully reached. Through the
martensite to austenite phase transformation M—>R, the double-beam bends downwards,
since the lattice constant in rutile state is smaller than that of in monoclinic state.
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(a)

nanomanipulators

|

Figure 6.18: (a) Schematic of the four-point-probe setup for Joule heating measurements inside
a SEM. (b) Scanning electron micrograph of a Cr/VMoO; double-beam and two
nanomanipulators positioned at each side of the structure to measure the voltage.

This result agrees with previous deflection observations by homogenous heating-cooling
of samples in subsection 6.2.1. This downward deflection corresponds to the relative
actuation stroke of As/l = 4.8 %. The actuation stroke is in this case smaller compared to
results of homogenous temperature change. This can be explained by the temperature
gradient along the double-beam caused by Joule heating. Hence, the phase transformation
is partially reached at different section along the structure [135]. At higher temperatures,
an upward deflection is observed upon further heating, since the thermal expansion
coefficient of VMoO: in rutile state is larger compared to Cr [33,138,155,158].
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Figure 6.19: Tip displacement and electrical resistance of a Cr/VMoO; double-beam with
w =500 nm and | = 10 um determined from Joule heating by applying an initial electrical power
of 0.02 mW. The electrical resistance shows a large decrease indicating M—>R phase transfor-
mation. Hence, the double-beam bends downwards with a relative actuation stroke of
As/l = 4.8 %. As the thermal expansion coefficient of VMoO: in rutile state is larger compare to
that of Cr, an upward deflection is observed upon further heating.
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6.3 Summary

In this section, phase transformation properties of VO2-based thin films, nanobridges and
double-beam nanoactuators are studied. Temperature-dependent electrical characteristics
of films indicate that the phase transformation properties such as hysteresis width and
transition temperature can be tuned by doping of VO, with a third material.
Temperature-dependent electrical characteristics of free-standing VMoO_ nanobridges
show that the phase transformation persists after nanofabrication even for the smallest
lateral width of 200 nm. Transition temperatures of nanobridges do not reveal any signif-
icant width dependence. In principle, electrical resistance values of nanobridges in the
semiconducting state are inversely proportional to the width indicating the scaling
behavior of a homogeneous material. A major effect is the resistance change due to the
phase transformation which is enhanced for nanobridges compared to the unpatterned
film indicating reduced carrier scattering as the absolute number of grain boundaries
decreases. Actuation characteristics of Cr/VVMoO- nano double-beams are investigated by
a SEM and show upward bending upon cooling. The out-of-plane tip displacements are
non-linear reflecting phase transformation in VMoO: even for the smallest nanoactuator
with a beam width of 300 nm. Amplitude and slope of deflection are reduced for smaller
double-beams. However, a relatively large actuation stroke of up to 15 % is achieved for
the nanoactuator with the length of 12 um and the width of 600 nm. The continuous
observation of VO2-based films and structures by SEM at temperatures below 0 C leads
to an irreversible anomalous change of crystallinity and, thus, a strong degradation of
actuation stroke. Hence, temperature-dependent experiments by SEM need to be limited
to a single cooling run. For further investigations of nanoactuation, it is essential to
develop new techniques, which enable local sensing of the beam deflection, for instance,
by optical methods instead of using SEM.
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7 Development of Optical Devices
Based on Vanadium Dioxide

In this chapter, design and fabrication of photonic devices based on VO3 thin films are
introduced. The focus of interest is to realize novel optical switches and fuses with small
footprints, which serve as built-in components in photonic applications, such as photode-
tectors. The principle of operation is based on the insulator-metal transition in VOo.
Thereby, VO optical transmittance in IR range varies from transparent to opaque, corre-
sponding to two different switching states on and off, respectively.

In the following, first, optical properties of VO_ thin films are presented. The concept of
the device design and the operation principle are introduced in section 7.2. The proof-of-
concept is studied by finite element method (FEM) simulations, which will be discussed
in section 7.3. The nanofabrication method based on sputter deposition of VO3 films on
pre-structured Si-based platforms is described in section 7.4. Experimental results on op-
tical transmission measurements of fabricated devices are discussed in section 7.5.

7.1 Optical Properties of VO: Films Determined by
Ellipsometry

Optical characteristics of VO films are determined by ellipsometry. The measurement
model and the analysis method are described in section 4.5. For temperature-dependent
measurements, the setup includes a large copper plate as the heat source, which is inte-
grated at the measurement spot of the ellipsometer. In addition, the surface electrical re-
sistances of films are continuously observed during measurements to detect the insulator-
metal transition.

The complex refractive index of a VO film with a thickness of 180 nm is determined in
the wavelength range of 310 to 2500 nm. Figure 7.1a shows real refractive indices of the
VO film in insulator state at room temperature and in metal state at T =150 £ 5 °C. The
refractive index in insulator state does not indicate a considerable change in the spectral
range and increases slightly from 2.77 at the wavelength of 310 nm to 3.45 at the wave-
length of 2500 nm. In contrast, the refractive index in metal state exhibits large changes.
First, it decreases drastically from 2.77 at the wavelength of 310 nm to a minimum value
of 1.38 at the wavelength of 966 nm, then it increases to the value of 4.3 at the wavelength
of 2500 nm.
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Figure 7.1: Optical characteristics of a 180 nm-thick VO film sputtered on a SiO,/Si substrate
determined by ellipsometry at UV to NIR spectral range for the insulator state at room tempera-
ture and the metal state at T = 150 £ 5 °C. (a) At the wavelength of 1550 nm (indicated by gray
dashed line) the refractive index changes from 3.25 in insulator state to 2.2 in metal state. (b) The
absorption coefficient at the wavelength of 1550 nm shows a large change from 32 * 10° cm?in
insulator state to 323 * 10° cm™ in metal state.

The maximum difference of refractive indices between insulator and metal states of the
VO film is 1.65 at the wavelength of 1007 nm. Absorption coefficients a are determined
from measured extinction coefficients k by a = 4n k/A [101] and are plotted in Figure
7.1b. In metal state the film shows a maximum absorption coefficient of
~329 *10°cm™ at the wavelength of 1748 nm. The maximum difference between
absorption coefficients between metal and insulator state of about 330 * 102 cm™ occurs
at the wavelength of 1760 nm. The real and imaginary part of the refractive index, i.e. n
and k in equation 3.5, are measured by ellipsometry. At the wavelength of 1550 nm, com-
plex refractive indices are given by figr =3.25+ 0.39i for the insulator state and
figoT = 2.05 + 4.28i for the metal VO., which are comparable to reported values in liter-
ature [159,160]. This large alteration of the optical transmittance between insulator and
metal states of the VO, film, particularly, the change of around one order of magnitude
in extinction coefficients «, is of a great significance for optical switching, as it is
explained in the following section.

7.2 Concept of Device Design1 2

The simplest VO2 photonic switch can be realized by deposition of a VO film on a
section of a Si waveguide, as depicted in Figure 7.2.

! Presented results are partially based on the master thesis of Ms. A. Ewy, which was supervised in the context of this thesis.
2 Permission provided by: Annika Ewy agrees to the publication of materials from the master thesis, entitled "Plasmonic nano-
devices based on vanadium dioxide (VO,) thin films".
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Si waveguide

SiO, substrate

Figure 7.2: Schematic of design concept of a photonic switching device using the metal-insulator
transition of a VO, film covering a section of a Si waveguide. The input optical power either
propagates through the waveguide to the output for the VO, film in insulator state or absorbed by
the VO; film in metal state.

As explained in the previous section, the VO film in insulator state shows a relatively
low absorption at A = 1550 nm, which allows for light propagation (on state), whereas in
metal state, it shows a large absorption coefficient that prevents the propagation of light
(off state). Additionally, the traveling light through the waveguide covered by a VO- film
in metal state can cause the formation of surface plasmon polaritons (SPP) [28,29,161].
SPPs are electromagnetic excitations existing at metal-dielectric interfaces. They are
evanescently confined at the interface with the electric field perpendicular to the direction
of the propagating light through the waveguide. Thus, SPPs exhibit principally TM eigen-
waves that propagate along the interface with an exponentially decaying intensity inside
adjoining materials. Accordingly, light is coupled to the metal VO> film and, conse-
quently, is absorbed by the material [162,163].

In insulator state, however, VO3 is not perfectly transparent at the wavelength of 1550 nm.
Thus, a slight part of the input power will be absorbed, which defines the insertion loss
of the system in on state. Nevertheless, the absorption of the light by the VO in insulator
state can be exploited to develop novel photonic fuses using the optically induced
insulator-metal transition. As the input power increases, more photons will be absorbed
in VO2 and the energy of photons is converted to thermal energy. Accordingly, the tem-
perature increases causing the transition from insulator to metal state [44,164].
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To obtain the desired switching and modulating functionality based on the insulator-metal
transition, physical properties of the VO,-based structure require to be adjusted (refer to
sections 2.2 and 6.1.1). For instance, through doping of the VO film with other materials,
the optical absorption or reflectance of the VO, film can be optimized according to the
operation wavelength of the device. In addition, the required optical energy to trigger the
insulator-metal transition can be reduced by decreasing the transition temperature.

The switching characteristic can be improved as well by adjusting geometry parameters,
such as the length and the thickness of the VO structure. Therefore, simulations are used
for the proof of concept, also, to investigate the optical performance of different de-
signs, before starting fabrication.

7.3 Proof-of-Concept by FEM Simulation3 4

The concept of photonic switching based on the insulator-metal transition of VO> films
is investigated through FEM simulation by using the wave optics module of COMSOL
Multiphysics® Modeling Software in three-dimensional (3D) space.

To reduce the computational time, the device model includes the VO structure, the Si
waveguide and the SiO> substrate, whereas grating couplers and bending of waveguides
are omitted. The model setup is depicted in Figure 7.3.

In the following, optical performance of two device designs are discussed. The type 1
device has the simplest design and includes a single VO2 box on top of the waveguide
(Figure 7.3b1), whereas in type 2 device, the VO2 covers top and sidewalls of the wave-
guide (Figure 7.3b2). Material and geometry parameters used in the simulations are listed
in Table 7.1.

Table 7.1: Geometry and optical parameters of materials for modeling of optical switches [165].
The wavelength of the input light is 1550 nm.

Parameter VO; Si SiO;
Length / um 0.05-4.0 7 7
Width / pm 0.5 0.5 4
thickness 10-100/nm 220/ nm 1/pum
real refractive index n 3.25 (T <Ty), 2.05 (T > Ty) 3.48 1.45
imaginary refractive indexk ~ 0.39 (T < Ty), 4.28 (T > Ty) 0 0

3 Presented results are partially based on the master thesis of Ms. A. Ewy, which was supervised in the context of this thesis.
4 Permission provided by: Annika Ewy agrees to the publication of materials from the master thesis, entitled "Plasmonic nano-
devices based on vanadium dioxide (VO,) thin films".
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; .
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Figure 7.3: (a) Three-dimensional (3D) FEM simulation model of a Si waveguide switch includ-
ing a VO film covering a Si waveguide on a SiO, substrate. The representative power integral
surfaces along the waveguide are indicated by orange rectangulars. (b1) and (b2) depict schematic
cross-sections of type 1 and type 2 devices, respectively. The length and width of the VO struc-
ture are indicated by lyo, and w, respectively.

Figure 7.4 shows a simulation of light propagation through a device of type 1 with a VO>
structure having a length of 1 um and a thickness of 50 nm. Figure 7.4a shows the
normalized electric field for the device in insulator state (on state). As it can be seen, light
modes beneath the VO, structure are not only confined within the Si waveguide, but also
travel into the VO2 and, hence, their propagation is slightly perturbed. Yet, around 90 %
of the input light is transmitted to the output.

In off state of the device shown in Figure 7.4b, light is clearly absorbed in metal state,
hence, only ~ 57 % of the input is transmitted to the output.

In order to determine the power flow along the waveguide, surface integrals are calculated
at cross-sections perpendicular to the light propagation direction, as schematically shown
in Figure 7.3a. The magnitude of the power flow vector P (refer to section 3.1) is defined
as the power flow per unit area and is calculated by

ﬂlPl = ﬂ /PXZ + P} + P? (7.1)

The power flow along a type 1 device with the VO structure having a length of 1 um and
a thickness of 30 nm is plotted in Figure 7.5b. Although, the inserted power decreases
along the VO structure for both insulator and metal states, the total transmitted power
for the device in metal state is further reduced by ~ 40 % in comparison to the device in
insulator state indicating optical switching.
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Figure 7.4: FEM simulation of the normalized electrical field for the TE mode. The VO, structure
on top of the waveguide has a length of 0.8 um and a thickness of 50 nm. (a) The VO; is in
insulator state (T < Ty) and nearly the entire light is transmitted to the output. (b) The input light
is largely absorbed by the VO, in metal state (T > Ty).

Figure 7.6 shows the power flow along the propagation direction for type 1 devices
having the same thickness of 30 nm but different lengths from 1 to 4 um. Clearly, by
increasing the length of structures, more light is absorbed by VO and, consequently, the
transmission to the output decreases.

For optical switching, two transmitting states need to be distinguished: the total
transmission with VO in metal state T, and in insulator state T;. The optical loss in the
on state of the system, due to the absorption of light by the insulator VO, is expressed by
the insertion loss IL, which is calculated in decibel (dB) by

IL = 10 logT; (7.2)

In addition to IL, the other important parameter for optical characterizations is the
extinction ratio ER. ER is also given in dB and defines the difference between the total
transmission with VO, in metal and insulator states by

T,
ER = 10 log(?M) (7.3)
1
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Figure 7.5: (a) Geometry illustration of the photonic device type 1 with air cladding. The VO
structure on top of Si has a length of Iy, = 1 pm and a thickness of 30 nm. (b) Power profile of
the TE mode along the propagation direction in insulator state T < Ty and in metal state T > Ty.
The position at the beginning and the end of the VO, structure is indicated by dashed lines.

For an efficient switching, IL needs to be minimized, hence, the power absorption by the
insulator state should be as small as possible. Additionally, larger ERs are beneficial and
can be achieved, as the power absorption in metal state increases.

In Figure 7.7, the IL and the ER of type 1 devices in dependence of the length of the VO>
structure lyq,are plotted for thicknesses of VO structures from 10 to 100 nm. Clearly,
the geometry of the VO3 structure has a large impact on the light modulation performance
of the device. In Figure 7.7a, IL grows with increasing thickness. This is explained by the
fact that the overlap of modes with VVO2 enhances for larger thicknesses, which leads to
the higher absorption of the guided light into the VO, layer. In Figure 7.7b, EL first
increases by decreasing thickness down to 30 nm, however, it drops when thickness is
further reduced. In fact, for films thinner than 30 nm, overlap of modes with VO and,
thus, the absorption by the metal VO is so small that the difference of the total transmit-
ted light between on and off states declines.
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Figure 7.6: Simulated optical power flow of the TE mode along the propagation direction of the
type 1 device with an air cladding at (a) T < Ty and (b) at T > Ty. Different colors indicate devices
with VO; structures having different lengths. The position of the beginning and the end of VO,
structures are indicated by dashed lines.

In order to find out the optimized design with a low IL and an improved ER, geometry
parameters need to be adjusted. For a better comparison, IL and ER are determined with
respect to the length of VO structures ly, . Figure 7.8 shows IL/length and ER/length as
a function of VO thickness for TE and TM modes of type 1 and type 2 devices. It is
obvious that IL/length increases for all devices with increasing thickness. For type 1
devices and TM mode, the IL/length indicates the largest value of 5.4 dB/um for the
100 nm thick VOg structure. ER/length curves show maxima in all cases. The maximum
values of ER/length determined from Figure 7.8 and corresponding values of IL/length
and VO3 thicknesses are listed in Table 7.2. The highest ER/length is determined to be
10.3 dB/um in TE-mode for device type 2 with VO film thickness of 40 nm. In this case,
a relative low IL/length of 2 dB/um is obtained.

Table 7.2: Maximum ER/length and the corresponding IL/length and VO, thicknesses for various
devices determined from FEM simulations.

Device — Maximum ER/lyo, IL/lyo, at VO, Thickness at
Optical Mode [dB/um] max. ER/lyo, [dB/um] max. ER/lyq, [nm]
Type 1-TE 2.1 1.0 30
Type1-TM 4.5 0.6 20
Type2-TE 10.3 2.0 40
Type2-TM 24 1.0 20
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Figure 7.8: Simulated extinction ratio ER and insertion loss IL per length lvo. for (a) the TE mode
in device type 1, (b) the TM mode in device type 1, (c) the TE mode in device type 2 and (d) the

TM mode in device type 2.
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Figure 7.9: Schematic of the design of type 2 devices with integrated large pads (0.5 x 0.5 pm?)
for electrical connections.

7.4 Fabrication

The layout includes designs of type 1 and type 2 devices, as introduced in section 7.2. In
addition, structures of type 2 devices with large VO pads are included in the layout (see
Figure 7.9). These pads cover both sides of the waveguide and are provided for electrical
connections via wire bonding or by using pico-probes, through which the metal-insulator
transition of VO_ can be detected. The length of VO pads on the waveguide varies from
lyo, = 0.2 to 10 um. Two designs for grating couplers are used (see Figure 7.10), which
are optimized for out-of-plane coupling of TE [166] and TM modes at the wavelength of
1550 nm, which has been previously developed in-house.

The top-down fabrication comprises nanomachining of the substrate prior to the film
deposition, comparable to the nanofabrication method explained in section 5.2. Here, the
VO film requires to be locally deposited on defined positions. The fabrication flow is
depicted in Figure 7.11. A SOI chip is used as the initial substrate having a 220 nm-thick
Si device layer and a 2 um thick buried oxide layer. First, Si waveguides and grating
couplers are fabricated through electron beam lithography (EBL) and cryogenic etching
of the Si device layer by SFs and O2 gases. Consequently, resist is removed by O plasma
(Figure 7.11a,b). In the next step, local openings are defined for deposition of VO>. There-
fore, a PMMA bilayer (refer to section 4.3) is spin-coated, followed by the e-beam expo-
sure and development of the resist (Figure 7.11c). The thickness of the bilayers is adjusted
with respect to the waveguide thickness of 220 nm. The lower PMMA layer is more
sensitive to the developer and has a thickness of ~ 450 nm. The upper PMMA layer has
a higher molecular weight and a thickness of ~ 150 nm. Afterwards, a VO film is
deposited by reactive sputtering (refer to section 5.1) at room temperature and an oxygen
flow rate of 5.6 sccm (Figure 7.11d). Subsequently, the PMMA bilayer is removed
through a lift-off process inside an ultrasonic bath of acetone. Finally, the sample is post-
annealed to the temperature of 550 °C to obtain functional crystalline films (Figure
7.11e). Material deposition at room temperature in step (Figure 7.11d) is essential for
effortless removal of the PMMA bilayer by the lift-off process.
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7.4 Fabrication

Figure 7.10: Scanning electron micrographs of Si grating couplers for out-of-plane light coupling
of (a) TE modes and (b) TM modes at the wavelength of 1550 nm.

However, the sputtering of VO, films at room temperature is very sensible to the oxygen
flow rate with a tolerance of ~ 0.1 sccm. Based on this method, devices with VO3 films
of various thicknesses from 20 to 100 nm are fabricated. The SEM image of a preliminary
fabricated device with a film thickness of 60 nm is shown in Figure 7.12. Observations
indicate that films deposited on top of Si waveguides are homogenous. In contrast, the
homogeneity of films on the SiO> substrate is reduced, and, deposition on sidewalls of
waveguides is not uniform for most devices. Furthermore, films indicate less dense struc-
tures upon decreasing the thickness. Based on this method only type 1 devices could be
fabricated with VO, structures covering only the top of Si waveguides.

a u- -

negative resist Si W sio, [WPMMA bilayer resist VO,

Figure 7.11: Fabrication flow of VO,-based photonic switches. (a) Patterns of waveguides and
grating couplers are transferred to the Si device layer by e-beam lithography. (b) Si is etched
anisotropically through a cryogenic etching process. Afterwards, resist is removed by O, plasma.
(c) After spin-coating of a PMMA bilayer, local openings are defined through a second e-beam
lithography step. (d) VO, is sputtered from top on the sample. (e) After a lift-off process, samples
are post-annealed at 550 °C.
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Si waveguide —.

Figure 7.12: Scanning electron micrographs of a fabricated type 2 device with large pads for
electrical connections. The thickness of the VO film is 60 nm. Small cylinders distributed on the
substrate are black silica structures that are produced by cryogenic Si etching, due to slight fluc-
tuations of etching parameters inside RIE chamber.

7.5 Optical Transmission Measurements

The optical performance of test devices is determined by transmission measurements.
Prior to measurements, samples are coated with PMMA layers to protect nanostructures
from dust particles. The optical setup and routine of measurements are described in the
following section.

7.5.1  Optical Measurement Setup

The measurement setup is shown in Figure 7.13. It allows for out-of-plane light coupling
through integrated grating couplers at inputs and outputs of individual optical devices. A
tunable laser is swept in the wavelength range of 1480 — 1580 nm. The polarization is
controlled to match coupling conditions of the on-chip grating couplers. The laser light is
coupled into an optical fiber, which is aligned on top of the input grating coupler. The
transmitted light is collected by a second optical fiber at the output grating coupler and
its intensity is recorded by an optical spectrum analyzer (OSA). To avoid coupling losses
(refer to the section 3.2), precise alignment of fibers and grating couplers is essential.
Therefore, fibers are fixed on multi-axis stages that provide positioning in three transla-
tional directions x-y-z with um resolution. Also, the inclination of fibers is adjustable
with respect to the substrate. The sample is fixed on a rotational stage with um precision.
The position of fibers and structures on the sample are monitored through a microscope
objective (12x) mounted on a CCD camera, which is connected to a PC. In order to per-
form temperature-dependent measurements, a cooling-heating system by water flow is
integrated inside the sample holder capable of tuning the temperatures between 15 °C and
90 °C.
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Figure 7.13: Optical setup for transmission measurements. Laser light is coupled by an optical
fiber through a grating coupler into the waveguide. The transmitted light is coupled out to a fiber
through a second grating coupler. The intensity is measured by an optical spectrum analyzer. The
sample is placed on a rotational stage. Inlet and outlet ports allow for heating/cooling by injection
of water at different temperatures.

75.2 Measurement Routine

Figure 7.14 shows transmission spectra of a type 1 device with the VO structure having
a thickness of 40 nm and a length of 1y, = 4 um. The grating coupler of the device was
optimized to allow for the operation with TM modes. Devices with TE-mode grating
couplers showed rough surfaces due to fabrication problems and could not be measured.
The observed minima in transmission curves are caused due to coupling characteristics
of grating couplers.

First, temperature is set to 20 °C and the spectrum is recorded for the on state (insulator
state). Subsequently, the sample is heated to 80 °C above the transformation temperature
and another spectrum is measured for the off state. Clearly, the transmitted intensity is
decreased at 80 °C indicating the higher absorption of light in metal state compared to the
transmitted intensity at 20 °C (insulator state). However, measured intensities for both on
and off states are relatively weak, due to different loss mechanisms (refer to section 3.2).
Impurities after fabrication in general and, especially, surface and side-wall roughness
are main causes of attenuation in waveguides. Additionally, black silica structures and
dust particles in the vicinity of waveguides and grating couplers reduce the transmission
further.
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Figure 7.14: Transmitted power intensity of a type 1 device operating with TM mode. The VO
structures has a thickness of 40 nm and a length of lyo,= 4 um. After heating of the sample from

20 to 80 °C, the transmission decreases.

Moreover, homogeneous heating of the whole sample leads to further decrease of trans-
mitted intensity due to losses caused by thermal expansions of waveguides and grating
couplers and changes in effective refractive indices of device components. Therefore, in
the following, measured transmitted intensities at each temperature are normalized with
respect to the intensity of a reference device having no VO3 structure.

Transmission measurements are performed on devices with VO structures having vari-
ous lengths ly, and thicknesses of 40 and 60 nm at two different temperatures, i.e. 20 °C
and 80 °C. Mean values of normalized transmitted intensities at TM mode for different
lengths 1y, are plotted in Figure 7.15. Accuracies of measured values are estimated from
statistical analysis of averaged normalized intensities considering uncertainties due to
precision of experiments. It is observed that for both hot and cold measurements, trans-
mission decreases by increasing length lyq,, due to larger absorption by VO2. As it can
be seen in Figure 7.15a for devices with VO thickness of 40 nm, normalized transmitted
intensities at 80 °C show a larger decrease by increasing lyo, compared to intensities at
20 °C. This is a result of the higher absorption in metal state indicating optical switching.
However, no significant difference is observed between normalized transmitted intensi-
ties of hot and cold devices for lyo, <2 um, due to the smaller overlap of modes with
VO., which results in the weakened switching characteristic. This is also the case for
devices with VO; structures having a thickness of 60 nm in Figure 7.15b. Nevertheless,
existing loss mechanisms in the system play an important role for interpretation of results,
particularly, for devices with 1y, <2 pm.
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Figure 7.15: Normalized transmitted intensities as a function of length of the VO structure ly,,

measured at temperatures of 20 and 80 °C for a type 1 device with the VO, having a thickness of
40 nm (a) and a thickness of 60 nm (b). Error bars are determined from statistical analysis of
multiple measurements. Transmission measurements on the chip with the VO, having a thickness
of 60 nm was limited to short VO structures, lyp, < 1.5um, due to some fabrication errors on

parts of the chip.

Losses caused by surface scattering, thermal expansion or change in effective refractive
indices of device components due to heating may dominate and compensate the optical
switching effect.

7.6 Summary

In this chapter, the concept of photonic switching based on the insulator-metal transition
of VO films is investigated. The complex refractive indices of films are determined by
ellipsometry at temperatures lower and higher than the transformation temperature. The
large change of the complex indices, especially at the wavelength of 1550 nm, is a key
feature required for switching in photonic circuits. The concept of the design and optical
performance of devices are studied by 3D FEM simulations considering various geome-
tries. The highest extinction ratio per length ER/ly,~ 10.3 dB/um is measured for a TE-
mode device with the VO film covering the top and side walls of the Si waveguide and
a film thickness of 40 nm. The developed fabrication flow, based on sputtering of VO2
films at room temperature and subsequent post annealing, allows for local depositions
with defined patterns. Based on this method, functional VO films with thicknesses down
to 20 nm are realized. Optical performances of fabricated devices are investigated by
temperature-dependent transmission measurements. Devices operating at T = 80 °C indi-
cate lower transmitted intensities for TM-mode compared to devices at T = 20 °C demon-
strating optical switching characteristics. The homogeneous heating of the whole sample
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leads to different losses, e.g. caused by thermal expansions of waveguides and grating
couplers or changes in effective refractive indices of device components. In order to re-
duce these effects, the temperature of VO- structures require to be altered locally either
by Joule heating or optically using a free-space laser light.
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The focus of this thesis is on VO»-based test devices for electrical and structural
characterization of size effects in the nanoscale. The starting material for nanofabrications
are VO thin films that are fabricated by our collaborators at Ruhr-Universitdt Bochum
(RUB). VO: films exhibit a reversible martensitic transformation at 67 °C combined with
multifunctional properties such as insulator-metal transition or drastic changes in the
electrical resistance and optical transmittance in the IR-wavelength range. The first aim
of this thesis is the design, development and evaluation of VO2-based nanodevices for
systematic geometry and size-dependence investigations. Another key point of this
research is to study nanoactuation characteristics in bimorph cantilevers based on VO
films. Furthermore, these understanding are adapted to establish VO.-based demonstrator
devices for nanotechnology applications. For this purpose, optical properties of VO films
are investigated and the concept of optical switching based on the insulator-metal transi-
tion in VO3 is investigated.

The first part of this work was dedicated to developing fabrication flows to realize
nanostructures based on VO thin films. Reactive magnetron sputtering is used for the
deposition of VO, and V1xMxO- films doped by a third material (M), such as VMoO:
films. This method allows for a flexible tuning of film properties such as the morphology
and the crystallinity, thus enabling the modification of the metal-insulator transition prop-
erties and the transition temperature. Top-down and bottom-up nanostructuring methods
are introduced based on the EBL and etching techniques aiming at reproducible fabrica-
tion flows which enable scaling down to the grain size of around 100 nm. The two top-
down methods include either the nanomachining of SOI substrates prior to the deposition
of V1.xMxO- films or the direct nanostructuring of V1.xMxO- films deposited on SiO,/Si
substrates. Based on the latter process, free-standing double-beam and bridge structures
with lateral sizes down to 100 nm are realized indicating smooth sidewalls. Double-
beams are deposited with a thin layer of Cr to achieve bimorph nanoactuators. Another
fabrication approach consists of the deposition of VO films on pre-structures Si pillar.
This method results in columnar growth of VO2 nanopillars reaching the limit of single-
crystalline and oligocrystalline state.

Temperature-dependent electrical characteristics of VO, films and nanostructures are
studied by four-terminal electrical measurements inside a thermostat to investigate
possible size effects. The introduced sample preparation technique and the measurement
setup enables a systematic study of a series of nanostructures fabricated with the same
parameters on a single chip. Electrical resistance measurements are performed on VMoO>
nanobridges having the same length of 5 um and various thicknesses from 900 nm down
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to 200 nm. The characteristic insulator-metal transition is also observed for VMoO:2 nano-
bridges indicating that the phase transition persists after the nanofabrication, independent
of the lateral width of structures. Detailed analyses reveal that transition temperatures do
not indicate any considerable width-dependence down to 200 nm being close to the
average grain size of 100 nm. Besides, electrical resistance of nanobridges in the semi-
conductor state follows the electrical characteristic of homogeneous materials and scales
inversely proportional to the lateral widths. Consequently, the width-dependence of elec-
trical resistance does not indicate any size effect down to a width of 200 nm as well.
Nevertheless, the electrical resistance change upon the insulator-metal transition
increases by decreasing the lateral width. This enhanced change is attributed to the re-
duced carrier scatterings at grains boundaries, since the absolute number of grains de-
creases for declining lateral widths of structures.

Actuation characteristics of Cr/VVMoO nanoactuators using double-beam geometry are
studied through in-situ measurements inside a SEM. Thermal actuation is realized either
by Joule-heating of individual structures or by altering the sample temperature homoge-
neously. To achieve the latter, a micro heating-cooling stage (MHCS) is developed, which
enables in-situ temperature-dependent experiments inside a SEM under quasi-stationary
conditions. The out-of-plane deflection of VMoO> nanoactuators exhibit non-linear dis-
placement characteristics during the structural phase transformation. A large actuation
stroke of around 15 % is achieved for Cr/VMoO: nanoactuators with length of 12 pum and
width of 600 nm.

It is shown that the continuous observation of VO»-based films and structures by the SEM
at temperatures below 0 °C leads to an irreversible change of the crystal structure, which
results in degradation of phase transformation properties and strongly reduces the
actuation stroke. Consequently, temperature-dependent observations inside the SEM
need to be limited to a single cooling track. Hence, it is essential to develop new tech-
niques, which involve optical methods instead of using SEM for local sensing of the beam
deflection.

Furthermore, optical characteristics of VO films in insulator and metal states are
investigated to develop VO2-based photonic switching devices. The operation concept is
to modulate and to switch the propagation of light in Si waveguides based on the metal-
insulator transition in VO2. Therefore, two type of devices are considered, in which VO>
films cover parts of Si waveguides. The first type of devices is realized by deposition of
the VO film on top of the waveguide, whereas in the second type, the VO film covers
both the top and sidewalls of the waveguide. The concept of the design and the optical
performance are studied by 3D FEM simulations, and the performance of devices are
investigated experimentally for devices operating with TE and TM optical modes. To find
an optimized design, geometry parameters are varied including the thickness and the
length of VO structures. Based on this analysis, the highest extinction ratio per length
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ER/lyo,0f ~ 10.3 dB/um is achieved for a TE-mode device with a VO structure of 40 nm
thickness.

A method to fabricate VO»-based photonic switching device is developed based on EBL
and RIE techniques, as well as the sputtering of VO films at room temperature followed
by a post annealing process. Optical performances of TM-mode devices with VO»
structures on top of waveguides are investigated by temperature-dependent transmission
measurements. Results indicate a reduction of the transmission for the hot (metal) state
in comparison to the cold (insulator) state demonstrating on and off optical switching.
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Further investigations on possible size effects in the nanoscale will be achieved by
decreasing film thicknesses and reducing lateral widths of fabricated structures to reach
oligocrystalline configurations. For this purpose, a novel approach based on the direct
nanomachining of films and the growing of VO2 nanopillars on Si columns shows prom-
ising results. However, for future fabrication of VO2 nanopillars, deposition on the sub-
strate and sidewalls needs to be prevented. Therefore, a second EBL step will be required
after fabricating Si nanostructures. For this step, the layout should include design of in-
verse forms with respect to Si patterns. After spin-coating, e-beam exposure and resist
development, the VO film will be deposited. The resist will be then removed by a lift-
off process. Hence, VO structures remain only on Si structures.

Electrical resistance measurements on free-standing nanobridges with lateral widths
smaller than 100 nm could not be determined due to instabilities and abrupt changes in
electrical current. Therefore, more sensitive electrical measurement techniques are
required such as in situ methods by electrical connecting using nanomanipulators. An
alternative method is by scanning the surface of the structure using a conductive atomic
force microscope (AFM) tip [36]. In this method, the displacement current between the
sample and the AFM tip is measured, which is converted to a microwave signal that car-
ries information on the conductivity of the sample [36]. The advantage of this technique
is that electrical contacts used in two- and four-terminal methods are eliminated. Conse-
quently, no electrical current flows along the structure, thus, overheating and melting can
be prevented.

It is shown in section 6.2 that the continuous observation of VO»-based films and struc-
tures leads to anomalous alteration of morphology and crystallinity. The physical nature
of the change in the crystallinity requires to be investigated. Therefore, FIB cut can be
applied along the deformed structures to observe their cross sections, e.g. by a SEM, to
determine possible structural changes in layers of the bimorph. In addition, transmission
electron microscopy (TEM) can be used to investigate changes in the crystallinity by de-
tecting grain boundaries and defects as well as phase analysis.

For a better understanding of actuation characteristics of Cr/VMoO; double-beams, dif-
ferent material properties require to be determined including lattice constants and thermal
expansion coefficients of the austenite (A) and martensite (M1, M2) phases of the
VMoO;. Additionally, it is important to determine the exact temperature of the substrate
during deposition of the Cr top layer to be able to define the initial bending of the bimorph
after cooling down to room temperature. Besides, additional in-situ experiments are re-
quired on bimorph double-beams having various film thickness and further downsizing
of structures to investigate size effects.
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In order to optimize the optical modulation performance of devices introduced in section
7, further design concepts and geometry optimization has to be considered. Generally, it
is beneficial to downsize the VO, structure, since by reducing the thermal mass, less en-
ergy is required to prompt the insulator-metal transition in VO.. New device designs
could include, for instance, VO coatings with smaller lateral width than the waveguide
width. The advantage of this design is the compatibility with the nanofabrication method
based on the lift-off process. Alternatively, the design of device may consist of a set of
discret VO2 nano islands deposited on top of a waveguide to achieve nano optical switch-

ing.

Learning about the optical performance of nano-structured switches can be achieved by
FEM simulations using a physics-controlled fine meshing. Additionally, the model should
consider the effect of surface plasmons. Therefore, the plasmon frequency of VO should
be determined by ellipsometry.

Furthermore, all optical constants of VO films, e.g. n and «, need to be measured by
ellipsometry for a continuous temperature range. The obtained data provide input material
parameters for simulations, also, they are necessary for the implementation of experi-
mental results.

For the fabrication of photonic devices, the roughness of waveguides must be minimized
by improving step parameters of the EBL and the plasma cryo etching. As shown in
section 7.4, despite rotation of substrates during sputtering of VO_ films, almost no dep-
osition occurs on sidewalls of waveguides. Thus, in order to realize type 2 devices with
VO, covering both the top and sidewalls of the waveguide, it is necessary to sputter VO>
with defined incidence angles on tilted samples. Afterwards, optical transmission meas-
urements should also be performed also on devices using TE mode.

Aiming at VO nano switches as built-in structures in photonic devices, a fabrication flow
is proposed to integrate a VO film in an existing plasmonic photodetector, as discussed
in the following.

An internal photoemission plasmonic photodetector (PIPED) has been previously devel-
oped [167]. As illustrated in Figure 9.1, the PIPED structure consists of a tapered Si
waveguide, which is sandwiched between two different metal pads, i.e. Au and Ti with
thicknesses of ~ 30 nm. The Au-Si-Ti junction creates a semiconductor-metal waveguide
that allows for the propagation of SPPs. The energy of SPPs is absorbed and generates
hot electrons in Ti. Applying a positive electrical potential at the Au pad enables internal
photoemission from the Ti pad [167]. Similar to other integrated photonic devices, the
functionality is often sensible to small variations in fabrication parameters and to slight
fluctuations in the optical setup [168].
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Figure 9.1: Schematic of the fabrication flow proposed to realize a PIPED with the integrated
VO, optical fuse. (a) VO is deposited on a SOl wafer with a SiO- coating on top. (b) After EBL,
patterns are transferred to the VO; layer by RIE. (c) SiO; is anisotropic etched by RIE using CHF3
gas. (d) After patterning of a PMMA bilayer through EBL, (e) tapered Si waveguides are realized
by RIE using SF¢ gas at room temperature. (f) Metal pads are generated through EBPVD and lift-
off process.

During optical measurements on PIPEDs, it has been observed that the mentioned prob-
lems may lead to overheating and, hence, to melting down of metal pads. To avoid these,
the design and the fabrication flow of the PIPED could be modified to integrate a thin
layer of VO,. Through an increase of input power in VO, metal state, the film absorbs the
exceeding dissipated energy, which impedes further heating of device components, thus,
preventing damage.

The suggested fabrication flow comprises multiple EBL and RIE steps. First, the VO
film is patterned (Figure 9.1b) and waveguide structures are produced (Figures 9.1a-c),
followed by the undercut of the Si device layer to achieve tapered structures (Figures
9.1d-e). Next, metal contact pads are created through EBPVD and lift-off process (Figure
9.1f).

After successful fabrications, studies are required to determine exact operation parame-
ters, such as the magnitude of the applied bias voltage and the threshold of the input op-
tical power leading to a damage. Methods for preventing damages may include the trig-
gering of the insulator-metal transition in VO either optically or electrically.
Consequently, the design of the device and the geometry of the VO, layer need to be
optimized using simulation methods. Finally, transition properties of VO2-based films
can be modified by doping or attuning of deposition parameters.
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Appendix A

Ellipsometry Models of VOx-Based Films

As determined from SEM investigations, fabricated films in this work demonstrated rel-
atively rough surfaces due to grain structures (see e.g. Figure 5.2). Two different models
are used to describe construction of samples for ellipsometry analysis of films properties.
Figure A.la depicts a two-layer model, where the top layer is considered to include the
effect of the surface roughness. Both top and bottom layers are based on the Tauc-Lorentz
oscillators model, which is commonly used to describe the dielectric constant of amor-
phous semiconductors [169]. The model in Figure A.1b consists of a main layer of the
VO and a thin top layer introducing a random structure based on the effective medium
approximation (EMA) of ellipsometric response from the random surface roughness
[170,171].

(@) : (b)
I air air
VO, top

roughness
VO, bottom

VO,

substrate substrate

Figure A.1: Ellipsometry models of VO.-based films. (a) A two-layer model including layers
based on Tauc-Lorentz dielectric materials. (b) A one-layer model having a roughness based on
EMA.

83






Appendix B

Optimization of Thickness Ratio in Bilayer Cantilevers

The curvature k of a bilayer cantilever with a rectangular cross section depends on biaxial
moduli and thicknesses of the two layers. For a Cr/VO, bilayer cantilever the curvature
is calculated by [137]

6Evo,Ecrtvo,ter(tvo, + ter)

K =
Ejo,tvo, + 2Evo,Ecrtvo,ter(2tio, + 3tvo,ter + 2t&) + Edityo,

e (B.1)

where ¢ is the total axial strain. t¢, and tyo, are thicknesses of the Cr and the VO; layers,
respectively. E¢, ~ 280 GPa and Eyq, ~ 140 GPa are Young’s moduli of Cr and VOy,

respectively. By considering these values and the spontaneous strain of the Cr/\VO- bi-
layer in the order of 107, the maximum bending of the Cr/\VO> cantilever is determined
to occur for a thickness ratio of t¢./tyo, = 0.37 [138].
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Appendix C

Challenges of Nanofabrication Based on EBL and RIE

Fabrication in the nano-scale regime is challenging and requires profound understanding
of all techniques and affecting parameters in theory and in practice, as described below.

For fabrications based on e-beam lithography and etching processes, the type of resist, its
quality, thickness and adhesion to the surface of the substrate are important parameters.
Moreover, how well the resist can persist the impact of the subsequent process steps plays
a significant role. This includes the persistence of the resist against plasma etching and
chemical etchants, which strongly depends on the dose of e-beam used to generate
patterns (in uC/cm?®). In addition, the e-beam dose and parameters for the resist develop-
ment require to be adjusted with respect to each other.

As it can be seen in Figure C.1a, the VMoO double-beam fabricated by the procedure
described in 5.3 indicates rutted edges as a result of wrong parameters of the EBL process.
This problem was solved by attuning of process parameters such as by applying a thicker
resist layer through reducing the rotation speed of spin-coating, also by increasing the e-
beam dose for fine patterns. It is common that after analyses of fabrication results, layouts
of designs require to be optimized. From experience, free-standing structures with high
aspect ratios of the length to the beam width (I/w) are more likely to collapse to the sub-
strate. Figure C.1b shows a collapsed double-beam after the final process step of the crit-
ical point drying of the substrate. Therefore, in the following fabrications of double-
beams with w > 400 nm, a maximum aspect ratio of I/w = 20 is considered.

1um 200nm

Figure C.1: Scanning electron micrographs of nano double-beams fabricated by the direct na-
nomachining of the VMoO- film on a SiO./Si substrate. (a) A structure with rough edges due to
incorrect parameters of the EBL process. (b) A collapsed double-beam with a beam width of
200 nm and a length of 6 pm, i.e. I/w = 30.
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