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Chapter 1
Introduction and Overview of the Thesis
The United Nations Educational, Scientiﬁc and Cultural Organisation (UNESCO) proclaimed 2015 to be "The International Year of Light and Light-Based Technologies" in
order to "highlight to the citizens of the world the importance of light and optical technologies in their lives, for their futures and for the development of society" [1].
Light-emitting devices and their capabilities experienced a radical change in the course of
the last ﬁve decades. The invention of the laser (light ampliﬁcation by stimulated emission
of radiation) and LEDs (light emitting diodes), beginning in the early 1960s, has triggered a
technological revolution that impacts modern society equally strong as the rise of electronics
in the twentieth century [2; 3]. Light emitted by lasers oﬀers high intensity, spectral brilliance
and long coherence. It enables novel applications and it can be manipulated in ways that
are not possible for incoherent light emitted by classical light sources. These light sources,
such as bulbs or halogen lamps, undergo a similarly fundamental change. Semiconducorbased LEDs are rapidly developing into the most important source of illumination. Diﬀerent
forms of light are nowadays utilized in a multitude of personal, technological and industrial
applications [2; 3]:
In industrial settings, such as manufacturing and production, lasers are used to cut, weld
and melt. Furthermore, they are employed for alignment, metrology and analysis. Semiconductor microchips are fabricated using ultra violet radiation during the photolithography. In
medicine and biotechnology, lasers and optics are applied in many ways ranging from surgeries, to diagnostics and bio-sensing. The storage and readout of data in optical discs (CD,
DVD, Blu-ray) using low-cost diode lasers is part of the everyday life. LEDs are used for
small- and large-scale illumination indoors, outdoors, in cars, and LED-based displays set
the standard in most modern (mobile) computing and entertainment technologies. The
utilization of near infrared light for the transfer of information in optical ﬁbers is crucial for
the highspeed transmission of information on a global scale, as pointed out below.
The methods and physical phenomena that lay the foundation for all the abovementioned technologies are summarized as ’photonics’ [3]. This term reﬂects the fact that
photons are the smallest unit of light, in the fashion of electrons in electric currents. Pho-
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tonics comprises the physics and applications of interactions between light and matter,
which includes industrial and commercial applications, sophisticated quantum physics as
well as classical ray optics.
Photonics is gaining attention and importance in fundamental research and industrial
applications alike. In 2014, the Nobel prices in physics and chemistry were awarded to
groundbreaking, application-driven research on photonic topics [4; 5]. The photonic industry
in Germany is growing steadily and reached a production volume worth e 30 billion in 2015,
and the worldwide production is expected to be worth e 615 billion by the year 2020 [6].
The subjects of the examinations carried out in thesis are mainly connected to an area
of photonic research that aims to create components for the generation, modulation or
sensing of (electro-)optical signals. These ’photonic elements’ are structures or devices
that alter the propagation of light in, e.g., intensity, direction of propagation, spectral
composition or phase. Optoelectronic devices like light sources, lasers, detectors, sensors
or photodiodes are also assigned to this category.
Photonics is furthermore envisioned to revolutionize the processing and transport of information in the future. The on-chip processing of data is present in every aspect of modern
life, such as personal computers, mobile communication devices, multimedia electronics,
large mainframe computer clusters, cars, public transport systems, home appliances and
many more. State-of-the-art microprocessors utilize the charge of electrons as the carrier
of digital information. While the speed of devices is still increasing, the eventual breakdown of the famous Moore’s law [7] seems to be inevitable [8; 9], considering the size of
transistors is already in the 10 nm regime and scheduled to shrink further [10]. Since more
than a decade, the computer industry has begun to account for this issue by introducing
parallel processing and multi-core technologies. New ways of processing and transferring
digital information on-chip and chip-to-chip are needed in the long run [8; 11].
Closely connected to the rising capabilities and shrinking structures of processing units,
the demands for speed and downscaling of pathways that transfer data between microprocessors over distances of ≥ mm are growing. The bottleneck for the speed of modern
computing actually are the chip-to-chip and board-to-board connections, called interconnects. Copper-based solutions suﬀer from heat dissipation, cross-talk between channels and
a limited ability for parallelization of channels due to size restrictions [8; 12; 13] .
To overcome the ’interconnect bottleneck’, the optical transfer of data is envisioned to
replace the established all-electrical solutions [11; 12]. In this context, using light as the
carrier of information has many intrinsic beneﬁts: weak light-light interaction, speed-of-light
transfer velocity, low power losses and the simultaneous, parallel transfer of multiple signals.
Optical ﬁbers have been used since the 1980s for transferring digital information over
global distances and with superior speed compared to electronics [14; 15]. Lately, spacedivision wavelength multiplexing has enabled data transfer rates of 1015 bits per second
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(1000 Tbit/s). Optical ﬁber network cables operate at smaller length scales, for example
within computing clusters or to provide high bandwidth internet connection within cities.
The range of wavelengths at which optical ﬁbers operate is called the ’telecom wavelengths’. They span from 800 nm to 1650 nm, with the most widely used band located
around 1550 nm [14]. In order to use optical interconnects between modern processing
units, the modulation of optical signals and the conversion between electrical and optical
signals at high speeds are crucial prerequisites [11].

Overview of the Thesis
The fundamental research presented in this thesis studies potential materials and concepts
for the utilization as photonic elements operating in the telecom wavelength regime. It is
analyzed how the characteristics of the structures and the implementation of the proposed
concepts could be applied in photonic research or devices. Even though the physical background of the structures utilized in this thesis are distinctly diﬀerent, they have common
aspects. For one, the light-matter interaction is determined by eﬀects that stem from the
nanoscale dimensions of the structures. In addition, the decisive optical or electronic properties can be tailored during the fabrication of the structures to suit the intended applications
at telecom wavelengths.
The ﬁrst part of this thesis is devoted to the investigation of GaN/AlN superlattices.
These structures belong to the group of semiconductor heterostructures, i.e. planar layered nanoscale sheets of diﬀerent semiconductors. As will be discussed in Chapter 2, the
quantum conﬁnement of electrons within the layers results in the emergence of additional
energy levels [16], which can be designed for fundamental light-matter interactions at telecom wavelengths. The Chapters 3 and 4 characterize the GaN/AlN superlattice in terms
of its linear and ultrafast nonlinear optical properties [17].
In the second part of this thesis, vanadium dioxide nanocrystals (VO2 -NCs) and their
potential applications for photonic elements are studied. VO2 is a phase change material,
which features a most appealing property, namely the transition from an insulating to a
metallic solid state phase [18]. During this phase transition, the optical properties of VO2
change markedly, such that the light-matter interaction is strongly altered [19]. Phase
change materials oﬀer great prospect for utilization in advanced photonic applications [20].
VO2 is an especially suited as a candidate, since its phase transition happens near ambient
temperatures. The nanocrystals (NCs) of VO2 studied in this thesis are speciﬁcally designed
for the telecom wavelength regime. Chapter 6 introduces this material, the unique properties
of the nanocomposite used in this thesis and shows how they may be tailored.
Chapter 7 demonstrates the creation of reconﬁgurable photonic elements for telecom
wavelengths based on VO2 -NCs [21]. This nanocomposite allows for the optical preparation
of a long-term stable, persistent metallic phase in spatial sub-ensembles of NCs. The dif-
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ferent optical properties of the insulating and metallic phase of VO2 are utilized to generate
photonic functionalities in otherwise unstructured samples. Diﬀraction-based fundamental
photonic elements are inscripted into VO2 nanocomposites and can be readily erased in a
non-destructive fashion.
The VO2 -related investigations moreover address the utilization of VO2 -NCs in a ﬁeld
of research called plasmonics, which has emerged as a major subcategory of nanophotonics
over the last decade [22; 23]. Plasmonic research treats the interactions of light with electrons in nanoscale metallic structures. All-optical designs suﬀer from an intrinsic limitation
to the size and scalability, namely the optical diﬀraction limit [24]. Plasmonic excitations at
metal surfaces, surface plasmon polaritons (SPPs), are able to conﬁne light to dimensions
far below this limit. They enable the coupling of electronic and optical signals and oﬀer
ways to guide information along metal-dielectric interfaces. An extensive introduction to
plasmonics and the physics of surface plasmon polaritons is given in Chapter 8.
The fast and deterministic modulation of the conversion between light and SPPs is key to
use plasmonics for data processing and interconnects. In the Chapters 9 and 10, the ability
of VO2 to change the properties of light is combined with two proposed designs of plasmonic
couplers. Novel routes for the creation of active plasmonic elements are demonstrated,
based on the grating-assisted light-SPP coupling and the Kretschmann conﬁguration. The
concepts utilize the phase transition in VO2 -NCs to oﬀer new ways of modulating the
light-SPP coupling in nanostructures composed of dielectrics, VO2 and metals [25].

Part I
Ultrafast Carrier Dynamics and
Resonant Inter-Miniband Nonlinearity in
Cubic GaN/AlN Superlattices

7

Chapter 2
Introduction to Cubic GaN/AlN
Heterostructures
Semiconductors are one of the most important classes of materials for the everyday technology used in modern society. Computers, mobile phones, and the transistors on microchips
in general are based on silicon and its oxides. Semiconductors also play a key role in optoelectronic applications for the back-and-forth conversion of light and electricity. The group
III-V nitride compounds AlN,GaN and InN (and their alloys) dominate applications such as
detectors for the ultraviolet (UV) spectrum, high-eﬃciency solar cells and LEDs emitting
blue and UV light. For example, GaN-based laser diodes emitting at 405 nm are used to
read out Blu-ray discs. The spectral range in which these devices operate is determined
by the band gap of the semiconductor. In a simpliﬁed picture, the interaction of photons
with a two-level system made up of states in the valence and conduction bands is utilized:
photodiodes use the electrical current created by the absorption of photons, LEDs emit
light due to spontaneous emission, and in semiconductor lasers, the stimulated emission
is the basis for the generation of coherent light beams. An outstanding example of the
impact of group III-V nitrides are "Eﬃcient blue light-emitting diodes leading to bright and
energy-saving white light sources" [5], that were awarded the Nobel prize in physics in 2014.
The principles of quantum mechanics give rise to novel phenomena if the size of a
material approaches the nanoscale in one or more dimensions. In this thesis, planar heterostructures made of nanometer thin layers of cubic GaN and AlN are investigated. More
speciﬁcally, the potential landscape that is formed by the heterojunction AlN/GaN/AlN
conﬁnes electrons in the spatial dimension given by the growth direction of the layers. This
type of structure is called quantum well (QW). The resulting energy levels become quantized and electronic subbands emerge, which serve as a multi-level system for electronic
and optical interactions [26].
Most importantly, many properties of the inter-subband (ISB) transitions, such as central
energy and width, can be tailored during the fabrication process, with central wavelengths
spanning ∼ 1 μm to several tens of μm [27]. Because of this tunability, the spectral range
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which devices could cover is larger compared to inter-band transitions. Owing to the huge
conduction band oﬀsets between the diﬀerent III-V nitrides, the ISB energies in thin QWs
based on these materials can be tuned to the telecom wavelength window [27; 28].
Another appealing feature of these structures is the ultrafast electron relaxation between
the subbands, which opens up a route towards devices operating at a speed of several GHz to
THz [27; 28]. Diﬀerent kinds of photonic applications based on the light-matter interaction
in such nitride-based ISB systems have been demonstrated, comprising quantum cascade
lasers [29; 30], photo detectors [27; 31] or optical modulators [27]. Reviews including basic
physics, material parameters and applications can be found in Refs. [27; 32; 33].
There is ongoing eﬀort to utilize ISB transitions in nitride-based heterostructures for
photonic and electro-optic devices. Consequently, a number of studies have elucidated the
dynamical optical response of such structures, which determines the speed or eﬃciency of
potential devices [34–38]. So far, these experiments have focused on the hexagonal phase,
which is widely used for nitride-based devices. However, it is characterized by the presence
of strong piezoelectric polarization. The resulting internal electric ﬁelds complicate the
designs of heterostructures and lower their eﬃciency as they, e.g., separate electrons and
holes. Much less eﬀort has been devoted to zincblende GaN and AlN. While this cubic phase
is more challenging to grow, the detrimental piezoelectric ﬁelds are intrinsically removed.
Recently, ISB transitions in the near-infrared regime have been achieved in thin n-doped
GaN/AlN multi-QWs [39–41]. The samples examined in this thesis extend these studies and
aim for broad transitions covering the telecom wavelength regime. They are composed of
80 quantum well layers forming a cubic GaN/AlN superlattice. The electronic subbands in
these structures are energetically broadened and called minibands. What is new about these
structures are the ultranarrow AlN barriers of only 1 nm thickness. They are expected to
increase the coupling between adjacent wells and broaden the inter-miniband transition, see
Section 3.2. Many applications, e.g. photodetectors, would beneﬁt from a broad transition,
since they could cover a large spectral regime in one device.
Two major tasks are addressed in the two ensuing chapters:
First, the inter-miniband (IMB) transition is characterized with respect to its strength
as well as central energy and width in Chapter 3. Basic material properties and the physics
of the minibands in superlattices are discussed as a basis for understanding the experimental
methods and results.
Second, the electron dynamics and the nonlinear optical response of the IMB transition
are investigated in Chapter 4. More speciﬁcally, IMB electron relaxation times are measured
using resonant pump-probe spectroscopy. The third-order nonlinearity associated with this
transition is then extracted from the data. Studies of the ultrafast dynamics or the nonlinear
optical properties of cubic GaN/AlN heterostructures have not been reported so far. Since
the speed and eﬃciency of potential devices is determined by these quantities, there is a
need to close this gap, which is done in this thesis.
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Chapter 3
Fundamentals and Linear Optical
Characterization
The goal of GaN/AlN superlattice structures investigated in this thesis is to create an
engineered two-level system based on electronic subbands with transition energies in the
telecom wavelength regime. Many properties of the transition such as central energy and
width can be tailored during the fabrication process, which is addressed in the following section. In Section 3.2, the fundamental physics of carriers in quantum wells and superlattices
is discussed. Furthermore, simulations of the energy levels in the cubic GaN/AlN superlattice are compared to results of photoluminescence measurements. The central results of
this chapter are presented in Section 3.3, where the inter-miniband (IMB) absorption in the
cubic GaN/AlN superlattice is analyzed.
Parts of the results of this chapter have already been published in Ref. [17]. The
simulations and photoluminescense measurements, presented at the end of Section 3.2,
were performed by Tobias Wecker from the University of Paderborn.

3.1

Material Properties and Layer Sequence of the Cubic
GaN/AlN Superlattice

The constituents of the investigated superlattice are the group III-V nitrides GaN and AlN
in the cubic phase, referred to as c-GaN and c-AlN below. Both are direct semiconductors
with rather large Γ-point band gap energies, corresponding to wavelength in the UV regime
(see Table 3.1). The samples were grown by Tobias Wecker from the group of Prof. Dr.
Donat As at the University of Paderborn using plasma-assisted molecular beam epitaxy
(MBE). During this process, crystalline layers are grown on suitable substrates using gas
phase deposition of evaporated source elements. The crystal structure of the deposited layer
adapts to the substrate, whereby the lattice structure and orientation can be controlled.
The fabrication of heterostructures composed of c-GaN and c-AlN is achieved by using
cubic SiC as a substrate layer. This substrate is chosen because its lattice constant is close
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Table 3.1: Parameters of cubic GaN and AlN at 300 K. The lattice constant of the 3C-SiC
substrate is 4.3596 Å. The data is taken from Ref. [45] and references therein. The quantity
m0 is the electron rest mass.

lattice constant (Å)
band gap at Γ-point (eV)
eﬀective electron mass (m0 )
eﬀective light hole mass (m0 )
eﬀective heavy hole mass (m0 )

c-GaN
4.503
3.23
0.19
0.28
0.83

c-AlN
4.373
5.93
0.3
0.44
1.32

to c-GaN and c-AlN (see Table 3.1). More details about the fabrication process can be
found in Refs. [42–45].
As opposed to the stable hexagonal structure, the nitrides crystallize in a metastable
cubic zincblende lattice structure. GaN and AlN in the hexagonal phase are characterized
by the presence of spontaneous and piezo-electric polarizations along the c-axis. If heterostructures are grown from these materials, internal electric ﬁelds are generated along
the growth directions [46; 47]. Such internal electric ﬁelds complicate the prediction of
the electronic levels, thus they are detrimental for the design of such structures. Furthermore, the eﬃciency of potential devices is reduced due to carrier localization in triangular
potentials and the resulting separations of electron and hole wave functions. These detrimental eﬀects are avoided in heterostructures composed of cubic GaN and AlN, which are
intrinsically devoid of internal polarization ﬁelds along the growth direction. This property
is beneﬁcial for the design and eﬃciency of electro-optic devices based on cubic GaN/AlN
heterostructures. Some important structural and electronic parameters of c-GaN and c-AlN
are summarized in Table 3.1.
The layer structure of the samples used for the examinations carried out within thesis is
depicted in Fig. 3.1(a). A 10.4 μm thick epilayer of 3C-SiC (001), grown on a 548 μm thick
layer of Si, serves as substrate for the epitaxial growth of cubic GaN/AlN heterostructures.
First, a 100 nm thick c-GaN buﬀer layer is grown, followed by the superlattice. It consists
of 80 periods of nominally 1 nm thick c-AlN barriers and nominally 1.8 nm thick n-doped
c-GaN QWs. The doping is done by incorporating Si with a concentration of ∼ 1019 cm-3
as a n-type dopant in the c-GaN layers. Finally, a capping layer of 1 nm c-AlN is deposited
on top.
For understanding some of the results presented in this part of the thesis, it is instructive
to comment on the structural quality of the layer sequence. Atomic force micrographs of
the sample surface reveal a roughness of ≈ 6 nm (rms) in a 10 μm × 10 μm sample area
(measurement performed by Tobias Wecker). These rather large undulations arise from
stacking faults in the SiC substrate which extend throughout the buﬀer layer and the superlattice layer sequence (see Ref. [48] for details and STEM images). Note that the layer
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Fig. 3.1: (a) Layer sequence of th cubic GaN/AlN superlattice. (b) Sketch of the alignment
of conduction (cb) and valence (vb) band in the AlN/GaN/AlN heterojunction. The potential
landscape equals a quantum well, in which electronic subbands emerge due to the conﬁnement
in z-direction.

sequence is not interrupted in lateral dimensions, but just experiences an undulation. An
important implication of the stacking faults are monolayer ﬂuctuation of the layer thicknesses across the superlattice [48]. These variations alter the energies of the transitions
and, furthermore, aﬀect their width (see the discussion of the IMB absorption in Section
3.3).
Fig. 3.1(b) displays a sketch of the potential landscape of a single AlN/GaN/AlN QW,
which is now used to give a brief outlook to the electronic properties of the superlattice
heterostructure. The physical backgrounds are discussed in the next section in detail. The
ﬁgure shows the relative positions of the conduction and valence band edges versus the
growth coordinate z. Due to the type I band alignment, potential barriers form and carriers
are trapped in the GaN layer. The conﬁnement in z-direction leads to the quantization
of energy levels and two so-called subbands emerge in the QW. Due to the strong n-type
doping of the GaN layers, the Fermi level is raised above the energetically lowest subband
such that it is strongly populated. Taken together, a two-level system consisting of a
ﬁlled lower-energy and an empty upper-energy level emerges, which oﬀers inter-miniband
transitions in the telecom wavelength regime.
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Energy Levels of the Cubic GaN/AlN Superlattice

In this section of the text, the physics of electrons in quantum wells and superlattices that
lead to the formation of a two-level miniband system is discussed in detail. This topic is
covered by many textbooks (for example Ref. [16], chapter 4, or Ref. [49], chapter 12).
The following discussion is based on potential landscapes that represent the conduction
band edges in the AlN/GaN/AlN heterojunction. However, all conclusions also apply to the
valence band edges, with minor corrections. At the end of this section, simulations of the
energy levels of a single quantum well are presented that allow a more precise prediction of
the transition energies in the actual superlattice sample.
In the most simple picture, a quantum well is treated as an one-dimensional, inﬁnitely
high potential square well, also known as the particle-in-a-box problem. For a well of width
w , the potential landscape reads V (z) = 0 for 0 < z < w , and V (z) = ∞ elsewhere,
see Fig. 3.2(a). The coordinate z is equal to the growth direction of the heterostructure.
Solving the stationary Schrödinger equation Eϕ(z) = Hϕ(z), one ﬁnds that the resulting
wave functions correspond to localized states with discrete wave vectors in z-direction and
quantized energy levels. The wavefunctions and eigenenergies of these states are given by
 nπ 
ϕn (z) = A sin(kz z) = A sin
z
(3.1)
w
2 kz2
2 π 2 2
and En =
=
n .
(3.2)
2m∗
2m∗ w 2
Here, A is a complex normalization constant and m∗ is the eﬀective electron mass. The
wave number kz is equal to the results for a standing wave, cf. the illustration of the wave
functions and eigenenergies in Fig. 3.2(a). The quantum number n = 1, 2, 3, ... labels the
ﬁrst, seconds, third, etc. electronic subband en. From Eq. (3.2), one can already see how
the transition energies between the subbands can be tailored via the width w .
The equations given above only describe the wave functions in z-direction and the
corresponding eigenenergies. Since the electrons are conﬁned in z, but free to move in the
two in-plane directions x and y , the respective in-plane part of the wave function is given by
a two-dimensional plane wave. The corresponding contribution to the total energy E(k) =
En (kz ) + E(k⊥ ) is the well-known parabolic dispersion of plane waves E(k⊥ ) = 2 k⊥2 /2m∗ ,
with the in-plane wave vector k⊥2 = kx2 + ky2 .
The approximation of a single quantum well with inﬁnitely high potential barriers allows
to understand the most basic properties of electrons in a two-dimensional heterostructure
with type I band alignment. In the next step towards the description of the cubic GaN/AlN
superlattice, a double quantum well with ﬁnite barrier height V0 is discussed. The ﬁrst thing
to notice is that the electronic levels are not localized anymore if En > V0 .
As can be seen from Fig. 3.2(b), a ﬁnite potential barrier results in an exponential decay
of the wave functions to areas outside of the quantum well. When the separation barrier
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Fig. 3.2: Potential landscapes V (z) of (a) a single quantum well with inﬁnitely high potential
barriers (particle-in-a-box) and (b) a double quantum well with ﬁnite barrier height. The energy
levels En of the electronic subbands en are depicted by red lines. Gray lines illustrate the
corresponding wave functions ϕn . (b) In the case of a double quantum well, two solutions for
the wave functions exist (symmetric and antisymmetric), such that the two energy levels of
each subband split.

b between two neighboring wells is suﬃciently small, the wave functions are present in
both quantum wells and tunnel coupling sets in such that the wavefunctions overlap. In
this case, the solutions for the individual wells no longer hold and an analytical solution
of the coupled system gets quite complicated. The subbands split into two energetically
nondegenerate states, since two wave functions with diﬀerent symmetry and eigenenergies
solve this modiﬁed problem. Due to this energetic splitting, the ISB transitions cover a
broader range of energies. The splitting gets larger for decreasing width of the barriers
which results in stronger tunnel coupling.
When the number of coupled wells N is increased, a multi-quantum well (MQW) is
formed where each subband splits in to N energy levels. The splitting between the lowest
and highest level of each subband increases with N, whereby the range of possible transition
energies further broadens. In the next paragraph, the formation of minibands in a structure
with high N is discussed.
The focus of the discussion is now laid on a MQW structure resembling the cubic
GaN/AlN superlattice. A superlattice is essentially composed of a one-dimensional array
of N quantum wells, as depicted in Fig 3.3(a). The name stems from the second level of
periodicity in the structure, with the ﬁrst level being the lattice of the materials. Note
that there is no clear distinction between MQWs and superlattices based on the number
N. In the case of the superlattice studied here, N = 80 and w /b ≈ 2. Because of the
large number of coupled quantum wells and the supposedly strong tunnel coupling, the
broadened subbands are called minibands in superlattice structures. They can be seen as
continuous energy bands as opposed to 80 discrete levels, since each level is broadened due
to its natural line width and, in the case of an actual heterostructure, thermal broadening
and scattering processes. Because of the coupling-induced level splitting and broadening of
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Fig. 3.3: (a) Schematic potential landscape of a superlattice heterostructure where broadened
minibands are generated by strong interwell coupling. (b) Schematic plot of the k-dependence
of the central energies of the electronic subbands. The oﬀset is generated by the quantization
of the energies due to the conﬁnement in z-direction, cf. Eq. (3.2). The parabolic contribution
E(k⊥ ) reﬂects the fact that electrons are free to move in-plane. The blue dashed line indicates
the Fermi energy in the n-doped GaN/AlN superlattice studied in this thesis.

the minibands, the energetic width of the inter-miniband (IMB) transition is expected to
be enlarged in structures with narrow barriers.
The formation of energy bands in an inﬁnite superlattice can also be derived from
the Kronig-Penney model, which treats electrons in a one-dimensional periodic square-well
potential. The resulting electron wave functions ψ(z) = u(z) · exp(i kz) are composed of
a plane wave in growth direction z and a periodic Bloch function u(z + w ) = u(z) that
incorporates the second-level periodicity of the superlattice. Similar to the formation of
bands in crystals due to the lattice, this periodicity leads to the formation of gaps in the
E(kz ) diagram (see Ref. [50], pp.487ﬀ, or Ref. [16], pp.177ﬀ).
Due to the strong doping of the GaN regions with Si (∼ 1019 cm-3 ), the Fermi level
is lifted above the energy of the ﬁrst subband e1, whereby it is strongly populated with
electrons. The resulting situation is close to a two-level system with a populated ground
state (e1) and an empty upper state (e2). Both levels resemble conduction bands of
semiconductors, in the sense that they show a parabolic dispersion E(k⊥ ), with an oﬀset
En generated by the conﬁnement in z-direction. The dispersions E(k) of the minibands are
shown in Fig. 3.3(b).
The IMB system oﬀers the possibility to be used in photonic applications based on
fundamental light-matter interactions, such as absorption, and spontaneous or simulated
emission. It is evident from the underlying model of a single quantum well, that the transition
energy can be tailored during fabrication of the heterostructure. In the following step, a
characterization of the samples used in this thesis is presented.

3.2 Energy Levels of the Cubic GaN/AlN Superlattice
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Simulation of Energy Levels of the GaN/AlN Superlattice
In the ﬁnal part of this section, the energy levels of the actual GaN/AlN superlattice sample
studied in this thesis are discussed. The electron subbands in this structure are designed
to show IMB transition energies in the telecom wavelength regime. In order to get a
qualitative understanding of the experimental data, which is presented in the following,
the energy levels of a single ﬁnite QW composed of cubic AlN/GaN/AlN are simulated. A
successful prediction of the experimentally found transition energies would help to design the
layer structure of future samples, in order to achieve a desired inter-band or IMB transition
energy.
Even though the numerical calculations do not treat a superlattice structure, the energy
levels of the QW indicate the central energies of the minibands. The results are compared
with data of the inter-band transition of the superlattice sample to validate the congruence
of simulations and the actual energy levels of the sample. In the next section, the IMB
transition is analyzed experimentally and compared to the simulations.
The expression Eq. (3.2) for the energy levels in a single QW with inﬁnitely high barriers
does not hold for the heterostructure investigated here. One obvious reason for this is the
ﬁnite barrier heigth. Further complications arise from the band alignment at the interface of
atomically thin semiconductor layers. This eﬀect is non-trivial because of the strain induced
by lattice mismatch, which results in band bending and uncertainty in the band oﬀsets [51].
Hence, the height of the potential well cannot be computed by simply considering the band
oﬀsets, band gaps and electron aﬃnities of bulk c-GaN and c-AlN.
In order to get a qualitative understanding of the energy levels in the GaN/AlN superlattice sample, Tobias Wecker from the University of Paderborn performed simulations
of a single cubic GaN/AlN quantum well using the commercial Schrödinger-Poisson solver
nextnano3 [52]. Most employed material parameters are given in Ref. [45] and references
therein, and the deformation potential was taken from Ref. [51]. As a lookahead to some
of the data presented in the following, it must be stated that the best match of the experimentally observed transition energies with the simulations is achieved if a 2.025 nm wide
QW is assumed. This width equals 9 monolayers instead of 8 (total width 1.8 nm), that
were nominally intended in the growth process.
The simulated energy level scheme of a single QW with 2.025 nm GaN well width and
1 nm AlN barrier width at 300 K is shown in Fig. 3.4(a). Here the conduction (cb) and
valence band edges (vb) of the two congruents are shown versus the growth coordinate
z. Two bound valence subbands e1 and e2 are found, which are separated by 715 meV.
Thus, from the simulations, the IMB transition is expected to be centered at an energy
of 715 meV. In the potential composed of the valance band edges, two bound light hole
(lh) and three heavy hole (hh) sublevels are found. The energetically lowest inter-band
theor y
transition from hh1 to e1 is found at Einter
= 3.591 eV.
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Fig. 3.4: (a) Simulation of the energy levels of a single cubic GaN/AlN QW. The energies of
the inter-subband and the interband transition are visualized by vertical arrows. e: conduction
sub-bands, hh: heavy hole, lh: light hole. The blue dotted line shows the Fermi level EF .
(b) Room temperature photoluminescence (PL) measurement of the GaN/AlN superlattice at
300 K showing the inter-band transition at 3.532 eV. The smaller peak at ≈ 3.2 eV is most likely
caused by the PL arising from the inter-band transition in the GaN buﬀer layer Egap = 3.23 eV.

In order to characterize the optical properties of the superlattice sample and validate
the results of the simulation, Tobias Wecker performed photoluminescence (PL) measuremente at room temperature. Electrons are optically excited into the conduction bands by
a cw (continuous wave) laser with 4.66 eV photon energy (266 nm wavelength). During
the subsequent recombination of electron-hole pairs, photons are emitted and recorded
with a CCD line array. The energy of the photons reveals the energy diﬀerence between
the involved levels. The spectrally resolved intensity of the recorded PL is presented in
exp
Fig. 3.4(b). The maximum of the PL is observed at EPL
= 3.532 eV, which is close the
theory
value of Einter = 3.591 eV. Considering the exciton binding energy, which is not accounted
for in the simulations and estimated to be ∼ 48 meV in a ∼ 2 nm wide QW [53; 54], both
values match very well.
To sum up, the central energy of the ﬁrst electron and hole sub-levels of the superlattice
are successfully reproduced by the simulation of a single constituent quantum well. This
result points towards a successful incorporation of material parameters and strain-induced
eﬀects into the simulation, which allows to estimate the energy levels of the heterostructure prior to the fabrication. In the next section, the IMB transition is characterized and
compared to the results of the simulations.

3.3 Characterization of the Inter-Miniband Absorption

3.3
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Characterization of the Inter-Miniband Absorption

A central goal of the investigation of the cubic GaN/AlN superlattice in this thesis is to
analyze the inter-miniband (IMB) transition between the mini-bands e1 and e2. In the ﬁrst
step of the characterization, the linear optical properties of the two-level IMB system are
addressed, i.e. the central energy and width of the transition is quantiﬁed. For this purpose,
the transmission of a broadband near infrared light source through the superlattice is analyzed. The samples are processed into a waveguide geometry, which enhances the light-IMB
interaction by generating multiple passes of the incident light through the superlattice, cf.
Fig. 3.5(a). The experimental setup is described in more detail below.
The experimental procedure makes use of the polarization selectivity of the light-IMB
interaction. Speciﬁcally, inter-subband absorption is driven by electric ﬁeld components Ez
along the growth direction of the superlattice z, which is equal to the direction of the interminiband dipole moment (see Ref. [16], p.316ﬀ). The components Ex and Ey (in-plane of
the layers) do not interact with the IMB transition. Mathematically, the transition matrix
element ϕe2 |e·p̂|ϕe1  vanishes, unless the polarization vector of light e has a z-component.
In this case, the momentum operator ez · p̂ = −i ∂/∂z aﬀects the z-component of the
electron wave function, i.e. the bound states. In an illustrative point of view, this behavior can be understood considering that in-plane components cannot ’see’ the superlattice
structure and only interact with the plane wave part of the electron’s wave function. The
ideal situation leading to maximum light-IMB interaction, therefore, corresponds to TM
(transverse magnetic) polarized light propagation parallel to the superlattice layers. In the
opposite case, namely if light propagates normal to the layers, no electric ﬁeld component is
parallel to z. TE (transverse electric) polarized light generally results in no IMB absorption,
since the electric ﬁeld vector is always normal to the growth direction, in this case. See
Fig. 3.5(b) for an illustration of the diﬀerent conﬁgurations.
In order to maximize the light-IMB interaction, multiple total internal reﬂections reﬂections in the waveguide geometry are utilized. Light is coupled into the sample by illuminating
one of the side facets of the waveguide, which are tilted by 30◦ with respect to the surface.
Total internal reﬂection at the bottom Si→air interface and the top superlattice→air interface conﬁnes the light to the sample and ensures multiple passes through the superlattice
layer. After the light has undergone refraction at the Si→SiC and SiC→GaN interfaces,
the angle of interaction in the superlattice is θ ≈ 43◦ , assuming normal incidence at the
side facet. Consequently, the electric ﬁeld component of TM polarized light Ez = sin(θ)E
addresses the IMB transition.
The IMB absorption is quantiﬁed by spectrally resolving the transmissions of TM and TE
polarized light through the waveguide sample. Fig. 3.5 shows a sketch of the experimental
method. The emission of stable tungsten light source is focused onto the side facet of
the sample using a parabolic mirror of 50 mm focal length. The bottom Si substrate of
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Fig. 3.5: (a) Illustration of the sample geometry of the waveguide conﬁguration used to analyze
the IMB absorption. Light originating from a broadband lightsource is conﬁed in the sample
due to total internal reﬂection and passes the superlattice layer ≈ 20 times. The absorption
is spectrally resolved in a monochromator. (b) Close-up to the black box seen in (a) showing
a scheme of the interaction of TM or TE polarized light with the superlattice. The electric
ﬁeld component Ez ||z parallel to the growth direction z, which is necessary for the light-IMB
interaction, can only be attained using TM polarization and an interaction angle θ > 0.

the waveguide is 8 mm in length. This geometry corresponds to ≈ 10 reﬂections at the
superlattice-air interface, i.e. light passes trough the superlattice layer ≈ 20 times. The
uncertainty in this number arises from the angular distribution of the incident light (≈ ±10◦ ).
Light leaving the sample at the opposite side facet is collected with an optical ﬁber. It is
then analyzed in a monochromator together with an extended-range InGaAs photodiode
and lock-in detection (Stanford Research 830).
Since light-IMB interaction is expected only for TM polarization, the diﬀerence of TM
and TE signals reveals the contributions of the IMB transition to the transmission. For
the purpose of eliminating other eﬀects that introduce a diﬀerence in the transmissivity of
the two polarization states, such as reﬂection at the various surfaces, a reference sample is
analyzed. It contains a 600 nm epilayer of c-GaN instead of the superlattice. All experiments
are performed at room temperature.

Experimental Results for the IMB Absorption
Fig. 3.6(a) displays the results for the IMB absorption spectrum normalized to number of
passes through the superlattice. The absorption per pass is calculated from the raw transmission data as the relative diﬀerence of TM and TE transmissions through the superlattice

3.3 Characterization of the Inter-Miniband Absorption
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(SL), normalized to the respective transmission through the reference sample (Ref), i.e.
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·
RefTE

(3.3)

The accessible photon energy range is limited by the experimental detection limit at
0.5 eV and the absorption in the Si substrate for energies above 1.1 eV. Most strikingly, the
results show a broad absorption centered centered at ∼ 0.7 eV that corresponds to the IMB
transition. The additional spectral oscillations can be attributed to Fabry-Perot interference in the 10.4 μm SiC layer. Remarkably, the width of the IMB transition, determined by
extracting the FWHM of a Gaussian ﬁt to the data, is as large as ∼ 370 meV. As opposed
to this, in previous studies on cubic [40; 41] or hexagonal [39; 55–58] GaN/Al(Ga)N superlattices, transition widths in the range of 100 meV-200 meV were found. The maximum
reported value is 240 meV [56]. The strongly increased width in the present superlattice can
be attributed to two mechanisms:
(i) The ﬁrst reason is related to the fundamental physics of multi quantum wells. The
ultranarrow barriers enhance the overlap of the wave functions localized in the quantum
wells. In turn, tunnel coupling between adjacent wells is enhanced and, consequently, the
level splitting is increased. The resulting minibands are substantially broadened.
(ii) As has been stated before, the structure exhibits ﬂuctuations of the quantum well
width by ±1 monolayer leading to interface and surface roughness. The implications of
this variation are twofold: Firstly, there is theoretical evidence that the increased scattering
at interface and surface roughnesses causes broadening of the IMB transitions [59; 60].
Secondly, spatial inhomogeinities across the macroscopic waveguide may further increase
the linewidth [48]. The thickness of the quantum well layer may vary by one monolayer
and, accordingly, the central IMB transition energy changes. Since the employed method
of measuring the IMB absorption intrinsically involves averaging the optical response of
diﬀerent areas of the sample, this eﬀect would lead to an inhomogeneously broadened
absorption spectrum.
Fig. 3.6(b) oﬀers a direct comparison with the IMB absorption of cubic GaN/AlN superlattices with diﬀerent quantum well and barrier thicknesses (data taken from Ref. [41]).
These samples were grown with the same MBE unit at the University of Paderborn that
was used for the fabrication of the samples investigated in this thesis. The FWHM of the
IMB transition in the samples A,B and C are 170 meV, 180 meV and 200 meV, respectively.
Special consideration should be given to the IMB absorption of sample A, since it features
a similar quantum well thickness and doping concentration as the sample in panel (a). In
contrast to the sample investigated here, the barriers are 3 nm wide (instead of 1 nm) and
the number of quantum wells is 40 (instead of 80). The structural quality can be considered
to be similar.
From the comparison of the two superlattices, it can be concluded that the narrow AlN
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Fig. 3.6: (a) Spectrally resolved IMB absorption sample per pass trough the cubic GaN/AlN
superlattice with nominally 1.8 nm wide wells and 1 nm wide barriers. (b) IMB absorption of
cubic GaN/AlN superlattices with 3 nm AlN barrier widths and 2 nm (A), 3 nm (B) and 5 nm
(C) GaN quantum well width (taken from Machhadani et al. [41]).

barriers have a substantial eﬀect on the width of the IMB transition, as expected from the
physics of superlattices discussed above. In addition, the doubled number of quantum wells
in the 2nm/1nm superlattice presumably leads to further broadening.
The IMB absorption is now compared to the energy level simulations presented in the
previous section. The quantum well thickness is assumed to be one monolayer thicker than
intended, i.e. 2.025 nm, as has been pointed out above. Using this parameter, the central
energy of the IMB absorption in Fig. 3.6(a) of ∼ 0.7 eV is in good agreement with the
predicted energy level splitting between the subbands e1 and e2 of 715 meV. However, the
simulations cannot give any information about the width of the transition, as they do not
tread the superlattice but only a single quantum well. In combination with the satisfying
congruence of the inter-band energies seen in the simulations and the PL data, the match
of the IMB energy further conﬁrms the validity of the simulations.
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Chapter 4
Ultrafast Carrier Dynamics and
Resonant Inter-Miniband Nonlinearity
The design of electro-optical or all-optical applications of intersubband transitions in heterostructures requires the knowledge of the ultrafast nonlinear optical behavior of the involved transitions. In addition, the time scales of the electron dynamics often give insight
to diﬀerent scattering processes in the structure and, thereby, reveal details about microscopic interactions, which are not readily observable. In order to classify the cubic GaN/AlN
superlattice in these respects, the ultrafast and nonlinear dynamical response of the interminiband (IMB) transition is analyzed in this chapter. The principles of time-resolved
pump-probe measurements are discussed along with the experimental setup in the following
section. More speciﬁcally, a degenerate femtosecond pump-probe setup is utilized to determine the lifetime of electrons in the upper subband e2, that are optically excited from the
lower subband e1 (see Section 4.2). Afterwards, the third-order optical nonlinearity χ(3)
associated with the IMB transition is extracted in Section 4.3. This quantity is a measure
for the eﬃciency of potential optical and optoelectronic devices.
Parts of the results of this chapter have already been published in Ref. [17].

4.1

Experimental Method: Pump-Probe Spectroscopy

Carrier dynamics in semiconductors happen on timescales of ≤ 100 fs (carrier-phonon and
carrier-carrier scattering, see Ref. [61], p.11 and pp.135ﬀ) to several ns (radiative interband recombination, see Ref. [62], pp.639ﬀ). Detecting the signatures of transient changes
in the electronic system, e.g. in the occupation of levels, in a time-resolved manner is key
to the characterization of semiconductor heterostructures. The question of interest is
often connected to the lifetime of electrons, e.g. ’How fast do electrons relax from higher
energy level A to a lower energy level B?’. The answer to these problems not only yield
the searched-for time-scales, but also allows one to draw conclusions about the underlying
physical processes.
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In the context of this thesis, the quasi two-level system composed of the electronic
minibands e1 and e2 is under investigation, and the speciﬁc question is about the lifetime
of electrons in the upper miniband e2. The dynamics of the electrons in the IMB system
determine the speed and eﬃciency of potential applications based on nonlinear optical
interactions in this structure.
A common way to get insight into electron dynamics in solids is to analyze the change of
light-matter interaction arising from a change in the electronic system. This change might
be induced by electronic or optical means. For example, the strength of the absorption in a
two-level system, that resonantly interacts with photons, is determined by the occupation
of the levels. In this case, insight to the temporal dynamics of the (excitation-induced)
occupation can be gained by performing a time-resolved measurement of the optical transmission. Since the temporal resolution of electronic and optoelectronic devices, such as
photodiodes or oscilloscopes, is limited to a few ps at best, more advanced tools are
needed to study ultrafast electron dynamics. The invention of mode-locked laser sources
gave rise to a novel method of monitoring temporal dynamics of electrons, called timeresolved pump-probe spectroscopy [61]. Using laser pulses with a temporal duration in the
order of 10 fs-100 fs, it is feasible to detect electron dynamics in the sub-ps regime. In the
following, the principles of time-resolved pump-probe measurements are presented by the
example of the experimental setup used for studying the electron dynamics in the cubic
GaN/AlN superlattice.
The essential idea behind the time-resolved pump-probe technique is the following: First,
a non-equilibrium state is generated in the system using a pulsed optical excitation, called
pump pulse. Then, the pump-induced changes to the electronic system alter the optical
properties of the material in a way that aﬀects the light-matter interaction with a second
pulse, called probe. Probing might be done in transmission or reﬂection geometry via
changes in the intensity, phase or spectrum of the probe pulse. Details on how pump and
probe pulses interact via the cubic GaN/AlN superlattice structure will be given below, when
the results are discussed.
It is now assumed that pump and probe pulses arrive at the sample with a time delay Δτ .
The algebraic sign of Δτ is deﬁned such that the pump pulse precedes the probe pulse for
Δτ > 0. By varying Δτ , the temporal dynamics of the pump-induced eﬀect that follow the
pump-matter interaction are resolved. The alteration of the probe signal with varying Δτ
reﬂects the temporal evolution of the pump-induced eﬀect, i.e. how the electronic system
relaxes back to the equilibrium state.
A major advantage of this method is the unmatched temporal resolution, which is limited
only by the duration of the pulses. Assuming both pulses have an equal duration t (FWHM),
and they are Gaussian in the time domain, the temporal resolution is determined by the
√
width of the convolution of the pulses 2t (FWHM). Pulsed lasers emit a pulse train with
a temporal distance of 1/frep between consecutive pulses, where frep is the repetition rate.
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Fig. 4.1: Sketch of the experimental pump-probe setup. The pulsed output of an optical
parametric ampliﬁer (OPA) is split into pump and probe pulse trains. Polarization optics controls
the polarization state of both beams. A motorized delay stage allows to tune the time delay
Δτ between the pulses. The sample is tilted to ensure a light-IMB interaction angle θ > 0, cf.
Fig. 3.5(b). The single-pass probe transmission is recorded using a lock-in ampliﬁer (Stanford
Research 830) referenced to the pump excitation.

The maximum useful time delay Δτ is therefore limited by 1/frep .
In addition to the temporal resolution, a distinct beneﬁt of the pump-probe scheme is
the lack of any necessity to temporally resolve the time scales of the pulses duration or
the repetition rate. For every time delay Δτ , the probe signal can be averaged over time
scales that ensure good signal-to-noise ratios (usually ms-s). A fast temporally resolved
measurement of electronic signals is circumvented.
Fig. 4.1 shows a simpliﬁed scheme of the utilized pump-probe setup. The light source
is an optical parametric ampliﬁer (OPA) emitting a train of ≈ 50 fs (FWHM) pulses at
250 kHz repetition rate1 . The central wavelength is tunable from 1200 nm (1 eV) to 1600 nm
(0.8 eV), which is close to the center of the IMB resonance. After the correct polarization
(TM, parallel to the plane of the optical table) is ensured by a sheet polarizer, the laser
output is divided into a high-power pump and a low-power probe beam. The polarization
state of the probe beam is set by a λ/2 waveplate.
A crucial element of the time-resolved pump-probe scheme is the introduction of the
1

Coherent OPA 9850 in combination with an external pulse compressor. This laser is pumped by a RegA
9040 (regenerative ampliﬁer), seeded by a titanium:sapphire oscillator (Micra-18) in combination with a Verdi
V-18 532 nm pump light source. The laser system is also used for some of the experiments presented in
Chapters 9 and 10. For details on the laser system see Refs. [63] and [64].
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time delay Δτ using a motorized mechanical delay stage. Assume that pump and probe
pulses travel the same distance s from the beam splitter to the sample when the delay stage
is at a corresponding position. In this case, the pulses arrive at the sample simultaneously
and Δτ = 0. When the stage now moves by Δs to the right side in Fig. 4.1, the distance that
the pump pulses travel increases. Since the speed of light c is not inﬁnite, this increment
Δs translates into a time delay Δτ = 2Δs/c. The stage utilized in the actual setup oﬀers
a travel range of 25 mm and sub-micron accuracy.
Both pulse trains are focused onto the sample with a relative angle of ≈ 10◦ between
the beams. Using a rotating slit beam proﬁler, it is made sure that both beams spatially
overlap in the sample plane, which is equal to the focal plane of the probe beam. In
order to ensure a nearly homogeneous pump irradiance across the probed area, the probe
spot diameter of ≈ 30 μm (FWHM) is smaller than the pump spot diameter of ≈ 50 μm
(FWHM). The transmission of the probe pulse train through the sample T is measured
with an InGaAs photodiode connected to a lock-in ampliﬁer, which is referenced to the
pump excitation using a mechanical chopper wheel. By this means, the principles of lockin detection oﬀer superior accuracy and make sure that the measured signal only shows
pump-induced changes ΔT to T . In order to determine the normalized change ΔT /T , the
absolute probe transmission T is taken beforehand by placing the chopper in the probe
beam.

Sample Geometry
The sample geometry has to be adapted to this two-beam pump-probe experiment. A
waveguide conﬁguration is excluded since the spatial and temporal overlap of the focused
beams during the propagation through the waveguide cannot be maintained. Instead, a
single pass through the superlattice far away from normal incidence is investigated. The
volume of the superlattice layer is small, and signal contributions from the Si and SiC substrate could potentially disturb or even surpass the signatures of the IMB electron dynamic.
In preliminary studies of the substrate Si+SiC layers, the eﬀect of the two-photon absorption

Fig. 4.2: Sample geometry in the pump-probe experiments where the single-pass transmission
is measured. The superlattice layer is sandwiched between SiC and SiO2 layers.
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of pump photons in Si on the probe transmission is found to be as strong as 30 %2 . Isolating
the superlattice from all substrate layers would be most desirable. To tackle this issue, the
sample is glued onto a fused silica window and the Si is then removed mechanically (it is
ground oﬀ). As a result, the cubic GaN/AlN superlattice is eﬀectively sandwiched between
the SiC layer and the fused silica substrate (cf. Fig. 4.2), i.e. dielectrics with rather small
nonlinear optical response.
A second sample based on a bare SiC+Si wafer is processed in the same way. This
sample is used as a reference in order to single out eﬀects caused by the SiC and SiO2
layers. In the pump-probe data presented below, the signals of the reference sample are
subtracted from the transients obtained in the superlattice sample. Furthermore, the data
is averaged over several scans.
Suﬃcient light-IMB interaction is achieved by tilting the sample. The angle of incidence
(AOI) of the pump beam is ≈ 65◦ , which is close to the Brewster angle where the reﬂection
of TM polarized light is minimized. Note that the angle of interaction in the superlattice
(see Fig. 3.5(b)) is reduced to θ ≈ 24◦ due to strong refraction at the air-SiC interface.
A variation of the AOI or the polarizations provide additional means to validate the IMB
transition in the superlattice as the source of the transient optical response.

4.2

Ultrafast Inter-Miniband Carrier Dynamics

One of the major questions in the investigation of the superlattice is tackled in this section, namely the time scales of the IMB electron dynamics. The experimental setup, the
methodology of pump-probe experiments and the sample geometry have been presented in
the previous section. In a ﬁrst step, the strength of the pump-induced alteration of the
IMB electronic system is analyzed and compared to literature data. Next, the temporal
dynamics are presented and assigned to the movement of carriers in the E(k)-system of
the IMB levels.
The pump-probe transients are shown for diﬀerent optical conﬁgurations in Fig. 4.3.
The central photon energy of pump and probe pulses is 0.82 eV (λ = 1.52 μm). In a
ﬁrst step, the conﬁguration where the IMB transition is expected to be addressed most
is discussed (cf. red curve, 65◦ AOI, TM polarization). At Δτ ≈ −100 fs, the pumpinduced transmission change begins to increase. It peaks at zero time delay, followed by an
exponential decay until the signal has nearly vanished for Δτ > 500 fs. A maximum relative
transmission increase of ΔT /T = 3.2 · 10-3 is seen, which can be assigned to a substantial
Pauli blocking of the probe transmission in the two-level system. The sign of ΔT /T , the
2

This signal most likely stems from the free carrier absorption at pump-induced carriers. This process
occurs when a photon is absorbed from a free carrier in an excited state to an unoccupied state in the same
band (cf. Ref. [50], pp.306ﬀ). In the present experiment, carriers are excited by two-photon absorption of
pump photons across the indirect band gap of silicon (≈ 1.1 eV) into the conduction band.
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fast electron relaxation times and the experimental checks discussed below conﬁrm this
proposition.

Pump-Induced Saturation of the Probe Absorption
Pauli blocking, which is often also referred to as transmission bleaching or saturation of
absorption, results in a decreasing absorption coeﬃcient for increasing light intensities (see
Ref. [3], p.514). In the present case of a resonant interaction of pump and probe pulses
with an eﬀective two-level system, the physical reason for the pump-induced transmission
increase is as follows: The absorption of pump photons from states the subband e1 creates a
strong population in the upper subband e2. Consequently, the absorption of probe photons
is decreased because of the reduced number of occupied initial states (in subband e1)
and free ﬁnal states (in subband e2). The name ’Pauli blocking’ stems from the Pauli
exclusion principle, which states that two electrons cannot occupy identical quantum states.
In semiconductors the relevant quantities are energy, wave vector and spin. In Fermi’s
golden rule, the transition rate from initial states i to ﬁnal states f is given by Γi→f ∝


2
i |f |H |i | ρf . It linearly depends on the density of ﬁnal states ρf (free states in subband
e2), which is reduced by the pump-excitation. In addition, the absorption of pump photons
reduces the number of initial states (electrons in subband e1), whereby the total transition
rate is decreased further.
It is instructive to set the pump-induced transmission change in relation to the total
strength of the IMB absorption in the pump-probe sample geometry. The optical density

Fig. 4.3: Pump-induced change of the optical transmission through the superlattice for a central
photon energy of 0.82 eV and a pump irradiance of 36 GW/cm2 for diﬀerent conﬁgurations. Red:
TM, angle of incidence 65◦ , TM. Black: TM, normal incidence. Blue: TE, angle of incidence
65◦ . The inset illustrates the diﬀerent conﬁgurations.
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of the single-pass IMB absorption can be estimated based on the data obtained for the
waveguide geometry, which gives αw Lw ≈ 0.036 (see Fig. 3.6). Here, α is the absorption
coeﬃcient and L is the length of interaction, as used in the Lambert-Beer law I(L)/I0 =
exp (−αL). To account for the reduced angle of interaction θ in the pump-probe geometry
(pp), compared to the waveguide (w), two eﬀects have to be considered: First of all, the
eﬀective interaction length Lpp = L/ cos(θ) shortens, with L = 80·(1+2.025) nm = 242 nm
being the thickness of the superlattice. Secondly, αpp = α sin(θ) is reduced, because
a smaller fraction of the electric ﬁeld is parallel to the IMB dipole moment (α is the
maximum absorption coeﬃcient for θ = 0). When taking both eﬀects into consideration,
the absorption strength in the pump-probe geometry can be estimated to be
αpp Lpp = αw

sin 24◦
cos 43◦
·
L
≈ 0.017 .
w
sin 43◦
cos 24◦

(4.1)

The maximum change to this absorption of 3.2·10-3 , seen in Fig. 4.3, points to a remarkably
strong pump-induced reduction of the IMB absorption strength of nearly 20 %. Apparently,
the upper subband is massively populated by the pump excitation.
Before moving on to an analysis of the temporal dynamics of the signal, the above
results are compared to two conﬁgurations where the IMB transition is not expected to
aﬀect the optical transmission. Firstly, close-to-normal incidence of pump and probe beams
is analyzed, cf. black line in Fig. 4.3. To compensate for the smaller spotsize on the
sample surface, the pump power is lowered such that the irradiance is kept constant. This
conﬁguration results in a marked decrease of the pump-induced transmission change. The
remaining signal strength can be also attributed to Pauli blocking. Surface roughness
and light scattering at surface roughness cause a fraction of the incident light ﬁelds to
interact with the IMB transition. On the one hand, roughness is known to partially allow
for otherwise forbidden transitions because the optical selection rules are party relaxed [48].
On the other hand, undulations of the surface layer and the superlattice interfaces cause part
of the electric ﬁeld to be oriented along the IMB dipole moment. Refraction at interface
roughness further adds to this eﬀect.
In a second set of control experiments, the AOI is again set to 65◦ but probe beam is
changed to TE polarization, cf. blue dotted line in Fig. 4.3. As expected, no pump-induced
changes are found in this conﬁguration. The probe radiation cannot interact with the IMB
transition regardless of the aforementioned detrimental sample properties. Taken together,
these checks conﬁrm the pump-probe signals to originate from the IMB transitions.

Electron Relaxation Times
The temporal evolution of the transmission change gives insight into the timescales of
the inter-miniband electron dynamics. The signal reduction following the overlap peak at
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Δτ = 0 is governed by an exponential decay with a time constant of ∼ 80 fs, reﬂecting
the relaxation of electrons into the lower subband. This time scale is in fair agreement
with theoretical predictions for the inter-subband electron relaxation times, which calculate electron-LO phonon scattering times to be ∼ 100 fs [34–36]. Reports on hexagonal
GaN/Al(Ga)N multi-quantumwell structures with ISB transition energies from 0.7 eV-0.8 eV
found time scales ranging from 130 fs to 370 fs [35–38; 65]. The fast relaxation times measured here in the cubic superlattices are in part related to the improved temporal resolution
of the setup. Furthermore, scattering at surface and inter-layer roughness may enhance the
carrier relaxation.
The ultrafast electron relaxation approaches the limit of the time resolution of the setup
which is ≈ 70 fs. Furthermore, the employed pump-probe scheme necessarily is degenerate
in energy and polarization, which favors potential light-light interaction to show up in the
signals3 To clearly distinguish pump-induced changes in the band population from nonlinear interactions of pump and probe pulses during the time overlap, a benchmark for the
time resolution of the setup is obtained. For this purpose, intensity autocorrelations in a
400 nm thin intrinsic GaAs wafer are performed. They are based on two-photon absorption generated by the combination of one pump photon and one probe photon, hence this
kind of signal can only be seen during the temporal overlap of both pulses (see Ref. [62],
pp.710-711).
3

The signals are strongy disturbed by interferences of probe light with pump light that is, presumably,
scattered into co-propagation by surface roughnesses. To get rid of this inﬂuence, one of the mirrors in the
probe arm is attached to a piezo acuator, which periodically moves back and forth. The lock-in time-averages
the resulting alteration of the interference and, thereby, cancels it out of the actual probe transmission signal.

Fig. 4.4: Pump-probe transients for a central photon energy of 0.82 eV, a pump irradiance of
36 GW/cm2 , an angle of incidence of 65◦ and TM polarization (black dots). The solid red
line a bi-exponential ﬁt to the data. An intensity autocorrelation as measured from two-photon
absorption in GaAs (red dashed line) indicates the temporal overlap of the pulses.

4.2 Ultrafast Inter-Miniband Carrier Dynamics

29

Fig. 4.4 displays the autocorrelation (red dashed line, ≈70 fs FWHM) together with
the above-presented transient data recorded with the cubic superlattice (65◦ ,TM, black
squares) in a semi-logarithmic scale. It is evident from the data for Δτ > 100 fs that a
signiﬁcant pump-induced change is present after the temporal overlap. Thus, it is ensured
that this signal is indeed caused by changes in the band occupation.
The semi-logarithmic representation of the data reveals further details of the IMB
electron dynamics. If the data is ﬁtted with a double exponential decay (red line), a
residual signal decaying with a time-scale of ∼ 2 ps is seen, which has been attributed to
the thermalization of the excited electron ensemble in previous studies [35; 36]. Similar
time-scales and conclusions have been reported using a GaN/AlN quantum dot superlattice
[65]. In this picture, the initial fast signal decay represents IMB transitions, in which states
with the same k⊥ are involved (vertical transitions in k-space). The slow contribution
reﬂects the relaxation of carriers to the Γ-point at k⊥ = 0 (sliding down the dispersion to
the minimum of the parabola). It should be noted, however, that the time constant of
the slow decay varies from 1 ps to 5 ps when comparing the results obtained with diﬀerent
photon energies (see next paragraph) or samples. Furthermore, the transients recorded
with the reference sample show similar slow signatures. Hence, it cannot be excluded that
the slow contribution originates from multi-photon absorption in the SiC layer.
In the ﬁnal step, the spectral dependence of the pump-probe dynamics associated with
the IMB transition are analyzed. This is done in order to see if the electron dynamics change
for diﬀerent energies within the IMB transition. The design of potential applications and
devices requires the knowledge of the electron dynamics across the entire spectral range
of the utilized transition. The degenerate pump-probe measurements presented above are
repeated for diﬀerent photon energies of TM polarized light at an AOI of 65◦ , which is
the geometry of maximized light-IMB interaction. Since the pulse length slightly changes
when tuning the output energy of the laser, intensity autocorrelations are recorded for the
diﬀerent energies. Note that the spectral tuning range of the OPA system admittedly does
not permit to cover the broad IMB absorption resonance depicted in Fig. 3.6.
Exemplary pump-probe transients are displayed in Fig. 4.5. From the top to the bottom
panel, the photon energies move closer to the peak of the IMB resonance. The electron
relaxation times are again extracted by ﬁtting an exponential decay to the data after the
overlap peak. No signiﬁcant deviation from a ∼ 80 fs decay time is found, which indicates
rather universal electron dynamics in the investigated spectral range. The maximum amplitudes of the pump-induced change do not strictly follow the spectral dependence of the IMB
absorption strength, even when taking the diﬀerent pump irradiances into consideration.
This ﬁnding may be explained by the spatial inhomogeneities of the samples and diﬀerent
illuminated spots during the measurements for diﬀerent photon energies.
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Fig. 4.5: Pump-probe transients for a diﬀerent central photon energies stated in the panels
together with the respective pump irradiance. The angle of incidence is 65◦ and the pulses are
TM polarized. The red dashed lines are intensity autocorrelations of the pump and probe pulses
as measured as measured from two-photon absorption in GaAs.
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4.3

Estimation of the Third-Order Nonlinearity of the
Inter-Miniband Transition

In the ﬁnal part of the study of the cubic GaN/AlN superlattice, the optical nonlinearity χ(3)
associated with the IMB transition is estimated. This quantity is used to characterize the
strength of light-matter interaction in the nonlinear optical regime and helps to compare
materials for electro-optical or ultrafast all-optical applications. Before moving on to the
extraction of χ(3) from pump-probe data sets, a brief introduction to nonlinear optics is
given.

Introduction to Nonlinear Optics
The ﬁeld of nonlinear optics studies eﬀects that arise from the modiﬁcation of the optical
properties of a material due to the presence of a strong light ﬁeld [66]. Suﬃciently high light
intensities became available with the invention of the laser in the early 1960s. Shortly after,
the second-harmonic generation was discovered, which is still one of the most prominent
examples of nonlinear optical eﬀects (e.g. most 532 nm (green) lasers, even low power
laser pointers, rely on it). Nowadays, eﬀects like sum- or diﬀerence frequency generation,
saturable absorption or self-focusing eﬀects are present in various photonic devices. It
is obvious that the pump-probe measurements presented above must belong to the area
of nonlinear light matter interaction, since pump radiation changes the properties of the
material which, in turn, alters the probe-matter interaction.
In linear optics, the optical response of a material is characterized by the light-induced
polarization in the material P = 0 χE, where the susceptibility χ describes the strength of
interaction. This expression can be used as an approximation as long as the properties of
matter are not changed by the light itself. More speciﬁcally, the linear proportionality holds
as long as the atomic Coulomb potentials can be assumed to be parabolic. In this case,
light-matter interaction depends on frequency and polarization of light, but not on its ﬁeld
strength. Everyday phenomena like the reﬂection or transmission of light are independent
of the light’s power. For example, the color of an object does not change when the strength
of illumination is changed.
At high ﬁeld strengths, a more general description is necessary and the susceptibility (or
polarization) is written as a power series
P(E) =

0 [χ

(1)

+ χ(2) E + χ(3) E2 + ...]E ,

(4.2)

where χ(1) = χ = − 1 and is the dielectric function. The n-th order nonlinear susceptibilities χ(n) are complex tensors of (n + 1)-th rank.
In the language of nonlinear optics, diﬀerent processes are referred to as a ’χ(n) eﬀect’
depending on their power dependence. The generation of the second harmonic, for exam-
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ple, is related to the second order nonlinearity χ(2) , since the power of the second harmonic
depends quadratically on the input power. For further characterization, the frequency components of the participating incoming and outgoing electric ﬁelds or polarizations are often
denoted as an argument of the susceptibility. Eﬀects of arbitrary order in diﬀerent materials are classiﬁed by this macroscopic description, irrespective of microscopic electronic or
structural details.
The pump-probe measurements presented above rely on the mechanism called Pauli
blocking or saturation of absorption. Although this experimental technique requires two
beams, the saturation of absorption can also be observed in one-beam experiments where
the relative transmission of a beam (Iout /Iin ) is not constant but increases with the beam’s
power. In the pump-probe measurements, the probe pulses merely detect the strength of the
pump-induced change to the optical system. Optical elements such as saturable absorbers
or all-optical switches are based on this eﬀect. It is related to the imaginary part of the
third-order nonlinearity Imχ(3) , since the deviation from linear optical behavior is caused by
the light-induced ﬁlling of the upper energy level, and the amount of carriers generated by
the absorption of pump photons increases linearly with the intensity of light I ∝ E2 .

Resonant Inter-Miniband Optical Nonlinearity χ(3)
For the purpose of estimating the third-order nonlinearity of the cubic GaN/AlN superlattice, a set of pump-probe measurements with varying pump irradiance is performed. In
Fig. 4.6, the maximum transmission change at nominally zero time delay is plotted versus
the irradiance of pump pulses of 0.81 eV photon energy. The data points nicely follow a
linear ﬁt to the data, which indicates that the absorption of the pump pulse does not generate any detectable self-saturation and the experiment is restricted to the χ(3) regime4 .
Note that the pump power has no signiﬁcant inﬂuence on the electron relaxation times or
the overall temporal shape of the transients.
The magnitude of the third-order nonlinear susceptibility Imχ(3) is now estimated following a procedure done by Hamazaki et al. [38]. In order to extract χ(3) , a relation between
the third-order and the linear susceptibility of a two-level system is used. It reads
Imχ(3) =

−Imχ(1)
3|ES |2

(4.3)

where ES is the ﬁeld strength related to the saturation irradiance IS (see Ref. [66], p.205).
This quantity corresponds to the irradiance that is needed to generate a complete pumpinduced blocking of absorption in the two-level system composed of the subbands e1 and
e2. It is given by IS m = αL, where m = 1.25 × 10-4 cm2 /GW is the slope of the line ﬁt
4

A self-saturation of the pump pulse could happen due to Pauli blocking of the absorption of the temporally
trailing part of the pulse, caused by the occupation in the upper level that is generated by the temporally
leading part of the pulse. This behavior would shift the pump-probe process to the χ(5) regime.
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Fig. 4.6: Dependence of the peak pump-probe signals on the pump irradiance (central photon
energy 0.81 eV, TM polarization, 65◦ angle of incidence). The red line is a linear ﬁt.

in Fig. 4.6. In a more illustrative picture, IS is the irradiance at which the extrapolation of
the data given by the line ﬁt reaches the total absorption strength. The optical density
of the pump-geometry is calculated in Eq. (4.1) to αpp Lpp = 0.017. Using these numbers,
the saturation irradiance is estimated to be IS = 136 GW/cm2 for the given experimental
parameters .
In the next step, Imχ(1) is calculated from the linear optical properties of the superlattice
using Imχ(1) = Im , = (n + ik)2 and k = λα/4π, which gives Imχ(1) = 2kn ≈ 0.42.
Here, α is extracted from the strength of the IMB absorption presented in Fig. 3.6 and
corrected for the reduced angle in the pump probe geometry. The refractive index of the
superlattice is n ≈ 2.3. The resulting third-order susceptibility is
Imχ(3) ∼ 1.1 · 10−20 m2 /V2 .

(4.4)

This value is 1-2 orders of magnitude smaller than previously reported estimations based
on hexagonal GaN/AlN multi-quantum wells (see Refs. [38; 67] and references therein).
When comparing the heterostructures used in these studies with the present superlattice,
the reduction can be attributed to two presumable reasons:
(i) The doping concentration in the cubic superlattice is at least one order of magnitude
smaller. Less states are available for the IMB transition, which is why the total strength of
the transition is reduced.
(ii) The strongly broadened transition and the sub-100 fs electron relaxation time point
towards strong dephasing caused by surface and inter-layer roughness (see the discussion of
the width of the IMB absorption in Section 3.3). Due to the broad transition, the eﬀective
nonlinearity is reduced, since less oscillator strength contributes to the optical response at
a given photon energy.
Note that the estimate for χ(3) only yields an eﬀective value for the present geometry
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with a small interaction angle. When the pulses propagate parallel to the superlattice layers,
the eﬀective interaction strength with the IMB dipole moment is expected to rise by a factor
of 1/ sin(24◦ ) ≈ 2.5. Since the third-order nonlinearity is proportional to the fourth power
of the dipole moment (see Ref. [66], p. 205), the tensor element χ(3) is expected to be a
factor of ≈ 39 larger in this conﬁguration.
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Chapter 5
Conclusions and Outlook Part I
The spatial conﬁnement of carriers in semiconductor superlattices leads to the generation
of a two-level miniband system with fabrication-tailored transition energies in the telecom wavelength regime. Utilizing multiple reﬂections in a waveguide geometry, the interminiband (IMB) transition in a cubic GaN/AlN superlattice is characterized in Section 3.3.
The resonance is found to be centered at ∼ 0.7 eV with an energetic width of ≈ 370 meV
(FWHM). It is strongly broadened due to (i) the tunneling-induced coupling of wavefunctions across the narrow 1 nm AlN barriers, and (ii) scattering processes at surface roughness
and inter-layer roughness as well as monolayer ﬂuctuations of the QW thickness. In the
context of potential applications, a broad transition is beneﬁcial for detectors spanning a
large wavelength range with a single device.
Simulations of the inter-band and inter-subband transition energies agree well with the
experimental data, if the GaN quantum well thickness is assumed to be 2.025 nm instead
of the nominally intended 1.8 nm. There is strong evidence that the predictions of the
energy levels attained by the simulations are suﬃciently precise to design the transition
energies of cubic GaN/AlN heterostructures.
The ultrafast electron dynamics in the cubic GaN/AlN superlattice are studied employing
resonant time-resolved pump-probe spectroscopy in Section 4.2. Several checks based
on diﬀerent conﬁgurations conﬁrm the nonlinear optical response to originate from the
saturation of the IMB absorption. The IMB relaxation times are found to be ∼ 80 fs for
photon energies in the range 0.8 eV-0.9 eV, which indicates a faster electron relaxation
compared with GaN/AlN heterostructures used in previous studies. There is no apparent
reason to expect a signiﬁcant change of the relaxation times for other photon energies
within the broad IMB resonance.
In a second set of experiments, the third-order nonlinearity Imχ(3) is extracted from the
dependence of the maximum pump-induced change on the pump irradiance, cf. Section 4.3.
This quantity is a benchmark for the potential eﬃciency of applications based on nonlinear
optical interactions in the IMB system. The estimation yields Imχ(3) ∼ 1.1 · 10-20 m2 /V2 .
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This value is smaller than previously published results based on hexagonal GaN/AlN
superlattices, but there are routes for an enhancement. First of all, there is some room
for improvement by stronger doping. Secondly, engineering narrower IMB resonances for
speciﬁc energy ranges and an overall improvement of the layer quality would enhance the
nonlinearity.
Ongoing studies aim to elucidate the eﬀects of tunnel coupling and scattering processes.
A series of superlattice samples with varying AlN barrier thickness (1 nm, 3 nm, 5 nm) is
currently under investigation. The results are expected to give insight into the respective
roles of tunnel- and scattering-induces broadening, since the barrier thickness determines
the magnitude of the coupling between the wells. The width of the transition is expected
to be reduced for wider barriers and the IMB nonlinearity of these samples is potentially
larger. Furthermore, the eﬀects of δ-doping and barrier doping on the IMB transition and
the nonlinear properties of the sample will be studied.
Resently, is has been shown that combining ISB transitions with plasmonic metasurfaces
drastically boosts the eﬃciency of nonlinear optical processes [68; 69]. Light is conﬁned to
the near ﬁeld of metallic nano-antennas and normal-incidence light is converted into ﬁeld
components that interact with the ISB transition. Thereby, geometrical and polarization
restrictions are circumvent and the local light intensity is enhanced. Using InGaAs/AlInAs
MQWs an gold nano-antenas, the eﬃciency of second harmonic generation at 8 μm was
shown to be enhanced by up to 8 orders of magnitude [68]. This concept is currently being
applied to the cubic GaN/AlN superlattices studied in this thesis, which operate in the
telecom wavelength regime. In currently ongoing studies, arrays of gold nano-antennas
are deposited on the superlattice and the potential enhancement of the second harmonic
generation is investigated.

Part II
Photonic & Plasmonic Elements based
on VO2 Nanocomposites
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Chapter 6
Vanadium Dioxide (VO2) Nanocrystals
Vanadium dioxide (VO2 ) has attracted the interest of researchers for decades since F. J.
Morin ﬁrst reported about the metal-to-insulator phase transition (MIT) occuring in certain
transition metal oxides [18]. There are several vanadium oxides such as VO2 , V2 O3 or
V2 O5 that show a MIT [18]. Vanadium dioxide (VO2 ) is the technologically most relevant
one, because the critical temperature of the phase transition is near ambient temperatures.
The fascinating feature of VO2 is the existence of diﬀerent solid state phases that can
be observed at easily accessible temperatures, which opens up the possibility for roomtemperature operation of potential devices. Below the critical temperature TC ≈ 68◦ C (for
bulk crystals), VO2 is characterized by an insulating behavior while the high temperature
phase is metal-like. During this reversible ﬁrst-order phase transition, the lattice structure
and the electronic band structure are strongly altered. The material properties of VO2 and
the physics of the MIT are outlined in Section 6.1.
What makes VO2 so appealing for modern photonic applications is the marked change of
the electrical conductivity by 4-5 orders of magnitude and, more importantly, the substantial
modiﬁcation of the dielectric function during the MIT [19; 70]. Closely related, the metallic
phase features decreased transmission and an altered refractive index for near-infrared radiation in the telecom wavelength regime. In combination with the ability to induce the MIT
thermally [18], via external stress [71], electronically [72] or optically [21] on time-scales of
100 fs to ns, this change of the light-matter interaction opens up a multitude of possible
utilizations of VO2 in photonics (see Chapter 7) and plasmonics (see Chapter 8). Apart
from the applications in the broad ﬁeld of photonics, VO2 is also used in many areas of
research such as solar cells and smart window coatings [73; 74], sensors [75; 76], actuators
[77; 78] or transistors [79; 80].
Another advantage of nanoscale VO2 systems is that they tend to endure mechanical
stress generated by the MIT better than bulk crystals. Applications and devices would
naturally proﬁt from durable VO2 . The capability of the VO2 -NCs to withstand highly
repetitive switching is addressed with all optical means in Section 7.1.
Similar to many areas of solid state physics, shrinking the size of VO2 -systems to the
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nanoscale in one or more dimensions gives access to novel properties and eﬀects. In this
thesis, VO2 nanocrystals (NCs) embedded in a fused silica host are used for the demonstration of photonic and plasmonic elements. The optical response of the NCs is diﬀerent
from bulk samples in a way that boosts the performance of potential applications in the
telecom wavelength regime. Owing to the special geometry of the NCs, a broad absorptive
resonance is present, which results in a stronger change of the refractive index compared to
thin-ﬁlms or bulk crystals. Speciﬁcally, the MIT-induced change of the complex refractive
index of the VO2 -NCs is examined in this thesis, see Section 6.2. In addition, the MITinduced increase of the absorption in the VO2 -NC layer is spectrally resolved in a suﬃciently
wide spectral range that reveals the entire resonance.
For nanoscopic VO2 , the MIT shows a thermal hysteresis such that a supercooled metallic state can persist to temperatures somewhat below TC when the material is cooled down
from the high temperature phase. This phenomenon has gained much attention lately and
is utilized for the demonstration of memristors or memory devices based on VO2 [81–86].
A hysteresis is inherent to ﬁrst-order phase transitions. While the width of the thermal
hysteresis is small in bulk VO2 crystals [18], it increases when the volume of the VO2 is
restricted to nanoscale dimension. The VO2 -NCs investigated in this thesis show a uniquely
broad thermal hysteresis that is unmatched by other nanoscale VO2 systems reported so far
[21; 87]. Thus, the NCs oﬀer great potential for memory applications. In this thesis, the
hysteresis is utilized for the demonstration of reconﬁgurable photonic and plasmonic elements. Section ?? provides an experimental analysis of the thermal hysteresis and discusses
the physical background of the strongly increased width.
The critical temperatures of the MIT in VO2 strongly depend on the domain size,
crystal quality and the surroundings of the VO2 crystal, layer or nanoscale specimen. This
dependence was made use of by doping or manipulating the VO2 lattice structure during or
after the fabrication for the customization of the thermal properties of VO2 . Section 6.4
gives an analysis of the eﬀect of argon ion bombardment on the properties of the thermally
induced MIT and the hysteresis of the phase transistion in VO2 -NCs. It is shown how the
MIT of such processed NCs can be completely inhibited for high argon doses. While this
technique has been used before [87], the possibility to tune the inﬂuence of argon doping
on VO2 -NCs with selected argon doses has not been investigated so far.
Parts of the results presented in this chapter have already been published in Ref. [21].
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Fundamentals of VO2 and the Metal-Insulator Phase
Transition

The following text provides a brief introduction into the basic material properties of the
diﬀerent phases of VO2 and the physics of the metal-insulator phase transition (MIT). Note
that in the following, the phase transition from the low-temperature insulating to the hightemperature metallic phase will be referred to as MIT. Many details of the complex interplay
of diﬀerent degrees of freedom that determine the MIT are a topic of ongoing discussions.
Most experiments conducted in the context of this thesis do not aim to contribute to this
debate, since the most fundamental details of the MIT are not crucial for the applicationrelated research presented in this thesis. Thus, the discussion presented in this section will
be only brief. The interested reader may follow the references given in the text.
The chemical element vanadium (V) is a transition metal with the atomic number 23.
Fig. 6.1 displays the unit cells and the electronic band structures of the two solid state
phases of VO2 that are relevant for this thesis [88]. The discription is based on the work
of J.B. Goodenough who was the ﬁrst one to develope a widely accepted model [89].
A detailed, more modern analysis can be found in Ref. [90]. In the insulating phase for
T < TC , VO2 crystallizes in a monoclinic (M1 ) lattice structure and shows a band structure
resembling a semiconductor with a band gap of ∼ 0.6 eV-0.7 eV, as shown in Fig. 6.1(a)(b)1 . This gap is due to the splitting of the isolated 3d|| electron levels into lower-energy
bonding and higher-energy antibonding states caused by V-V dimerization, crystal ﬁeld
splitting and/or electron-electron repulsion. The exact mechanism behind the formation of
this band gap and the respective role of the before-metioned eﬀects are still under debate,
as will be discussed later in the text. Six oxygen atoms form an octaeder surrounding the
body-centered V atom (not shown, for an illustration see Ref. [90]).
During the phase transition to the high-temperature metallic phase for T > TC , the positions of the vanadium atoms change while the oxygen octaeder remains nearly unchanged.
More speciﬁally, the V-V pairs elongate and tilt towards the rutile cR -axis, as shown in
Fig. 6.1(b) [91]. The unit cell dimensions change by up to 1 % [90; 92]. The metallic phase
features a rutile (R) (tetragonal body-centered) unit cell of V atoms, in which the V-V
pairing is lifted. The 3d|| levels become degenerate and the energy of the 3dπ∗ level shifts,
such that the Fermi level now lies within these bands, cf. Fig. 6.1(d). Consequently, the
partial ﬁlling of bands gives rise to a metallic character of the high temperature VO2 .
Note that more insulating phases and potential mixtures of those phases during the phase
transition were discovered [93], which are only accessible when the VO2 lattice is subject to
substantial mechanical stress [71; 94; 95] or doping [96]. These phases may show up as a
1

Historically, the term insulator has been established for the low-temperature phase since the phase transition was ﬁrst observed based on the giant change in conductivity. Because of the small band gap, the low-T
phase is often referred to as semiconducting or semi-insulating in modern literature.

42

6 Vanadium Dioxide (VO2 ) Nanocrystals

Fig. 6.1: Illustration of the insulating and metallic phases of VO2 on the basis of the lattice
structure and the density of states. Adapted from Gray et al. [88]. (a) In the low-temperature
(T < TC ) insulating phase the lattice structure of VO2 is monoclinic (M1) and neighboring V
atoms (yellow) dimerize (O atoms not shown). Each V-V atomic pair shares a singlet electronic
state composed of two strongly correlated V 3d electrons (blue). (b) Schematic densitiy of
states and state occupation near the fermi energy EF (dashed black line) for low-temperature
(T < TC ) VO2 . The V-V paring in the insulating phase causes a splitting of the 3d|| orbitals
along the cR axis and the tilting of the V-V pairs shifts the 3dπ∗ band to higher energies. (c)
Rutile (R) lattice structure of the high-temperature (T > TC ) metallic phase of VO2 . (d) The
metallic behavior for high-temperature (T > TC ) VO2 is caused by the non-zero density of
states at the Fermi level, which results in a partly ﬁlled conduction band.

intermediate states during the MIT [93]. Furthermore, a "photoinduced metallic-like phase
of monoclinic VO2 " was found [97], i.e. a metastable phase that shows optical properties
of the metallic phase while the lattice retains the characteristics of the insulating phase.
VO2 belongs to a class of materials with strongly correlated electrons. The electronelectron interactions in these materials are complex and can neither be treated in a Blochlike picture with unbound and freely moving electrons, nor can they be described based
on localized, tightly bound isolated electrons. Coulomb repulsion usually inhibits the conductivity from being as good as in metals like copper or gold [98]. In metallic VO2 , this
behavior arises from the fact that oxygen atoms separate the valence electrons that are
weakly bound to vanadium nuclei and, thus, the overlap integral of electron wave functions
is rather small. Modulations to the electronic interactions introduced by external stimuli to
the structural system or electronic occupation of bands can cause drastic eﬀects, such as
the phase transition of VO2 .
The cause of the MIT has been debated for ﬁve decades and still is a topic of ongoing
discussion, fueled by theoretical studies and recent time-resolved measurements illucidating
the sub-ps dynamics of the phase transition. In essence, the debate centers around the
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character of the insulating phase and the cause for the formation of a band gap, i.e. the
spitting of the 3d|| bands. It is an unresolved issue, whether VO2 is a Peierls insulator
where the structural changes (tilting, dimerization) are solely responsible for the opening
of the band gap or to what extend electron-electron interactions play a role. The latter
case would point towards VO2 being a Mott(-Hubbard) insulator. There is theoretical
and experimental evidence for both the Peierls [89; 99–102] and the Mott picture [103–
106] that, taken together, suggest a complex delicate interplay of structural and electronic
degrees of freedom [85; 97; 107]. Many authors account for this complication and state
that "nonlocal correlations eﬀectively assist the Peierls-like transition" [101] or even call
the MIT an "orbital-assisted ’collaborative’ Mott-Peierls transition" [108]. An overview of
very recent developements in this discussion can be found in Ref. [85].
Closely connected to the above-mentioned complications, researchers were able to separately observe electronic as well as structural (phononic) contributions to the phase transition and distinguish their respective time-scales. When the MIT is generated thermally,
the elevated lattice temperature as well as the raised Fermi level, which is accompanied by
an increased electron density in the upper bands, are responsible for the onset of the phase
transition. Time-resolved pump-probe measurements show that the time needed to optically switch VO2 from insulating to metallic using photo-induced carrier injection is in the
range of 40 fs-200 fs [100; 102; 106; 109–111]. Considering this ultrafast eﬀect, a purely
structural transition is often ruled out. After this short period of time, the state of the
strongly correlated electronic system is still in ﬂux and the structual transition has not yet
happened. The full transition to the metallic phase is presumably mediated by the cooling of
the hot electron density via electron-phonon scattering whereby the lattice temperature is
raised. This process ﬁnalizes after a time scale of ∼ 10 ps-100 ps resulting in the structural
long-term phase transition [97; 107; 110].
With respect to the optical experiments conducted in the context of this thesis, the
debatable details and the microscopic origin of the MIT are not crucial for understanding
and discussing the results. As will be shown in Section 7.1, there is strong evidence that the
laser-induced MIT utilized in this thesis is caused by a combination of an elevated nominal
lattice temperatures and additional heating of the lattice by the relaxation of photo-excited
carriers.
Moving on, the focus will be laid on how the electronic properties of the two phases
manifest in the optical response of VO2 nanocrystals. The special geometry of this kind of
VO2 system, fabricated by ion beam implantation, leads to a light-matter interaction that
is highly advantageous for photonic research in the telecom wavelength regime.

44

6.2

6 Vanadium Dioxide (VO2 ) Nanocrystals

Fabrication & Optical Properties of VO2 Nanocrystals

There is a multitude of techniques to fabricate bulk crystals, thin ﬁlms or diﬀerently shaped
nanoscale VO2 , such as gas- or solution-based deposition, chemical vapor deposition, sol-gel
methods, RF-sputtering, pulsed laser deposition. For more information on diﬀerent methods
of fabrication, see Ref. [74] and the details on the fabrication of the samples utilized in
the literature referenced in this chapter. Nanostructured VO2 systems often allow to tailor
the characteristics of the light-matter interaction based on fabrication parameters. This
beneﬁt is especially pronounced in the VO2 nanocrystals (NCs) used in this thesis.
The samples used in this thesis are fabricated using ion beam implantation in the group
’Nanoscale Functional Oxides’ lead by Prof. Dr. Helmut Karl at the University of Augsburg.
They consist of a dense layer of VO2 -NCs embedded just below the surface of a 500 μm
thick fused silica (SiO2 ) host with 10 mm × 10 mm lateral dimensions. As will be shown
below, this kind of VO2 nanocomposite features a strongly increased change of the optical
properties during the MIT in the telecom wavelength regime, compared to thin ﬁlms or
bulk crystals. The thermal hysteresis of the phase transition will be discussed in the next
section. In the following text, the fabrication and the optical properties of the VO2 -NCs
are addressed.
The NCs are synthesized by sequential ion beam implantation of vanadium (9 · 1016
at/cm2 at 100 keV implantation energy) and oxygen (1.8 · 1017 at/cm2 at 36 keV). The
doses result in a stoichiometric growth of VO2 since the oxygen dose equals two times
the vanadium dose. In the process, the implantation energies are chosen such that the
V- and O-implant distribution into the substrate are both centered at ≈ 85 nm under the
surface. The formation of nanocrystals happens during a 10 min rapid annealing step at
1000◦ C in a ﬂowing argon atmosphere. The resulting VO2 -NCs are approximately spherical
and are characterized by an average diameter of 90 nm and a similar lateral spacing (areal
density ∼ 1010 cm2 ). A typical transmission electron micrograph cross section of a VO2 NC:SiO2 sample fabricated by the group of Prof. Dr. Karl is shown in Fig. 6.2. Note the
good crystallinity of the single NC shown in panel (b), which is visualized by the regular,
stripe-patterend structure.
Lopez et al. ﬁrst demonstrated this approach of fabricating VO2 -NCs and systematically
studied how diﬀerent implantation and annealing parameters aﬀect the size and shape of
the resulting nanocrystals [112]. This kind of VO2 system oﬀers a variety of advantages. For
one, the NCs are protected from the environment so that they do not suﬀer from potential
detriments like oxidation or hydrophilie. Furthermore, the size and shape of the NCs can
be controlled during the fabrication, which oﬀers the opportunity to tailor the optical and
thermal properties. The NCs also show excellent durability and long-term stability, as will
be demonstrated in Section 7.1.
In order to characterize the VO2 -NC layer in terms of optical properties, the group of
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Fig. 6.2: (a) Cross-section transmission electron microscope image of ion beam sythesized
VO2 nanocrystals (NCs) embedded into a fused silica (SiO2 ) matrix. Panel (b) shows a high
resolution image of the NC labeled with a star in (a).

Prof. Dr. Helmut Karl performed spectral ellipsometry on a VO2 -NC:SiO2 sample and
analyzed the real and imaginary parts of the refractive index ñ = n + i k of the VO2 -NC
layer2 . The phase of the NCs is controlled thermally. For this purpose, the samples are
mounted on a temperature-controlled holder made of copper attached to Peltier elements.
For ﬁtting the measured raw data, the VO2 layer was modeled using an eﬀective medium
approach (Bruggemann type, see Ref. [113]) with spherical NCs embedded into SiO2 , while
the parameters of all other layers were determined beforehand. Note that the layer structure
of the employed sample is diﬀerent to the above-presented, since the SiO2 host was only
200 nm thick and was deposited on a silicon substrate. To isolate the response of the
VO2 -NC layer in the model ﬁt, the parameters of the substrate layers (SiO2 +Si) were
determined before the implantation. The dielectric function of VO2 is included using an
established model with three Lorentz oscillators [114].
The results of this procedure are depicted in Fig. 6.3(a)-(b). Close to room temperature,
all VO2 -NCs are in the insulating phase and the spectral response is rather ﬂat. In this state,
the NC samples show optical characteristics resembling VO2 ﬁlms with a thickness similar
to the diameter of the NCs [70]. At elevated temperatures above TC , the MIT has been
induced thermally and all NCs are in the metallic phase. The optical response is now
governed by a Mie-type resonance within the metallic spherical VO2 -NCs. It is adequately
described by Mie theory for the polarizability of spherical particles [109; 115]. Mie scattering
theory is applied when electromagnetic radiation is scattered at spherical particles with a
size d comparable to or smaller than the wavelength of light λ (see Ref. [3], p.145)3 .
The conﬁned geometry of the metallic VO2 -NCs, wherein electrons are able to move,
oﬀers electromagnetic dipole resonances that are missing in bulk VO2 specimen. Light can
couple resonantly to the electron plasma within the NCs and is eﬀectively scattered. This
2

See Ref. [49], pp.155-159 for a introduction into ellipsometry. The employed unit is a Sentech SE 850
(FT-IR) together with the software Spectra-Ray3.
3
In the present case, d ≈ 90 nm and 0.5 μm < λ < 3.5 μm. In the limits λ
d or λ
d, the scattering
is described by classical scattering (elastic collisions) or Rayleigh scattering theory, respectively.
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Fig. 6.3: (a) Real and (b) imaginary part of the refractive index of VO2 -NCs in SiO2 as
determined by spectral ellipsometry for diﬀerent sample temperatures. Blue: 28◦ C (insulating).
Red: 100◦ C (metallic). The vertical dashed lines indicate the photon energies used for the
demonstration of photonic (0.8 eV) and plasmonic elements (0.8 eV, 0.98 eV and 1.37 eV). (c)
Relative decrease of the optical transmissivity related to the phase transition from insulating to
metallic VO2 -NCs. The red line is a Gaussian ﬁt to the data.

resonance results in a strongly increased imaginary part k and a dispersive signature in the
real part n, in agreement with the Kramers-Kronig-relation under the assumption of an
absorptive resonance (see Ref. [3], p.88).
For further characterization, spectrally resolved normal incidence transmission measurements are performed by the author using an ellipsometer (VASE model by J.A. Woollam
Co.). The strength of the transmitted signal S through the sample is recorded for temperatures of 15◦ C and 100◦ C, i.e. for insulating and metallic VO2 -NCs. Fig. 6.3(c) displays the
results for the spectrally resolved relative change of the transmission during the MIT, which
is calculated as 1 − Smet /Siso . Due to the increased imaginary part k, the transmission is
reduced by > 30 % during the MIT4 . Considering an eﬀective interaction length of < 50 nm
in the partly ﬁlled VO2 -NC layer, this MIT-induced change of the light-matter interaction
is remarkably strong. The data in Fig. 6.3(c) points towards a MIT-induced increase of
the absorption coeﬃcient by ∼ 7 · 104 cm-1 at the center of the resonance.
The spectrum of the transmission change is well described by a Gaussian centered at
0.97 eV, reﬂecting the Mie-type resonance in the NCs. A similar shape has been found before
by a diﬀerent group, also in ion-beam implanted VO2 -NCs [116]. Since the spectral position
4

The signal reduction can mainly be attributed to the increased absorption. Considering the ellipsometry
data, the change in the real part of the refractive index leads to < 2 % change in the reﬂectivity of the
VO2 -NC layer.
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of the resonance in the metallic NCs depends on their diameter, it can be tailored during
the implantation of the NCs using diﬀerent annealing parameters. This way, the change
of the complex refractive index of the VO2 -NC samples can be adapted to applications in
the visible (Ref. [115]) or near-infrared (Ref. [116], this work) wavelength regime. As a
general trend, the resonance shifts to short wavelength for smaller NC diameter. Note that
in the experiments presented here, and in the remainder of the thesis, an ensemble of ∼ 104
NCs is analyzed simultaneously. The optical signals, for example the data in Fig. 6.3(c),
include the combined answer of NCs with diﬀerent diameter. However, TEM images and
the results presented in the next section point towards a rather uniform distribution of NC’s
diameters in the samples.
It should be noted that the samples investigated in the various subsections of this thesis
slightly diﬀer in processing parameters and the resulting average NC diameter. For example,
the ellipsometry data was taken with a diﬀerent sample than the data of the transmission
decrease. However, the variations are minor, and the eﬀect on any of the main conclusions
drawn below is negligible. In numbers, the central position of the MIT-induced transmission
decrease shifts by less than 50 meV when comparing diﬀerent samples. This shift is < 10 %
of the width (FWHM) of the resonance shown in Fig. 6.3(c).
In the next section, the thermally induced MIT and the hysteresis in VO2 -NC samples
will be analyzed.
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Thermally Induced Phase Transition & Hysteresis in
VO2 Nanocrystals

Since its ﬁrst discovery, it was known that the ﬁrst order phase transition in VO2 features
a hysteresis. The term hysteresis refers to the fact that the critical temperature for the
insulator-to-metal phase transition upon heating is higher compared to the backwards metalto-insulator transition upon cooling. First utilizations of this eﬀect were reported in the
early 1970s in the context of optical or holographic storage [117; 118]. In bulk samples,
the diﬀerence between the critial temperatures is in the order of 1 K [18]. As soon as the
size of the VO2 system is restricted to nanoscopic length scales in one or more dimensions,
the width of the hysteresis approaches 10 K for thin ﬁlms or even 30 K-50 K in stronger
conﬁned geometries [119]. This section provides a study of the critical temperatures of the
MIT in the VO2 -NCs used in this thesis, which show a particularly large thermal hysteresis
[87]. The reasons for this behavior are discussed below, but ﬁrst, the physical background
of this phenomenon is brieﬂy outlined.
From a fundamental, thermodynamic point of view, the transition between two solid
state phases of VO2 is a ﬁrst order phase transition. It may be triggered by a parameter,
such as the lattice temperature, that changes the Gibbs free energy of both phases. The
critical temperature TC marks the temperature at which both phases feature the same
minimal free energy. In the case of VO2 , the insulating phase has the lowest free energy for
T < TC . As the temperature is increased to T > TC , the minimum is now in the metallic
phase and the system becomes metallic.
The hysteresis arises because of an energy barrier between the two phases. Additional
energy has to be added to (or substracted from) the system in order to move it to the
neighboring potential minimum, i.e. to induce the phase transition. This energetic barrier can be overcome by either changing the energy of the system suﬃciently (stronger
heating/cooling) or by ﬂuctuations which induce a nucleation. In real space, the phase
transition starts at a point in the medium, where the barrier is somewhat smaller due to a
modiﬁcation of the potentials by impurities, roughness, grain boundaries or strain. These
points are called nucleation sites. Everyday examples for this phenomenon are the boiling
of liquid water that starts at dirt particles (e.g. salt) at the bottom of a pot, or a lake that
begins to freeze at rocks or branches. When a parameter of the system is driven across
the critical point, but the phase transition has not yet happened, the state of the system is
called superheated or supercooled. Again, H2 O gives good examples: If water is boiled in a
microwave in a cup with very smooth surfaces, it might be superheated and stay liquid at
temperatures above 100◦ C (which is why one is supposed to put nucleation sites, e.g. the
rough surface of a wooden spoon, into the cup). Likewise, supercooled water can rapidly
be turned into ice by stirring or shaking it.
The focus of the characterization of the VO2 -NCs is now laid on the thermally induced
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phase transition and its hysteresis. In order to monitor the momentary phase of the NCs, the
normal incidence transmission of a low-power cw (continuous wave) laser at 0.8 eV photon
energy (λ = 1.55 μm) through the sample is measured using an InGaAs photodiode and
lock-in detection. Considering a laser spot diameter of ≈ 100 μm on the sample surface, an
ensemble of roughly 104 NCs is probed. For the purpose of deﬁning the lattice temperature,
the sample is mounted on a temperature-controlled holder made of copper attached to
Peltier elements.
Fig. 6.4 displays the probe transmission for increasing and decreasing sample temperatures. All data is normalized to the signal strength at the start of the heating/cooling cycle
at 5◦ C. Upon heating the sample, the optical transmission is nearly unchanged until a sharp
drop occurs at a critical temperature of TC ≈ 80◦ C. This feature, which is indicative of the
thermally induced transition from insulating to metallic VO2 , is followed by a plateau at a
relative transmission of ≈ 78 % in agreement with the MIT-induced transmission change
seen at 0.8 eV in Fig. 6.3(c). When the sample is subsequently cooled down, a pronounced
thermal hysteresis with a supercooled metallic state persistent down to practically room
temperature is seen. More speciﬁcally, the reverse phase transition from metallic to insulating VO2 sets in at a temperature of ≈ 25◦ C, leading to a width of the hysteresis of
ΔT ≈ 55◦ C-60◦ C.
The width of the hysteresis clearly exceeds that of other nanoscale VO2 systems reported
so far [119–121]. This substantial bistability can mainly be attributed to two eﬀects:
(i) The NCs have a small volume and good crystal quality which, in combination, leads
to a small probability of ﬁnding a nucleation site (impurity, vacancy, grain boundary) in a

Fig. 6.4: Thermaly induced MIT and hysteresis recorded by tracking the 1.55 μm probe transmission for increasing (red) and decreasing (blue) sample temperatures. The MIT from insulating to metallic VO2 is triggered at a critical temperature of TC ≈ 80◦ C. Upon cooling, a
supercooled metallic phase persists to room temperature.

50

6 Vanadium Dioxide (VO2 ) Nanocrystals

NC. In other words, the NCs have a single-domain character and the related absence of
nucleation sites hampers the structural phase transition. There are only few ﬂuctuations
in the potential energies that help to overcome the energetic barrier between the phases.
As a results, the critical temperature of the transition from insulating to metallic VO2 is
raised. The back-switching temperature upon cooling the sample is lowered because of
the same reasons. Studies of the dependence of the thermal hysteresis on size [115; 119;
121; 122] and crystallinity [120; 122] of nanoscale VO2 support this interpretation. As a
general trend summarizing these studies, it can be concluded that smaller and ’cleaner’
VO2 systems show an increased TC and a broader hysteresis. In addition, the results of
the inﬂuence of argon ion bombardment on the critical temperatures, presented in the next
section, are successfully explained in this context and support this interpretation.
(ii) Embedding VO2 -NCs into a fused silica host induces local strain ﬁelds owing to
the diﬀerent thermal expansion coeﬃcients of VO2 and SiO2 . It has been shown that
such a matrix - and internal or external stress in general - changes the critical temperatures
signiﬁcantly [93; 95; 123; 124]. This eﬀect is mainly attributed to a modiﬁcation of the unit
cell dimensions and, consequently, the V-V dimerization along the rutile cR -axis [93; 124].
Explicit connections between the length of this axis, which is modiﬁed by external stress,
and the transition temperatures were found [125; 126]. In the context of the discussion of
Gibbs free energy made above, stress increases the energetic barrier between the phases.
In the next step, the thermal hysteresis is veriﬁed for the entire spectral region shown
in Fig. 6.3(c) by recording transmission spectra for increasing and decreasing temperatures
(data not shown). It is found that the width ΔT does not vary for diﬀerent probe photon
energies, as expected.
The thermal hysteresis furthermore allows to qualitatively rate the distribution of NC
sizes in the sample. A general trend observed in literature is that a smaller particle size
leads to higher critical temperatures (and vice versa) for the reasons given above [115; 119;
121; 122]. Thus, the steep decline of the signal near 80◦ C points towards a rather uniform
distribution of the diameters and crystallinity of the NCs.
The broad thermal hysteresis of the VO2 -NCs in SiO2 is a crucial prerequisite for the
demonstration of reconﬁgurable photonic elements discussed in Chapter 7. As will be
shown, it allows to switch the NCs into a long-term stable supercooled metallic phase. In
the next section, a second requirement for the creation of pre-deﬁned photonic elements is
introduced, namely the controlled modiﬁcation or even deactivation of the phase transition.
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Engineering of the Critical Temperatures Using Argon
Ion Bombardment

One intriguing way to utilize the dielectric contrast between the two phases of the VO2 NCs is the generation of spatial patterns of insulating and metallic NCs, which function as
photonic elements. In the approach published by Zimmer et al. [87], the MIT is deactivated
in pre-selected spatial areas of the sample by irradiating the NCs with argon ions. The aim
of this section is to introduce this technique and clarify the mechanisms behind it. To this
end, a series of samples with diﬀerent argon doses ranging from zero to a dose at which
the MIT is known to be deactivated is investigated. It was not investigated so far, how
smaller argon allow for the tuning the critical temperatures.
The motivation behind this research is to be able to adapt the thermal properties of
VO2 specimen to certain applications. For example, smart thermochromic window coatings
based on VO2 woudl beneﬁt from moving TC even closer to ambient temperatures. A review
of the eﬀorts made in this direction can be found in Ref. [74].
The eﬀects of nucleation sites and energetic barriers discussed above can be utilized to
substantially change the critical temperatures and the hysteresis of the MIT. Diﬀerent ways
of achiving this have been demonstrated: For one, the external stress imposed on the VO2
lattice can be tailored during the fabrication by choosing diﬀerent substrates [125–127].
In a diﬀerent approach, V1−x Xx O2 materials are fabricated, where the dopant X may be
tungsten [70], chromium [96] or titanium [112], for example. Karl et al. demonstrated the
doping of VO2 -NCs with tungsten and molybdenum [78; 128]. Furthermore, bombardment
of as-grown VO2 with ions such as protons [129], caesium [130] or, most prominently, argon
ion was demonstrated and utilized for application-driven research [87; 127; 130].
The use of the nobel gas argon is favourable because it is not incorporated in the VO2
lattice structure, thus the VO2 -NCs are not doped [130]. Argon ion bombardment of VO2 NCs was employed by the group of Prof. Dr. Hubert J. Krenner from the University of
Augsburg for the creation of thermochromic diﬀraction gratings (see Ref. [87] and Section
7.2). It was demonstrated that the phase transition of the NCs is inhibited by exposing them
to a suﬃciently high dose of Ar+ ions (7·1014 cm-2 ) [87]. The deactivation of the MIT is due
to the introduction of site defects and vacancies, caused by displacement collissions of Ar
ions with V and O atoms, which result in a massive deformation of the VO2 lattice structure
[78]. It was shown that amorphous VO2 shows no MIT [127; 131]. All such processed NCs
will remain insulating independent of any thermal or optical excitation. The demonstration
of switchable plasmonic grating couplers, presented in Chapter 9, is also based on this
deactivation of the MIT.
The purpose of the experiments presented in this section is an analysis of the eﬀects of
increasing doses of argon ion bombardment on the MIT in VO2 -NCs. The samples were
processed by the groups of Helmut Karl and Hubert Krenner at the University of Augsburg.
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Apart from the irradiation with diﬀerent argon doses, which happens after the fabrication,
the samples are fabricated with identical parameters. The experimental approach is similar
to the one used to record the thermal hysteresis in Fig. 6.4: The transmission of a cw laser
at 0.8 eV photon energy is measured while the sample temperature is varied. This way,
any change to the optical properties of the VO2 -NCs, caused by a thermally induced phase
transition of NCs, is monitored. Note that the sample area illuminated by the laser contains
an ensemble of ∼ 104 individual non-interacting NCs.
It is evident from the results of this examination, presented in Fig. 6.5, that the overall
shape of the thermal hysteresis is strongly altered by the argon bombardment. The diﬀerent
samples will be referred to as ’Ar-argon dose (in 1014 cm-2 )’, cf. the legend in the ﬁgure.
The black line in Fig. 6.5 shows the thermal hysteresis of the as-grown VO2 -NC sample
(Ar-0) that was not exposed to argon ions. A comparison with the data in Fig. 6.4 reveals an
inferior NC quality in the sample Ar-0 compared to the sample studied above. The hysteresis
is narrower, and the temperature range in which the phase transitions happen is broader,
i.e. the slope of the transmission drop is smaller. The latter observation points towards a
broader distribution of critical temperatures of the individual NCs in the probed ensemble,
most likely due to a broader distribution of NC sizes or a larger number of somewhat ’dirty’
NCs (lattice faults, defects). Furthermore, the mean size of the NCs is probably larger.
However, since all samples in this series are fabricated identically, the slightly reduced NC
quality does not impede the goal of the current examination.
The eﬀects of argon ion bombardment are well elucidated by comparing the data for
the samples Ar-0 , Ar-2 and Ar-6.5. In order to follow the analysis presented below, the
reader may recall the discussion of the broad thermal hysteresis of VO2 -NCs given above.
(i) The distribution of critical temperatures smears out drastically if the argon dose is
increased, up to a point where a steady almost linear transmission decrease with increasing
temperature is seen. This behavior is explained by the increasing number of NCs that are
aﬀected by the argon ions and lose their good crystallinity and single-domain character. It
is known that TC in nanoscale VO2 systems is strongly dependent on the lattice quality and
shape of individual units. With increasing argon dose, more NCs are modiﬁed such that
the critical temperature of those NCs is reduced, respectively increased for the backwards
phase transition metal→insulator.
(ii) The maximum reduction of the transmission at high temperatures T > 90◦ C decreases with increasing argon dose. A growing number of NCs is aﬀected evermore strongly,
up to a point where the MIT is deactivated. Consequently, there are less metallic NCs in
the probed ensemble that reduce the transmission of the probe laser at high temperatures,
regardless of the sample temperature.
The data for the samples Ar-11 and Ar-20 reveal an almost complete deactivation of
the MIT of all probed NCs, cf. the upper panel in Fig. 6.5. In order to rule out the inﬂuence
of laser power noise and thermal ﬂuctuations, the data presented here is averaged over
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Fig. 6.5: Thermally induced MIT and hysteresis of VO2 -NC samples exposed to argon ion
bombardment recorded by tracking the 1.55 μm probe transmission for increasing and decreasing
sample temperature (indicated by arrows). All data is normalized to the transmission at the
start of the heating/cooling cycle.

ﬁve runs trough the heating/cooling cycle. The remaining diﬀerence in the transmission
levels for heating and cooling runs is indeed linked to a small hysteresis of the MIT of a
small remaining number of unaﬀected NCs. Note that the process of selective deactivation
described in Ref. [87] and Section 7.2 is performed with an argon dose of 70 · 1014 cm-2 ,
which is 3.5 times the dose of sample Ar-20 resulting in only 1% transmission decrease.
To sum up, the critical temperatures of the MIT in the probed ensemble of VO2 -NCs
can be altered using argon implantation. At the same time, a fraction of the NCs becomes
’deactivated’ and cannot undergo the MIT anymore. Both eﬀects increase with increasing
argon dose. The deactivation of the MIT is useful tool for photonic applications, see [87;
130] and Chapter 9. Future studies could beneﬁt from ﬁner increments of the argon dose
and/or the comparison of diﬀerent dopants. The data in the upper panel of Fig. 6.5 suggests
that the critical temperature of some NCs is shifted below 0◦ C. A wider temperature range
has to be investigated to clarify this issue. Finally, isolating single NCs would help to
eradicate the complication of analyzing the optical response of a huge ensemble of NCs.
Tuning only the thermal properties using argon ions, without deactivating the MIT in
a part of the NCs, does not seem feasable. Other dopants like tungsten seem to be more
suited for this purpose, since the critical temperature of the probed NC ensemble is shifted
as a whole, without deactivation of the MIT [128; 132].
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Chapter 7
Optically Imprinted Reconﬁgurable
Photonic Elements
The active, fast and deterministic modulation of light is an essential building block of
photonics. Numerous means of imposing a control mechanism on the propagation of light
are of general interest for photonic applications. In this context, phase change materials
are subject to extensive research, since they oﬀer strongly nonlinear modiﬁcations of the
dielectric, structural or electronic properties of a material. Modern everyday applications
of phase change materials are rewritable optical discs (CD, DVD, Blu-ray) and novel solid
state memory chips [133].
Vanadium dioxide (VO2 ) is of special interest because of the metal-insulator phase
transition (MIT) that occurs at near-ambiant temperatures. More speciﬁcally, the lightmatter interaction (absorption, reﬂection, amplitude and phase of transmission) changes
drastically during the MIT, since the two phases feature a diﬀerent complex dielectric
function. The marked change of the optical properties during the MIT is a promising tool
for photonic applications. Several photonic elements employing this control mechanism
have been demonstrated or proposed, comprising lenses [134], polarization optics [130;
135; 136] or photonic modulators [137–140]. The concepts and results presented in this
chapter add to this ﬁeld of research by addressing the potential use of an optically generated
spatial dielectric contrast of insulating and metallic VO2 nanocrystals for novel photonic
applications.
Employing the VO2 -NCs studied in this thesis, it was demonstrated that a spatial dielectric contrast between insulating and metallic areas deﬁnes thermochromic diﬀraction
gratings [87]. In this approach, a site-selective bombardment with argon ion (see Section
6.4) inhibits the MIT in sub-ensembles of the sample. The resulting dielectric contrast
for temperatures below and above TC allows for the implementation of switchable, largecontrast diﬀraction gratings at telecom wavelength. Section 7.2 gives a summary of the
physics and fabrication of VO2 -based diﬀraction gratings. These structures are also utilized
for the demonstration of switchable plasmonic grating couplers, presented in Chapter 9 of
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this thesis.
As has been pointed out in the previous chapter, VO2 oﬀers a variety of ways to control
the MIT via thermal, electronic, optical or mechanic excitation. In the following section, it
is investigated how the MIT in VO2 -NCs can be induced optically, and it is analyzed how
the broad bistability of the phase transition may be utilized in this context. It is shown that
the combination of thermal and optical excitation allows for the creation of a persistently
supercooled metallic phase. The long-term stability and the ability to perform highly repetitive, non-destructive switching are explicitly veriﬁed. Both properties are decisive for the
functionality and lifetime of potential devices for switching or memory applications.
Using optical means to trigger the MIT oﬀers the possibility to selectively switch NCs in
chosen areas of the sample into the metallic phase. Thereby, spatial patterns of insulating
and metallic NCs are created optically with more ﬂexibility compared to the selective deactivation mentioned above. Figuratively speaking, a sample of VO2 -NCs is a blank canvas
that can be painted on using focused laser light as a brush. In this picture, a two-color
image can be created, represented by the dielectric contrast of insulating and metallic VO2 .
The goal of the work presented in Section 7.3 is to optically imprint dielectric patterns
into an otherwise unstructured sample. Utilizing spatially a selective optical excitation,
photonic micropatterns of insulating and metallic NCs are imprinted which serve as photonic
elements for telecom radiation. As fundamental paradigms, diﬀraction gratings and optical
zone plates are demonstrated. While such photonic elements are long-term stable at slightly
elevated temperatures, they can be fully erased in a non-destructive fashion by cooling the
structures to below room temperature.

7.1

Optically Induced Phase Transition & Hysteresis

It is now studied how the phase transition can be induced optically and how the thermal
hysteresis translates to this optical excitation. The specimen investigated in this context
are identical to the samples used for the experiments presented in the previous chapter.
They are again mounted on a temperature controlled holder in order to control the overall
lattice temperature.
An all-optical approach is used to induce and monitor the MIT of the VO2 -NC nanocomposite, see Fig. 7.1. A cw 532 nm pump laser is focused onto the sample surface to a
≈ 100 μm spot diameter (FWHM). It mainly deposits heat in order to raise the lattice temperature T above the critical temperature TC and, thereby, switches the illuminated NCs
to the metallic phase. The details of this optical excitation are addressed below. The
momentary phase of the VO2 -NCs is probed with a focused low-power cw 1.55 μm laser
(spot diameter ≈ 45 μm FWHM). Speciﬁcally, the transmitted probe radiation is measured
using an InGaAs photodiode and lock-in detection referenced to the laser output. A small

7.1 Optically Induced Phase Transition & Hysteresis

57

Fig. 7.1: Scheme of the experimental setup used for the optical generation of the MIT in VO2 NCs. The pump and probe lasers are a SpectraPhysics Millennia and a Thorlabs LDM1550
diode laser, respectively. The λ = 1.55 μm probe transmission through the sample is measured
using InGaAs photodiode (PD) and lock-in detection, while a λ = 532 nm pump laser induced
the phase transition. To adjust the pump power, which is measured by a silicon PD, a graduated
neutral density ﬁlter (ND) ﬁlter is used.

reﬂected fraction of the pump laser is collected in a silicon photodiode and measured at
the lock-in ampliﬁer. This is done in order to simultaneously monitor the momentary pump
irradiance and the probe transmission. The pump power is adjusted with a linear graduated
neutral density ﬁlter attached to a translation stage.
Since the spatial distribution of the pump irradiance on the sample surface is approximately Gaussian, the heat deposition in the illuminated area is non-uniform. Although it is
expected to roughly follow the Gaussian pattern, the details and temporal dynamics of the
heat dissipation in the sample plane into the non-illuminated areas are non-trivial. In order
to rule out potentially detrimental eﬀects, two steps are performed: For one, the probe
spot diameter is chosen to be less than half of the pump spot diameter, whereby the probed
area is illuminated with nearly homogeneous pump irradiance. The actual spot proﬁles and
positions are determined beforehand using a rotating slit beam proﬁler. Secondly, the formation of a thermal equilibrium is ensured after each modiﬁcation of the pump irradiance
by waiting until the probe signal has settled to a constant value (∼2-3 s).
Fig. 7.2(a) displays the relative probe transmission for various combinations of sample
temperatures and pump irradiances. All data points are normalized to the unpumped signal
strength. The sharp drop of the signals for increasing pump irradiance reﬂects the optically
induced MIT caused by the local temperature increase in the pumped area. At a sample
temperature of T = 15◦ C, a broad and fully reversible hysteresis is found that resembles the
thermal hysteresis shown Fig. 7.2(b). When the procedure is repeated for elevated sample
temperatures, the irradiance needed to induce the MIT is reduced. This fact indicates that
a combination of thermal and optical excitation is responsible for the MIT. A more detailed
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Fig. 7.2: (a) Optically induced insulator-to-metal phase transition and hysteresis recorded
by tracking the 1.55 μm probe transmission for diﬀerent sample temperatures. Arrows indicate
increasing and decreasing pump powers. (b) Thermally induced MIT and hysteresis for increasing
(red) and decreasing (blue) sample temperatures (note that data in this panel is identical to
Fig. 6.4). The vertical lines indicate the temperatures used during the optical excitation shown
in panel (a).

discussion of this issue is given later on. Remarkably, for elevated lattice temperatures
slightly above ambient temperatures, the metallic phase persists in the entire ensemble of
NCs without any further illumination. More speciﬁcally, this behavior sets in when the
lattice temperature is raised above a temperature at which the reverse phase transition
metal→insulator sets in (T ≈ 35◦ C). The pronounced hysteresis of the MIT, together
with the elevated nominal lattice temperature, now inhibits the NCs from undergoing the
reverse MIT. The NCs remain in the supercooled metallic phase without additional optical
excitation. In essence, the range of eﬀective sample temperatures in the illuminated area
is restricted to the right side of the vertical lines in Fig. 7.2(b).
The approach to optically deﬁne supercooled VO2 -NCs opens up the opportunity to
almost arbitrarily create planar photonic micropatterns in an otherwise unstructured sample.
In the experiments presented here, local control of the MIT is already demonstrated, albeit
with a spatial resolution of only ≈ 100 μm. Using a focused pump laser, only illuminated
NCs are switched to the metallic phase while the rest of the sample remains insulating.
Before moving on to the demonstration of photonic elements, some important features of
the optically generated MIT in the VO2 -NC:SiO2 samples are discussed.
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Mechanism Behind the Optically Induced MIT
The mechanism behind the optically induced MIT is now brieﬂy discussed. The question
arises to what extent the phase transition is triggered by the optical injection of carriers,
or if it can be regarded as purely thermal. To clarify this aspect, time-resolved pumpprobe studies are performed1 . Speciﬁcally, the output of a regenerative ampliﬁer (RegA)
at 810 nm wavelength), emitting 50 fs pulses at a repetition rate of 250 kHz, is used. As
a probe light source, the output of the OPA tuned to 1.23 μm is used. The experimental
setup follows a basic pump-probe scheme with a mechanical delay stage and two lenses that
independently focus pump and probe beams onto the sample, similar to Fig. 4.1.
The dynamical temporal response gives hints towards the contributions of electronic and
structural degrees of freedom. Its timescales are largely consistent with recently reported
ﬁndings on VO2 thin ﬁlms and point to only minor inﬂuence of the nanoscale structure on the
ultrafast dynamics of the MIT (see Section 6.1 and, e.g., [102; 106; 107]). Contributions
to the pump-induced signal on the time-scales of electronic eﬀects (100 fs to 100 ps) never
exceed a strength of 2%.
In addition, the experiments presented above in Fig. 7.2 are repeated with the pulsed
pump and probe laser sources. The time-averaged irradiance level required to induce the
MIT with this source is ≈ 4.4 kW/cm2 at 20◦ C lattice temperature. This value is very
similar to the one seen in the data in Fig. 7.2, even though the peak irradiance of the pulsed
pump light is increased by a factor of (50 fs · 250 kHz)-1 = 8 · 107 when compared to cw
excitation. Furthermore, the required time-averaged irradiance does not change signiﬁcantly
for diﬀerent time-delays, which cover the regime of electronic and thermal eﬀects.
In conclusion, the observations made above leads to the assumption that the phase
transition is eﬀectively thermally triggered in both situations. The optically induced MIT can
be considered as originating from a rapid laser-induced heating of the VO2 -NCs throughout
all experiments presented in this chapter. The origin of the phase transition can be brieﬂy
summarized as follows: The absorption of photons optically excites a hot electron plasma,
which cools down via electron-phonon scattering. Thereby, the lattice temperature T is
raised. At a certain photon density, these processes subsequently combine to raise T > TC
and the structural transition sets in.

Preparing a Long-Term Stable Supercooled Metallic State
The long-time stability of the optically generated supercooled metallic phase is explicitly
veriﬁed at a lattice temperature of T = 40◦ C, using the experimental conﬁguration shown
in Fig. 7.1. For this purpose, the duration of the cw 532 nm pump illumination is precisely
1

Note that no data is presented in this subsection in order to restrict the length this discussion. The
details of the temporal dynamics are not relevant for understanding the main results of the following chapters.
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Fig. 7.3: Long-term stability of the supercooled metallic phase characterized by the decreased
probe transmission after inducing the MIT at time zero with a short optical excitation. The
nominal sample temperature is kept at 40 ◦ C until the sample is cooled after several hours to
reset the VO2 -NCs to the insulating phase.

deﬁned by a fast mechanical shutter. The MIT is now generated with a single optical excitation event while monitoring the phase of the NCs using the cw 1.55 μm probe tranmission.
The results of this procedure are shown in Fig. 7.3. At an arbitrary time zero, the
pump excitation is present for 5 ms. It switches the NCs to the metallic phase, which is
evident from the transmission drop. The supercooled metallic state persists for several hours
without any noticeable relaxation. However, cooling the sample to T = 15◦ C immediately
induces the reverse MIT and resets all NCs to the initital, insulating state. This ﬁnding is
utilized for the creation of reconﬁgurable photonic devices presented later in Section 7.3.
Furthermore, it opens up the possibility to use nanoscale VO2 and the large bistability of
the MIT for potential applications in all-optical memory devices [83; 84; 86].

Repetitive Switching
The present optical approach also permits to explore the limits of highly repetitive switching
of the MIT. Most applications aiming to utilize the phase transition in VO2 require a nondestructive, reversal MIT in order to provide a long lifetime of potential devices. However,
bulk and thin-ﬁlm VO2 specimen often suﬀer structural disintegration when repetitively
undergoing the MIT. This eﬀect is related to the ∼ 1 % change of the unit cell dimensions
during the phase transition [90; 92; 141]. The crystal quality of the single-domain VO2 NCs and the embedment into a fused silica matrix resolve this detrimental limitation [124].
Simply put, the substrate is able to absorb the MIT-induced strain and allows the NCs to
expand their volume.
To verify this robustness, a 1 Hz on/oﬀ modulation is applied to the cw 532 nm pump
laser using the mechanical shutter (500 μs open, 500 μs closed). The lattice temperature is
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Fig. 7.4: Highly repetitive cycling through the phase transition. The probe transmission is
monitored while the VO2 -NCs undergo through the forward and reverse phase transition induces
by a 1 Hz on/oﬀ modulation of the pump laser. The lower panels are zooms into the data
showing the alternating transmission levels that reﬂect the two phases.

kept at 2◦ C such that the NCs quickly recover to the insulating phase everytime the pump
laser is blocked. The transmission of the cw 1.55 μm probe laser reveals how the phase of the
VO2 -NCs follows this pump modulation. As is obvious from the data presented in Fig. 7.4,
no evidence of structural degradation is found, even after > 104 cycles between insulating
and metallic phases. In addition to this promising result, the fact that the VO2 -NCs are
buried in fused silica drastically reduces the interaction with any atmospheric inﬂuences,
such as oxidation, the contamination of the surface or the introduction of defect. Taken
together, the VO2 -NCs:SiO2 material system oﬀers the possibility to create durable devices,
which is beneﬁcial for lab-related purposes and potential applications alike.

7.2

Fundamentals of VO2-Based Diﬀraction Gratings

In order to create photonic structures that alter the propagation of light in amplitude,
phase or direction, the dielectric contrast between the two phases of VO2 is utilized in
the following demonstrations of photonic elements. The principles of steering light using
diﬀraction are outlined brieﬂy in the following text. This knowledge is also crucial to
understand the working principle of zone plates which will be explained in detail in the next
section. Afterwards, the fabrication and working principles of VO2 -based diﬀraction gratings
are presented.
A diﬀraction grating is an optical element capable of altering the direction of propagation
of light. Furthermore, its inherent dispersive properties lead to a spatial separation of
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spectral components of the incident light. This feature is extensively used for applications
like spectrometers, tunable diode lasers, laser pulse compression and for optomechanical
components in experimental setups.
The following discussion is based on the wave character of light and, for simplicity,
assumes plane waves. Following Huygen’s principle, every point of the wave front is a
source of elementary spherical waves and the propagation of a wave is determined by the
superposition of all elementary waves (interference). Whenever a light wave interacts with
an obstacle or aperture of a size comparable to the wavelength, such that parts of the wave
are blocked or reﬂected, further propagation of the wave is altered. The angular distribution
of the directions of propagation will increase and, in other words, the light beam becomes
more divergent.
In order to utilize the eﬀect of diﬀraction in a deterministic manner and control the propagation of light beams, periodically structured objects are employed, such that the widened
distributions of light interfere and create the desired wave front2 . A prominent example of
this principle is the famous (Young’s) double slit experiment: the superposition/interference
of waves passing through two adjacent slits results in a irradiance pattern that is distinctly
diﬀerent from the subsequent addition of the two single-slit patterns.
A diﬀraction grating is composed of a row of slits of width a that are arranged at
equal distance p, which alternate in being opaque and transparent. The interference of
all spherical waves originating from the transparent slits results in an intensity pattern
corresponding to new beams, which propagate under an angle θ with respect to the direction
of propagation of the incoming light wave. Mathematically, the interference is determined
by the path length diﬀerence from diﬀerent slits to a point in the far ﬁeld. Only at certain
angles of diﬀraction, constructive interference leads to maxima in the intensity. Solving the
Fraunhofer’s integrals, the angle of the m-th order diﬀraction can be calculated to be (see
Ref. [3], p.132)


mλ
θm = arcsin
.
(7.1)
p

Pre-Deﬁned Thermochromic Diﬀraction Gratings based on VO2
The idea of creating diﬀraction gratings based on the diﬀerent refractive index of insulating
and metallic VO2 has been demonstrated by the group of Prof. Dr. Hubert J. Krenner
from the University of Augsburg [87]. Alternating stripes of insulating and metallic VO2 -NCs
are created using site-selective argon bombardment of otherwise unstructured samples. A
short overview of the processing of the samples is given next. For details on the physical
background of the deactivation of the MIT, the reader may refer to Section 6.4, which
2

It is a delicate issue to distinguish the processes of diﬀraction and interference (or superpositon of light
waves). Even the wave front shape behind a single slit with a width of two times the wavelength of light is
determined by the interference of elementary waves originating from points within the slit.
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presents an examination of the eﬀect of argon bombardment on the phase transition and
hysteresis of VO2 -NCs.
In order to create VO2 -based diﬀracation gratings for the telecom wavelength regime,
VO2 -NC samples are processed using a method called selective deactivation. Following
Fig. 7.5 and Ref. [87], this method is now brieﬂy explained: (1) A 120 nm thick chromium
mask, deﬁned by optical lithography and a lift-oﬀ process, is deposited on top of a homogeneous layer of VO2 -NCs. (2) The mask protects stripe-patterned areas of NCs from
at
the Ar+ ion implantation (7 · 1015 cm
2 at 80 keV). The argon ion bombardment introduces
defects into the NCs which inhibit the MIT. As a result, the unprotected NCs will not switch
into the metallic phase regardless of any thermal or optical excitation. (3) The mask is
removed using chemical etching.

Fig. 7.5: Schematic steps of the fabrication of diﬀraction gratings in a VO2 -NC layer using the
selective deactivation of the MIT with argon ions. See text for details. (Adapted from Zimmer
et al. [87])

Fig. 7.6: Optical microscope top view of a VO2 -NC grating fabricated by selective deactiation
process (from [87]). In the deactivated areas (brownish) areas the MIT is inhibited, while the
NCs in the protected areas (yellow) remain as-grown and are able to undergo the MIT.

An optical microscope top view image of a grating fabricated by selective deactivation
is displayed in Fig. 7.6. As is evident from the diﬀerently colored stripes, the transmission
of visible frequencies is diﬀerent for deactivated and as-grown areas, both in the insulating
phase. The desired grating structure is clearly resolved. If a such-processed sample is heated
above TC , the MIT-induced switching of the dielectric contrast leads to a giant modulation
of the diﬀraction eﬃciency of the grating. The idea of optically creating reconﬁgurable photonic elements in VO2 -NC samples is based on this demonstration of pre-deﬁned, switchable
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diﬀraction gratings. The procedure of selective deactivation is also used in the context of
this thesis to create switchable plasmonic grating couplers, see Chapter 9.
Before moving on to the demonstration of photonic elements, which rely on an all-optical
imprinting of the dielectric contrast patterns, the origin of the diﬀractive functionality in
VO2 -NC samples is discussed. With respect to gratings created by the dielectric contrast of
the two VO2 phases, the description of diﬀraction given above has to be extended. In the
simple picture of a slit grating, the transmission of light is modulated between 1 and 0, i.e.
light is fully blocked or transmitted. However, a diﬀractive functionality is also achieved by a
partial periodic modulation of the transmission, as it is given due to the diﬀerent extinction
coeﬃcients k of insulating and metallic VO2 . These lead to a diﬀerence in transmission of
20 % - 30 %. Since now only a fraction of the light’s amplitude is aﬀected by the diﬀraction,
the resulting interference can only be partial and the diﬀraction eﬃciency is reduced. Note
that the angles of diﬀraction are still given by Eq. (7.1).
As a ﬁnal remark, the eﬀects of a change in the real part n of the VO2 refactive index
is addressed. A periodic modulation of the optical path length is commonly used to create
so-called ’phase gratings’ with low losses and high diﬀraction eﬃciency (see Ref. [3],
pp.136-141). This modulation is, in principle, also present in the VO2 -based gratings since
the MIT-induced change of the refractive index Δn = 0 for most wavelengths. However,
the phase shift turns out to be negligible, since it does not exceed Δφ = L · Δn/λ ≈ 1.4 %
in units of the wavelength, with λ = 0.905 μm, L = 90 nm and Δn = 0.14.
In the following section, the fact that diﬀraction gratings can be created using VO2 and
the ability to optically prepare a long-term stable metallic state are combined to demonstrate
the optical imprinting of photonic elements.

7.3 Demonstration of Reconﬁgurable Photonic Elements
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As has been shown above, local control of the MIT is made possible using spatially selective
optical heat deposition with focused laser radiation. The laser can be imagined as a brush
that creates a two-color image on a blank canvas, which is the VO2 -NC sample. This
illustrative picture is actually not very far fetched since the color of insulating and metallic
VO2 -NCs is slightly diﬀerent due to the altered transmission in the visible wavelength regime,
see Fig. 7.6.
The large bistability of the MIT facilitates the generation of a long-time stable metallic
phase at slightly elevated lattice temperatures. Fig. 7.7 illustrates the principle of imprinting
reconﬁgurable photonic elements. If the nominal sample temperature is kept in the range
of ≈ 35◦ C-75◦ C, metallic areas can be written optically. Erasing any imprinted pattern
is achieved in a non-destructive fashion by cooling the sample to below room temperature. In the following, diﬀerent photonic elements are optically imprinted. As fundamental
paradigms, two of the most commonly used devices are demonstrated, namely diﬀraction
gratings and Fresnel zone plates. Diﬀerent concepts to achieve the desired illumination
pattern are examined.

Fig. 7.7: Principle of optical writing and thermal erasing of dielectric patterns in VO2 -NC
samples taking advantage of the broad hysteresis of the phase transition.

Diﬀraction Gratings: Interference-Based Inscription
In a ﬁrst example, a grating structure of 15 μm periodicity is imprinted by creating a pattern
of alternating stripes of insulating and metallic VO2 . The corresponding spatial distribution
of the laser irradiance is generated by interfering two cw 532 nm pump beams that impinge
on the sample with a relative angle of ≈ 3◦ . The nominal sample temperature is kept at 40◦ C
during the optical deﬁnition of the gratings. As shown above, the thermal hysteresis of the
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MIT ensures that the imprinted structures persist after the short-term optical excitation.
The experimental setup is an extended version of the one shown in Fig. 7.1, see Fig. 7.8.
A beam splitter plate divides the focused pump beam in to equally powerful parts that
interfere on the sample surface. In addition to the InGaAs photodiode, which measures the
0. order probe transmission through the sample, a large-area Ge photodiode is employed to
collect the 1. order diﬀraction of the probe laser. Lock-in detection is used for both signals.
In order to limit lateral heat diﬀusion, the duration of the pump beam exposure is set to
1 ms using the mechanical shutter. The spatially periodic, short-term heat deposition by
the interfering beams results in a correspondingly striped pattern of insulating and metallic
VO2 -NCs. Owing to their diﬀerent complex dielectric functions, the structure acts as a
diﬀraction grating for the telecom probe radiation.
To verify the functionality of the gratings created with
this ’one-shot inscription’, the diﬀraction of a cw 1.55 μm
probe laser is analyzed before and after the inscription. The
probe beam is focused to the center of the dielectric pattern
to ensure the interaction with the imprinted grating. The
pump irradiance pattern and the probe spot are illustrated in
Fig. 7.9. Data of the transmission (black) and the ﬁrst order
diﬀraction eﬃciency (red) is displayed in Fig. 7.10, as a function of the irradiance of the 1 ms pump pulse. The eﬃciency
is deﬁned by normalizing the diﬀracted signal strength to the
unpumped transmissivity.
Using the one-shot approach, diﬀraction gratings are Fig. 7.8: Scheme of the expersuccessfully imprinted into the VO2 -NC layer, as is evident imental setup used for the oneshot inscription of grating patfrom the data showing the diﬀraction eﬃciency for increasterns in VO2 -NC samples.
ing pump irradiance in Fig. 7.10. For small pump irradiance,
the probe transmission is nearly unchanged, which means that most NCs are still insulating.
When the transmission starts to decline at a higher pump irradiance of about 1.15 kW/cm2 ,
stripes of metallic NCs are written into the sample and a diﬀractive functionality is generated. Only a small interval of pump irradiances provides the proper amount of heating to
trigger the phase transition in areas with constructive interference, while at the same time
preventing heat diﬀusion from raising T > TC in the entire illuminated area. In essence,
for insuﬃcient (< 1.1 kW/cm2 ) or excessive (> 1.6 kW/cm2 ) pump irradiance, the NCs in
this area remain insulating or switch to the metallic phase, respectively. Both ﬁndings are
corroborated by the transmission data in Fig. 7.10, which shows a signature similar to those
seen for homogeneously illuminated NCs, i.e. a drop of transmissivity to ≈ 0.8.
In the present approach, the peak diﬀraction eﬃciency does not exceed 2 · 10-4 . To
gain a benchmark for the maximum possible eﬃciency of gratings based on VO2 -NCs,
a pre-deﬁned grating with 10 μm periodicity is analyzed, which was fabricated using the
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method of selective deactivation presented above. At high sample temperatures, when
the as-grown NCs switch to the metallic phase and the grating is activated, a maximum
diﬀraction eﬃciency of 1.7 · 10-3 if found. The eﬃciency of the grating inscripted with the
interference-based method is about one order of magnitude smaller. This ﬁnding points to a
dielectric contrast that is limited by heat diﬀusion in this approach of interfering two largearea pump beams. Nevertheless, the results evince the demonstration of the fast imprinting
of long-time stable two-dimensional photonic patterns that can be non-destructively erased
by cooling the sample to below room temperature.

Fig. 7.9: (a) Horizontal scan of the 532 nm pump (green) and 1.55 μm probe (black) irradiance proﬁles recorded with a rotating slit beam proﬁler. (b) Close-up of the inner part of the
interference pattern demonstrating the interference contrast.

Fig. 7.10: Pump power dependence of the transmission (black) and the ﬁrst order diﬀraction
(red) of 1.55 μm probe light interacting with the optically imprinted grating of 15 μm periodicity.
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Diﬀraction Gratings: Pixel-Type Inscription
The results of the interference-based inscription show that more sophisticated ways of
generating a spatially conﬁned MIT are needed. In this part of the text, a ’pixel-type
inscription’ of photonic patterns using tightly focused beams is presented. Small metallic
areas, which can be seen as pixels in the two-color image mentioned above, are inscripted
successively. The goal is to improve the spatial dielectric contrast, and to be able to deﬁne
more complex patterns of insulating and dielectric VO2 -NCs.
To this end, the sample is mounted on a two-dimensional motorized translation stage
with sub-μm accuracy. It is used to move the sample in lateral directions, i.e. in-plane
of the surface. An aspheric lens with a focal length of 11 mm focuses the 532 nm pump
light down to a spot size of ≈ 5 μm (FWHM). The area undergoing the MIT is reduced
even below this optical spot size by utilizing the strongly nonlinear character of the MIT.
For this purpose, the pump power and the duration of illumination are adjusted such that
only the center section of the Gaussian irradiance proﬁle of the illuminated area is heated
suﬃciently strong to locally raise the temperature above TC . On the other hand, pixels
with a diameter bigger than the optical spot size can be imprinted with higher pump powers
or longer durations of illumination. The heat deposition and the consequent size of the
metallic pixels can be adjusted using these experimental parameters.
In the present experimental conﬁguration, this approach allows to locally drive the MIT
using 10 mW pump pulses of ms duration such that low-cost laser diodes are suﬃcient to
imprint photonic patterns. Fig. 7.11 shows a sketch of the diﬀerent optical conﬁgurations
used in the following to optically write metallic pixels, map the imprinted dielectric pattern
and analyze the diﬀractive functionality.
Fig. 7.12(a) illustrates the procedure of pixel-type inscription. After each 2 ms excitation
event, the sample is moved to the next target area. The mechanical shutter and the two-

Fig. 7.11: Illustration of the diﬀerent beams and focusing geometries. The sample is movable
with sub-μm accuracy in lateral dimension. (a) Areas of metallic VO2 are written with a cw
532 nm beam focused to ≈ 5 nm (FWHM) using an aspheric lens. (b) A cw 1.55 μm probe
beam is focused through the same lens to a ≈ 10 μm (FWHM) spot, in order to map the
imprinted structures. (c) The probe beam is loosely focused to ≈ 100 μm (FWHM) to measure
the diﬀraction eﬃciency of the gratings, cf.. the setup depicted in Fig. 7.8.
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Fig. 7.12: (a) Illustration of the point-by-point inscription of metallic areas (brown) in an environment of insulating VO2 -NCs (yellow). (b) Demonstration of an arbitrary dielectric pattern
imprinted into a VO2 -NC sample mapped by monitoring the transmission of a focused probe
pulse. Dots mark the positions of photoexcitation.

dimensional translation stage are synchronized in a home-built LabView program to ensure
the correct timing of these actions. Since the sample temperature is kept at T = 40◦ C,
and the supercooled metallic phase is persistent, arbitrary lateral patterns of insulating and
metallic areas can be written without inherent limitations to the duration of the entire
procedure. Note that any additional heating of metallic VO2 -NCs has no consequence on
their phase or dielectric properties. Therefore, a spatial overlap of consecutive excitations
is not detrimental, but rather allows to imprint connected metallic areas.
Fig. 7.12(b) shows a map of the transmissivity of the 1.55 μm probe beam, created by
monitoring the transmitted intensity and moving the sample in lateral dimensions. The
spatial resolution of the map is ≈ 10 μm, given by the spot size of the probe beam at the
sample surface. It is evident that the desired structure was successfully translated into the
dielectric contrast.
Moving on, the pixel-type inscription is demonstrated using the example of a diﬀraction
grating with 20 μm periodicity. The stripes of supercooled metallic VO2 are formed by
subsequently switching circular areas that are lined up like a string of pearls. Fig. 7.13
shows a 2D transmissivity map of the grating created by this successive deﬁnition. Ideally,
areas in the metallic and insulating phases are represented by 1.0 and ≈ 0.8 transmissivity,
respectively. These values are not seen in the map, because the spatial resolution is limited
by a convolution of the Gaussian probe beam intensity proﬁle and the imprinted dielectric
contrast. Nevertheless, the grating structure composed of stripes of alternating metallic
and insulating VO2 is clearly resolved.
In the next step, gratings with diﬀerent periodicity are subsequently imprinted into the
same VO2 -NC sample and analyzed using the procedures described above. All gratings are
created at a sample temperature of 40◦ C and erased by cooling to 10◦ C. Similar to the
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Fig. 7.13: (a) Transmissivity map of a 400μm × 400μm area of alternating stripes of insulating
and metallic VO2 -NCs forming a diﬀraction grating. (b) Close-up showing the dielectric contrast
between the stripes represented by the diﬀerent transmissivity. The spatial resolution is ≈ 10 μm.

gratings created using the interference-based inscription, only certain combinations of pump
power and duration results in a situation where half of the NCs are in either phase. For
the present pixel-type approach, 2 ms pump pulses of 10 mW-15 mW power are used. The
diﬀraction eﬃciency of the grating is determined by measuring the transmission and the
ﬁrst order diﬀraction of a 1.55 μm probe beam loosely focused to ≈ 100 μm (FWHM). As
seen in Fig. 7.14(a), the gratings feature ﬁrst order diﬀraction eﬃciencies of up to 1.7·10-3 ,
i.e. about one order of magnitude larger when compared to an inscription with interfering
large area pump beams presented above. Apparently, the short-term heat deposition from
tightly focused optical beams leads to much less heat dissipation when compared to the
interference-based approach.
The diﬀraction angle markedly shifts with the grating period, as expected. Note that
the angles of diﬀraction found in the experiment agree well with Eq. (7.1). The maximum
diﬀraction eﬃciency decreases for decreasing grating periodicity. This behavior is most
likely due to the reduced quality of the gratings and an increasing duty cycle, caused by
narrower insulating stripes.
The fact that a grating with a periodicity of 6 μm is imprinted using pump spots with
a diameter of 5 μm FWHM demonstrates how the strong nonlinearity of the MIT helps to
create structures with μm resolution. The maximum eﬃciency of 1.7 · 10-3 is equal to the
values obtained with the pre-deﬁned gratings fabricated using defect engineering with Ar
ions. Therefore, it can be concluded that the optically generated micropatterns succeed in
attaining the maximum possible dielectric contrast in the VO2 -NC samples.
Owing to the broad thermal hysteresis of the MIT, any imprinted structure is long-term
stable (cf. Fig. 7.3) and can be erased in a non-destructive fashion if the temperature is
reduced to T < 20◦ C. This fact is evident from Fig. 7.14(b), where the diﬀraction eﬃciency
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of a grating imprinted at 40◦ C sample temperature is displayed for decreasing temperatures.
The dielectric contrast vanishes at temperatures below ≈ 20◦ C in accordance with the
thermal hysteresis presented above. In essence, the grating is erased and the sample is
reset to an unstructured, homogeneous state.
To sum up, the approach of inducing the MIT pixel by pixel with focused beams allows
to control the detrimental heat dissipation to a great extent. It leads to a superior dielectric
contrast and oﬀers the possibility to imprint arbitrary 2D photonic patterns with μm resolution. In the next step, the approach is slightly varied and more complex planar photonic
elements are demonstrated.

Fig. 7.14: (a) Angular scans of the diﬀraction eﬃciency of grating patterns formed from
insulating and metallic VO2 -NCs. The number next to the lines states the grating’s periodicity.
(b) Temperature dependence of the diﬀraction eﬃciency. After the preparation of the grating at
40◦ C, the sample is cooled down to 5◦ C. The insulating state is fully recovered at temperatures
below 20◦ C.

On- and Oﬀ-Axis Zone Plates: Continuous Inscription
The method of the pixel-type inscription is now expanded to create more sophisticated
planar dielectric patterns of alternating insulating and metallic VO2 -NCs. Instead of using
consecutive singular excitation events, the sample is now moved with a constant in-plane
velocity while a continuous 532 nm pump spot induces the MIT. Any desired structure can
now be written by driving the corresponing trajectories. As an example for this approach of
’continuous inscription’, on- and oﬀ-axis zone plates are imprinted into a VO2 -NC sample.
A zone plate is a planar photonic element capable of focusing and redirecting beams
of electromagnetic radiation using only diﬀraction. This fact distinguished its operating
principle from lenses or parabolic mirrors that work with refraction or reﬂection at curved
surfaces in order to focus light. Using a speﬁcially designed zone plate, any electromagnetic
or particle wave can be focused independent of the index of refraction of the utilized material
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for the speciﬁc spectral region. In modern X-ray optics, zone plates are commonly used
for wavelength regions where most materials either strongly absorb or show only weak
refraction [142]. Further applications of zone plates can be found in photography, holography
and synchrotron optics [142]. Since zone plates can be constructed to have two planar
interfaces, they are beneﬁcial for the integration into thin planar photonic nanostructures.
Historic background on the development of diﬀerent types of zone planes and further details
can be found in Refs. [143] and [144].
In general, an on-axis zone plate consists of concentric areas (rings) that alternate in
transmissivity or optical path length. In the most basic conﬁguration, depicted in Fig. 7.15,
the circles alternate between being fully opaque and transparent. When this structure is
illuminated under normal incidence and the irradiance of light is distributed radially symmetric, light will be focused to a point on the optical axis (which is normal to the center of
the zone plate). In a simple picture, this focusing ability can be understood considering the
zone plate to be composed of circular diﬀraction gratings with a periodicity that decreases
from the center to the outside. Each grating is oriented in a way that makes diﬀracted
orders of light hit the optical axis. The varying periodicity makes sure that diﬀracted light
from all parts of the zone plate gathers at the same distance to the center of the zone
plate. This spot is the focal point. Because larger angles of refraction are needed for light
transmitted through the outer rings, the gratings periodicity decreases for increasing radii.
In a more fundamental point of view based on Huygen’s principle, the design of the zones
ensures that light originating from the transparent (opaque) zones interferes constructively
(destructively) at the focal point. The radii of the alternating rings have to be chosen such
that the diﬀerence in path lengths Δl from points in the transparent zones to the focal
point is 0 < Δl < λ/2, where λ is the wavelength of the incoming light. Any radiation

Fig. 7.15: (a) Schematic cross-section of a planar zone plate consisting of transparent (yellow)
and opaque (brown) areas. The radii ri are given by Eq. (7.2). Light from all points of the zone
plate is diﬀracted to a mutual point on the optical axis of the system. (b) Schematic front view
of the zone plate imprinted into a VO2 -NC sample.

7.3 Demonstration of Reconﬁgurable Photonic Elements

73

transmitted through these zones will interfere constructively at the focal point. Vice versa,
light originating from opaque zones has to fulﬁll λ/2 < Δl < λ in order to ensure destructive
interference. Owing to these requirements, the alternating rings are called half-wave zones.
The radius of the m-th half-wave zone boundary rm scales as (see Fig. 7.15(a) for an
illustration and Ref. [144] p.5, or Ref. [143] for the derivation)

2
√
mλ
rm =
+ mλf ≈ mλf ,
(7.2)
2
where f is the focal length of the zone plate. The approximation is valid for λ
f.
Similar to diﬀraction gratings, zone plates are able to function based on both amplitude
or phase (path length) modulations (see Ref. [144], pp.5-6). In the specimen under
investigation in this thesis, the diﬀractive functionality is created by the diﬀerent dielectric
constants of the two phases of VO2 -NCs . As has been pointed out during the discussion
of VO2 -based diﬀraction gratings in Section 7.2, the diﬀraction is dominated by amplitude
modulation caused by the increased absorption in the metallic areas. In the context of the
description of zone plates given above, metallic corresponds to opaque. However, instead
of completely blocking the transmission, it is merely reduced by ≈ 30 %3 .
As a ﬁrst example, a zone plate with a focal length of f = 100 mm for λ = 1.55 μm light
is optically imprinted. Using these parameters, the widths of the metallic (opaque) rings,
as determined by Eq. (7.2), range from r1 − r2 = 163 μm to ≈ 32 μm for the outer rings up
to m = 38. In order to achieve the corresponding illumination pattern, the two-dimensional
translation stage is programmed to move along circles with an in-plane velocity of 1 μm/ms
while a continuous 532 nm, 10 mW pump spot of 5 μm diameter (FWHM) illuminates the
VO2 -NCs. The radii of consecutive circles are increased in steps of 6 μm to ensure the
formation of uninterrupted, areal metallic rings. Fig. 7.16 shows transmissivity maps of the
imprinted zone plate, recorded with a 1.55 μm beam focused to a spot diameter of ≈ 10 μm
(FWHM). The dielectric contrast between areas of insulating and metallic VO2 -NCs is
clearly resolved, especially in the close-up in Fig. 7.16(b).
To verify the functionality of this zone plate, it is illuminated with a non-focused 1.55 μm
probe beam with a diameter of ≈ 2 mm (FWHM). The irradiance proﬁle of the beam is
approximately Gaussian and centered in the middle of the zone plate, thus ensuring a radially
symmetric illumination. Fig. 7.17 shows the spatial irradiance proﬁle of the beam recorded
at 100 mm behind the sample plane with (red) and without (blue) the optically imprinted
photonic pattern. Upon deﬁnition of the zone plate, the overall far ﬁeld transmission
decreases by about 15 %, which is expected since ≈ 50 % of the NCs are now are in the
3

The sample used for the zone plate experiments features a stronger transmission decrease and a smaller
hysteresis width, when compared to the one used for the optically induced MIT and the inscription of gratings.
Presumably, the NCs in the sample used here are slightly larger.
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Fig. 7.16: (a) Transmissivity map of an on-axis zone plate deﬁned by an optically imprinted
pattern of insulating and metallic VO2 -NC at a sample temperature of 40◦ C. The scale bar is
500 μm. (b) Close-up of a part of the on-axis zone plate showing the dielectric contrast between
the two phases of VO2 . The scale bar is 40 μm.

metallic state. Note the the dielectric pattern is not resolvable in the far ﬁeld transmission
of this large area beam. More importantly, the zone plate creates a focal spot in the center
of the beam proﬁle, which demonstrates the functionality of the imprinted zone-plate. As
displayed in Fig. 7.17(b), the diameter of the nearly Gaussian proﬁle of this focal point is
≈ 40 μm (FWHM). The local light intensity is enhanced and exceeds the intensity measured
without an imprinted zone plate by 7 %, despite the absorption losses caused by the metallic
VO2 -NCs. Note that the cross-section shown here is a horizontal cut through the beam’s
irradiance proﬁle. The vertical cross-section shows the same additional focal point in the
center of the beam.

Fig. 7.17: (a) Cross-section of the λ = 1.55 μm beam in the focal plane of the on-axis zone
plate before (blue) and after (red) optical imprinting of the zone plate recorded with a rotatingslit beam proﬁler. (b) Close-up to the additional focal spot created upon deﬁnition of the zone
plate.
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Moving on, the opportunity to create arbitrary two-dimensional photonic patterns is
utilized further. The depictions of the working principle of zone plates made above are valid
for on-axis zone plates. A diﬀerent functionality can be achieved by creating oﬀ-axis zone
plates. As the name implies, the focal point of an oﬀ-axis zone plate is not located on the
optical axis (normal to the center of the zone plate) but is shifted to another point in the
focal plane. This functionality is generated by illuminating only an outer section of the zone
plate, as shown in Fig. 7.18(a). Essentially, this pattern merges the ability of a diﬀraction
grating to change the direction of propagation of a light beam with the ability of a zone
plate to focus light.
Fig. 7.18(b) displays the irradiance of the large area 1.55 μm probe beam at 100 mm
behind the sample both with (red) and without (blue) the optically imprinted oﬀ-axis zone
plate. The section of the beam proﬁle shown here is displaced horizontally from the center.
Again, the overall transmission decrease is due to the increased absorption in the metallic
VO2 -NCs. Remarkably, a part of the probe light is now focused to a ≈ 45 μm spot (FWHM)
outside of the transmitted beam, in accordance with the expected eﬀect of the oﬀ-axis zone
plate. Note that the horizontal cross-section is shown in Fig. 7.18(b). The vertical crosssection of the beam proﬁle looks like the one shown in Fig. 7.17(a), with to focal spot in
the center of the proﬁle.

Fig. 7.18: (a) Transmissivity map of an optically deﬁned oﬀ-axis zone plate. The scale bar is
500 μm. (b) Cross-section of the λ = 1.55 μm beam in the focal plane of the oﬀ-axis zone plate
before (blue) and after (red) the optical imprinting of the zone plate. The inset shows the focal
spot generated by the oﬀ-axis zone plate.
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Chapter 8
Introduction to Surface Plasmon
Polaritons (SPPs)
Apart from the applications of VO2 addressed in the previous two chapters, it is also envisioned to be utilized for active plasmonic devices. The research ﬁeld of plasmonics is a
rapidly evolving area of photonics that relies on the interaction of free electrons in metals
with light. The following section introduces plasmonics and how the interesting characteristics of VO2 contribute to it. In the remainder of this thesis, diﬀerent plasmonic elements
based on VO2 nanocomposites are demonstrated. The MIT-induced change of the dielectric function of VO2 -NCs is exploited to manipulate the coupling of light to surface plasmon
polaritons (SPPs). In Section 8.2, the physics of SPPs at a gold-air interface is discussed
together with a mathematical description. Section 8.3 describes the experimental setup
employed for the excitation and detection of SPPs.

8.1

Motivation and Overview of the Field of Research

Plasmonic research comprises the science and applications of the interaction of electromagnetic ﬁelds and electrons at metal interfaces or in metallic nanostructures. Under certain
circumstances, light and electrons strongly interact and form a hybrid quasiparticle composed of light and electrons called surface plasmon polariton (SPP).
In a simple yet successful approach, conducting electrons in a metal are treated like a
dense liquid of free electrons (∼ 1023 cm-3 ) called plasma. Maxwell’s equation show that the
electron plasma can be excited to perform collective spatial oscillations called plasmons. In
a bulk material, these volume plasmons can be visualized as a periodic, wave-like movement
of the electron density against the restoring force of the background of ion cores.
As it happens in several ﬁelds of physics, intriguing and unexpected phenomena happen
when the dimensions of the system approach the nanoscale. In the context of plasmonics,
two main types of excitations emerge from either sub-wavelength structures such as metallic
nanoparticles, or discontinuities in a heterostructure in the form of planar metal-dielectric
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interfaces. In the latter case, the interface supports electromagnetic surface waves called
surface plasmon polaritons (SPPs). In essence, a SPP is composed of a light ﬁeld that is
bound to the surface of a metal because of a strong interaction with plasmons that propagate along the surface. The term ’polariton’ reﬂects the photonic part of this quasiparticle.
The applications of and the research on localized plasmon resonances and SPPs are
manifold. The sheer number of papers published per year (≈ 8500 in 2014 and 2015 each)
complicates a comprehensive overview of the ongoing research. To get an synopsis of the
∼ 100 years of history, the current stage and the future challenges of plasmonics, the reader
might refer to a focus issue of Nature Photonics [22; 23]. In the following, a few of the
most prominent applications that pushed this ﬁeld of research are introduced.
One of the most interesting features of plasmons and SPPs is the fact that the light
ﬁeld is concentrated to dimensions of down to one hundredth of the wavelength of the light
coupled to the SPP [145]. The electron oscillations can be excited by an external light ﬁeld,
thereby transforming far-ﬁeld to near-ﬁeld radiation. Speciﬁcally, the light’s amplitude is
maximum at the interface and decays exponentially into the metal on a distance of 1030 nm, thereby beating the optical diﬀraction limit by more than one order of magnitude. A
overview of current research on the prospects of nanoplasmonic can be found in the review
article ’Plasmonics beyond the diﬀraction limit’ [24].
An advanced class of applications are SPP-based sensors that utilize the strong sensitivity to the plasmon’s properties on the sorroundings [146; 147]. Plasmonic sensor devices
even reached the stage of ready-to-use commercial products. Surface plasmon resonance
sensors are based on a method of exciting SPPs on plain metal ﬁlms called ’attenuated
total reﬂection’ that is also part of the examinations carried out in this thesis (see Chapter
10). This type of sensor is commonly used in biomedical and genomic applications such as
monitoring the aﬃnity binding of molecules or studying DNA, RNA, proteins etc. [147]. The
technique of surface-enhanced Raman spectroscopy (SERS) is able to detect the signature
of single molecules adsorbed on metallic nanostructures [148; 149].
In a diﬀerent class of applications, the ﬁeld enhancement and symmetry breaking related
to the bound nature of plasmons in nanoantennas is utilized in nonlinear optics. Recent
developments in the research ﬁeld of nonlinear plasmonics are second harmonic generation
[68; 150] and the generation of extreme-ultraviolet light using high harmonic generation
[151]. A review of nonlinear plasmonics can be found in Ref. [152].
Plasmonic interactions are also envisioned to enhance the eﬃciency of photovoltaic
devices by exploiting their ability to catch and control light on the nanoscale [153; 154]. In
thin ﬁlm solar cells, the eﬃciency of transforming light to electrical energy is limited due
to the low overall absorption. The addition of metallic nanoparticles or gratings structures
helps to enhance the interaction of the light ﬁeld with the active layer (which is usually
silicon). In the same manner, nanoparticles help trapping light and increase the eﬃciency
of organic solar cells [155].
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The ability of plasmonic structures to conﬁne optical and electronic information in lateral
dimensions of ∼ 10 nm, and guide it over length scales of ∼ mm, makes SPPs a promising
candidate for future on-chip data processing [24; 156; 157]. They oﬀer the opportunity to
transfer information on metallic surfaces, nanowires or other waveguide designs and link
optics and electronics on the nanoscale. The on-chip data transport or processing could
potentially be done with light instead of pure current ﬂow. In principle, SPPs also allow to
use electronic and photonic degrees of freedom simultaneously. In order to create plasmonic
circuits, a variety of elements is needed that convert light to SPPs and vice versa or steer
SPPs on the chip: switches, modulators, in- and output couplers, waveguides and so on.
Reviews of several implementations and designs that have been demonstrated so far can be
found in Refs. [24; 156; 157].
The research on plasmonic elements carried out in the context of this thesis belongs to
the ﬁeld of active plasmonics. This area of research focuses on the fast and deterministic
control of SPP launching or propagation. Ultimately, the goal is to ﬁnd designs that
allow for the ultrafast manipulation of light-SPP coupling on the nanoscale and, thereby,
achieve the transfer of digital information (bits) onto SPPs. The conditions of light-SPP
coupling and the properties of SPPs are very sensitive to the eﬀective dielectric functions
of media in their near ﬁeld. Consequently, the active control of SPP launching using the
controlled and fast manipulation of the dielectric properties associated with the photoexcitation is the topic of ongoing research. So far, most concepts have relied on electrical
[158], electro-mechanical [159; 160] or (ultrafast) optical manipulations [161; 162]. A
way to achieve even more substantial changes is the use of structural phase transitions [20].
In this thesis, the use of vanadium dioxide nanocrystals (VO2 -NCs) for the active control
of SPP launching in the telecom wavelength regime is investigated. The aim of the research
performed in this thesis is the thermochromic modulation of SPPs in vanadium dioxide
(VO2 ) nanocomposites. VO2 is one of the most studied phase change materials for photonic
and plasmonic applications because of its metal-insulator phase transition (MIT) that is
accompanied by a marked change of the dielectric function. Several recent studies have
been devoted to the use of VO2 for modulating plasmonic functionalities [86; 140; 163–
167], including the propagation of SPPs [72; 168; 169], sensor functionality [170] and
antenna resonances [171–173]. In addition, similar concepts have been demonstrated based
on other phase change materials (mainly chalcogenides such as Ge3 Sb2 Te6 ) [174–179].
However, the beneﬁt of VO2 for active control of SPP launching in plain metal ﬁlms has
not been addressed so far.
The specimen used in this thesis are composed of VO2 -NCs embedded just below the
surface of a gold-covered dielectric. The phase transition can be induced thermally, or
optically on sub-picosecond timescales. In addition, it exhibits a large hysteresis with a
supercooled metallic state near ambient temperatures. The bistability of nanoscale VO2
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specimen allows for the implementation of persistent, but erasable photonic elements
[21] or plasmonic memory devices [86]. Owing to a Mie-type resonance of the spherical
metallic NCs, the MIT-induced change of the dielectric function in the telecom windows is
strongly increased compared to bulk ﬁlms [109]. Furthermore, the spectral position of this
resonance and the characteristics of the hysteresis can be engineered during the fabrication
process. Details on the material system VO2 , the fabrication of the VO2 -NCs and the
physics of the MIT and can be found in Chapter 6.
In order to optically launch SPPs on a metal-dielectric interface, the wave vectors of
light and SPPs have to be matched, since free-space radiation does not carry enough
momentum to excite SPPs (cf. Section 8.2). For this purpose, two main mechanisms have
been identiﬁed. The beneﬁts of combining VO2 with both of these approaches for the
purpose of demonstrating active plasmonic elements is investigated in this thesis:
(i) The wave vector of the incident light is increased using a spatially periodic structure in the near ﬁeld of the SPP. This so-called grating-assisted coupling is realized using
thermochromic diﬀraction gratings based on the site-selective deactivation of the MIT. As
has been shown in Section 7.2, the dielectric contrast between insulating and metallic VO2
allows to create switchable diﬀraction gratings. This fact is made use of for the demonstration of switchable thermochromic plasmonic grating couplers with giant switching contrast.
See Chapter 9.
(ii) In a second set of experiments, the Kretschmann conﬁguration is examined. Here,
evanescent light created upon total internal reﬂection is able to excite SPPs on a plain
metal ﬁlm. The beneﬁt of a VO2 -NC layer in the near ﬁeld of the propagating SPPs is
a marked MIT-induced modiﬁcation of the light-SPP interactions that result in thermotunable plasmonic couplers. Extensive simulations of the optical response of this structure
are in line with experimental results and measurements of the dielectric function of the
VO2 -NC layer. See Chapter 10.
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In this section, a short theoretical description of surface plasmon polaritons (SPPs) will be
given. It is based on Maxwell’s equations applied to an electromagnetic wave propagating
at the interface of two semi-inﬁnite media [180; 181]. Central ﬁndings will be applied to a
gold-air interface, which is present in the samples examined in this thesis. The results of this
mathematical treatment, especially the wave vector dispersion of SPPs, will be important
for understanding the mechanisms of the diﬀerent schemes of light-SPP coupling presented
later in the text.

Mathematical Description of Surface Plasmon Polaritons
Fig. 8.1(a) shows a schematic of the interface between two semi-inﬁnite media representing
the dielectric and the metal. The interface is located in the x-y -plane at z = 0. For
nonmagnetic media in the absence of external sources, Maxwell’s vector equations for the
electrical ﬁeld strength E and the magnetic ﬁeld strength H read
∇ × Hi =

0 i

∂Ei
∂t

,

∇ × Ei = −μ0

∂Hi
∂t

,

∇ · E = 0 and ∇ · H = 0 ,

(8.1)

where i is the bulk dielectric function in the two media. In general, this function may be
complex and depend on the frequency of light; this matter will be addressed later on in the
text. The index i describes the two media, where i = 1 for z > 0 and i = 2 for z < 0.
One can now construct an expression for the electromagnetic ﬁeld of travelling SPPs that
fulﬁlls these equations. A propagation along the x-axis and a polarization of the transverse
electric ﬁeld in z-direction is considered, corresponding to TM polarized light. Since the
mode of a SPP is conﬁned to the interface, it is characterized by decaying electrical ﬁeld
z-components in the two surrounding media at |z| > 0. Fig. 8.1(b) shows a visualization
of the SPP’s electromagnetic ﬁeld and the corresponding charge distribution in the metal.
The wanted solution for travelling SPPs is written as
⎛ ⎞
Eix
⎝
0 ⎠ · exp(-κi |z|) · exp[i (ki x − ωt)]
Ei =
(8.2)
Eiz
⎛ ⎞
0
⎝
Hi = Hiy ⎠ · exp(-κi |z|) · exp[i (ki x − ωt)]
(8.3)
0
where κi are decay constants and ki is the magnitude of the wave vector corresponding
to the propagation in x-direction. In addition to Eqs. (8.1), boundary conditions for the
continuity of the ﬁeld components parallel to the interface apply, which read E1x = E2x
and H1y = H2y . Inserting the equations (8.2) and (8.3) in (8.1), and considering these
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Fig. 8.1: (a) Schematic of the geometry used for the mathematical description of the SPP
propagation along the interface between dielectric (z > 0) and metal (z < 0). (b) Visualization
of the SPP’s electric ﬁeld amplitude E in the x-z-plane and the magnetic part Hy . The algebraic
signs represent the electron charge accumulation, i.e. the plasma oscillations, that the SPP’s
electromagnetic ﬁeld is coupled to (adapted from [145]).

conditions, leads to the system of equations
ω2
ki2 = κ2i + 2
c
κ1
1
=− .
κ2
2

2
i

(8.4)
(8.5)

The conﬁnement of the electromagnetic mode and conservation of energy implies κi > 0
in both media. It is now obvious that the real parts of the dielectric functions in the two
media must have opposite signs, in order to support SPPs at the their interface. This
requirement is met when a dielectric and a metal are considered, as will be shown later.
From the continuity of the electric ﬁeld components follows kSPP ≡ k1 = k2 , i.e. the
continuity of the in-plane wave vector in the two media. The equations (8.4) and (8.5) can
now be solved to obtain an expression for the in-plane wave vector of the SPP mode:
kSPP =

ω
c

1 2
1

+

2

.

(8.6)

All calculations performed so far could have been done assuming TE polarized light, with
Ey , Hx , Hz = 0. However, considering the boundary conditions, it is straightforward to
show that surface modes cannot exist under these circumstances (see Ref. [181], pp.2627). Consequently, SPP modes only exist for TM polarization. A more descriptive argument
for this restriction is provided by the spatially oscillating charge distribution in x-direction.
The interaction of light with this charge distribution is only possible for Ex = 0.
So far, this section has shown that Maxwell’s equations support the existence of collective electron plasma oscillations travelling along the interface of two media with 1 / 2 < 0.
The accompanying electric ﬁeld is composed of longitudinal and transversal components.
Next, these ﬁndings will be applied to a gold-air interface and light in the telecom wavelength
regime, which corresponds to the experimental conﬁgurations examined in this thesis.
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Surface Plasmon Polaritons at a Gold-Air Interface
To get a more speciﬁc understanding of the propagation of SPPs at a gold-air interface,
the results of the previous section are now evaluated for the actual dielectric functions of
these materials. Considering air as a dielectric, the situation is simple, since 1 = air ≈ 1 in
the visible and near-infrared wavelength regimes [182]. Gold is used throughout this thesis
as the metal layer. The frequency-dependent dielectric function of gold 2 = Au (ω) in the
near infrared is commonly described using a Drude model, where a gas of free electrons
moves against ﬁxed ion cores (see, for example, Ref. [181], pp.11ﬀ). Following this model
yields a complex dielectric function
Au (ω) = 1 −

ωp2
,
ω 2 + i γω

(8.7)

where ωp2 = ne 2 / 0 m is the plasma frequency of a bulk plasmon (n = electron density, m =
electron mass). Damping and scattering processes are included into the discription by the
imaginary part of the dielectric function, see the discussion in Section 10.3 for details. The
damping constant γ is typically in the order of γ ∼ 100 THz at room temperature, which
corresponds to a relaxation time of ∼ 10 fs. For gold ωp ≈ 9 eV and, thus, Re[ Au (ω)] < 0
in the telecom wavelength regime. Note that Eq. (8.7) neglects the residual polarization
caused by the background of ion cores and, furthermore, the onset of interband transitions
at ≈ 2 eV is not included. See Ref. [181], pp. 11-14 for details. Equation (8.7) suﬃciently
approximates the complex dielectric function of gold in the telecom wavelength regime.
However, for calculations and for the transfer-matrix simulations performed in the context
of this thesis, literature data for Au (ω) is used [183]. This data is presented in Fig. 8.2.
The real part of the dielectric function of gold is negative up to ≈ 6 eV, which is far
below the photon energies utilized in the experiments in this thesis. Therefore, the condition
resulting from Eq. (8.5) is fulﬁlled. Inserting air and Au (ω) in Eq. (8.6) leads to the central

Fig. 8.2: (a) Real and (b) imaginary part of the dielectric function of gold. The data presented
here are linear interpolations to data taken from Ref. [183].

84

8 Introduction to Surface Plasmon Polaritons (SPPs)

result of this chaper, which is the frequency-dependent SPP wave vector at a gold-air
interface:

Au (ω)
.
(8.8)
kSPP (ω) = k0
1 + Au (ω)
Here, k0 = ω/c = 2π/λ is the free-space wave vector of light. It is important to notice
that kSPP > k0 at a given frequency ω. This ﬁnding can be associated with the binding of
the SPP to the metal surface. In the next paragraph, the implications of this dispersion for
the excitation of SPP modes with free-space radiation are discussed.
Launching SPPs using an external light source is the core of the experiments performed
in the ensuing chapters. Since SPPs are excited states, energy needs to be added to the
system to generate them. Coupling light that is incident on the gold-air interface to a SPP
mode requires the conversation of momentum and energy, in order to transfer them both
from photons to SPPs. Fig. 8.3 displays the SPP’s dispersion relation kSPP (ω) according
to Eqs. (8.7) and (8.8) together with the dispersion of light in air ω = cair k0 . It is
convenient to think of the simultaneous matching of energy and momentum as a crossing
of the two dispersion lines. Since the wave vector of the SPP is larger then that of light
for any given frequency, the lines never cross. In other words, photons in air do not provide
enough momentum to excite surface plasmon polaritons. Moreover, the quantities that
need to be considered here are the component of the light’s wave vector that is parallel to
the interface k0,x and kSPP (which is intrinsically parallel to the interface). Naturally, the
in-plane component k0,x ≤ k0 .
Considering the photon energies used in the following chapters, the relative deviation
of the momenta (kSPP − k0 )/k0 is in the range of 0.4 % to 1.6 %. The SPPs, therefore,
mainly have photonic character and can be seen as light guided along the interface.

Fig. 8.3: Dispersion relation of a SPP at a gold-air interface (inverse function of Eq.(8.8),
red curve) and the dispersion of light in air ω = cair k0 (blue curve) . At a given frequency, a
momentum mismatch Δk prevents the direct excitation of SPPs using an external light source.
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The momentum mismatch restricts the launching of SPPs using light at a planar goldair interface. Consequently, it also hinders the reverse process, meaning that SPPs cannot
radiate into free space via the emission of photons and are bound to the dielectric-metal
interface. To overcome the momentum mismatch Δk = k0,x − kSPP and achieve coupling,
diﬀerent methods can be applied, which, simply put, rely on an alteration of the light’s
dispersion/momentum.
Two of the most commonly employed methods and their combination with VO2 -NCs are
examined in this thesis. Details on how the light-SPP coupling is accomplished will be given
in the respective Chapters 9 and 10. Two sample conﬁgurations employing diﬀerent methods of changing the momentum of the incident photons are utilized: (i) Grating-assisted
launching of SPPs utilizes the alteration of the light’s momentum in a spatially periodic
structure. By making use of the MIT in VO2 -based pre-deﬁned diﬀraction gratings, a
switchable SPP launcher is demonstrated, see Chapter 9. (ii) In the Kretschmann conﬁguration, the momentum of free-space light is enhanced in a dielectric and the evanescent
ﬁeld created at a total internal refraction launches SPPs. The MIT in a VO2 layer in the
near ﬁeld of these SPPs markedly changes the coupling conditions, see Chapter 10.
To provide the basis for understanding the mechanisms and results presented later in
this manuscript, it is useful to look at quantities that characterize the spatial extension and
the propagation of the SPP mode. Equation (8.8) also holds true for a complex dielectric
function Au (ω) = Au (ω) + i Au (ω). The imaginary part Au (ω), which is necessary to
describe the gold layers examined in this thesis, is connected to the damping of the electron
plasma and to the absorption of electromagnetic radiation in the metal. As a result, kSPP (ω)
features an imaginary part that leads to an exponential decay of the SPP’s amplitude along
the direction of propagation Ex described by a length
dx =

1
.
2 · Im(kSPP )

(8.9)

Taking literature data for the dielectric function of gold [183], one ﬁnds dx ≈ 200 μm at a
wavelength of 1.55 μm. The quantity dx speciﬁes the x-distance to the point of excitation
at which the ﬁeld amplitude drops to 1/e ≈ 37% of the initial value.
Another important quantity is the penetration depth of the SPP’s electric ﬁeld into the
surrounding media which is determined by an exponential decay exp(-κi |z|). Considering the
fact that an additional VO2 -based layer in the vicinity of the gold-air interface is supposed
to strongly alter the light-SPP coupling, it is useful to know just how close this vicinity has
to be. After rewriting Eq. (8.4), one ends up with an attenuation length given by
⎛ 

dz,i =

1
= ⎝k0
κi

⎞-1
−
1+

2
i

⎠
2

,

(8.10)
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resulting in dz,2 ≈ 25 nm in gold and dz,1 ≈ 2.4 μm in air for λ = 1.55 μm light. On the
dielectric side of the interface, the electric ﬁeld is spread over a length scale similar to the
wavelength of the exciting light. In contrast, the SPP mode is strongly concentrated to
sub-wavelength dimensions on the metallic side. This spatial conﬁnement opens up the
possibility to guide light along structures smaller than the optical diﬀraction limit [24].
The following chapters elucidate how the design of the examined specimen, the phase
transition in VO2 -NCs and the penetration depths of the SPP mode combine to facilitate
the implementation of VO2 -based active plasmonic devices.

8.3

Experimental Setup for the Excitation and Detection
of SPPs

Before moving on to the demonstration of VO2 -based plasmonic devices, the setup used
for most of the experiments in following chapters is presented. Both the grating-assisted
coupling and the Kretschmann conﬁguration require a similar approach. In the experimental
realization of both methods, the detection of the light-induced launching of SPPs relies on
the fact that energy is transferred from light to SPPs once the coupling is established.
Essentially, the change in the intensity of the transmission or reﬂection of light is used to
analyze the light-SPP coupling. The phase of the VO2 -NCs can be controlled thermally
or optically. The following text and Fig. 8.4 give a brief overview of the setup. Additional
information is given in the respective sections, if needed to fully understand the experimental
methods or the results.
A probe laser beam (red line) with a mixed polarization state (TM + TE) is focused
onto the sample. It is used to analyze the light-SPP coupling by launching SPPs at the
gold-air interface, if the conditions are met. Polarization optics allow to control the relative
composition of the two components. The most frequently used probe light source is a
commercial Er:ﬁber laser (Toptica FFS, see Ref. [184]) emitting at a central wavelength
of 1.55 μm (ω = 0.8 eV). In addition, a home-built titanium:sapphire laser (TiSa) and
the optical parametric ampliﬁer (OPA, introduced in Section 4.2) are made use of. The
output wavelength of these sources is tunable. While the OPA is used for diﬀerent central
wavelengths speciﬁed later in the text, the TiSa is only used at 0.905 μm (ω = 1.37 eV).
In parts of the experiments, an additional pump laser beam (blue line) is utilized to
optically induce the phase transition. A commercial green cw 532 nm (2.3 eV) laser diode
is frequently used during the alignment of the setup to quickly generate the MIT. A combination of OPA probe pulses and frequency-doubled RegA (regenerative ampliﬁer) pump
pulses obtained from the same laser system is utilized for time resolved pump-probe measurements. The RegA output is frequency-doubled to λ = 405 nm (ω = 3.06 eV) using
the second harmonic generation (SGH) in a beta barium borate (BBO) crystal . Although
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all probe light sources emit pulsed light, they are not used for time-resolved measurements,
except for the pump-probe experiments presented in Section 9.4. Other than that, their
output can be considered as continuous probe radiation1 .
As will be thoroughly explained in the following sections of the text, the above-mentioned
methods of enabling the light-SPP coupling utilize the angle of incidence of the exciting light
to adjust the light’s in-plane wave vector k0,x such that it matches kSPP . Consequently, at a
given photon energy, varying the angle of incidence provides the means to see signatures of
light-SPP coupling. More speciﬁcally, the angular dependence of the transmission or reﬂection of light are analyzed. In the experiment, two goniometer stages allow to independently
tune the angle of incidence and the angle of detection. By turning the detector section,
either the transmission through the sample, the diﬀracted light created by a VO2 -based
grating or the reﬂection from the sample can be collected. The samples are mounted on
a temperature controlled holder, consisting of two stacked Peltier elements and a sample
holder made of copper. The stages and the holder are movable in all spatial directions.
Since the magnitude of kSPP and, consequently, the angular position of light-SPP coupling depends on the wavelength of the exciting light, an overly broad spectrum would lead
to an unwanted smearing out of the resonances. To ensure a good spectral resolution, all
probe light sources are combined with diﬀerent optical bandpasses that narrow the output
spectrum. The beam is loosely focused to a ≈ 100 μm spot (FWHM) using a lens with
125 mm focal length, which is chosen in trade-oﬀ between gaining suﬃcient lateral spatial
resolution on the sample surface and preserving a good angular resolution (≈ 1◦ ).
In order to be able to see even minor alterations of the optical signals related to surface
plasmon eﬀects, the detector section features a polarizing beam splitter cube (PBSC) that
redirects the polarization components. This spatial separation is beneﬁcial because the lightSPP coupling is only possible for TM radiation. Simultaneously measuring both polarizations
enhances the sensitivity of the detection to SPP-related eﬀects. The detection is completed
by InGaAs photodiodes and lock-in ampliﬁer(s) (Stanford Research 830) referenced to either
the probe or pump radiation, which are modulated by optical chopper wheels. In some
experiments, the diﬀerential input of the lock-in ampliﬁer(s) is used to form the signal TMTE. Optical ﬁlters block pump radiation or attenuate the probe intensity, if necessary. Both
goniometer stages as well as the lock-in ampliﬁer(s) are controlled and read out using a
computer and home-built software based on LabView.

1

The use of pulsed optical sources is simply owed to the availability in the lab. Er:ﬁber laser: 90 MHz
repetition rate, 100 fs pulse length. TiSa: 90 MHz repetition rate, ∼,40 fs-60 fs pulse length [185]. Since the
probe irradiance is kept low and the combination with optical band passes leads to a temporal broadening of
the pulses, nonlinear optical eﬀects generated by the probe radiation are negligible.
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Fig. 8.4: Sketch of the basic experimental setup used for most of the experiments presented
in this part of the thesis. Multiple probe and pump light sources can be utilized to monitor
the phase transition in VO2 -NCs and its inﬂuence on the light-SPP coupling in diﬀerent sample
conﬁgurations. See the text of Section 8.3 for details.
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Chapter 9
Switchable Plasmonic Grating Couplers
The controlled manipulation of the light-SPP coupling strength by external means is a
key objective of research in the ﬁeld of active plasmonics. Ultimately, the encoding of
digital bits into the propagation of SPPs is needed to use plasmonic structures for the
transfer of digital information. In this chapter, it is shown how gold-covered diﬀraction
gratings based on site-selective deactivation of the MIT in VO2 -NCs act as switchable SPP
launchers with a giant switching contrast. First, the concept of coupling light to SPPs by
adding a diﬀractive functionality to the metal-dielectric interface is explained. Next, the
combination of this method with VO2 -based switchable diﬀraction gratings and results on
the active control of light-SPP coupling in these structures are presented. The guiding
idea is to bring a pre-deﬁned grating layer of VO2 -NCs into the near ﬁeld of SPP modes
at an unstructured gold-air interface and, thereby, transfer the switching contrast of the
diﬀractive functionality to the light-SPP coupling. Finally, the capability of ultrafast optical
plasmonic switching is addressed.
Parts of the results presented in this chapter have already been published in Ref. [25].

9.1

Grating-Assisted Light-SPP Coupling

This section gives a brief explanation and illustration of the grating-assisted launching of
SPPs. It is evident from the dispersion relations Eq. (8.8) and Fig. 8.3 that the momenta of
SPPs at a gold-air interface and light, which is incident from the air side of the interface, are
diﬀerent. Hence, the light-induced excitation of an SPP of a certain energy ω is prohibited,
unless the photon momentum k0,x is increased and matched to kSPP (all momenta are
considered parallel to interface). One of the most commonly applied ways to achieve this
momentum matching is the grating-assisted light-SPP coupling. In short, the momentum of
light is changed by the interaction with a grating such that it matches the SPP. This method
was discovered in the late 1960s by assigning anomalies in the diﬀraction of TM-polarized
light at a metallic grating to the excitation of surface plasmons [186–188].
As already discussed in Section 7.2, a diﬀraction grating relies on the spatially periodic
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Fig. 9.1: (a) The guiding idea behind the grating-assisted coupling of light and SPPs: The
in-plane wave vector of light is changed by the periodicity of the grating. At a certain angle of
incidence θ the momentum matching condition k0 sin(θ) + KG = kSPP is fulﬁlled. (b) Schematic
representation using the dispersion relations of light and SPP. The in-plane component (black
line) of photons in air (black dashed line) is increased by KG upon interaction with the grating
(blue line).

alteration of the amplitude or the phase of light. Diﬀracted orders of light leave the grating
under an altered angle of propagation compared to the initial angle of incidence. In terms of
wave vectors, this eﬀect is equal to a change of the wave vector component in the plane of
the grating (while the component perpendicular to the grating plane remains unchanged).
It is straightforward to quantify this change and write the in-plane wave vector of the m-th
order of diﬀraction as
(9.1)
km = k0,x + mKG
where m = ..., -2, -1, 0, 1, 2, ... reﬂects the order (and direction) of diﬀraction and KG =
2π/p is a wave vector connected to the grating’s periodicity p.
The idea of using a grating to achieve light-SPP coupling is illustrated in Fig. 9.1(a).
It relies on the fact that at some angle of incidence θ, the momenta of light and SPP are
matched when condition kSPP = km is fulﬁlled. In Fig. 9.1 and in the remainder of this
thesis, only the ﬁrst order of diﬀraction is considered, i.e. m = 1. From the geometry of
this conﬁguration follows k0,x = k0 sin(θ) and the coupling condition now reads
kSPP = k0 sin θ + KG .

(9.2)

The principle of grating-assisted SPP coupling can also be understood as a shift of
the light’s dispersion to higher wave vectors, as is depticted in Fig. 9.1(b). The point
of the crossing of the two dispersions is determined by the periodicity p, the angle θ and
the given energy ω. Following a diﬀerent point of view, the introduction of a spatially
periodic structure to the metal-dielectric interface leads to the introduction of a Brillouin
zone for the SPP wave vector, which is then restricted to k = π/p = KG /2. In a more
descriptive picture, the SPPs dispersion is folded back at a vertical line located at KG /2.
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This approach is completely equivalent to the scheme presented here, as it corresponds to
kSPP − mKG = k0 sin θ.
Following the Eqs. (8.8) and (9.2), the launching of SPPs using light with a wavelength
λ at a gold-air interface is expected to happen at an angle of


λ
Au
θSPP = arcsin
.
(9.3)
−
1 + Au p
The eﬃciency of grating coupling is mainly deﬁned by (but is not necessarily equal to) the
diﬀraction eﬃciency of the related grating structure since this quantity is connected to the
fraction of incident light that experiences a change in the wave vector. Using pre-deﬁned
gratings, such as periodically height-modulated metal interfaces [159] or additional grating
overlayers [189], coupling eﬃciencies > 50% can be achieved. Note that, in principle, any
rough surfaces can provide additional momentum and help launching SPPs, since it can be
expressed of a Fourier-type composition of gratings [188; 190].

9.2

Characterization of VO2-Based Pre-Deﬁned Gratings

In Chapter 7, the principles of diﬀraction gratings utilizing the diﬀerent dielectric functions of
the two phases of VO2 are outlined. Zimmer et al. demontrate pre-deﬁned thermochromic
gratings in an otherwise unstructured VO2 -NC layer [87], which are utilized in this chapter
for the grating-assisted launching of SPPs. The underlying concept is a deactivation of the
MIT using site-selective argon ion bombardment that is discussed in Sections 6.4 and 7.2.
For the aim of creating plasmonic grating couplers, the procedure of selective deactivation is applied to 500 μm×500 μm areas of an otherwise unstructured sample. Diﬀraction
gratings with diﬀerent periodicity p and duty cycles a/p are formed using a stripe-patterned
chromium mask. The quantities p and a are visualized in Fig. 9.2. The diﬀerent gratings
comprise periodicities p = 1.5 μm, 2.0 μm, 2.5 μm, 3.0 μm and duty cycles a/p between
0.17 and 0.6. Before moving on to the demonstration of plasmonic couplers in Section 9.3,

Fig. 9.2: Schematic top view of a grating deﬁned by selective deactivation of the MIT using
argon bombardment. The periodicity p and the duty cycle a/p are illustrated. Grey: deactivated
areas (MIT is inhibited). Yellow: as-grown areas (NCs are able to undergo the MIT).
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the diﬀractive functionality of these gratings is tested.
The investigation of the pre-deﬁned gratings starts by characterizing their diﬀraction
eﬃciency and switching contrast. Fig. 8.4 shows a sketch of the experimental setup that
is used for this purpose and for most of the experiments presented later in this chapter. The
samples are mounted on a temperature-controlled holder. Two goniometer stages allow to
independently tune the angle of incidence and the detection angle. As a light source, the
Er:ﬁber laser (Toptica FFS) is used. An optical bandpass centered at 1.55 μm (0.8 eV)
narrows the output spectrum to 15 nm (FWHM).
The intensity of the ﬁrst order diﬀraction is plotted in Fig. 9.3 for various sample temperatures during a heating and cooling cycle, normalized to the intensity of the transmission
at 10◦ C sample temperature. The data is recorded for TM polarized light at normal incidence on a grating with p = 3.0 μm and a = 1.5 μm. Below the critical temperature TC ,
all NCs are in the insulating state. A small diﬀracted signal is seen, reﬂecting the residual
dielectric contrast between Ar-exposed and as-grown NCs.
Upon heating, the steep rise of the signal at TC ≈ 90◦ C is caused by the thermally
induced MIT. Above TC , only the as-grown areas (not deactivated) switch into the metallic
phase, and the alternating areas of insulating (deactivated) and metallic VO2 -NCs act
as a diﬀraction grating. The spatial distribution of insulating and metallic NCs is now
similar to the one obtained using the optical inscription of diﬀraction gratings discussed in
Section 7.3. The maximum diﬀraction eﬃciency of the p = 3.0 μm grating investigated
here is ≈ 3.2 · 10-3 . This a factor of ≈ 2 higher when compared to the gratings presented
in Section 7.3 (optically deﬁned or pre-deﬁned). This increase might be explained by an
improved fabrication quality and the higher number of illuminated gratings slits.
While cooling the sample, the supercooled metallic phase persists down to ∼ 40◦ C. Note
that the diﬀraction eﬃciency slightly increases during the cooling cycle. This behavior was

Fig. 9.3: First order diﬀraction eﬃciency of λ = 1.55 μm light at normal incidence for various
sample temperatures during heating (red squares) and cooling cycles (blue circles).
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also found in Ref. [87] and might be related to Ar-exposed NCs, in which the MIT is not
completely deactivated. Such NCs are most likely to be to be found at the edges of the
chrome stripes. These NCs could switch into the metallic phase at high temperatures,
whereby the dielectric contrast does not reach its maximum possible quality. Upon cooling,
these NCs switch back to the insulating phase at a higher temperature compared to the
as-grown NCs. The maximum dielectric contrast of the grating structure is reached at this
point in the heating/cooling cycle.
When the temperature is reduced further, the all NCs switch back into the insulating
phase. As a consequence, the dielectric contrast vanishes and the diﬀraction eﬃciency
approaches its initial value again. The marked thermal hysteresis of the the ﬁrst order
phase transition can be attributed to good crystallinity of the single-domain NCs, as well
as to the surrounding SiO2 matrix (see Section 6.3).
Note that although switchable diﬀraction was found for all grating periods and duty
cycles, the following investigations mainly focus on p = 2.5 μm and p = 3.0 μm gratings
with duty cycles near 0.5. Gratings with smaller periods or small duty cycles show a markedly
reduced diﬀraction eﬃciency. This topic will be addressed in more detail below.
Remarkably, the almost complete absence of dielectric contrast between the as-grown
and deactivated NCs in the insulating phase generates a substantial switching contrast.
In the supercooled metallic phase, the diﬀraction eﬃciency exceeds that of the insulating
phase by a factor of ≈ 45. With this validation of the switching abilities of the fabricated
gratings, the focus of is now shifted to the demonstration of plasmonic devices that are
capable of strongly modifying the light-SPP coupling.

9.3

Demonstration of VO2-Based Switchable Plasmonic
Grating Couplers

To enable the plasmonic functionality of the pre-deﬁned VO2 -based gratings, a 2 nm titanium adhesion layer and a nominally 25 nm thick homogeneous gold layer are deposited on
top of the sample surface close to the grating. Surface plasmon polariton modes are now
supported at the gold-air interface. As is illustrated in Fig. 9.4, the thin metal ﬁlm and the
low damping in the SiO2 substrate (similar to air) ensure an overlap of the SPP mode with
the grating layer. In the gold layer, the ﬁeld strength is damped to ≈ 1/e of its initial value,
cf. Eq. (8.10).
In order to detect the excitation of SPPs by the incident light, the following method is
employed: whenever the coupling condition (9.2) is fulﬁlled, energy is transferred from TM
polarized light to SPP modes and the intensity of the transmitted light decreases. Hence,
by investigating the angular dependence of the optical transmission, a signature of SPP
launching is expected to be seen as a decrease in the signal strength at an angle given by
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Fig. 9.4: Schematic cross-section of a gold covered VO2 -NC sample featuring alternating
stripes of deactivated and as-grown NCs. The read area illustrates the ﬁeld distribution (Ex (z))
of surface plasmon polaritons, launched by the TM polarized part of λ = 1.55 μm light (black
line). In order to detect the launch of SPPs, the transmission is measured for varying angle of
incidence θ.

Eq. (9.3). The experimental realization of this method is based on the setup depicted in
Fig. 8.4 on page 88 using the above-mentioned Er:ﬁber laser at 1.55 μm central wavelength.
Probe light is incident on the substrate side of the sample. The angle of incidence θ at
the gold-air interface is changed by turning the goniometers. Considering the fact that
light-SPP coupling is only possible for TM polarized light, the diﬀerence in the transmissivity of TM and TE polarized light is measured using the diﬀerential input of the lock-in
ampliﬁer. Eﬀects that equally inﬂuence both polarization components do not contribute to
this diﬀerential signal. Laser noise and, more importantly, the increased absorption of the
metallic VO2 -NCs are removed. Using the polarization optics, the relative fractions of TM
and TE polarized light in the probe signal is adjusted such that the diﬀerential signal is zero
when no plasmonic eﬀects are present.
Fig. 9.5(a) shows the angular dependence of the diﬀerence of TM and TE transmissivity
in the insulating and metallic phase. The sample temperature is adjusted to 50◦ C for both
phases. By heating the sample to 105◦ C and subsequently cooling it down to 50◦ C, the
VO2 -NCs are switched into the supercooled metallic phase. Performing this procedure
ensures that the inﬂuence of the MIT is separated from any other thermal eﬀects in the
sample, like a temperature-induced change of a dielectric function of gold or SiO2 . Owing
to the diﬀerent angular dependences of the reﬂectivities of TM and TE polarized light at
the various interfaces, the signals in Fig. 9.5(a) show an overall slope. This slope is diﬀerent
for insulating and metallic VO2 because of the diﬀerent refractive index of the two phases.
More importantly, a distinct signature of SPP launching is evident as a dip in the signal
centered at θ ≈ 23◦ . When the grating in the VO2 -NC layer is activated by switching into
the metallic phase, the coupling condition (9.2) is fulﬁlled. The sub-wavelength proximity
of the gold-air interface to the grating layer ensures a spatial overlap with the SPP modes.
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Fig. 9.5: (a) Diﬀerence of TM and TE polarized transmission through a gold-covered VO2 NC grating for insulating (blue) and metallic (red) NCs in the as-grown areas. The grating
parameters are p = 2.5 μm and a = 1.37 μm. Dashed lines are parabolic ﬁt to the background
signals. (b) Background-corrected diﬀerential transmission data (a parabolic ﬁt is subtracted
from data in panel (a)).

Fig. 9.6: Background-corrected diﬀerential transmission data for diﬀerent grating periods p for
insulating (blue) and metallic (red) VO2 -NCs in the as-grown areas. The vertical arrows mark
the expected SPP resonance position calculated with Eq. (9.3).
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As a result, a fraction of the TM polarized part of the incident light is converted to SPPs
and, thus, the diﬀerential transmission decreases. The launching of SPPs is clearly seen
in Fig. 9.5(b), where the background slope is subtracted employing a parabolic ﬁt to data
outside of the plasmonic resonance. The peak coupling eﬃciency of the SPP launching,
deﬁned by the fraction of missing TM polarized light, is ≈ 0.6 %, which is in the order of
the diﬀraction eﬃciency of the grating layer seen in Fig. 9.3.
To further corroborate our interpretation and conﬁrm that the signals arise from thermochromic SPP resonances, two additional steps are performed: (i) The experiments are
repeated for additional samples with diﬀerent grating periods. (ii) A calculation of the SPP
resonance angle is carried out, using Eq. (9.3) and literature data for the dielectric function
of SiO2 [191], gold [183] and air [182]. The results of these steps can be found in Fig. 9.6,
where background-corrected transmissivity signals are presented together with calculated
resonance positions (vertical arrows). As expected, the resonance angle strongly shifts with
the gratings period. From the good agreement of the experimentally observed minimum
of the dip in the data with the calculated angles, it can be concluded that the thermally
induced MIT indeed leads to the launching of SPPs at the gold-air interface.

Inﬂuence of Fabrication Quality and Duty Cycle
One degree of freedom in the design of gratings fabricated by the selective deactivation
procedure is the duty cycle a/p. This paragraph will address the inﬂuence of the gratings
quality and the duty cycle on the diﬀraction and SPP coupling eﬃciency. As mentioned
earlier, gratings with p ≤ 2.0 μm show a reduced diﬀraction eﬃciency compared to larger
periods, which can mainly be attributed to the reduced fabrication quality. This behavior
translates into the grating-induced light-SPP coupling as a drop of the eﬃciency by a
factor of ≈ 3 for p = 2.0 μm compared to p ≥ 2.5 μm, cf. Fig. 9.6. Furthermore, no SPP
launching was detected for p = 1.5 μm.
The data presented so far was taken with samples where a/p is close to 0.5. This
conﬁguration yields the largest diﬀraction and coupling eﬃciency, as is evident from the
data presented in Fig. 9.7. Here, the eﬃciencies are presented for two diﬀerent grating
periods and multiple duty cycles a/p. The strength of light-SPP coupling and the diﬀraction
eﬃciency show a similar dependence on the duty cycle, but drop for small duty cycles. This
might be explained by the detriment of very narrow chrome stripes during the fabrication.
Furthermore, there is a noticeable feature in the two data points for p = 2.5 μm and
a/p = 0.42 or 0.40, respectively: a minor modiﬁcation of the duty cycle results a twofold
reduction of the eﬃciency, which points towards the quality of the grating being the major
inﬂuence in this case. Optical microscope pictures of the chromium mask conﬁrm occasional
problems during the lift-oﬀ process.
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Fig. 9.7: Eﬀect of diﬀerent duty cycles a/p on the ﬁrst order diﬀraction eﬃciency (black circles)
and the light-SPP coupling eﬃciency (red squares) for diﬀerent grating periods.

Plasmonic Switching Contrast
The thermally-induced MIT leads to a strong modiﬁcation of the light-SPP coupling in the
pre-deﬁned VO2 -based nanocomposite. When the VO2 -NCs are in the insulating phase,
only a minor dispersive feature is seen, which is probably caused by the residual dielectric
contrast between Ar-exposed and as-grown NCs (cf. blue curves in Fig. 9.5 and Fig. 9.6).
While scanning the angle of incidence, the diﬀerential transmission signal TM - TE shows
a sign change with a reversal point just at the position of the plasmonic resonance.
Such a feature might be related to a Fano resonance [192]. In general, this type resonance is caused by the interference of a broad, slowly-varying excitation path and a resonant,
narrow or discrete one. In plasmonics, this phenomenon can occur as an interference of
transmitted or reﬂected light (i.e. scattering into a continuum of states) with light that is
re-emitted from excited localized plasmons or SPPs [193–195]. Depending on the relative
strength of the two processes and a phase change of the re-emitted light, a Fano resonance
shows line shapes ranging from strongly asymmetric to Lorentzian. In the present case, the
excited SPP modes can re-radiate into the far ﬁeld via the inverse process of grating-assisted
light-SPP coupling [94; 181]. The diﬀerential transmission of TM and TE polarized light
is highly sensitive to a change in the intensity of one component. Hence, it is reasonable
to assume that a constructive or destructive interference of the TM component with even
a small amount of re-emitted light ﬁeld shows up in the signal. When the VO2 -NCs are
switched to the metallic phase and the grating is activated, the energy transfer TM→SPP
and the damping of the SPPs in the metallic NCs presumably dominate this re-emission.
The dispersive feature in the insulating phase cannot unambiguously be attributed to
the launching of SPPs, given the sensitivity of the experiment. Moreover, the diﬀerential
signal in the insulating phase is close to zero at the angle of the resonance. It does not seem
appropriate to deﬁne a quantitative switching contrast of the plasmonic grating couplers,
as done with to the switching contrast of the underlying diﬀraction grating. The data
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presented in Fig. 9.6 suggests that the activation of the grating layer leads to the dominant
light-SPP coupling in the ﬁrst place. Therefore, the MIT-induced eﬀect can be considered
as a full on-oﬀ modulation of the light-induced launching of SPPs.

9.4

Temporal Dynamics of the Optical Activation of PreDeﬁned Gratings

The MIT can be induced optically, potentially on sub-ps time scales, as discussed in Section
7.1. During the experiments performed in the context of this chapter, this fact is exploited
in several ways.
The active control over SPP launching is also achieved using an optically induced MIT,
instead of a purely thermal activation. For this purpose, a cw 532 nm pump light source
is utilized (see the experimental setup on page 88). Commercial, low-cost cw 532 nm
laser diodes can be used to rapidly induce the MIT in the VO2 -NC gratings, similar to
the experiments presented in Chapter 7. The (as-grown) NCs in the probed sample area
illuminated by the ≈ 100 μm wide probe light spot are switched to the metallic phase using a
short-time pump light exposure (∼ 1 ms-10 ms) with ∼ 100 mW average power. Depending
on the overall sample temperature, the plasmonic coupler either switches into the longtime stable supercooled metallic phase or relaxes back to the insulating phase after the
photoexcitation. In the given experimental conﬁguration using a gold-covered VO2 -NC
sample, this relaxation takes ∼ 10 ms-100 ms. This time scale stems from the large heat
capacity of the sample and the thermal hysteresis of the VO2 -NCs.
In order to explore the limits of ultrafast plasmonic switching, pump-probe measurements are performed using the output of a frequency-doubled regenerative ampliﬁer (RegA)
at 405 nm as pump pulses and the OPA output at 1.55 μm as probe pulses.The pump wavelength of 405 nm (ω = 3.06 eV) is chosen because the absorption of light by VO2 -NCs
in the insulating phase shows a 10-fold enhancement at this wavelength compared to the
readily available 810 nm or 1.55 μm pulses. Accordingly, the average pump power required
to induce the phase transition is expected to be reduced. For an introduction to the pumpprobe technique the reader may refer to Section 4.2.
As a practical test of the ability to modify the light-SPP coupling on ultrashort timescales
in the present specimen, the pump-induced change to the diﬀraction eﬃciency of the VO2 based gratings is examined in the following. The experimental conﬁguration is sketched in
Fig. 9.8. Pump and probe pulses are incident on the substrate side of the sample. They
co-propagate through the fused silica and overlap in the area of the gold-covered VO2 -NC
gratings. The diameter of the pump beam is chosen to be larger than the probe spot
diameter to ensure a homogeneous pump irradiance in the probed area. A retro-reﬂector
mounted on a mechanical delay stage with μm spatial accuracy is used to control the
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time delay Δτ between the two pulses. By moving the detector to the angle of the ﬁrst
diﬀracted order, a practically background-free measurement of the pump-induced eﬀect on
the grating is ensured. The total magnitude of the diﬀracted signal and the pump-induced
change to this signal are measured simultaneously using two lock-in ampliﬁers and two
choppers with diﬀerent frequencies modulating the pump and probe beam, respectively.
The sample temperature is kept at 3◦ C, i.e. the NCs are in the insulating phase in the
absence of optical pump excitation.
The total strength of the diﬀracted signal D
(referenced to the chopper in the probe beam) is
displayed versus the time delay between the two
pulses in Fig. 9.9(a). Note that this signal is directly related to the diﬀraction eﬃciency of the
grating. Negative delay times correspond to a situation where the probe pulse precedes the pump
pulse. The temporal evolution of the diﬀracted
signal reveals two main signatures: (i) A large signal at negative delay times, and (ii) a marked decrease of the diﬀraction eﬃciency within ≈ 300 fs
at zero time delay. Apparently, each singular
pump event generates a transient reduction of the
the refractive index contrast of the grating.
The ﬁrst observation may be explained as fol- Fig. 9.8: Part of the experimental setup
lows: the NCs are heated by the pump pulse used for the time resolved pump-probe experiments on the ultrafast switching of the
train and cannot relax back to thermal equilibrium
VO2 based grating layer. The full setup is
within the pulse repetition period of 4 μs because shown on page 88.
of the large thermal hysteresis and insuﬃcient lateral heat dissipation. The strong absorption and heating of the nearby gold ﬁlm adds to
this eﬀect. Even though the sample temperature is kept far below TC , the localized heat
deposition by the pump pulse train switches the NCs to the persistent supercooled metallic
phase. Thus, the grating is activated and a diﬀracted signal is present irrespective of the
temporal pump-probe delay. Apparently, the long-term heat deposition in the sample is a
dominating factor and leads to an undesirable overall temperature increase. This eﬀect
takes place on macroscopic time scales (∼ seconds) and can be understood disregarding
the ultrafast dynamics of the pump-induced changes to the probe diﬀraction.
In order to clarify the second aspect, the pump-induced change ΔD to the diﬀracted
signal D is evaluated with the detection referenced to the pump excitation, i.e. the usual
pump-probe technique is implemented. The resulting transient showing the relative pumpinduced change to the diﬀracted signal ΔD/D is displayed in Fig. 9.9(b). Here, only a small
residual signal at negative time delays is seen. It reﬂects the fact that only pump-induced
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Fig. 9.9: Time dynamics of the activation of a VO2 -NC grating measured with a pump-probe
scheme based on 405 nm pump and 1.55 mm probe pulses. (a) Time evolution of the diﬀracted
signal amplitude D for varying pump-probe time delay Δτ . (b) Long-time dynamics of the
relative pump-induced change ΔD/D showing the return to the eﬀective thermal equilibrium
with an exponential time constant of ≈ 700ps. The red line is an exponential ﬁt to the data
for Δτ > 10 ps. (c) Thermal hysteresis of the diﬀraction eﬃciency in the supercooled metallic
phase (cf. Fig. 9.3 for the full data set). The purple arrow illustrates the inﬂuence of the a
pump pulse on the diﬀraction eﬃciency of the grating.

eﬀects occurring at the frequency of the chopper modulation (4300 Hz) are displayed.
At zero time delay, the signal is reduced by ≈ 8 % in agreement with the data in
Fig. 9.9(a). Assuming the NCs are in the supercooled metallic phase, a potential explanation of the signal drop at zero time delay is the following: the pump excitation creates
a situation that is equivalent to an increased sample temperature. As discussed above, the
diﬀraction eﬃciency of the grating is reduced at high sample temperatures compared to
lower temperatures in the supercooled metallic phase. This idea is illustrated in Fig. 9.9(c),
where the temperature dependence of the diﬀraction eﬃciency is shown for the supercooled
metallic phase (cf. Fig. 9.3 for the full data set). The subsequent evolution of the signal
is due to the return to the eﬀective thermal equilibrium, which is determined by the heat
deposition by the pump pulse trail, with an exponential time constant of ≈ 700 ps.
Taken together, the pump-probe data shows a marked modiﬁcation of the diﬀraction
eﬃciency of the VO2 -based grating on sub-ps to ns timescales. An optically controlled
full on-oﬀ modulation of the diﬀractive functionality is restricted to the regime of ∼ 10ms100 ms in the given experimental conﬁguration.
The obvious next step would be the extension of the optical activation of the gratings
to an ultrafast modiﬁcation of the light-SPP coupling. However, a transfer of the change
ΔD/D to an ultrafast pump-induced SPP launching could not be demonstrated within the
experimental noise level and sensitivity.
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Chapter 10
Tunable Plasmonic Couplers in the
Kretschmann Conﬁguration
This chapter addresses the eﬀects of an unstructured VO2 -NC layer in the near ﬁeld of SPPs
that are optically excited on a plain metal ﬁlm. It is shown how the MIT-induced change
of the refractive index of the VO2 -NC layer inside the mode volume of the SPP induces
marked changes to the light-SPP coupling conditions. Thermo-tunable plasmonic couplers
are demonstrated that introduce a novel concept of creating active plasmonic devices.
First, the method of exciting SPPs using evanescent waves in the Kretschmann conﬁguration and the actual sample geometry used in this approach are presented (see Section
10.1). In the next step, the optical response of the specimen is analyzed experimentally for
diﬀerent photon energies and a thermally controlled change of the light-SPP coupling is
demonstrated (see Section 10.2).
The change of the complex dielectric function of the VO2 -NCs during the MIT results
in a complicated alteration of the SPP resonance conditions. Using transfer-matrix simulations, the experimental data is reproduced and a detailed picture of the MIT-induced
eﬀects on the light-SPP coupling is developed (see Section 10.3). Speciﬁcally, the roles of
the change in the real and imaginary part of the VO2 -NCs is elucidated in order to understand the behavior of the thermo-tunable coupler across the energy range of the Mie-type
resonance in VO2 -NCs. Potential future implementations of the approach presented here,
or similar concepts, might beneﬁt from this treatment.
Parts of the results presented in this chapter have already been published in Ref. [25].

10.1

The Kretschmann Conﬁguration

The momentum mismatch between SPPs and light incident from the air side of the interface
can be overcome using a three layer structure consisting of a thin metal ﬁlm sandwiched
between two dielectrics with diﬀerent refractive index. SPPs are launched at the interface
of the metal and the lower index medium (usually air), while the necessary enhancement of
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the light’s wave vector happens in the additional dielectric layer with the higher refractive
index. An explanation of this method is given below. In the structures examined here, the
two dielectrics are air and the fused silica (SiO2 ) substrate of the VO2 -NC samples.
The Kretschmann conﬁguration is commonly employed in plasmonic ready-to-use
biosensing sensors [147–149]. It enables the launching of SPPs at plain metal-dielectric
interface without the need for structuring the interface, which other methods like the
grating-assisted coupling usually require. Furthermore, the Kretschmann conﬁguration
played a key role in the early work on plasmons and SPPs.
Diﬀerent groups found and demonstrated slightly varied implementations of this idea
in the late 1960s [190; 196–198]. Kretschmann and Raether developed a way to optically
excite bound SPPs on an unstructured gold-air interface, merely in order to prove that
these SPP modes can re-radiate because of surface roughnesses on the gold ﬁlm [190].
However, the method that excited the SPPs in the ﬁrst place was later introduced more
thoroughly as a way to determine the optical constants of metal ﬁlms and became known as
the Kretschmann conﬁguration [197]. A very similar approach was published a little earlier
by Otto [196]. In this thesis, the plasmonic couplers in the Kretschmann conﬁguration are
combined with a VO2 -NC layer.
In essence, this method relies on the transfer of light with enhanced momentum from
the dielectric to the metal-air interface. This transfer is achieved utilizing the total internal
reﬂection of light at the dielectric-metal interface, together with the subsequent tunneling of
an evanescent wave though the metal layer. When the coupling conditions are met, energy
is transferred from the incident light to SPP modes. Owing to this coupling scheme, the
above-mentioned methods are often referred to as attenuated internal reﬂection . Before
moving on to a detailed explanation of how the light-SPP coupling is achieved, the basic
physics of the total internal reﬂection and evanescent waves are outlined.

Total Internal Reﬂection of Light & Evanescent Waves
If light hits an interface of two media with diﬀerent refractive index under a non-normal
angle of incidence, it will be refracted and partly transmitted as well as reﬂected. See the
graphic on the right-hand side for an illustration of the geometry.
The amplitudes of transmitted and reﬂected waves can
be calculated using Fresnel equations. If the transition of
light is occuring from the optically thicker (i , incident) to
the thinner medium (t, transmitted), i.e. from a medium
with a higher refractive index ni > nt to a medium with
lower refractive index nt , and the angle θi is large enough,
the light will be totally reﬂected. In this case, all of the
incident light is sent back and no energy is ﬂowing into the lower index medium.
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The most famous application of this eﬀect are optical ﬁbers, which are able to conﬁne and guide light over hundreds of kilometers without drastical losses. Remarkably, the
electromagnetic ﬁeld still penetrates the lower index medium medium in form of a so-called
evanescent wave. This phenomenon plays a key role in the light-SPP coupling using the
attenuated internal reﬂection. A short description of total internal reﬂection and, more
importantly, of the thereby generated evanescent wave will be given now. It is based on
Ref. [49], pp.68ﬀ and Ref. [199], pp.16-17).
Mathematically, the properties of the evanescent wave can be derived using Snell’s law
of refraction
ni
sin(θt ) =
sin(θi ) .
(10.1)
nt
Total reﬂection happens for θi > θC , where θC is the critical angle of incidence that leads
to θt = π/2, i.e. the refracted light is propagating parallel to the interface. In this situation
(θi = θC ), there is already no energy ﬂow into the medium t. Since now sin(θt ) = 1,
Eq. (10.1) reads 1 = nnti sin(θi ) . For θi > θC the right hand side of this equation becomes
larger than 1. This fact will be important in the following.
In the next step, the properties of the evanescent wave will be derived. The electric
ﬁeld of a propagating plane wave in the x-z-plane in medium t has the form
E ∝ exp[i (kt,x x + kt,z z − ωt)] .

(10.2)

The total magnitude of the propagation constant in the medium t and its two components
are given by
2
2
kt2 = kt,x
+ kt,z
, kt,x = kt sin(θt ) and kt,z = kt cos(θt ) ,

(10.3)

with kt = nk0 = n2π/λ. The component kt,x is given by kt,x = ki,x ≡ kx , which follows
from Snell’s law or, likewise, from the boundary conditions for the continuity of the ﬁelds
components Ei,x = Et,x . At this point, one can already see that the transmitted wave will
have a real propagation constant in the direction parallel to the interface. By combining
Snell’s law and the Eqs. (10.3), the wave vector kt,z , i.e. the propagation constant in the
second medium in the direction perpendicular to the interface, can be expressed as

n2
kt,z = kt 1 − i2 sin2 (θi ) = i κz .
(10.4)
nt
Since in the case of total reﬂection nnti sin(θi ) > 1, the expression under the square root is
negative and kt,z becomes purely imaginary. Inserting kt,z = i κz into Eq. (10.2) the electric
ﬁeld takes the form
E ∝ exp(-κz z) exp[i (kx x − ωt)] ,
(10.5)
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which corresponds to a travelling wave in x-direction with an exponential decay of the ﬁeld
amplitude in z-direction. This ﬁeld shows a striking similarity to the electric ﬁeld of surface
plasmon polaritons, cf. Eq. (8.2) on page 81. Therefore, it is not surprising that this
radiation can be utilized to excite SPPs. The so-called Kretschmann conﬁguration, which
is implemented in this thesis for the purpose of demonstrating tunable plasmonic couplers,
is based on this idea and will be detailed in the following.

Light-SPP Coupling in the Kretschmann Conﬁguration
The essential idea of the above-mentioned methods is to transfer light, that is supposed
to excite SPPs, from a dielectric with n > 1 to the gold-air interface, see Fig. 10.1(a).
This transfer is achieved using the tunneling of evanescent radiation generated upon the
total internal reﬂection at the dielectric-metal interface through a suﬃciently thin metal
layer. Note that total internal reﬂection is independent of the polarization of light, but the
excitation of SPPs is only possible for TM polarization, cf. Section 8.2.
Let kev = nk0 sin(θ) be the in-plane wave vector of the tunneled evanescent wave (kev =
kx in Eq. (10.5)). Similar to the principles of grating coupling, the momentum matching
condition kSPP = kev is fulﬁlled at some angle θ > θC and energy is transferred from photons
to SPPs. The coupling condition in the Kretschmann conﬁguration reads
kSPP = k0 n sin(θ) ,

(10.6)

where k0 = λ/2π is the free-space wave vector of light. When the energy transfer
light→SPP is established, the reﬂectivity of such a structure is drastically reduced, despite

Fig. 10.1: (a) Layer structure of the Kretschmann conﬁguration. The momentum of light
is increased in a dielectric with n > 1. The evanescent wave generated upon total reﬂection
tunnels through a thin metal ﬁlm and excites SPPs at a metal-air interface. (b) Schematic
representation using the dispersion relations of light and SPP. The momentum of photons is
enhanced in the dielectric (black line) compared to free-space radiation (black dashed line). By
tuning the angle θ, the momenta of the evanescent wave (blue line) and the SPP (red line) are
matched for a given frequency.
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the total internal reﬂection. Owing to this fact, the underlying principle of the Kretschmann
and Otto conﬁguration is named ’attenuated total reﬂection’ (ATR).
Common dielectrica used in this conﬁguration are glasses, since they are non-absorbing
for most visible and near-infrared wavelengths. If a refractive index n ≈ 1.4-1.5 is considered, the resonance angle determined by Eq. (10.6) of SPPs at an gold-air interface exited
by light in the telecom regime is θ ∼ 41◦ -45◦ . Because the dielectric function of gold
shows only a weak spectral dependence between 0.7 μm-2 μm, the resonance angle does
not shift much in this wavelength regime. A planar dielectric layer would inhibit the angle θ
from becoming large enough to excite SPPs, because of the refraction at the air-dielectric
interface. To circumvent this problem, light is incident on a prism or semi-sphere in actual
implementations of the Kretschmann conﬁguration [180; 197].
The way SPP launching is made possible in the Kretschmann conﬁguration can also
be understood from the point of view of crossing the dispersions of light and SPPs. As
is depicted in Fig. 10.1(b), the slope of the photon dispersion in the dielectric (black line)
is smaller compared to free-space dispersion (black dashed line). By tuning the angle of
incidence, any point of the SPP dispersion can be hit by the in-plane wave vector of photons
in the dielectric (blue line). The momentum of these photons is transferred to the gold-air
interface by the evanescent wave.
A detailed discussion of the angular shape of SPP resonance in the Kretschmann conﬁguration as well as the inﬂuences of the material properties on the SPP will be given at the
end of Section 10.3. Next, the actual Kretschmann geometry based on a VO2 -NC sample,
that is applied this thesis, is introduced.

Sample Geometry
In this thesis, the inﬂuence of a VO2 -NCs layer on the light-SPP coupling generated by
attenuated total reﬂection is investigated. For this purpose, a SPP coupler in Kretschmann
conﬁguration is combined with a layer of VO2 -NCs in the near ﬁeld of the SPPs. The
sample geometry used to implement this conﬁguration is depicted in Fig. 10.2. An ≈ 35 nm
thin layer of gold1 is grown on top of a VO2 -NC sample. The dielectric that is used to
increase the photon momentum is the substrate of the VO2 -NC samples, i.e. fused silica
(SiO2 ) with nfs ≈ 1.44 for near infrared wavelengths. The critical angle for total internal
reﬂection at the SiO2 -gold interface is θC ≈ 20◦ .
In order to enable the angle θ to become large enough to fulﬁll Eq. (10.6), a SiO2 prism
is attached to the sample substrate using an UV-curing adhesive. Note that the thickness of
1

The thickness of the gold layer could not be precisely controlled during the deposition. However, its
actual thickness can be estimated by comparing the output of the transfer-matrix simulations, introduced
in Section 10.2, with the optical response of this structure. A few iterations were suﬃcient to ﬁnd growth
parameters that seem to correspond to a optimized ﬁlm thickness of ≈ 35 nm leading to a maximized light
to SPP conversion eﬃciency (see the discussion at the end of Section 10.3).

106

10 Tunable Plasmonic Couplers in the Kretschmann Conﬁguration

the fused silica substrate (500 μm) prevents any inﬂuence of the adhesive layer or the prism
on the SPPs. When the coupling is established, energy is transferred from incident light
to SPP modes and, thus, the optical reﬂectivity of the structure is reduced. The following
section presents results on the inﬂuence of the VO2 layer on the light-SPP coupling in this
sample geometry.

Fig. 10.2: Schematic cross-section of the sample geometry used in the Kretschmann conﬁguration. TM polarized light (black line) is incident on a fused silica (SiO2 ) prism attached to a
gold covered VO2 -NC sample (not to scale). The red area illustrates the ﬁeld distribution of
SPPs at the gold-air interface.

10.2

Demonstration of Tunable Plasmonic Couplers

It is now studied how the light-SPP coupling at the gold-air interface is aﬀected by the
change of the dielectric function of the nearby VO2 -NC layer during the MIT. To this end,
the reﬂected TM polarized signal RTM is collected in the double-goniometer setup described
above for varying angle of incidence θ. As a light source, the OPA in combination with a
bandpass (12 nm FWHM) centered at a wavelength of 1.26 μm (0.98 eV photon energy) is
used. At this energy, the change of the imaginary part of the NCs during the MIT is close
to the maximum value, while the real part is nearly unchanged (see Fig. 6.3 on page 46).
The angular dependence RTM (θ) is displayed for insulating NCs (65◦ C sample temperature, blue line) in Fig. 10.3. Note that the data is normalized to RTM (θ = 43.0◦ ) = 1. The
rise of the signal at θ ≈ 43.8◦ is due to the onset of total internal reﬂection of the evanescent wave at the SiO2 -air interface. Most importantly, it is followed by a rapid decrease
of the reﬂectivity due to the excitation of SPPs by the evanescent light. At the resonance
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Fig. 10.3: (a) Inﬂuence of the MIT on the light-SPP coupling in the Kretschmann conﬁguration
displayed by reﬂectivity data RTM (θ). The SPPs are launched with ω = 0.98 eV photon energy
(λ = 1.26 μm). The dip at θ = 44.19◦ corresponds to the launching of SPPs by the incident
light. (b) Transfer-matrix calculations simulating RTM (θ). In both panels, data is shown for
insulating (blue line) and metallic (red line) VO2 -NCs together with normalized metallic phase
data (black line).

peak at θ = 44.19◦ , almost all of the energy of the incident light is transferred to SPP
modes. When the angle is increased further, it is detuned from the resonance, such that
the plasmonic coupling is reduced and the signal approaches its initial value.
Moving on, the eﬀect of the MIT-induced change of the dielectric function in the nearby
VO2 layer on the light-SPP coupling is investigated. The phase transition in the VO2 -NCs
is generated by heating the sample to 105 ◦ C, followed by cooling back to 65◦ C. The sample
temperatures in both insulating and (supercooled) metallic phase are chosen to be equal,
in order to rule out any thermal eﬀect but the MIT on the signals.
In the metallic phase, the overall signal strength is reduced by a factor of roughly
two. This reduction is caused by the double-pass through the VO2 -NC layer and agrees
well with the single pass transmission decrease displayed in Fig. 6.3(c) on page 46. More
importantly, the plasmonic resonance broadens and shifts to a slightly larger angle. The
altered shape of the resonance becomes more evident when the signal is corrected for the
overall transmission decrease by normalizing it to RTM (θ = 43.0◦ ) = 1 (black line). The
strength of this thermo-tunable change of the light-SPP coupling is studied in detail below.
The broadening and shift may be explained by the increased damping related to the
absorption of the photonic part of the SPP in the metallic VO2 -NCs. It is discussed below,
how additional damping processes change the frequency and momentum of the SPP and
result in altered light-SPP coupling conditions.
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Modeling the Optical Response Using the Transfer-Matrix Method
To further corroborate the inﬂuence of the MIT-induced change of the refractive index of
the VO2 -NCs on the SPP resonance, the optical response of the Kretschmann geometry is
simulated using the transfer-matrix method (see Ref. [49], pp.102-115)2 . The simulations
provide a crucial tool to understand the MIT-induced change to the light-SPP coupling,
which is discussed in detail in Section 10.3.
Based on Fresnel equations, which are derived from Maxwell’s equations, this method
is able to compute the amplitudes and phases of electric and magnetic ﬁelds inside layered
isotropic media. As pointed out in Section 8.2, Maxwell’s equations show the existence
of bound travelling plasmons (SPPs), if the materials at the interface have the required
refractive index. Therefore, the transfer-matrix method intrinsically includes plasmonic effects, even though the only incorporated material properties are the bulk complex refractive
index ñ = n + ik. More speciﬁcally, the simulations are used to compute the reﬂectivity
of TM polarized light in the Kretschmann sample conﬁguration for varying angles of incidence. They reproduce the experimental data since the calculated quantity is equal to the
experimentally measured parameter RTM (θ). The sample is modeled by a sequence of ﬁve
homogeneous, planar layers, with air and fused silica as the semi-inﬁnite top and bottom
layer, respectively. A 35 nm gold ﬁlm and a 42.5 nm SiO2 layer are used. The data for the
refractive index of air [182], SiO2 [191] and gold [183] is taken from literature.
The VO2 -NCs are taken into account as a homogeneous layer with a thickness of 90 nm.
As mentioned earlier, the VO2 -NC samples used throughout this thesis were processed using
sightly diﬀerent parameters and, consequently, the distribution of NC diameters and their
dielectric properties are not exactly equal for all specimen. In particular, the Kretschmann
experiments presented here are performed on a diﬀerent sample as the spectral ellipsometry.
For the simulations, the real part of the refractive index for both VO2 phases is taken from
the actual ellipsometry data, cf. Fig. 6.3. The same is true for the imaginary part k in
the insulating phase. However, the imaginary part of the metallic phase is adjusted such
that the transmission decrease far away from the plasmonic resonance is reproduced by the
simulations. This procedure eliminates the uncertainty in the dielectric function to some
extent and results in a better overall agreement of simulations and experimental data. Apart
from the just-mentioned adjustment, only literature values for the dielectric functions are
used. Note that they are not used as a ﬁtting parameter to optimize the congruence of
simulations and experimental data near the SPP resonance.
In a ﬁrst step, transfer-matrix simulations are performed to model the Kretschmann
resonance presented above for 0.98 eV photon energy. The results of this simulation are
depicted in Fig. 10.3(b). Again, the blue and red lines correspond to insulating and metallic
2

The simulations are performed using Mathematica. The original code was created by Dr. Claudia Ruppert
and modiﬁed by the author to ﬁt the Kretschmann geometry.
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VO2 -NCs, respectively, and the black line shows normalized metallic phase data. It is evident
that the optical response seen in the experiment is met well by the simulations. In particular,
the positions of the resonance coincide and, furthermore, the broadening and the shift of
the resonance in the metallic phase is reproduced. The missing sharpness of the angular
features and the slightly larger value of the minimum reﬂectivity in the experimental data
can be attributed to the ﬁnite angular and spectral resolution of the setup.
To sum up, the agreement of the data sets and the simulations is satisfying in multiple ways. (i) The simulations succeed in modelling the optical response of the ﬁve-layer
Kretschmann geometry including the launching of SPPs. (ii) The VO2 -NCs can be treated
as a homogeneous eﬀective medium. (iii) The MIT-induced eﬀect on the SPP resonance
shape is successfully reproduced by changing the refractive index of the VO2 -NC layer.

Tunability & Spectral Dependence of the Light-SPP Coupling
In order to attain a more detailed analysis of the MIT-induced changes to the SPP resonance, the Kretschmann-type experiments are repeated for diﬀerent photon energies in
the telecom wavelength regime. In particular, the special nature of the VO2 nanocomposite
opens up the opportunity to study the respective eﬀects of a change in the real or imaginary
part of the refractive index ñ = n + i k. The aim of this examination is to understand and
potentially predict the behavior of the tunable plasmonic coupler across the entire energy
range of the absorptive resonance in the VO2 -NCs.
The change of ñ during the MIT in the VO2 -NC layer is dominated by the Mie-type
resonance in the metallic NCs, as is shown in Fig. 6.3 on page 46. The imaginary part
k increases for all photon energies in the telecom wavelength regime, which allows for a
selection of diﬀerent magnitudes of change by varying the photon energy. As opposed to
this, the resonance gives the opportunity to select photon energies where the real part
increases (0.80 eV), remains unchanged (0.98 eV) or decreases (1.37 eV).
Table 10.1 provides an overview of the values of ñ used in the simulation, where n
is taken from the ellipsometry data presented in Fig. 6.3 and k is adjusted to match the
transmission decrease away from the plasmonic resonance. In addition to the light sources
mentioned above (Er:ﬁber laser and OPA), the TiSa laser in combination with a bandpass
(10 nm FWHM) at 0.905 μm (1.37 eV) is used. The three above-mentioned photon energies
are covered by these lasers.
The experimentally measured angular SPP resonances for the three photon energies
and both insulating and metallic VO2 -NCs are shown in Fig. 10.4(a)-(c). Again, the MITinduced overall drop in transmission is related to the decreased transmission through the
metallic VO2 -NCs. For all photon energies, the resonance is broadened and shifted to larger
angles in the metallic phase compared with the insulating phase. The diﬀerent signs of the
change in the real part have no obvious counterpart in the signals. Apparently, a quantitative
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Fig. 10.4: (a)-(c) Reﬂectivity data RTM (θ) taken with diﬀerent photon energies given in the
ﬁgure for insulating (blue) and metallic (red) VO2 -NCs. The black line shows normalized metallic
phase data. (d)-(f) Relative change of the reﬂectivity caused by the MIT for diﬀerent photon
energies. Red lines: experimental data, black lines: results of transfer-matrix simulations.

10.2 Demonstration of Tunable Plasmonic Couplers
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Table 10.1: Values of the complex refractive index of the VO2 nanocrystal layer ñ = n + i k for
insulating (ins) and metallic (met) VO2 -NCs. Note that the sign of the change in n is opposite
for 0.80 eV and 1.37 eV photon energy.

ω (eV)
0.80
0.98
1.37

n
ins
1.75
1.75
1.74

k
met
1.91
1.73
1.61

ins
0.063
0.077
0.091

met
0.368
0.457
0.260

analysis of the MIT-induced change to the light-SPP coupling is hard to achieve from the
raw reﬂectivity data. This issue is clariﬁed in the following section.
In the next step, the tunability of the light-SPP coupling is quantiﬁed. For this purpose,
the relative MIT-induced change of the reﬂectance is shown (red lines) in the right-hand
panels (d)-(f) of Fig. 10.4. This quantity is deﬁned as the ratio Rmet /Riso . While the
overall oﬀset is due to the transmission decrease, the changes to the SPP resonance lead
to marked modiﬁcations of the reﬂectance near the resonance angle. It can be seen that
the eﬀect of the MIT on the optical response is strongly sensitive to the angle of incidence.
For example, at 0.98 eV photon energy, the change in reﬂectance is tunable from 30% to
80% within an angular range of only 0.05◦ . If the tunable coupler is used in a conﬁguration
where the angle of incidence is ﬁxed, the MIT gives rise to a substantial change of the
light-SPP coupling eﬃciency.
The experimental data is now compared to the simulations in order to explore the
capabilities of the investigated structure. The black lines in Fig. 10.4 show the results of
the simulations using the procedure for determining the refractive index of the metallic
phase given above. For all photon energies, the positions of the resonances in simulation
and experiment coincide and the shape of the change near the resonance matches the
experimental data. It is evident that the MIT-induced changes seen in the experiment
do not reach the maximum values that can potentially be obtained in the investigated
sample geometry. Remarkably, the simulations peak at Rmet /Riso ≈ 3.6 for ω = 0.98 eV
(not shown). Improvements in the experimentally achieved tunability could be made using
higher spectral and angular resolution.
To sum up, marked MIT-induced modiﬁcations of the light-SPP coupling are found for
diﬀerent photon energies spanning the telecom wavelength regime. From the experimental
data and simulations presented here, the physical background of the respective inﬂuence
of n and k on the SPP launching is not elucidated. The data suggest that the angular
shape of the alteration to the light-SPP coupling depends on the detuning from the central
energy of the Mie-type resonance in the VO2 -NCs.
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Inﬂuence of the MIT-Induced Change of the Complex Refractive Index

In this section, the respective eﬀect of a change in the real or imaginary part of the refractive index ñ = n + ik of the VO2 -NCs on the light-SPP coupling is investigated. The
change of n has a diﬀerent sign on either side of the Mie-type resonance in the metallic NCs,
and the experiments presented above could not elucidate the eﬀects of real and imaginary
part. In order to design potential applications, it is important to have a sound knowledge of
the interactions in the ﬁve-layer sequence of the tunable plasmonic coupler. This section
presents a detailed analysis of this issue based on elaborate transfer-matrix simulations. Furthermore, established textbook knowledge of the physics of the Kretschmann conﬁguration
is incorporated into the discussion of the results.
When comparing the signals (experimental data or simulations) with respect to the
inﬂuence of the change in the real part, no obvious trend is seen (cf. Fig. 10.4). This
ﬁnding points towards a rather complicated interplay that is not easily resolved in the data
presented so far. Fortunately, the transfer-matrix calculations oﬀer the opportunity to
selectively switch only either the real part n or the imaginary part k to the respective value
of the metallic phase. Exemplary results of this procedure are depicted in Fig. 10.5 for
1.37 eV photon energy. The labels next to the curves state the parts of the refractive index
that are switched to the metallic phase, i.e.:
none (blue): insulating VO2 → ñ = niso + i kiso
both (red): metallic VO2 → ñ = nmet + i kmet
real (green): only real part of metallic VO2 → ñ = nmet + i kiso
imaginary (black): only imaginary part of metallic VO2 → ñ = niso + i kmet
The two main observations to be made here are that the shift of the resonance position
seems to be caused solely by the change in the imaginary part Δk, while Δn leads to an
altered overall reﬂectivity and a deeper resonance.
Before moving on to an explanation of these ﬁndings, a more instructive representation
of the eﬀects of n and k for the three diﬀerent photon energies is given. In Fig. 10.6, the
relative change to the reﬂectivity in the insulating phase is shown for a selective switching of
real and/or imaginary part, i.e. for the three conﬁgurations (both, real, imaginary) deﬁned
above. Note that the full simulations (both) are also included in Fig. 10.4(d)-(f). For all
photon energies, the observation made above applies: the shift is caused by the increased
imaginary part. It is interesting that the altered real part leads to stronger resonances
at both 0.80 eV and 1.37 eV photon energy, even though the sign of Δn is diﬀerent. At
0.98 eV, the small negative Δn results in a minor decrease of the resonance strength. In
the following, an explanation of this behavior will be given. At this point, it can already
be stated that a full description of the MIT-induced changes to the SPP resonance shape
needs to include the change of both the real part and imaginary part of the refractive index.
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Fig. 10.5: Results of transfer-matrix simulations of the reﬂectivity RTM in the Kretschmann
conﬁguration for 1.37 eV photon energy when only the real (green line) or imaginary (black line)
part of the VO2 refractive index is changed to the metallic phase. Blue and red lines show the
simulation for full insulating and metallic VO2 , respectively. All data points are normalized to
RTM (θ = 42◦ ) in the insulating phase (blue).

Fig. 10.6: Results of the transfer-matrix simulations for a change of only either the imaginary
or the real part of the VO2 refractive index ñ = n + i k. The labels at the lines in the left-hand
panel state the part(s) of the refractive index with value(s) of the metallic phase .

Scattering and Damping Processes in the Kretschmann Conﬁguration
Finally, the inﬂuence of the real and imaginary part of the VO2 refractive index is elucidated
with respect to the physics in the ﬁve-layer Kretschmann geometry. The following discussion
will distinguish between eﬀects of Δk or Δn on the propagation of the incident/reﬂected
light and on the properties of the SPP. It might be helpful for the reader to keep in mind
that the physics of a SPP, which is a plasma oscillation coupled to an electromagnetic ﬁeld,
show similarities to a driven, damped harmonic oscillator.
The most obvious eﬀect of a change in the imaginary part is the strongly decreased
reﬂectivity induced by the increased absorption of light in the VO2 layer. This eﬀect is not
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connected to the light-SPP coupling and does not require further discussion.
Mathematically, the plasmonic resonance in the standard three layer Kretschmann geometry can be approximated by a Lorentzian function3 [180]
R(kx (θ)) = 1 −

[kx (θ) −

0
(kSPP

4Γi Γrad
+ ΔkSPP )]2 + (Γi + Γrad )2

(10.7)

0
where kx (θ) is the in-plane wave vector of light (evanescent wave) and kSPP
is the SPP
wave vector calculated for two semi-inﬁnite media given by Eq. (8.8). The quantities Γi
and Γrad describe the internal and radiative damping, respectively. The term ΔkSPP is
a complex quantity connected to the refractive index of the materials in the SPP mode
0
+ ΔkSPP ).
volume, which eﬀectively corrects the SPP wave vector to a new value (kSPP
The real part of ΔkSPP causes a shift of the position of minimum reﬂectivity and the
imaginary part introduces an additional damping term that broadens the resonance (as all
imaginary quantities in the Lorentzian function do).
To get a more microscopic view of the physical processes that are summarized in the
complex refractive index, the next paragraph discusses the damping mechanisms in the
VO2 -based nanocomposite. If the VO2 -NCs are switched to the metallic phase, these
mechanism change the light-SPP coupling. First, scattering processes associated with the
imaginary part k are discussed, followed by a possible explanation of the inﬂuence of the
real part n.

Elastic and inelastic scattering processes of the photonic or electronic part of the
SPP change its energy or momentum, which, in turn, leads to altered light-SPP coupling
condition [180; 181; 200; 201]. The absorption of photons in a metal due to the interaction
with conducting electrons (Ohmic losses) leads to a loss of energy of the SPP. Likewise,
the collective electron motion may be damped by electron-phonon scattering. These
processes results in a decreased oscillation frequency ω of the electron ensemble, which
means that the dispersion line of the SPP is shifted to lower frequencies, cf. 10.1(b).
In other words, the SPPs get ’heavier’. Consequently, a higher photon momentum is
needed to drive the oscillation at a given frequency determined by the exciting photon.
Since the photon momentum is adjusted by the angle of incidence θ in the Kretschmann
conﬁguration, the resonance seen in the data for RTM (θ) is shifted to larger angles. The
dominant eﬀect of elastic scattering processes is a redistribution of the momentum of
the SPP. Diﬀerent photon momenta are now needed to drive the SPP, resulting in a
broadening of the resonance.
This approximation is valid when Re[ Au ] < 1 and Im[
photon energies considered here, see Fig. 8.2.
3

Au ]

Re[

Au ].

These assumptions are true for all
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An additional damping mechanism Γrad is instrinsically present in the Kretschmann conﬁguration, which is the emission of leakage radiation into the dielectric [180; 181]. This
eﬀect might explain the alteration of the minimum reﬂectivity upon changing the real part
n of the VO2 -NC’s refractive index. In Fig. 10.1(b), the propagation constant of the SPP
mode is on the left side of the light’s dispersion in the dielectric. Accordingly, the energy of
the SPPs is suﬃcient so that they can re-radiate into the dielectric. In there, this leakage
radiation interferes with the totally reﬂected light (which experiences a phase-change of
π upon reﬂection). It is this interference that determines the minimum reﬂectivity Rmin .
Since the amplitude of the leakage radiation depends on the thickness of the metal ﬁlm,
Rmin also does. It can be shown that the metal ﬁlm can be designed to have an optimal
thickness which leads to a perfect destructive interference, i.e. Rmin = 0 [180]. In this case,
all of the incident energy is deposited in metal ﬁlm.
Returning to the MIT-induced changes to the reﬂectivity in the ﬁve player geometry
of the samples examined here, the change of the resonance strength caused by Δn can be
understood when looking at the interference that determines Rmin . When the real part of
the VO2 -NCs refractive index changes, light passing through the VO2 layer experiences a
phase change. Thereby, the interference is modiﬁed and the minimum reﬂectivity changes.
In order to test this assumption, the phase shift Δφ(n) in the VO2 layer is computed
based on the geometry and a refractive index of the layer in the range 1.5 < n < 2.
Next, Rmin is extracted from transfer-matrix simulations for kiso , 1.5 < n < 2 and 0.8 eV
and 1.37 eV photon energy. Taken together, these steps yield the dependence Rmin (n),
which reveals the potential inﬂuence of a phase shift in the VO2 layer on the depth SPP
resonance. The results of this procedure (data not shown) show a similar reduction of Rmin
as seen in the experimental data. For both photon energies, the interference is altered in a
way that leads to a more stronger destructive interference of incoming with re-emitted light.
To sum up, this section has shown that the real and imaginary part of the VO2 -NC’s
refractive index change the light-SPP coupling conditions in distinct ways. Scattering processes in the metallic NCs predominantly shift and broaden the resonance, as is expected
from the physics of driven, damped oscillations. The MIT-induced change in the real part
presumably has a less obvious eﬀect on the SPP resonance. The phase shift in the VO2 -NC
layer, and the related alteration of the interference that determines the minimum reﬂectivity,
seem to be the cause for the deeper resonance in the metallic phase.
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Chapter 11
Conclusions and Outlook Part II
Vanadium dioxide (VO2 ) is a smart optical material featuring a potentially ultrafast metalinsulator phase transition (MIT) close to room temperature. In ion-beam-implanted VO2 NCs, the MIT is accompanied by a marked change of the dielectric function, which can be
tailored to be strongest in the telecom wavelength regime. Based on cooperative research,
this change is spectrally resolved and assigned to a resonance in the metallic spherical NCs,
see Section 6.2. Diﬀerently processed (future) samples may be analyzed the same way and
compared systematically.
Since the active layer of VO2 -NC samples is only ≈ 90 nm thick, they are favorable for the
integration into nanoscale photonic devices and ’ﬂat optics’. Furthermore, the implantation
of VO2 -NCs is compatible with the technology relevant materials SiO2 and Si.
The uniquely broad thermal hysteresis of the MIT in VO2 -NCs is studied, classiﬁed and
compared to literature in Section 6.3. A combining analysis of the microscopic, structural
details of the VO2 -NC specimen and the physics of the MIT allows to attribute the large
bistability to the good crystallinity of the single domain NCs as well as to the embedment
in the fused silica matrix. Potential devices related to memory and storage applications
could beneﬁt from this large hysteresis. Furthermore, it is a requirement for the creation
of photonic and plasmonic element presented in this thesis.
The post-fabrication irradiation of VO2 -NCs with argon ions enables the engineering of
the critical temperatures and the thermal hysteresis. A series of samples is studied in order
to elucidate the eﬀect of diﬀerent doses of argon in Section 6.4. Essentially, the argon
ions introduce defects into the lattice of the NCs that change the critical temperature or,
ultimately, completely inhibit the MIT. This deactivation is made use of in this thesis for
the creation of switchable diﬀraction gratings and plasmonic grating couplers. However, for
the purpose of tuning the critical temperature of the MIT in VO2 -NCs, without inducing a
deactivation at the same time, other dopants seem to be more suitable.
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Using low-cost diode lasers, the MIT in VO2 -NCs can be readily induced on a ms time
scale. It is shown that the optically induced MIT can be combined with the broad thermal
hysteresis to enable the preparation of a long-term stable supercooled metallic state, cf.
Section 7.1. Because of the surrounding fused silica, the MIT in VO2 -NCs does not result
in any degradation such that the structures may be used for highly repetitive operation.
The long-term stability of the supercooled metallic phase and durability of the structures is
explicitly veriﬁed.
The spatial dielectric contrast between areas of insulating and metallic VO2 -NCs allows
for the fabrication of switchable diﬀractive elements using the site-selective deactivation
of the MIT [87]. A spatially selective, optically induced MIT on the μm scale oﬀers the
possibility to realize reconﬁgurable photonic elements formed from spatial micro-patterns
of insulating and supercooled VO2 -NCs. The deﬁnition of arbitrary two-dimensional pattern happens optically with μm spatial resolution. Diﬀerent approaches of imprinting fundamental photonic elements such as diﬀraction gratings and zone plates are successfully
demonstrated in Section 7.3. Any imprinted structure is easily erased in a non-destructive
fashion by cooling to below room temperature.
The present study focuses on thin planar optical elements that are favorable for the
integration into layered nanoscale specimen. However, more complex structures may be
realized in samples containing several layers of NCs.
The hysteresis underlying the presented concept can be tailored to suit possible
applications. While the deﬁnition of smaller NCs would further enlarge the hysteresis,
doping the NCs or choosing diﬀerent substrates allows to bring the critical temperatures
of the MIT closer to room temperature.
Son et al. use a homogeneous thin ﬁlm of VO2 to demonstrate a reconﬁgurable photonic
element for focusing optical beams in the telecom wavelength regime [134]. They utilize
a phase front curvature that is generated by a laser-induced temperature gradient and the
approximately linear relationship of refractive index change and temperature in their VO2
system.
The concepts underlying the demonstration of photonic elements presented here has
been taken up by other groups. Rensberg et al employ selective ion beam engineering of VO2
layers for the generation of active optical metasurfaces [130]. Furthermore, the approach
to optically deﬁne reconﬁgurable patterns is extended by Zhang et al. [202]. In their work,
UV light is used to imprint local supercooled metallic areas into a thin VO2 layer in order to
create laterally conﬁned conductive patterns. This work utilizes the diﬀerent conductivity of
insulating and metallic VO2 and demonstrates the versatility of the approaches introduced
in Chapter 7 and Ref. [21].
Currently ongoing research utilizes the change of the VO2 refractive index in a
Fabry-Perot resonator geometry. The light-induced MIT leads to a marked modiﬁcation
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of the transmission spectrum through this structure. Preliminary results gained in a early
stage of the project point towards a MIT-induced spectral shift of singular modes of up to
1 nm, which is ≈ 10 % of the mode spacing.
Diﬀerent methods of utilizing the MIT-induced change of the dielectric function in VO2 NCs for the demonstration of plasmonic modulators are demonstrated in this thesis.
The method of grating-assisted light-SPP coupling is introduced in Section 9.1. It utilizes the change of the momentum of light in a periodically structured layer to overcome the
momentum mismatch between photons and SPP. Switchable diﬀraction gratings based on
VO2 nanocomposites are created using the deactivation of the phase transition in selected
ensembles of VO2 nanocrystals. The resulting thermochromic grating layers show a substantial switching contrast of a factor 45 in the diﬀraction eﬃciency, cf. Section 9.2. When
placing this layer in the near ﬁeld of SPPs at an otherwise unstructured gold-air interface,
deterministic control over the light-SPP coupling is made possible using the thermally or
optically induced MIT, cf. Section 9.3.
In all investigated samples, the substantial dielectric switching contrast of the gratings
ensures a practically complete on-oﬀ modulation of the SPP resonance. The successful
demonstration of the VO2 -based grating couplers opens up new routes for the creation of
active plasmonic elements.
The variety of ways to induce the MIT in VO2 oﬀers many possibilities to control the
launching of SPPs in the proposed structures. Thermal and optical activation is demonstrated in this thesis. Because of the close vicinity of the VO2 -NC layer to the gold ﬁlm,
Ohmic heating by a current ﬂow through the gold ﬁlm could be utilized to control the
grating coupler electronically.
A full modulation of the light-SPP coupling on ultrafast timescales using fs laser pulses
is not feasible in the given experimental conﬁguration, as shown in Section 9.4. An interplay
of the heat capacity of the sample, the pulse repetition rate and the thermal hysteresis of
the VO2 -NCs prevents a such a modulation. However, even at elevated eﬀective temperatures, a pump-induced sub-ps modulation of the diﬀraction eﬃciency of ≈ 8 % is found,
demonstrating the potential of fast, switchable grating couplers based on VO2 -NCs. VO2
systems with a narrower hysteresis can be expected to yield a better performance with regard to fast switching. Thin ﬁlms of VO2 , which generally show a narrower hysteresis, have
the drawback of a lower MIT-induced dielectric contrast in the telecom wavelength regime.
On the other hand, doping VO2 -NCs after the fabrication provides the tools to maintain
the beneﬁts of the NCs, while at the same time reducing the width of the hysteresis (see
Section 6.3)
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In the Kretschmann conﬁguration, which is introduced in Section 10.1, the excitation
of SPPs is made possible by increasing the momentum of photons in an additional dielectric layer. This momentum is transferred to a gold-air interface by the evanescent wave
generated upon total internal reﬂection.
A layer of VO2 -NCs is placed in the near-ﬁeld vicinity of the interface supporting the
SPPs, cf. Section 10.2. The MIT-induced change of the VO2 refractive index changes the
eﬀective dielectric function associated with the optical generation of SPPs and, thereby,
leads to a marked modiﬁcation of light-SPP coupling. Speciﬁcally, the transition to the
metallic phase shifts and broadens the angular resonance. Taken together, thermo-tunable
plasmonic couplers are demonstrated. They facilitate a substantial modulation of the lightSPP coupling eﬃciency and oﬀer a strong sensitivity to the angle of incidence near the
resonance angle.
VO2 oﬀers many potential means to control its phase. Instead of triggering the MIT
thermally, optical or electronic means could be used as a control input of the modulation.
For example, an additional pump laser or a current ﬂow through the gold layer are possible
ways to control the light-SPP interaction with external means.
The sub-wavelength dimensions of the metal-dielectric-VO2 nanocomposite, together
with the various interactions of the photonic and plasmonic part of the SPP mode with light
and matter, result in a complicated answer of the system to the change of the VO2 -NC’s
refractive index during the MIT. Both real and imaginary part have to be considered in order
to understand the MIT-induced eﬀect, as discussed in Section 10.3. Important features
of the change in the SPP resonance shape are reproduced in transfer-matrix simulations
of the optical response of the actual sample geometry. Furthermore, a large part of the
features is explained based on the physics of the three layer Kretschmann conﬁguration.
The design and interpretation of future experiments or potential applications will beneﬁt
from this treatment.
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