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Chapter 1

Introduction and Overview of the Thesis

The term nanotechnology describes the precise manipulation of matter on the atomic and
(supra-)molecular scale for the industrial fabrication of macroscale devices. Defined by the
National Nanotechnology Initiative, the structural size of such nanoscale objects ranges between
1nm and 100nm in at least one dimension [Dre86]. This spatial definition reflects the fact that
interface properties play an ever greater role compared to the bulk properties of the material.
The confinement of charge carriers on the nanoscale eventually leads to the evolution of
dominant quantum mechanical effects that must gradually be taken into account as the
dimension of the structure shrinks. In particular, the length scales in nanotechnology strongly
determine the properties of an object [NH12, KAP15].

Nanotechnology has become one of the most innovative branches of modern science by
combining all fields of research and cross-linking different disciplines [Ram16]. By now, a broad
range in science focusses on the size-induced functionalities including molecular biology, organic
chemistry, micro and molecular engineering, surface science, semiconductor physics,
nanoelectronics and many more. The associated research and applications in each field are
equally diverse and range from the development of new nanoscale materials and their industrial
fabrication methods to molecular self-assembly and nanorobotics. A detailed overview of the
development of nanotechnology can be found in the following review [BAT20].

The question of the origin of nanotechnology is often asked. Although this term dates back
to the second half of the 20th century, it also encompasses manufacturing methods that have
very early roots. Even the ancient Romans unknowingly used metal nanoparticles in glass art,
exploiting their optical properties to create remarkable color effects. The size and shape of the
metal nanoparticles influence the visible colors. A piece of Roman glass art on display in the
British Museum in London - the Beaker of Lycurgus - is a fascinating example of these color
effects [TBM22]. From the outside, the cup appears green. But when illuminated from the inside,
the cup looks ruby red - except for King Lycurgus, who appears in purple. The cause of this bi-
color effect (dichroism) is the presence of nanoscale particles of silver, gold and copper up to a
size of 100nm incorporated into the glass matrix.



It took many centuries for physicist Richard P. Feynman’s visionary speech “There is plenty of
room at the bottom” in 1959 at the Californian Institute of Technology to herald the modern age
of nanotechnology [Fey60]. It is often considered as the cornerstone for the development of
nanotechnology since Feynman spoke of how it would in principle be possible to build matter
atom by atom. The term nanotechnology itself was first used by the Japanese professor Norio
Taniguchi in 1974 [TAK74]. He described nanotechnology as the modification of materials as
“nanotechnology mainly consists of the processing of separation, consolidation, and deformation
of materials by one atom or one molecule”. Finally the development of the scanning tunneling
microscope by Gerd Binnig and Heinrich Rohrer allowed the high quality imaging of structures in
the nanometer range and even to conduct experiments with individual atoms [BR82]. These
visions of the early pioneers are still the driving force for many scientists today to focus on the
development of nanotechnology.

After many years of dedicated research, nanotechnology is considerably improving many
fields in research and industry. The rapidly growing benefit in electronic and information
technology based on modern nanoscale devices and applications is only one specific example
that is present in daily life. Today's society would be unthinkable without the wealth of
(handheld) smart devices. All major advances in computing are mainly related to faster and
smaller chips that can handle and store the continuously growing amount of information.
Transistors, the basic electronic switches that all modern computers are based on have gradually
been downsized to the lower end of the nanoscale. From a typical size of 130nm to 250nm
manufactured at the turn of the century, 7nm to 10nm transistors based on silicon are now
widespread technology [Pee00]. Intel’'s roadmap for the current decade even foresees the dawn
of the angstrom era and future devices are envisioned to dive deeper and deeper in the quantum
realm [Int22]. Expectedly, science has recently brushed the bitter limit of the famous Moore’s
law [Moo098] by presenting a graphene transistor with a gate length of only 0.34nm
(approximately the size of a single carbon atom) [WTS22].

Beside this maybe last node for Moore’s law, at least one more chance of improvement
remains: Photonic integrated circuits featuring small scale designs that are especially anticipated
for single-chip applications [CD10]. To this end, the established all-electric transfer and
processing of information are progressively replaced by electro-optical or all-optical devices.
High-speed data transfer on a global scale featuring tremendous bitrates in optical fibers became
a key component for the maintenance of daily life [Agr10, RFN13]. Therefore, sophisticated
devices based on highly efficient light-matter interaction gain more and more importance, not
only in fundamental research but also in industrial application. Photonics, the general term of
this research branch, offers intrinsic benefits over electronic circuit solutions: A weak light-light
interaction allows higher multiplexing rates and superior speed for data transfer combined with
low power losses and greatly reduced heat dissipation that minimizes the overall power
consumption [CCHO7, CD10].



The typical wavelength rage in which optical fibers in photonic applications operate spans from
800nm to 1650nm [Agr10]. This so called telecom wavelength regime is based on the material-
specific transmission range and dispersion properties of silica-based optical fibers. Located at
approximately 1550nm wavelength the conventional C-band of erbium-doped fibers features a
shifted zero-dispersion wavelength towards the minimum-loss window allowing for optimal data
transfer. The use of such optical fibers and networks as well as the flow of data to linked
electronic circuits require a distinct modulation and demodulation of the optical signals [CD10].
In order to satisfy the demand for high transfer rates, this interconnection must even function at
high frequencies. Proper laser sources that feed these optical networks are equally indispensable
and subject to constant optimization.

Overview of the Thesis

This thesis presents fundamental research and concepts for active photonic elements operating
in the telecom wavelength regime. The aim of the study is to determine the characteristics of
the investigated nanostructures and to evaluate the implementation of the proposed materials
in photonic research or in potential optical devices. The examined photonic elements are
envisioned to pave the way towards an improved generation and modulation of optical signals.
The application of such photonic elements is based on their ability to alter the properties of light
by a distinct change of its intensity and/or wavelength. Although this work presents two
completely different material systems, both are linked by common characteristics: The optical
properties of the nanocrystals introduced in the first part and the superlattice structures
presented in the second part are based on their nanoscopic origin. In addition, the light-matter
interaction of both material systems can be custom-tailored at the nanoscale to be used in the
aspired telecom wavelength regime [LFHO4, Dav98].

In the first part of this thesis the optical properties as well as the photonic application of
vanadium dioxide (VO2) nanocrystals (NCs) are studied. VO, exhibits an easily accessible
insulator-to-metal phase transition (IMT) near ambient temperatures [Mor59]. Upon excitation
it undergoes an atomic rearrangement that is accompanied by a substantial modification of the
complex dielectric function [VBB68]. Chapter 2 is dedicated to the characterization of the unique
optical properties of VO, NCs that are specifically designed for the telecom wavelength regime.

Chapter 3 demonstrates a moderate-finesse etalon containing a sub-wavelength layer of
VO, NCs. When VO, undergoes the IMT, the near-infrared transmission peaks are expected to
markedly shift in their spectral position and peak transmissivity due to the substantial change of
the dielectric function. Both heat deposition and ultrafast optical excitation are considered to
actively control the etalon’s functionality. Transfer matrix simulations of the layered structure
including the actual dielectric properties of the VO, NCs are performed to review the
experimental findings.
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Much less is known about the nonlinear optical properties of VO, beyond the established IMT.
To this end the nonlinear optical response of a thin film of VO, NCs is investigated with open
aperture z-scans involving femtosecond near-infrared pulses in chapter 4. Nonlinearities like
saturable absorption are essential for e.g. mode-locked near-infrared lasers. Saturable absorbers
based on custom-tailored VO, NCs would definitely benefit from a wide spectral tunability
offered by NC-based materials.

In the second part of this thesis, a semiconductor heterostructure based on ultranarrow
hexagonal GaN/AIN multi-quantum wells (MQWs) is investigated. Specifically, it is a planar
layered stacking of alternated nanometer-thin sheets of GaN and AIN. As discussed in the context
of chapter 6, energy levels emerge due to the confinement of charge carriers in the potential
landscape [Dav98]. The tailored inter-miniband (IMB) transition between these levels is
characterized in terms of its linear and ultrafast nonlinear optical properties. In particular, the
central energy and energetic width of the IMB transition are analyzed. Furthermore the time-
scales of the electron relaxation are examined using the established pump-probe scheme.
Degenerate (chapter 7.2) and non-degenerate (chapter 7.3) experiments are carried out in order
to get an insight into the electron dynamics for different excitation photon energies.

The following chapter 8 reports on a new type of nonlinear metasurface taking advantage
of these telecom-range IMB transitions. The heterostructure is functionalized with an array of
plasmonic antennas featuring cross-polarized resonances at these near-infrared wavelengths
and their second harmonic. The focus of the investigation is on the generation of substantial
second harmonic at normal incidence and the condition for free-space radiation perpendicular
to the surface.
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VO, Nanocrystals






Chapter 2

Vanadium Dioxide (VO;) Nanocrystals

Transition-metal oxides steadily attract the interest of researchers, especially because some of
them show an abrupt and sometimes enormous change in some of their physical properties
when undergoing a phase transition at a certain, material-specific, critical temperature (T¢).
Vanadium dioxide (VO3) as one representative of the vanadium oxide family (principal oxides:
VO, VO, V203 and V,0s) exhibits an easily accessible insulator-to-metal phase transition (IMT)
near ambient temperatures (Tc=68°C for bulk crystals), firstly reported by F. J. Morin in 1959
[Mor59]. Since this discovery many experimental and theoretical studies as well as applications
have evolved. But from all vanadium oxides!, VO, is the most appealing one for room
temperature applications due to its low critical temperature of the phase transition.

Upon heating [Mor59], the application of external stress [BLC15], electronical [JKS13] or
optical [JZK14] excitation VO, undergoes an atomic rearrangement from a monoclinic to a
tetragonal lattice. This reversible first-order phase transition features a strongly altered band
structure. It is accompanied by a substantial modification of the complex dielectric function and
a marked change of the DC electrical conductivity by about five orders of magnitude [VBB6S,
TJT98]. In general, VO, exhibits insulating properties at room temperature while the high
temperature phase above T. can be described by a metal-like character. Emerging from the
altered complex dielectric function during the IMT, tremendous changes of the optical
properties, especially in the near infrared (NIR) range, make VO, interesting for modern photonic
applications in the telecom wavelength range [VBB68]. In the state of an insulator, VO, tends to
some degree to transparency and switches to great opacity with reduced transmission and
altered refractive index when being driven through the IMT to the metallic phase. The physical
background of the IMT and the associated transition mechanisms, as well as the crystallographic
material properties of both phases are outlined in the following chapters.

The optical performance of VO, opens the gate for the development of many functional
applications outside of the broad field of photonics such as flexible foils and coated glass for

1 Only VO, V,03, V205 and Magnéli phases show an IMT [DNJ96, Mor59, SE04].
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energy building efficiency [CJL19], thermochromic and electrochromic coatings for smart
windows [Gral6] or light sensors and detectors for broadband photo detection [RKMO03, SLKO9,
KNZ20]. Moreover, many other areas like electronics and electrical circuit-engineering benefit
from the marked change of the DC electrical conductivity during the IMT. The progress of recent
applied research covers, e.g., transistors [STA15] and so-called memristors® for memory devices
and artificial intelligent architectures [DKC09, LMH19, ZS15].

In the course of the years, VO, thin-films and nanocrystals (NC) have been extensively
studied due to their unique size effect and the possibility to tailor the light-matter interaction at
the nanoscale [NH12, KAP15]. The ongoing technological development actually grants a
multitude of techniques to produce NCs from many different materials with specific shapes and
sizes [ZCX20, WLK16]. In comparison to bulk crystals or thin films, VO, NCs feature broad near-
infrared plasmonic? resonances in the telecom regime with specific characteristics depending on
their size, shape and the host matrix material [LHBO2]. Notably, a substantial change of the
complex refractive index during the IMT characterizes the optical properties of the VO, NCs.
Shrinking VO, to the nanoscale leads to the evolution of a wide IMT-hysteresis featuring a
supercooled metallic state in the cooling-down process that persists to temperatures (far) below
Tc [CKK11, SZB14]. Therefore, VO, NC based structures are envisioned for applications such as
switchable optical elements [CKK11, SKL12] and the optical control of the phase of light [SZB14].
Furthermore, nanothermochromic diffraction gratings [YBG13] and other planar optical
elements like optically defined lenses have been realized [ZWK12, RCSO5]. More recent work
incorporates VO, into hybrid structures involving, e.g., photonic crystals and waveguides [RRH20,
TCW16].

In the first part of this thesis, VO, NCs embedded into a fused silica host matrix are studied.
Specifically, the thermally induced IMT with its effect on the optical transmissivity is examined in
a wide spectral range to sufficiently resolve the plasmonic resonance of the metallic NCs.
Furthermore, VO, NCs exhibit a broad hysteresis compared to bulk crystals that is examined with
thermal and all-optical means. The VO, NC sample used in the course of this thesis is
characterized be a uniquely broad hysteresis that outmatches the experimental findings of other
nanoscopic VO, systems reported so far in literature [JZK14, ZWK12].

In the following section, a novel optical functionality of VO, NCs which is mainly related to
the change of the real part of the dielectric function during the IMT is demonstrated. In
particular, a sub-wavelength thick layer of VO, NCs embedded into fused silica is introduced into
an optical cavity, creating a moderate-finesse etalon. When these NCs are driven through the
IMT by either heating or optical excitation, a pronounced spectral shift of the near-infrared
modes transmitted through the etalon is observed due to the substantial change of the complex

2 Memristor: A portmanteau of memory and resistor.
3 pPlasmons are the quantized fluctuations of the charge carrier density. Further information is provided in the
context of chapter 8.1.2.



refractive index during the IMT. Remarkably, spectral shifts of about one linewidth can be
achieved. Transfer matrix simulations of the etalon are compared with the experimental findings,
pointing towards a huge impact of the layer thickness and location of the NC layer with respect
to the node/anti-node pattern of the optical resonator.

Much less is known about the nonlinear optical properties of VO, beyond the IMT. Z-scan
experiments in bulk and nanoscale VO; have shown that effective nonlinear optical coefficients
extracted for femtosecond pulses at 800nm are mostly related to an optically induced phase
transition rather than to an intrinsic optical nonlinearity of the two individual phases [LHF04]. For
this reason, in the last chapter of part | the nonlinear optical response of a thin film of ion beam
synthesized VO, nanocrystals is thoroughly investigated by the open aperture z-scan technique
involving femtosecond near-infrared pulses. Remarkably, VO, NCs in their high-temperature
phase show a pronounced saturable absorption or reverse saturable absorption for slightly off-
resonant wavelengths. A quantitative analysis of multiple z-scan traces using a phenomenological
model based on nonlinear and/or saturable absorption reveal high equivalent two-photon
absorption coefficients and saturation intensities linked to the plasmonic resonances of the
metallic VO, NCs. As this resonance can be custom tailored by, e.g., the NCs’ size and host
material, the present results hold promise to achieve widely adjustable and large optical
nonlinearities in the near-infrared, suitable for applications such as saturable absorbers to mode-
locked lasers.
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2.1 The Insulator to Metal Phase Transition
(IMT) of VO,

At a critical temperature (Tc=68°C for bulk crystals) VO, undergoes a reversible first-order phase
transition from an insulating to a metallic state, accompanied by a structural rearrangement of
the lattice as well as a strong altering of the band structure. Although this transition was already
discovered in 1959 by F. J. Morin [Mor59], the physics of this transition is still under ongoing
discussion and will remain a topic of future research. Numerous approaches and theories have
been published in the past, but none of the models describes all experimental findings in a unified
way. This chapter addresses the basic material properties of both solid phases of VO, and
provides a brief introduction to the physical background of the IMT. It should be mentioned that
a detailed physical explanation of the IMT is not required for the understanding of the
experiments presented in this thesis, since the application-related research in the first part and
the examination of both individual phases beyond the IMT in the second part are not adversely
affected by a potentially altering theory of the IMT. Moreover this thesis does not contribute to
the complex description of the IMT itself. The interested reader may consult the references
provided in this section for further information.

Vanadium#* is a transition-metal with the atomic number 23, indicated by the symbol V and
located in the 5™ group of the periodic table of the elements. A typical characteristic of a
transition metal is the exhibition of two or more oxidation states. In addition to the oxidation
numbers 2, 3, 4 and 5 in compounds V0O, V,03, VO, and V,0s, Magnéli phases Va0Ozn-1 (n=3-8), as
well as Wadsley phases V2n0sn-2 exist. Complexes of the form V,02n4+1 (n=3, 4, 6) have also been
found in bulk material [DNJ96]. The compounds V0,, V203, V205, and the Magnéli phases, with
the exception of V7013, undergo temperature-dependent IMTs [DNJ96, Mor59, SE04]. The most
appealing vanadium oxide for technological (room temperature) application remains VO, due to
its low critical temperature of the IMT.

The first approach to explain the IMT in VO, by a fundamental and widely accepted theory
was provided by J.B. Goodenough in 1971, in the framework of crystal field and molecular orbital
theory [Goo71]. To facilitate the explanation of the reversible IMT and, in particular, the
formation of the insulating phase, the illustration of this mechanism starts with the metallic, high-
temperature phase above T.. This metallic phase features a tetragonal body-centered (rutile)
unit cell. The V atom has two 4s and three 3d-electrons in its electron shell whereas only four
electrons are required for the bonding to the O-atom, leaving one 3d-electron. Therefore, the

4 Vanadium in Old Icelandic “Vana-dis”, a name of Freyja, the North Germanic goddess of beauty. The naming
originates from the colorful appearance of some natural vanadium compounds [Sef31].
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V4 jon with its 3d electron is located in the center of an octahedron, formed by six 0% ions. This
high-temperature rutile crystal structure of VO, is illustrated in Fig. 2.1(a). As a consequence of
this arrangement, the 5-fold degenerate 3d levels of vanadium split into the two-fold degenerate
eg and the three-fold degenerate tyg levels. The eg orbitals point in the direction of the oxygen
and form o and o* bands under hybridization with the 2p orbitals from the oxygen. The tog
orbitals, pointing between the oxygen ligands, form the 7 and 7* bands, as well as the dj band,
which is in turn created from the vanadium 3d,, orbitals and orientated along the rutile cg-axis
[CFN96]. A schematic illustration of the band structure is depicted in Fig. 2.2(c). In this model,
the metallic character above the transition temperature originates from the overlap of the dj
and m* bands at the Fermi level. Consequently, the partial filling of these two bands gives rise to
a moderate DC electrical conductivity of the metallic phase featuring a fairly high resistivity> of
Pmetalic=107°-10°Qm. Nevertheless, Coulomb repulsion inhibits the conductivity from being as
good as in, e.g., noble metals (psiver=1.6-10°0m [Mat79]) [QBCO7]. Here in the case of metallic
VO,, the oxygen atoms separate the weakly bound valance electrons, thus, the overlap integral
of the electron wave functions is diminished and the electrical conductivity is therefore reduced.
From the electrical engineering point of view, the most striking property of the IMT is the
negative differential resistance (NDR) of the order of about 10° (pinsuiating=0.1-10Om) when the
electrical device made from VO, goes through the IMT [LMH19].

At ambient pressure, if the temperature drops below T, the lattice structure changes to a
monoclinic crystal system, featuring a change of the unit cell dimensions by up to 1% [Eye02,
KN79]. While small dislocations of the vanadium atoms along the cg-axis happen, the positions
of the oxygen atoms, forming the octahedron, remain nearly unchanged. Additionally, V-V
pairing occurs, causing the formation of V-V dimers with slightly shortened bond length and a
tilting away from the cr-axis [BYZO7], as shown in Fig. 2.1(b). Owing to the strong V-V
dimerization, the n* band shifts above the Fermi level and the dj band splits into an empty
higher-energy band (antibonding states) and a filled lower-energy band (bonding states). The
resulting electronic band structure is schematically depicted in Fig. 2.1(d). Crystal field splitting
and/or electron-electron repulsion support the formation of this band splitting, giving rise to its
insulating 1D orbital character. Due to the fact that this band structure resembles a
semiconductor with a band gap of Eg=0.65eV (cf. Fig. 2.1(d)), the low-temperature insulating
phase is often referred to as semiconducting or semi-insulating phase.

> In an ideal case, the resistivity p is defined as the electrical resistance of a uniform specimen of the material
multiplied by its cross-section and divided by its length.
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High-temperature rutile phase Low-temperature monoclinic phase
(metallic) (insulating)

0O2s O2s

Fig. 2.1: Schematic of the crystal structures of (a) the high-temperature (T>T.) tetragonal/rutile and (b)
the low-temperature (T<T.) monoclinic phase of VO,. The rutile phase with regular octahedrons exhibits
uniform distances between V ions, while the monoclinic phase with distorted octahedrons exhibits
alternating distances between V ions due to V-V dimerization. Schematic illustrations of the electronic
band structures highlight the differences between (c) the rutile and (d) the monoclinic phase. The
metallic character in (c) originates from a partial filling of the dyand 7* band at the Fermi level Er (dashed
line). The insulating behavior in (d) is caused by a splitting of the diy band and a shift of the 7* band to
higher energies due to the V-V dimerization and tilting of the V-V dimers, leading to a band gap at E-.
Taken and adapted from [HCS15].
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Goodenough’s theory of the high-temperature rutile phase has been widely accepted up to date,
while the isolating phase still lacks from an all-embracing and optimal description. The presented
model illustrates the results of many experiments in an adequate way, but nevertheless, it is not
able to explain, e.g., the experimentally determined large splitting of the dj band (Eg=2.5eV, cf.
Fig. 2.1(d)) [SST90, AGF91]. Band calculations for the SrTiOs system, which is similar to VO; in
terms of the ion arrangement and lattice spacing, give a value of only about 1eV [KL64].

Due to the fairly strong correlation of the electrons in the VO, system, the electron-electron
interactions are complex and can neither be explained by Bloch theory with unbound electrons
forming an electron gas, nor can they be described by a tight binding model with isolated,
localized and tightly bound electrons. Established research sees the cause of the IMT rather in
electron-electron interactions and/or electron-phonon interactions, in the sense of the more
modern Mott-Hubbard or Peierls model [ZM75, PL80, GFE77]. There is experimental and
theoretical evidence for both the Mott-Hubbard [ZM75, PL80, RLP94, WHX14] and the Peierls
[Goo71, WSA94, CDCO4, BPLO5, PKE11] model. In 1994 Wentzcovitch et al. published the article
"VO,: Peierls or Mott-Hubbard? A view from band theory" [WSA94]. On the basis of local density
approximations (LDA) a Mott-Hubbard insulator, where Coulomb interactions are dominant, was
ruled out for the semiconducting phase of VO, and a Peierls insulator, where the structural
change (tilting and dimerization) is responsible for the dj band splitting, was favorited. However,
recent studies have shown that the low temperature phase of VO; is more Mott-Hubbard-like.
This has been attributed to the appearance of additional insulating intermediate (metal-like)
phases during the IMT, which are formed under tensile stresses [BLC15, ABC12], by doping
[MWR72] or photo-induced [TBC16]. The appearance of this phases cannot be explained by
Peierls theory alone [PCK13, RLP94]. The results of NMR >V studies [BGKOO] suggest that the IMT
of V03 is a transition of the type 2V <-> V3*+V°* i.e., that two structurally and chemically distinct
vanadium ions exist in the low-temperature phase. The topic of “competing” explanations for
the origin of the IMT, including a detailed overview of the theoretical development up to the turn
of the millennium, is discussed in detail by Eyert [Eye02].

At the frontline of present research, many authors synergize both models to explain the IMT
by an “orbital-assisted Mott-Peierls transition” [HHTO5] or a so called “Peierls-assisted orbital
selection Mott instability” [WRH12]. To further unravel the Mott-Peierls intrigue in VO,
dynamical mean-field theory (DMFT) recently revealed the theoretical existence of a distorted
transient metal phase that intrudes between the low-temperature insulating and the high-
temperature metal phase [GAF20], according with the experimental evidence of a monoclinic
metallic phase [MCT14, TBC16].

A promising experimental approach to a profound understanding of the complex
mechanisms of the IMT is the time resolved optical pump-probe spectroscopy with a temporal
resolution of sub-picoseconds. This technique allows for a separate observation of electronic and
structural contributions to the IMT and, additionally, allows to distinguish their respective
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timescales. In comparison to a thermally induced IMT, caused by an elevated lattice temperature,
a raised Fermi level and an increased electron density in the upper bands, on the other hand an
optically induced IMT, initiated by photo carrier injection, happens on timescales of less than
200fs [CDCO4, PKE11, WHX14, RCS05, CJH15]. Photo-doping of VO, in the insulating, low
temperature state depletes the d-symmetry valence band, while populating the 7 band, followed
by an immediate band gap collapse. The electrons attain a transient, hot Fermi distribution with
an electron temperature way above the lattice temperature. The final structural transition
happens during a lattice thermalization via electron-phonon scattering that occurs on timescales
of 10ps-100ps [MCT14, WFW13, KEHO7].

In summary, none of the theoretical models presented and discussed in the past are able to
explain all experimental results of the IMT in a unified way. Therefore, the IMT in VO, remains a
very complex and partly unsolved problem in theoretical physics leading to ongoing research to
determine the delicate interplay of the structural and electronic degrees of freedom.

Considering the optical experiments presented in the context of this thesis, a more detailed
theoretical explanation of the IMT itself is not necessarily required. In the first experimental part,
the functionality of the application-related integration of a sub-wavelength layer of VO,
nanocrystals (NCs) in an optical resonator is based on the pure existence of a thermally and
optically excitable IMT with unequal optical properties of the two solid phases. In the second
part, the examination of both individual phases beyond the IMT is, just in the same way, not
adversely affected by a potentially altering theory of the IMT. More importantly, the optical
response of the two solid phases of the VO, NCs sample, utilized in the context of this thesis, is
clarified in the conduct of the next chapters. Starting with the fabrication process of VO, NCs by
ion beam implantation in fused silica, the focus will be laid on the altering complex refractive
index and the IMT-related absorptive resonance in the near infrared spectral range. This overall
tunable light-matter interaction in the telecom wavelength regime is highly suitable for photonic
application and research.
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2.2 Fabrication Process of VO, NCs

The technological development in the course of the last decades actually grants a multitude of
techniques for the synthesis of artificially grown thin films and NCs with specific sizes or shapes
made from many different materials [ZCX20, WLK16]®. For most technological applications, thin
films of polycrystalline VO, are necessary. Large single crystals are unsuitable because they
cannot withstand the mechanical stress caused by the IMT and break after a few switching cycles.
On the other hand, polycrystalline thin films can be reversibly switched without much
degradation due to aging. In comparison to bulk crystals or thin films, VO, NCs feature broad
near-infrared plasmonic resonances in the telecom regime with specific characteristics
depending on their size, shape and the host matrix material [LHBO2]. Furthermore, shrinking VO,
to the nanoscale leads to the evolution of a wide IMT-hysteresis featuring a supercooled metallic
state below T.. Additionally, nanoscopic VO, profits from a highly crystalline structure and, at the
same time, an increased stability to the mechanical stress from the IMT due to the small particle
size. A long-term durability is clearly favorable for applications and devices based on VO, NCs.

Traditionally, gas-phase-based preparation methods (e.g., physical vapor deposition (PVD)
[VCZ19], chemical vapor deposition (CVD) [MPBO5, BPB09], sputtering [BCF02], pulsed laser
deposition (PLD) [TKU10, WMY99] and sol-gel deposition [DNJ96]) have been practiced. The
fabrication of high quality and single crystalline VO, thin films or NCs often relies on ion beam
synthesis including a thermal annealing step [GB96]. In comparison to the preparation via the
gas or liquid phase method, a uniform particle size and neat distribution of stoichiometric VO,
NCs can be achieved by controlling the ratio of V and O ions during the implantation and the
annealing temperature [LHBO2]. This technique allows to tailor the light-matter interaction at
the nanoscale by adjusting the specific fabrication parameters. Gea et al. [GB96] first
demonstrated this technique and Lopez et al. [LHBO2, LFHO4] systematically studied the impact
of different implantation and annealing parameters on the formation of the NCs and their optical
properties. These relations will be explained in more detail in the next chapter while the
fabrication process itself is addressed in the following section.

The sample used in this thesis is fabricated in the group “Nanoscale Functional Oxides” led
by Prof. Dr. Helmut Karl at the University of Augsburg. The VO, NCs are synthesized by sequential
implantation of vanadium (9-10*atoms/cm? at 100keV implantation energy) and oxygen
(1.8-10'atoms/cm? at 32keV implantation energy) into a 500um thick fused silica (SiO)
substrate with lateral dimensions of 10mmx10mm (cf. Fig. 2.2(a)) [ZWK12]. These doses lead to
a stoichiometric growth of VO, since they differ in an exact factor of 2, referring to the

6 1n addition to the specific references given in this chapter, these two references provide a good overview on the
different fabrication methods.
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stoichiometry of VO,. The implantation energy, however, defines the penetration depth of the
ions into the host material. The above mentioned values were selected to ensure a superposition
of both the vanadium- and oxygen-implant distributions at the same depth in the near-surface
region of the fused silica host. The formation of roughly spherical NCs with an average diameter
of 100nm and a lateral spacing of about 60nm happens during a subsequent rapid (10minutes)
annealing step at a temperature of 1000°C. To protect the sample from oxidation, the annealing
takes place in a high-purity flowing argon atmosphere [KDS09]. Specifically, a dense layer of
isolated VO3 nanocrystals (areal density ~10*°cm™) is located about 100nm below the surface of
the SiO, host matrix. These values were estimated from a transmission electron micrograph
(TEM) such as the example in Fig. 2.2(b). A high resolution TEM picture of a single NC is shown in
Fig. 2.2(c). The good and homogenous crystal quality of the nanocrystal can be identified by the
regular stripe-patterned structure. As a result, the NCs are well protected from the environment
so that they do not suffer from potential detriments like oxidation or hydrophilicity. From the
results of Raman spectroscopy the group of Prof. Dr. Karl could exclude a significant amount of
other vanadium oxide phases such as V;0s. Accordingly, the results of this thesis can be
attributed to the phase of VO..

It should be noted that the VO, NC samples investigated in this thesis slightly differ in the
processing parameters. Consequently, the resulting average NC diameter and the optical
properties show minor variations. However, the effects on any of the main conclusions drawn
below are negligible. In the case that the NCs show a non-negligible deviation of the mentioned
properties, this is pointed out separately.

50nm
) R

surface

10mm

10mm

Fig. 2.2: (a) Photograph of the VO, nanocrystal (NC) sample. The yellowish area on the transparent piece
of fused silica (SiO,) originates from the implanted VO; NCs. (b) Cross-section transmission electron
microscope (TEM) image of ion beam synthesized VO, NCs embedded into a SiO, matrix. (c) High
resolution TEM image of one single VO, NC. The good and homogenous crystal quality is visualized by
the regular stripe-patterned structure.
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2.3 Optical Properties of VO, NCs

Upon heating and/or optical excitation, VO, undergoes an abrupt structural insulator-to-metal
transition (IMT), accompanied by a marked change of the complex dielectric function especially
in the telecom window [VBB68, TJT98]. This phenomena can be directly seen from the strongly
deviating linear optical properties of the two solid phases, emerging from an altered complex
refractive index during the IMT. To characterize the VO,-NC sample used in the course of this
thesis, the group of Prof. Dr. Karl performed spectral ellipsometry’ to determine the real part n
and the imaginary park k of the complex refractive index i=n+ik. Specifically, the contribution
of the VO, NC layer has to be isolated in order to identify its individual optical properties without
detrimental impact of the host material. For this purpose, the VO, NC sample is mounted on a
temperature-controlled holder inside a “Sentech SE 850 (FT-IR)” ellipsometry unit that is
operated by the software “SpectraRay 3”. In the analysis of the raw ellipsometry data, the NC
layer is modeled as a thin layer of an effective medium® with spherical particles embedded into
SiO; [Str98]. The dielectric function of VO3 is included based on an established model with three
Lorentz oscillators [KINO7]. Note that the sample used for the ellipsometry analysis has a
different layer structure compared to the sample presented in chapter 2.2. Specifically, a 200nm
SiO2 layer, serving as host matrix for the VO, NCs, was deposited on top of a Si wafer. The
parameters of the substrate (Si+Si02) were determined before the implantation of the VO, NCs
to finally isolate the optical response of the VO, NC layer.

Fig. 2.3(a) and (b) display results for the complex refractive index as determined by
ellipsometry. Close to room temperature, in the state of an insulator, VO, exhibits a rather flat
spectral response in the near infrared (NIR) wavelength range, featuring a nearly constant
complex refractive index of n=1.65 and k=0.05-0.1 (cf. blue lines in Fig. 2.3(a), (b)). According to
the moderate extinction coefficient k, sub-micrometer layers of VO, tend to some degree to
transparency. These optical properties are comparable to those from thin films with an
equivalent thickness compared to the diameter of the NCs [TIT98]. Heating up the sample above
Tc induces the IMT and the metallic VO, NCs switch to great opacity with reduced transmission
and altered refractive index (cf. red lines in Fig. 2.3(a), (b)). Now the metallic phase features a
Mie-type absorptive resonance as expected for roughly spherical, metallic NCs [RCS05, LFHO4].
It is characterized by an increased imaginary part k and a dispersive signature in the real part n
of the complex refractive index, as seen from Fig. 2.3(a), (b). This observation stands in
agreement with the Kramers-Kronig-relation, assuming an absorptive resonance (see Ref.
[Men01], p. 88).

7 For an introduction to ellipsometry and further information see Ref. [Yeh88].
8 Bruggemann type, see Ref. [Str98] for further information.
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Fig. 2.3: (a) Real and (b) imaginary part of the complex refractive index of VO, NCs in SiO; as determined
by spectral ellipsometry for different sample temperatures. Blue: 28°C (insulating), red: 100°C (metallic).
(c) Spectrally resolved optical transmission decrease related to the phase transition from insulating to
metallic VO, NCs. The red line is a Gaussian fit to the data. The dashed lines indicate typical laser lines
utilized for the experimental analysis in the remainder of this thesis.

In comparison to bulk crystals, the dielectrically confined geometry of the spherical metallic VO,
NCs allows electromagnetic dipole resonances, originating from the collective oscillation of the
electron plasma. External light can couple to these resonances, leading to the characteristic,
absorptive profile as depicted in Fig. 2.3(b). In general, Mie-theory describes the elastic scattering
of electromagnetic waves at spherical particles whose diameter d is slightly smaller or in the
same order of magnitude as the wavelength A of the radiation (see Ref. [Men01] p. 145). In the
limit of much smaller or much larger particles, accurate approximations like Rayleight scattering
(d<< ) or classical elastic scattering theory (d>>A) are applied, respectively. Nevertheless, Mie
scattering theory has no upper particle size limitation and does not refer to an independent
physical theory or law. It rather suggests situations, where the above mentioned approximations
do not lead to adequate results and more sophisticated solutions to Maxwell’s equations are
inevitable. Specifically, the Mie solutions take the form of an infinite series of spherical multipole
partial waves respecting the boundary conditions of the spherical surface of the particles.

To further characterize this Mie-type, absorptive resonance, spectrally resolved
transmission measurements at normal incidence are performed by the author. Therefore, the
VO, NC sample is clamped to a temperature-controlled holder (Covesion Oven PV10 and
Controller OC1) and illuminated by a commercial broadband white light source (Thorlabs
SLS201). The analyzing unit consists of a monochromator (Andor Shamrock 193i, grating: 150
lines/mm) that is equipped with an external, biased, extended InGaAs photodiode (Thorlabs
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DETO5D) to record the transmission signal S through the sample. Fig. 2.3(c) shows the spectrally
resolved data for the reduction of the transmissivity in the supercooled metallic state® when
compared to the insulating state, both at a temperature of 60°C. The visualized IMT transmission
decrease is calculated as 1-Smetaliic/Sinsulating. OWing to an increased imaginary part k, governed by
a strong plasmonic resonance in the metallic VO, NCs, the reduction of the transmission'® due
to the IMT is as high as 34%. Considering the relatively small effective interaction length'! of
about 25nm in the partially filled VO, NC layer (cf. Fig. 2.2(b)), the IMT-induced change of the
light-matter interaction is remarkably strong. This observation refers to an increase of the
absorption coefficient by Aoywr=1.7-10°cm™. Similar values for VO, nanospheres characterized
by Aamr=5-10*cm™ can be found in literature [CRSO6]. In contrast, the response of thin films
and bulk crystals is dominated by the collapse of the optical bandgap at long wavelengths and by
the appearance of the absorptive plasma edge at ~800nm, leading to smaller changes of the
absorption coefficient of only Aa=1-10*cm™ in the NIR wavelength range [CRSO06].

The spectrum in Fig. 2.3(c) is well reproduced by a Gaussian curve (cf. red line) with a central
photon energy of 0.97eV and a full width at half maximum of 0.64eV. Similar Gaussian-shaped
Mie-type resonances from ion-beam implanted VO, NCs can be found in literature as well
[CRS06]. The spectral position of this resonance and the characteristics of the hysteresis® can be
tailored during the fabrication process via e.g. the particle’s dimension, shape and the host
matrix material [KDS09, LFH04, ZCX20, LNG10]. The geometrical properties of the NCs strongly
depend on the annealing parameters. In general, increasing the annealing time and temperature
leads to larger NCs that show more red-shifted resonances compared to smaller NCs.
Accordingly, the light-matter interaction can be tailored at the nanoscale, allowing to shift the
resonance, e.g., from the NIR [CRS06] to the visible [LFHO4] wavelength regime by reducing the
NC’s diameter.

Note that the experimental results presented in this chapter, and in the remainder of this
thesis, combine the optical answer of ~10* NCs that are probed simultaneously in the focal spot
of the light beam. Consequently, a distribution of NCs with different diameters is addressed at
once (cf. Fig. 2.2(b)).

® V0, NCs feature a broad hysteresis behavior when driven through the IMT. Upon cooling a supercooled metallic
phase persists up to room temperature. Further information is provided in chapter 2.4.

10 The reduction of the transmitted intensity is governed by an increased absorption. Owing to an altered real part
of the refractive index, the change of transmission calculated by Fresnel equations for normal incidence leads to
less than 2% change in reflectivity of the VO, NC layer.

11 The effective interaction length of about 25nm can be estimated from the NC’s average diameter of 100nm and
the lateral spacing of about 60nm.
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2.4  Thermally Induced IMT with Hysteresis
in VOz NCs

In 1959 F. J. Morin discovered and firstly reported the IMT in VO, bulk crystals and, in particular,
highlighted the (unexpected)!? appearance of a narrow thermal hysteresis in the performed
electrical conductivity measurements [Mor59]. In this context, the term hysteresis refers to a
separation of the two critical temperatures that mark the transition points to the neighboring
solid phase. Specifically, the insulator-to-metal phase transitions upon heating occurs at a higher
temperature compared to the backwards metal-to-insulator transition upon cooling. The
relatively narrow hysteresis in VO, bulk shows a width in the order of only a few Kelvin [Mor59],
but shrinking VO, to the nanoscale leads to the evolution of a much wider IMT-hysteresis
featuring a supercooled metallic state in the cooling-down process. For thin films, the width of
the hysteresis reaches about 10K and NCs of high structural quality exhibit a broad hysteresis of
30-50K with a supercooled metallic state that persists almost down to ambient temperatures
[ALS12]. The first technical application of this IMT-hysteresis was reported in the early 1970s in
the context of optical storage devices [Roa71, Smi73] and it is actually envisioned for memristors
in modern memory networks [DKC09, LMH19, ZS15]. In this chapter, the physical background of
the hysteresis and its appearance in nanoscopic VO, is discussed briefly. Furthermore, the
characteristic of the IMT-hysteresis in the utilized VO, NC sample is examined with thermal and,
in the following chapter, with all-optical means.

Phases are generally defined as the states of a macroscopic system in the thermal
equilibrium. Thereby, the macroscopic observables deviate in different phases. A well-known
example of phase transitions is the changes of the aggregate state (solid - liquid - gas). From the
thermodynamic point of view, a transition between two solid phases, as well as the mentioned
change of the aggregate state, is defined as a first-order phase transition. It can be triggered by
a variation of, e.g., the lattice temperature or other parameters that alter the Gibbs free energy
of the phases®3. In general, different phases exhibit different internal energies and entropies and,
consequently, a different course of Gibbs free energy. Accordingly, the critical temperature T
marks the transition point at which both phases feature the same Gibbs free energy (the
intersection of the two Gibbs free energy curves of both phases). In the case of VO,, the insulating
phase features the lowest Gibbs free energy for temperatures below T.. Upon heating, as the
temperature rises above T, the minimum is now in the metallic phase and the IMT occurs.

12 “Finding a hysteresis about the Néel transition seems a little unusual” [Mor59].
B G(p,T)=U+pV-TS (G=Gibbs free energy, U=internal energy, p=pressure, V=volume, T=temperature, S=entropy)



21

The origin of the hysteresis is a finite energy barrier between the two phases that has to be
overcome in order to induce the phase transition. Additional energy has to be added to
(insulator-to-metal) or subtracted from (metal-to-insulator) the system to reach the neighboring
Gibbs free energy minimum, i.e., to trigger the phase transition. The energetic barrier can be
overcome by sufficient heating or cooling of the system or by nucleation. The latter is usually a
stochastic process and occurs spontaneously, but preferentially at impurities (intentional:
doping, unintentional: dirt), roughness, grain boundaries or by the application of strain. At these
nucleation sites the energy barrier height is reduced due to a modification of the Gibbs free
energy potentials. Nucleation commonly initiates the process of forming a new thermodynamic
phase in a first-order phase transitions [Seal4]. A well-known example for this process is the
boiling and freezing of water that starts at impurities (minerals/salt/dirt) or at the boundaries to
the container. Pure water in a cup with smooth surfaces can be heated up to temperatures above
100°C and stays liquid in a so called superheated condition. Likewise, pure water remains in a
supercooled liquid state'*, when being cooled down slowly in a perfect container. Upon stirring
or shaking the water freezes to ice.

In order to demonstrate the thermal hysteresis, the transmission of a weak 1036nm laser®
beam at normal incidence is recorded when the VO; NCs are heated and cooled through the
phase transition. For this purpose, the VO, NC sample is clamped to a temperature-controlled
holder (Covesion Oven PV10 with additional Peltier element for cooling and Controller OC1).
Note that the given temperature refers to the fused silica (SiO;) substrate temperature that, in
turn, equals the VO; lattice temperature for a sufficiently slow heating or cooling process. The
transmitted laser beam is measured using an InGaAs photodiode and lock-in detection.
Considering a laser spot diameter of about 100 um (measured with a scanning slit beam profiler
(Thorlabs BP104-IR)), an ensemble of roughly 10°> NCs is probed simultaneously.

Fig. 2.4 shows the probe transmission for increasing (blue) and decreasing (red) sample
temperature. The data is normalized to the signal strength at the beginning of the heating cycle
at 0°C. Upon heating the signal strength remains nearly constant until the IMT occurs at a critical
temperature of T.=80°C, featuring a sharp drop in transmission. The phase transition comes
along with a reduction of the transmission by as much as ~22%, in line with the ellipsometry and
Mie resonance data (cf. Fig. 2.3). Further heating leads to a plateau, indicative for a complete
switching of the entire NC ensemble to the metallic phase. When the sample is cooled down
again, a supercooled metallic state persists until the transition back to the insulating state
happens close to ambient temperatures. Specifically, the metal-to-insulator transition begins at
approximately 40°C, leading to a remarkably broad width of the hysteresis of AT=55°C. This

14 Scientists have reached a new low in the cooling of liquid water, hitting -45°C [KSP17].
15 Note that the width of the hysteresis is not affected from the choice of the laser wavelength. However the
transmission decrease is subject to the resonance shown in Fig. 2.3(c).
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observed width exceeds the values reported in literature for nanoscopic VO, systems that are
fabricated outside of the group of Prof. Dr. Karl [ALS12, DLFO9, ZWW14, JZK14].
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Fig. 2.4: Thermally induced IMT and hysteresis cycle recorded by tracking the 1036nm probe
transmission for increasing (blue line) and decreasing (red line) sample temperature. The IMT from
insulating to metallic VO, is triggered at a critical temperature of T.=80°C. Upon cooling, a supercooled
metallic state persists almost to room temperature.

In contrast to bulk material or thin films, spherical VO, nanoparticles implanted into a host matrix
undergo a broader hysteresis. Furthermore, VO, NCs embedded into fused silica show an even
wider hysteresis than those hosted in sapphire [GBB99]. In the course of the optical
investigations, the high transmissivity of the host matrix material SiO; in the infrared range,
guaranteed by the large band gap of SiO, of 8eV [Lau80], as well as the absence of defacing
birefringence (sapphire) or a strongly altering refractive index are beneficial. The sharpness and
width of the hysteresis [GB97], as well as the critical transition temperatures of the reversible
IMT [TBC16, ABC12, WWCQ9, CGF10] depend on the tensions between the substrate and the
VO, NCs [NHH89]. Vanadium dioxide has a relatively high thermal coefficient of linear expansion
along the cg-axis (2.8-10°K?) [Hea73] compared to the (fairly low) one of SiO, (0.5-10°K™1)®.
Consequently, a change of the microstructure’s temperature induces local strain fields, especially
at the phase boundaries. In general, internal or external stress leads to modifications of the unit
cell dimensions of VO, favoring one or the other crystallographic phase in a certain temperature
range. Specifically, the V-V dimerization along the rutile cg-axis is affected [TBC16, CGF10]. An
explicit connection between the bonding length of the V atoms and the transition temperature
were found [MUHO02, SZM14]. Considering Gibbs free energy mentioned above, applying stress
to the VO, NCs increases the energy barrier between the two solid phases, leading to a widened
hysteresis.

16 The thermal coefficient of linear expansion of synthetic sapphire (Al,03) is 6.66-10°K™* (parallel to optical axis)
and 5-10°K™* (perpendicular to optical axis) [Mol21]. Therefore, an Al,03 host material applies less stress on the
VO, NCs upon heating/cooling compared to a SiO, host.
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The broad hysteresis is also related to the high structural quality of the NCs (cf. Fig. 2.2(c)) [ALS12,
CWD19]. In particular, NCs with a small volume and a good crystal quality feature a reduced
probability of finding nucleation sites (impurity, vacancy or grain boundary). This spherical single
domain character protects the NCs from nucleation, hampering the structural phase transition.
Spontaneous nucleation from fluctuations in the potential energies still remains. As a result, the
critical temperature for the IMT is raised, as well as the back-switching temperature to the
insulating phase is lowered, leading to a wide hysteresis. In general, small NCs [LFHO4, ALS12]
with outstanding crystal quality [ZWW14, SLF04] feature the broadest hysteresis. On the other
hand, intentional doping of VO, allows for precise tailoring of the IMT and hysteresis width.
Starting at a maximum width in the undoped case the hysteresis loop can be closed
systematically by increasing the doping concentration. In parallel the critical temperature
declines [KDS09]. Therefore, these thermal properties of the VO, can be modified in a certain
range to fit specific applications’ requirements. As an example, thermochromic window coatings
benefit from a reduced T. close to ambient temperature. An overview of the technological
progress can be found in Ref. [WLK16].

The above mentioned considerations allow to rate the quality of the present NC sample
based on the observed hysteresis. The results of electron microscopy (cf. Fig. 2.2(b))) and the
temperature range of about 10°C, over which the IMT is seen point to a relatively broad
distribution of NC sizes. Nevertheless, the notably wide hysteresis shown in Fig. 2.4 confirms the
high structural quality of the fabricated NCs as seen in Fig. 2.2(c).

As already mentioned in the previous paragraphs, optical excitation of the IMT by, e.g.
continuous wave (cw) laser light, is an alternative to a thermally induced phase transition. This
mechanism, mainly based on an elevated nominal lattice temperature due to photon absorption,
will be addressed in the next section.
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2.5 Optically Induced IMT with Hysteresis
in VOZ NCs

The reversible first order phase transition in VO, can be controlled by a variety of excitation
methods. Besides heating [Mor59], the application of external stress [BLC15] or electronical
excitation [JKS13], optical pumping can also trigger the IMT [JZK14]. In the present chapter, the
optically induced IMT and the appearing hysteresis in VO, NCs are investigated by all-optical
means. Furthermore the term hysteresis will be explained with respect to the optical excitation
process. Finally the mechanism behind the optical induced IMT will be clarified briefly. Note that
the sample examined in this section is identical to the one used for the thermal experiments in
chapter 2.4.

Analogue to the procedure in the previous chapter the VO, NC sample is mounted on a
temperature-controlled holder (Covesion Oven PV10 with additional Peltier element for cooling
and Controller OC1) to keep it at room temperature (20 °C). The momentary phase of the VO,
NCs and the hysteresis are recorded by tracking the transmission of a weak 1036nm laser beam
through the sample. This probe beam is focused onto the sample surface at normal incidence
and features a beam diameter of ~30um at full width of half maximum (FWHM). This value is
measured with a commercial scanning slit beam profiler (Thorlabs BP104-IR). The transmitted
probe intensity is recorded using an InGaAs photodiode and lock-in detection. Instead of a
thermal excitation, an all-optical approach is used to drive the VO, NCs through the phase
transition and back to the insulating state by increasing and decreasing the pump laser power.
For this purpose, a 532nm cw pump laser (Changchun New Industries MGL-H-532-500) is
focused onto the sample surface, illuminating a spot with a diameter of roughly S0um (FWHM).
Both beams, the pump and the probe beam are aligned to illuminate concentric spots at the
sample’s surface. The spatial distribution of the pump laser intensity features a Gaussian shape®’
in x- and y-direction leading to a non-uniform heat deposition in the illuminated area. In order to
rule out potentially detrimental effects occurring from the complex temporal heat dissipation
dynamics in the sample, two measures are performed: First of all, the spot diameter of the probe
laser is chosen to be only a third of the pump laser spot diameter. Due to this restriction, the
probed area is illuminated with nearly homogenous pump intensity and is less affected by heat
dissipation dynamics outside the pump spot. Secondly, to ensure a thermal equilibrium at the
probe spot, the change in pump power is carried out sufficiently slowly.

7 The scanning slit beam profiler provides a xy-intensity-plot of the laser beam, revealing the Gaussian beam
shape.
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To accurately define the pump laser power, a half-wave plate and a polarizing beam splitter cube
(PBSC) are inserted in the beam path. By rotating the half-wave plate, the polarization angle of
the linearly polarized pump beam is rotated and the ratio of the transmitted power through the
PBSC is changed, respectively. By using a motorized rotational holder, the pump beam’s power
can be adjusted continuously with respect to the rotation angle of the half-wave plate. This is
done in order to simultaneously monitor the momentary pump irradiance and the probe
transmission. A reference table, associating the rotation angle of the half wave plate with the
pump laser power was created by using a commercial power meter (Thorlabs PM100A and
$130C).

Fig. 2.5 displays the relative probe transmission for increasing and decreasing pump
irradiance. All data points are normalized to the probe signal strength in absence of the pump
beam. At the beginning of the hysteresis loop, the signal features a plateau. Increasing the pump
power leads to a barely visible slope, indicative for only a few NCs that switch to the metallic
state. At a threshold of ~2.75kW/cm? pump irradiance a relatively sharp drop of the transmitted
intensity displays the optically induced IMT caused by a local temperature increase of T>T¢ in the
pumped area. Further increasing of the pump power does not alter the signal strength as all
probed NCs are in the metallic state. Upon decreasing of the pump irradiance, a supercooled
metallic state persists until the metal-to-insulator transition happens at ~0.75kW/cm?. At a
sample temperature of 20°C, a broad and fully reversible hysteresis is found. As expected, the
shape of the optically pumped hysteresis resembles the thermal hysteresis shown in Fig. 2.4, yet
with switched x-axis labeling. For an elevated or reduced sample temperature the hysteresis
shifts horizontally to a lower or higher pump irradiance, respectively [JZK14]. The shape (width,
height, slopes) of the hysteresis remains unchanged. This behavior suggests that the optically
induced phase transition, in turn, is somewhat based on a thermal excitation. The absorbed
pump laser light mainly deposits heat in a two-step process: Photo carriers are injected by optical
pumping of insulating VO; leading to a band gap collapse. On timescales of less than 200fs the
electrons attain a transient, hot Fermi distribution with an electron temperature way above the
lattice temperature [CDCO04, PKE11, WHX14, RCSO5, CJH15]. The second step is a lattice
thermalization via electron-phonon scattering that occurs on timescales of picoseconds [MCT14,
WFW13, KEHO7]. Upon a certain pump irradiance, the lattice temperature rises above the critical
temperature of the phase transition Tc and, thereby, switches the illuminated NCs to the metallic
phase.

Nevertheless, the question remains to what extent the IMT is triggered by optical injection
of carriers, since time resolved pump-probe measurements give hints towards the absence of a
structural bottleneck in the transition process. The ultrafast band structure renormalization is
caused by photoexcitation of carriers from localized vanadium 3d valence states (~40-60fs),
strongly changing the optical properties before a significant hot-carrier relaxation (phonon
bottleneck) occurs (~200fs) [CJH15, WHX14]. Since the detection timescales of the experiments
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performed by the author greatly exceed those of the two-step transition process, a
generalization to an optically pumped and thermally executed excitation, in other words, laser-
induced heating, for simplicity’s sake is valid.
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Fig. 2.5: Optically pumped hysteresis loop of VO, NCs featuring the insulator-to-metal and reverse metal-
to-insulator phase transition by tracking a 1036 nm probe transmission for continuous change of the
pump irradiance.

The approach to optically define metallic VO, patterns in an unstructured sample opens up the
opportunity to design macroscopic, as well as microscopic optical elements. Using a commercial
cw laser source with a build-in TTL trigger mode or an external time-controlled shutter allows for
a fast and precise control of the transition between the two phases of VO,. Thereby, the area of
the optical excitation is subject to the finite laser spot and spatial patterns of insulating and
metallic VO, can be created selectively with all-optical means. Optically imprinted reconfigurable
photonic elements, designed by spatial illumination of a VO, NC sample have been demonstrated
by Jostmeier et al. [JZK14]. This way, the photonic elements are independent of doping or local
argon bombardment [JMZ16] used for permanent deactivation of the IMT.

In contrast to optical elements that have to be defined by a time consuming imprinting
process, the integration of a single layer of VO, NCs into standard optical elements allows for a
fast and reversible altering of the transmission properties by switching in between the two
phases of the VO, layer. To demonstrate this concept, a moderate-finesse etalon containing a
sub-wavelength layer of VO, NCs is introduced and investigated in the following chapter.
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Chapter 3

Thermochromic and Photochromic
Etalon Based on VO, Nanocrystals

The active, fast and precise modulation of light is the bedrock of modern photonics. Instead of
relying on mechanical components like a chopper or shutter, an actively tunable material
changes its essential optical properties motionless and on demand by an external trigger
mechanism. A typical example for this kind of device is, e.g., an electro-optic modulator (EOM)
in which a signal-controlled element, exhibiting an electro-optic effect, is used to modulate a
beam of light. This modulation can be imposed on the polarization, phase, frequency and
amplitude of the light beam. In this context, phase changing materials such as VO; are subject to
extensive research, since they exhibit strong nonlinear modifications of their optical properties
when undergoing the (structural) phase transition.

The marked change in optical and electrical properties during the IMT is a promising tool for
modern photonic applications of VO,. Vanadium dioxide based structures are suitable for
applications such as switchable optical elements and optical memories [Roa71]. As an example,
it has been shown that the dielectric contrast between the insulating and the metallic phase of
VO;-nanocrystals (NCs) defines nanothermochromic diffraction gratings [ZWK12]. More recently,
other planar optical elements such as optically defined lenses have been realized [SBV14, JZK14].

In this chapter a novel optical functionality of VO, NCs which is mainly related to the change
of the dielectric function during the IMT is demonstrated. In particular, a sub-wavelength layer
of VO, NCs is embedded into a moderate-finesse etalon. When these NCs are driven through the
IMT by either heating or optical excitation, a pronounced spectral shift as well as a transmission
change of the near-infrared modes transmitted through the etalon is expected due to the
substantial change of the complex refractive index. Both heat deposition and optical excitation
permit to actively control the etalon’s functionality. Remarkably, spectral shifts of about one
linewidth can be achieved. In agreement with transfer matrix simulations these spectral shifts
strongly depend on the thickness as well as on the location of the sub-wavelength thick VO, NC
layer with respect to the node/anti-node pattern of the optical resonator.
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3.1 Optics of Multilayer Systems

3.1.1 Resonator Optics

An optical resonator confines and stores light with certain resonance frequencies in between its
reflective boundaries. The easiest approach for such a resonator is a plane-parallel (Fabry-Pérot)
etalon, consisting of two opposing broadband and highly reflective flat mirrors as depicted in Fig.
3.1(a). In particular, this classical Fabry-Pérot resonator was used for the first ruby laser,
developed in 1960 by Theodore Maiman [Tow07]. Wrapped around an active medium, it serves
as an optical “container” for the generation and amplification of laser light. Nowadays, the
semiconductor crystal (active medium) in a laser diode is bounded by parallel surfaces, creating
a small-volume Fabry-Pérot cavity. In general, the geometric properties of the resonator
determine the frequency (wavelength) and the spatial distribution of the laser beam. In addition
to laser applications, such an etalon is used as a spectrum analyzer or an interference filter with
specific spectral transmission properties.

(a) FAH (b)

I‘ (C) I‘ (d)

— VF —

—5 - —55 -

v v
Fig. 3.1: (a) Light rays being reflected perpendicular to the mirrors back and forth without escaping the
two-mirror planar Fabry-Pérot etalon. (b) Complex amplitude of a resonator mode (q=14). (c) Resonator
frequencies of a lossless etalon. In the steady state only light waves at the precise resonator frequencies
are allowed. (d) A lossy resonator sustains waves at all frequencies. The attenuation resulting from
destructive interference increases at frequencies away from the resonance.
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Generally speaking, an optical resonator consists of a sequence of optical elements through
which light repeatedly passes and on whose surfaces a part of the light is reflected. A complete
revolution in the resonator ends at the same place as it began. Therefore, the corresponding
mathematical matrix that describes one revolution has the determinant 1. Inside the resonator
the light is modified (reflected, transmitted, absorbed and/or amplified and phase shifted) each
time it passes through a specific (active) medium. In the case of a laser, the light is coupled out
through one partially transparent mirror of the resonator.

In the following section the optical modes and the response of a simple etalon constructed
of two parallel flat mirrors separated by the distance d (geometrical length of the resonator) are
examined. This etalon will be considered as one-dimensional ideal resonator whose mirrors are
lossless (cf. Fig. 3.1(a)). Subsequently, the effect of losses is introduced. The following brief
introduction to a simple resonator is based on chapter 9 of Ref. [ST91]. The interested reader is
encouraged to consult the book for further information about even more complex, higher
dimension resonator types.

A monochromatic wave of frequency v has the following wave function that represents the
transverse component of the electric field:

u(r,t) = Re{U(r) exp(i2mvt)} 3.1

U(r) is the complex amplitude at position r within the resonator (cf. Fig. 3.1 (b)) that satisfies the
Helmholtz equation:

VU + k*U =0 with k=— 3.2)

Note that k is the wavenumber and c=cg/n is the speed of light in the medium embedded
between the mirrors (with refractive index n of the medium). The basic solutions of the
Helmholtz equation, subject to the appropriate boundary conditions'® of the planar-mirror
etalon are the modes of the resonator. The following simple expression for a standing wave with
amplitude A solves the Helmholtz equation:

Ulr)=A4 sin(qu) with kg =— (3.3)

18 The transverse components of the electric field vanish at the surfaces of the mirrors, leading to U(r)=0 at these
planes. The position vector r is reduced to the scalar z (z=0...d), referring to the 1D longitudinal position inside the
resonator.
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Therefore, the wavenumber k;, with an integer q, is restricted to discrete values and,
consequently, the resonance frequencies vq, which will constructively interfere to the
longitudinal resonator modes are restricted as well:

ck c
=— =qg— 3.4
2 124 G4

Uq
As shown in Fig. 3.1(c) adjacent resonance frequencies vq are separated by a constant frequency
difference, called the free spectral range ve:

Vp = — (3.5)

Cc
lq - = 7 (3.6)

Note that at resonance condition, the length of the resonator d=gA/2, is an integer multiple of
half of the wavelength (cf. Fig. 3.1(b)).

The strict condition on the frequencies of the optical waves that are permitted inside the
resonator is relaxed when the cavity has additional losses (cf. Fig. 3.1 panel (c) versus panel (d)).
The main principal source of loss can be attributed to the mirror’s imperfect reflectance Ri<1.
Partially transmitting mirrors are often used to permit light to enter and/or escape from the
cavity. Furthermore the finite size of the mirrors causes a fraction of the light to leak around the
mirrors and, thereby, to get lost. Losses that originate from the absorptive behavior of the
embedded materials can be expressed via an exponential round-trip power attenuation factor
including the absorption coefficient ai and the thickness of the layer d; of the different materials
inside the cavity. The overall intensity attenuation factor p including the mirror’s reflectance R
is therefore:

u? = R{R,exp (—2 Z aidl-> (3.7)
i

Following a wave in its excursion between the two mirrors of an ideal etalon (cf. Fig. 3.1(a)),
results in an infinite sum of phasors with a constant phase difference imparted by each single
propagation round trip. Introducing losses to the ideal resonator leads to phasors with unequal
magnitude where two consecutive phasors show a magnitude ratio equal to the round-trip
amplitude attenuation factor p. The net result of all round trips is a superposition of an infinite
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number of waves that are separated by equal phase shifts, but with reduced amplitudes. On the
basis of this consideration, the total transmission, or so called spectral response of the etalon
can then be described as followed:

Iy Iy

I = and Imax = T N2 3.8
(1 — u)? + 4usin® (@) 1-w (3:8)

Here, lpis the intensity of the initial wave. To consider a dispersive material, & defines the optical
path length with respect to the different media inside the resonator:

5= Z din; (3.9)

From the above equation it is clear that in the case of a vacuum filled resonator (n = 1) the optical
path length is the same as the geometrical length. The typical quality factor of a cavity is the
finesse F. It is fully determined by the resonator losses and is independent of the resonator
length:

F = (3.10)

3.1.2 Transfer Matrix Method

A more sophisticated technique to calculate the optical response of a stratified medium, e.g. an
optical resonator, is the transfer-matrix method [KS02]. This formalism is the central method
with which the theoretical description of reflection and transmission properties of any multilayer
system can be achieved. Specifically, it is used to analyze the propagation of electromagnetic, as
well as acoustic waves, through a stacking of layers made from different materials. Theoretical
descriptions of the various resonance phenomena, such as guided and quasi-guided optical
waves or surface-plasmon modes in (multi-)layer structures, emerge from this method [WYC16,
AGG17]. Furthermore, the transfer matrices offer the possibility to calculate the optical fields in
a multilayer and to treat continuous refractive index profiles [MJD0O5, WYC16]. Dielectric mirrors
and anti-reflective coatings can be simulated prior to the fabrication and (partially)*® unknown
layered structures can be analyzed.

%1t is mandatory to know some basic information about the structure: For each layer the thickness or the
refractive index have to be known.
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In this sub-section, the essential contents of the transfer-matrix method for the optical analysis
of stratified media are illustrated. The description is based on a transition of a plane wave of a
given frequency propagating through a stack of N layers at normal incidence® (z-direction) as
depicted in Fig. 3.2. This transition is described by Fresnel’s formulae, which link the reflected or
transmitted field amplitude to the incident amplitude at each of the N+1 interfaces. In order to
satisfy the Helmholtz equation (3.2) for a layered system, the electric field within one layer with
index i is represented as the superposition of a left- and right-traveling wave with wave number
kzii

Ei(Z) — Eireikziz + Eile—ikziz (3_11)

Here, E" stands for the amplitudes of the component running in the positive z-direction (right)
and E' for the amplitude of the component running in the negative z-direction (left). According
to Fig. 3.2, the partial waves to the right of the interface i-j are marked with a prime.

Based on the continuity conditions for electromagnetic fields across boundaries??, a linear
transformation can be derived [Yeh88] which links the amplitude vectors on the left and right of
an interface by the 2x2 transition matrix (so called refraction/transmission matrix of the

interface) Djj:
ET 1[1 1/E'T E'T E'T
< lz) =— "i l( b)=p7D;( ) =Dyl . (3.12)

Here, Djjis a product of 2x2 dynamical matrices Diand Djin sequence, each representing one side
of an interface. They can be expressed in terms of the Fresnel transmission and reflection
coefficients tj and rjj (for normal incidence):

t 2n; d LTy 3.13
= — an i =——o>F .

20 The description can be generalized to deal with incidence at an angle (polarization has to be considered),
absorbing media, gradient or inhomogeneous refractive index media and media with magnetic properties. Surface
properties, e.g. roughness, can be treated as well.

21 |n general, the tangential component of the electric field strength E and the normal component of the magnetic
flux density B are continuous across an interface. Furthermore, the normal component of the electric displacement
D has a step of surface charge on the interface surface and the tangential component of the magnetic field strength
H shows a step of surface current density.
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Fig. 3.2: Notation of the electric field amplitudes E; within an arbitrary multilayer. The subscripts indicate
the specific layer, the superscript distinguish between left- () and right-going (r) wave, respectively. A
prime is used for waves at the right-hand side of an interface.

Left and right within the layer i the amplitude vectors differ by a phase @i, imposed by one
traversal of light through the bulk material of the layer. It is determined by the z-component of
the wave vector k; and the layer thickness di:

¢; = kd; (.14

This phase is taken into account by the propagation matrix Pi:

ET\ _[e7 o |(E\_p (B o
EY) | o ipi|\E} )~ '\ E! (3.15)
i et i i

Note that E and E’ refer to the electric fields in the left- and right-hand side of one layer. The
repeated application of the transformations mentioned in Eq. 3.12 and 3.15 for N layers and N+1
interfaces leads to a final product of N+1 2x2 matrices:

N
ET‘ E’T‘ T T E"r‘
(E0’> =Dy, HPiDi,Hl (E,?Hl) = l H 12] <E,§V+1) (3.16)
0 i1 N+1 T,y Ty, N+1

Consequently, the total transfer matrix T of the layered system (so called system transfer matrix)
results from the product of the individual phase and transition matrices. From this characteristic
2x2 matrix, reflection and transmission coefficients as well as propagation constants of guided
waves can be calculated for any layered system. To calculate the reflection and transmission
coefficients, one has to consider a wave with amplitude E§ incident from the left half-space and
a wave with amplitude equal to zero incident from the right half-space, i.e. E'§,; = 0.
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Accordingly, Eqg. 3.16 yields the following relationships between the amplitudes of the left and
right half-space:

El =Ty ENiy and ES=T, E,q (3.17)

The transmission and reflection coefficients of the total multilayer are given straightforward by
their definitions in terms of the system transfer matrix elements:

t=E,1rV+1=i and 7‘=E—(l)=h
Eg T11 Eg T11

(3.18)

In particular, this matrix method is suitable to describe the resonance phenomena occurring from
multiple reflections in stratified media. These resonances appear in the reflection and
transmission spectra recorded in the course of experimental studies. For the transmission T and
reflectivity R of a stacked system, the theoretical expression can be obtained from the matrix
formalism as well:

2 T 2
and R=|r]? = |2

T =|t|*> = (3.19)

11 11

T and R depend on the wavelength of the light and the optical parameters (layer thickness and
complex refractive index) of the individual layers. By adapting the theoretical expression for T or
R to measured transmission or reflection data, the layer thicknesses and refractive index of the
layers can be determined as parameters of the best fit.

The application of the matrix method taken up in this work is presented in the course of the
following chapter. Since this method is a long-term established tool for optical analysis, many
programs were developed in the progression of the computer era. The presented theoretical
date based on the transfer matrix method is calculated with the program “RefDex” that was
developed in the group of Prof. Dr. Martina Schmid at the University of Duisburg-Essen [MYS14].
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3.2 Optical Etalon with VO, NC Layer

One fascinating way to utilize the dielectric contrast between the two phases of VO; is the
construction of a moderate-finesse etalon containing a sub-wavelength layer of VO, NCs. Two
layouts, one with a fixed and the other one with a variable resonator length, are realized using
broadband and highly reflective mirrors??> (R=*99%).

For the optical switching of the resonator’s modes a layer of VO, NCs, embedded into fused
silica, is glued to one of the cavity mirrors using UV-curing optical adhesive (Norland Optical
Adhesive No. 61). Then, the surplus fused silica is lapped and polished to an overall thickness of
~10.2um. Finally, the second mirror is glued to the VO, NC sample to complete this stacking to a
moderate-finesse etalon with a geometrical resonator length of ~12.4um. In contrast, an etalon
with variable and precisely definable resonator length is built by mounting the second mirror on
a mechanical translation stage. As a result, the spectral position of the transmission modes can
be fine-tuned by altering the resonator length. Thereby, the thickness of the VO, NC sample limits
the minimal gap in between the cavity mirrors and, therefore, limits the maximum spectral
distancing between longitudinal modes of the resonator as well.

Going on to the experimental setup, partially depicted in Fig. 3.3, one has to distinguish
between the two resonator layouts. The first etalon that is glued to a unit is located inside an
aluminum block that is attached to a temperature-controlled oven (Covesion Oven PV10 and
Controller OC1) (cf. Fig. 3.3(c)). It allows for operating temperatures between near-ambient
values and 200°C and features a high thermal stability. This temperature range allows to
completely cover the hysteresis of the VO, NCs (cf. Fig. 2.4). A mode-locked titanium-sapphire
laser (Ti:Sa) is used as a broadband light source due to its large spectral tunability?® and
outstanding beam quality compared to an incoherent light source. It operates at a few hundred
milliwatts of average output power and delivers a train of 50fs pulses at a repetition rate of
~65MHz. Only a few microwatts are used as probe beam in order to avoid any impact on the IMT
or damage to the spectrometer unit (Avantes AvaSpec-2048).

The fully adjustable etalon is preferably used for optical excitation of the VO, NCs due to the
reduced thermal contact originating from the air gap between the VO, sample and the second
mirror (cf. Fig. 3.3(a)). Therefore, less laser power is needed to trigger the IMT and the phase
transition occurs well below the damage threshold of the optical adhesive. The probe laser
remains unchanged, whereas a solid state cw diode laser with a wavelength of 532nm and an
optical output power of 500mW is utilized as excitation source for the IMT (Changchun New

22 Specifically, the following mirrors are used: Glued resonator: Thorlabs BB05-EQ3. Variable resonator: Layertec
Coating 115014. Both types of mirrors have a reflectivity of R=99,0-99,5% for 700nm to 1100nm.
23 A spectral range from 750nm up to 1000nm can be covered.
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Industries MGL-H-532-500). Using a mechanical shutter, a half-wave-plate in combination with a
polarizing beam splitter cube and a lens, a precisely adjustable portion of the pump laser beam
(desired power density of up to ~8kW/cm? for the IMT) is focused down to the NC layer and
overlaps the low-power broadband Ti:Sa probe laser beam. Both beams feature a Gaussian
shaped intensity profile in x- and y-direction and are aligned to illuminate concentric spots at the
sample’s surface. The spot diameter of the pump laser (*60um) is chosen to be three times larger
than the probe laser spot (~20um) to illuminate the probed area with nearly homogenous pump
intensity. Considering the excitation method regarding the variable etalon, one could also think
about a thermally induced IMT by heating only the one mirror containing the VO, NC sample.
This, at first glance, promising approach however leads to an unreproducible spectral shift of the
modes due to an inhomogeneous thermal expansion of the whole mechanical stage.

Now both, heat deposition and optical excitation allow to actively control the optical
properties of the resonator due to the substantial modification of the complex refractive index
during the IMT. More precisely, a deviation in the real part n results in a spectral shift of the
transmission peaks via a change of the optical path length 6 inside the resonator (cf. Eq. 3.9). On
the other hand, a rise of the imaginary part k is related to an increased linear absorptive index
leading to a reduction of the resonator’s finesse and peak transmission resulting in a broadening
of the transmission peaks (cf. Eq. 3.8 and 3.10). The spectral data is recorded when the system
has settled into thermal equilibrium at the probe spot.

(a) translatable fixed
mirror mirror

Fig. 3.3: Components of the Fabry-Pérot etalon containing a sub-wavelength layer of VO, NCs. (a) Etalon
with variable resonator length. The tilt of the mirrors compensates for the refraction caused by the
wedged mirrors (used to eliminate fringe patterns and cavity feedback due to the slightly tilted
backside). (b) Resonator mirror from the variable resonator in panel (a). The glued VO, NC sample is
located in the middle of the mirror. (c) Cavity with glued mirrors to each other and VO; NCs in between,
mounted with thermal conduction paste inside an aluminum block for optimized thermal contact.



37

In the first step, an overview of the optical response of the glued moderate-finesse etalon
containing a sub-wavelength layer of VO, NCs is provided. Fig. 3.4 (a) shows the etalon’s
transmission spectra of both crystallographic phases featuring several peaks of high
transmissivity. The two spectra, the insulating phase shown in blue and the metallic phase in red,
are acquired at the same temperature of 60°C. Note that the illustrated spectra in this section
are not normalized to the incident light. From the spectral position of the transmission peaks in
Fig. 3.4(a) and Eq. 2.8 the geometrical resonator length can be estimated to be ~12.4um. This
value derives from the stacking of the resonator as listed in the following table. The thickness d
and the real part n, as well as the imaginary part k of the complex refractive index are given
exemplarily for a wavelength of 830nm. The effective thickness d of the VO, NC layer can be
estimated by averaging the spherically shaped NCs with a typical diameter of 100nm and a lateral
spacing of 60nm (cf. Fig. 2.2(b)). Specifically, this configuration corresponds to an equivalent
homogenous layer of approximately 25nm thickness.

material d Ng30nm Ks3onm

1 HR mirror 99% - - -

2 Norland Glue No. 61 ~2.2um 1.549 ~0

3 VO, insulating / metallic ~25nm 1.742/ 1.636 0.090/0.136

4 fused silica ~8.0 um 1.453 ~0

5 Norland Glue No. 61 ~2.2 um 1.549 ~0

6 HR mirror 99% - - -
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Fig. 3.4: (a) Resonator modes of a Fabry-Pérot etalon (geometrical cavity length: ~12.4um) containing a
sub-wavelength layer of VO, NCs in the insulation (blue) and metallic (red) crystallographic phase. (b)
Picture with higher resolution of the indicated resonator mode in panel (a). A transmission decrease of
79% accompanied by a spectral shift of 1.05nm, caused by a substantial change of the complex refractive
index during the IMT allows to actively switch the resonators modes.
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For a quantitative analysis, the indicated resonator mode at ~830nm wavelength in Fig. 3.4(a),
featuring the most pronounced alteration in spectral position and amplitude, is shown with a
higher resolution in panel (b). A reduction of the peak transmission by 79% and a spectral shift
of the center wavelength by 1.05nm can be extracted. This shift is comparable with the full width
at half maximum (FWHM) of the mode in the insulating state. The reduction of the transmission,
as expected from the Eq. 2.8, is strongly enhanced in comparison to a single pass through the
VO, NC sample at ~830nm wavelength (cf. Fig. 2.3 (b)). In combination, these two effects allow
to actively switch the resonator modes via the IMT triggered by heat deposition.

So far, only two points of the hysteresis are compared to each other. In analogy to the data
in Fig. 2.4, the spectral shift of the previously selected resonator mode at ~830nm wavelength is
recorded for the full thermal hysteresis. Fig. 3.5(a) shows this spectral shift including an
additional linear offset due to the thermal linear expansion of the glued resonator. A correction
for this linear offset reveals the spectral hysteresis originating only from the IMT as shown in
Fig. 3.5(b). In comparison to the well-shaped hysteresis in Fig. 1(c), an additional modulation
occurs. Internal reflections at the phase interfaces of the fused silica and VO, layer inside the
cavity introduce additional low finesse cavities. Furthermore, the position of the nodes/anti-
nodes of the standing waves in the resonator with respect to the position of the VO, layer defines
the impact of the IMT to the resonator’s modes. This “temperature-dependent” node/anti-node
structure of the standing waves leads, in turn, to the well visible modulation, especially in the
metallic state. Additional explanations will be provided later in this chapter.
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Fig. 3.5: (a) Spectral hysteresis of the indicated cavity mode in Fig. 3.4(a). In addition to the abrupt IMT,
a linear thermal expansion disturbs the illustration of the hysteresis. (b) Pure thermal hysteresis
extracted from panel (a). A modulation, especially in the metallic phase, occurs due to additional
reflections at internal interfaces in combination with the altering node/anti-node pattern with respect
to the VO, NC location in the thermally excited resonator.
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Now the fully adjustable etalon where the IMT is triggered by optical excitation is in the focus of
the analysis. Fig. 3.6(a) shows the etalon’s broadband transmission spectra of both
crystallographic phases, exhibiting a large amount of transmission peaks. The two spectra, the
insulating phase shown again in blue and the metallic phase in red, are recorded at the same
optical pump irradiance of ~2.3kW/cm?. In order to switch all VO, NCs in the metallic phase, a
pump power density of ~8 kW/cm? is attained prior to the measurement of the metallic state.
From the spectral position of the transmission peaks in Fig. 3.6(a) and Eq. 2.8 the selected
geometrical resonator length can be estimated to be ~14.1um. For a quantitative analysis, the
indicated peak at ~803nm wavelength is shown with a higher spectral resolution in Fig. 3.6(b).
Once again, this specific mode was selected due to its most pronounced change of the spectral
position during the IMT. A reduction of the peak transmission by 74% and a spectral shift of the
center wavelength by 0.45nm become visible.
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Fig. 3.6: (a) Resonator modes of a Fabry-Pérot etalon (geometrical cavity length: ~14.1um) containing a
sub-wavelength layer of VO, NCs in the insulation (blue) and metallic (red) crystallographic phase. (b)
Picture with higher resolution of the indicated resonator mode in panel (a). A transmission decrease of
74% accompanied by a spectral shift of 0.45nm, caused by a substantial change of the complex refractive
index during the IMT allows to actively switch the resonators modes.

In comparison to the spectral mode shift of the glued and thermally excited resonator (cf.
Fig. 3.4(b)), this time the observed change of the peak’s central wavelength is only half this size.
Since the geometrical cavity length increased slightly by 13% (from 12.4um to 14.1um) the
decrease of the spectral separation caused by the IMT is expected to be in the same order of
magnitude?*. However, this effect alone does not explain the observed reduced spectral shift. To

24 Doubling the resonator length reduces the spectral separation of adjacent resonator modes by a factor of 2. In
the same way, the spectral shift caused by the IMT is cut in half. This can be seen from Eq. 3.6 and 3.8.
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account for the deviation of these two measurements, the amount of addressed NCs should be
considered. Possibly, less crystals switch to and/or remain in the metallic state when the IMT is
induced optically in the etalon’s VO, sample and the transmission is recorded for equal pump
irradiances. This effect is favored by the thermal coupling (optical adhesive) of the VO, NC layer
to the mirror that serves as a heat sink. Recalling the final considerations from chapter 2.5, the
optical excitation process was generalized as a “laser induced heating” of the VO, NCs for
timescales that greatly exceed those of the two-step transition process (electronic and structural
transition). Accordingly, increasing the sample temperature leads to less optical excitation that
is needed for the phase transition [JZK14]. In the same way, cooling of the VO, NC layer by e.g.
thermal coupling to a heat sink shifts the IMT hysteresis to higher pump irradiances.

In analogy to the measurement in chapter 2.5 an optically induced IMT hysteresis of the
etalon’s VO, NC sample is recorded and depicted in Fig. 3.7. Unlike the previous measurement
where the sample’s excitation area is practically suspended in free space (green curve), this time
the sample is thermally coupled to one of the cavity mirrors at one surface (orange curve). This
configuration results in a slight shift of the critical pump irradiance of the IMT to higher values
and an additional distortion of the shape of the hysteresis. The latter is caused by the
(inhomogeneous) cooling effect of the attached mirror. A pump irradiance of at least 8 kW/cm?
is necessary to sufficiently heat up the probed spot on the sample and to switch all NCs to the
metallic state. This threshold was reached when the experimental data from the variable and
optically pumped resonator was recorded. Upon decreasing of the pump irradiance, the NCs
gradually switch back to the insulating state without exhibiting such a pronounced plateau of a
supercooled metallic state as observed beforehand. Furthermore, an additional weak interplay
of the reflective surfaces of the mirror and the VO, sample that features an altering reflectance
during the IMT contributes to the deformation of the hysteresis’ appearance. In general, two
points across the hysteresis loop, indicative of the same pump irradiance (e.g. at 2.3kW/cm?),
always refer to a transmission decrease slightly below the maximum value because not all
crystals remain in the metallic state (from 8kW/cm? to 2.3kW/cm? the transmission increased
again from 79% to 82%). Therefore the measured modal shift and transmission decrease of the
etalon’s modes, shown in Fig. 3.6(b), is somewhat reduced. Nevertheless, this detrimental effect
is not expected to play a superior role since the transmission decrease in both resonator
experiments reveal similar values. The strength of the two optical phenomena, the modal shift
and the transmission decrease due to the IMT are related to each other. This limitation does not
allow one phenomenon to occur without the other. In general, for similar resonator lengths, a
switching of the VO, NCs by heat deposition shows a larger spectral shift compared to the results
from an optically induced IMT using the present resonator setups. However, AA is still in the
order of the FWHM of the transmission peak in the insulating state that allows for an active
switching of the resonators modes by optical excitation.
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Fig. 3.7: Optically pumped hysteresis loop of a VO, NC sample suspended in free space (green curve) and
thermally attached to one cavity mirror by optical adhesive (orange curve). Both feature the insulator-
to-metal and reverse metal-to-insulator phase transition and are recorded by tracking a 1036 nm probe
transmission for continuous change of the pump irradiance.

Most photonic devices require a well predictable and distinct switching of the optical properties,
especially when they are based on nonlinear processes like the phase transition in VO,. For this
reason, the response of the etalon must be known, at least for all modes considered for optical
application. The recorded transmission date of the present etalon, depicted in Fig. 3.6(a), permits
to explore the spectral shift and transmission decrease of all individual cavity modes. Fig. 3.8(a)
and (b) show the extracted modal shift and change in transmission, respectively. It is obvious
from this data that the influence of the VO, NCs to the cavity modes strongly depends on the
wavelength. More precisely in terms of the electromagnetic standing wave, the altering
node/anti-node pattern of the electric field strength inside the cavity (cf. Fig. 3.1(b)) with respect
to the VO, NC location defines the impact of the sub-wavelength thick VO, layer to the resonator
modes. Domains inside the cavity where the electric field strength is low suffer from a weak light-
matter interaction resulting in a small altering of the specific transmission mode. This explanation
corresponds to the pronounced periodic modulation as seen in Fig. 3.8. From transmission data
with more cavity modes this periodic modulation becomes even more obvious (data not shown).
Considering any photonic application based on such a cavity, the knowledge of the node/anti-
node pattern of the electric field with respect to the location of the VO, layer is crucial for a
deterministic prediction of the modal shift and transmission decrease. This information must be
provided by theoretical calculations and/or experimental experiments prior to the final
application. Additional adjustments in a sophisticated range can only be guaranteed by an etalon
with a variable resonator length and/or adjustable position of the VO, layer.
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Fig. 3.8: Spectral shift (a) and change in transmission (b) of different cavity modes due to the IMT. The
modulation is caused by the altering light matter interaction strength between the node/anti-node
pattern of the electric field inside the cavity and the sub-wavelength layer of VO, NCs.

3.2.1 Simulation of the Etalon’s Optical Response

From the theoretical point of view Eq. 2.3 describes the spectral response of the etalon. Thereby,
the material composite in between the cavity mirrors is treated as a homogenous medium with
average optical properties. All layers simply add up to a total optical path length 6 with respect
to their individual thickness d and refractive index n (cf. Eg. 3.9). Accordingly, additional internal
multi-reflections at layer interfaces are neglected and do not contribute to the cavity losses or
to spectral modulations originating from low-finesse cavities inside the main resonator. In
general, losses can be attributed to the 99% reflectivity of the broadband cavity mirrors and to
the absorption of the materials inside the resonator. Since the optical adhesive and the fused
silica can be considered as transparent compared to the VO, in the near infrared spectral range,
only the absorptive impact of the thin VO, NC layer is taken into account for the simulation. In
particular, this makes sense, especially since only this specific layer changes its optical properties
during the IMT. The linear absorption coefficient a of the VO, NC layer is calculated from the
imaginary part k of the complex refractive index:

@ =— (3.20)
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Considering the above listed stacking of the glued resonator with a total geometrical cavity length
of 12.4um, the spectral response in the near infrared is simulated and depicted in Fig. 3.9(a).
Note that all spectra in Fig. 3.9 are normalized to the maximum transmission signal with the VO,
in the insulating state. The spectra in panel (a), showing the insulating phase in blue and the
metallic phase in red, consist of several sharp transmission peaks with constant amplitude over
the whole wavelength range. This appearance is expected, since the intensity of the initial wave
is set to a constant value of one irrespective of the wavelength and the exact interaction of the
modal structure of the standing wave inside the cavity and the sub-wavelength layer of VO, NCs
is neglected in this model. For further, quantitative analysis the resonator mode at about 830nm
wavelength is selected and shown with a higher resolution in panel (b). A reduction of the peak
transmission by only 42% and a spectral shift of the center wavelength by just 0.16 nm can be
extracted. These numbers are, in fact, much smaller than the observed experimental changes
shown in Fig. 3.4(b). Both effects, the transmission decrease and the modal shift, are based on
the IMT and the related substantial change of the complex refractive index. However, a
homogenous 25nm thin layer of VO, does not lead to the observed mode shift of about one
nanometer (roughly half a nanometer for the optically pumped resonator). A second simulation
for a homogenous 200nm VO, layer is performed and presented in Fig. 3.9(c) and (d). The optical
path length o of the resonator is kept at the same value by a slight decrease of the fused silica
thickness in favor of the increased VO; layer thickness. Therefore the positions of the resonator’s
modes remain the same. This time the spectral mode shift introduced by the IMT is as large as
0.98nm and, therefore, comparable to the experimental result shown in Fig. 3.4. Both
approximations of the NC layer as an equivalent averaged and homogeneous plane layer deviate
from the experimental findings. On the one hand the observed large mode shift cannot be
covered by the simulation and on the other hand the assumed layer thickness of 200nm is not
supported by the TEM picture in Fig. 2.2(b). The reason for the significantly larger line shift
recorded experimentally remains unclear. From the results in the context of Fig. 3.5 thermal
expansion can definitely be excluded.

A more sophisticated way to theoretically calculate the optical response of the resonator is
the transfer matrix method introduced in chapter 3.1.2. This formalism describes the
propagation of electromagnetic waves through the layered components of the resonator. In this
case, reflective surfaces, e.g. phase interfaces, within the cavity as well as the location of different
(sub-wavelength thick) compounds with respect to the node/anti-node pattern of the standing
wave are taken into account. Fig. 3.10 shows the results of the simulated resonator with the
same geometrical properties as mentioned above but calculated using the transfer matrix
method instead.
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Fig. 3.9: Simulated resonator modes of a Fabry-Pérot etalon (geometrical cavity length: ~12.4um)
containing a sub-wavelength layer of VO, NCs (25nm and 200nm) in the insulation (blue) and metallic
(red) crystallographic phase. (b) and (c) Picture with higher resolution of the indicated resonator mode
in panel (a) and (b), respectively. The transmission decrease and spectral shift, caused by a substantial
change of the complex refractive index during the IMT, are indicated.

In comparison to the first simulation with simple resonator optics (cf. Fig. 3.9(a)), this time the
spectra shown in panel (a) exhibit broader peaks that feature an additional modulation in
intensity over the whole spectral range. The broadening is caused by added losses due to multi-
reflections?® on internal interfaces. The modulation, on one hand, is based on the same multi-
reflections that introduce additional low-finesse cavities inside the main resonator. On the other

2> Multi-reflections lead to destructive interference if the thicknesses of the different layers are not selected
carefully to phase-match incoming and reflected waves at phase boundaries inside the cavity.
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hand, this modulation originates from the complex interplay of the node/anti-node pattern of
the standing wave with the sub-wavelength layer of VO, inside the resonator. Domains in the
cavity where the electric field strength is low suffer from a weak light-matter interaction.
Likewise, the spectral shift of the resonator modes, introduced by the IMT, is affected as well,
resulting in a small altering of the specific transmission mode. Furthermore a so called stop-band,
featuring low transmissivity, emerges in the middle of each transmission peak. It is introduced
by the sub-wavelength thick layer of VO,, featuring a higher refractive index as the surrounding
material. This stop-band cannot be found in the experimental findings since the VO, NC layer
consists of spherical particles. Thus, it is neither a homogenous nor a flat layer with parallel
surfaces. The spherical shape of the small NCs scatters and deflects the incident light in various
directions instead of partially reflecting it straight back perpendicular to the layer surface.
Consequently, this stop-band is drastically disturbed and vanishes in the experimental findings.
Additionally, the resolution of the spectrometer is expected to be too low to properly resolve a
sharp stop-band. The resonator mode at about 830nm wavelength is selected and shown with a
higher resolution in panel (b) to further analyze the switching behavior by the IMT. A spectral
shift of 0.17nm is found. This value is in perfect agreement with the spectral shift extracted from
the previous, simple resonator simulation (cf. Fig. 3.9(b)). A quantitative disclosure of the
transmission decrease cannot be provided from the transfer matrix simulation since the stop-
band drastically disturbs the transmission peak’s appearance. Analogue to the results from the
previous simulation, a homogenous 25nm layer of VO, inside the resonator is not sufficient to
accurately describe the experimentally observed spectral mode displacement due to the IMT.
Paned (c) and (d) show a simulation using a 200nm VO, layer inside a resonator that, again,
features the same optical path length. From the picture of the single transmission peak at about
830nm, shown in panel (d), a mode shift of 1.02nm can be extracted. Again, this value stands in
perfect agreement with the spectral shift extracted from the previous, simple resonator
simulation (cf. Fig. 3.9(d)) and with the experimental findings presented in Fig. 3.4(b).

To sum up the findings of the theoretical studies on the etalon, the layer of spherical VO,
NCs needs a more sophisticated description, accounting for the nanoscopic nature of the
particles, to achieve a more accurate calculation of the optical response. Considering the VO,
NCs as an equivalent homogeneous and plane layer of 25nm average thickness for such a
resonator geometry is a first approach to qualitatively describe the expected transmission
behavior. However, a 200nm layer is probably not a suitable replacement for this NC layer either.
This becomes evident from the transmission electron micrograph in Fig. 2.2(b), showing the NC
layer made up from spherical particles with a diameter of 100nm and a lateral spacing of 60nm.
Nevertheless, the theoretical studies proof the principals of the switching performance of the
etalon, indicative of a spectral mode shift accompanied by a transmission decrease of the specific
cavity modes. Another aspect that can be seen from the data in panel (a) and (c) in Fig. 3.10 in
combination with Fig. 3.8 is the modulation of the intensity of the transmission peaks itself and
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the modulation of the strength of the mode shift across the depicted spectral range. The complex
interplay of the node/anti-node pattern of the standing wave with the sub-wavelength layer of
VO, inside the resonator has a crucial impact on the light-matter interaction on the nanoscale.

Further improved simulations must resolve this peculiarity with greater precision.
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Fig. 3.10: Transfer matrix simulations of the optical response of a Fabry-Pérot etalon (geometrical cavity
length: ~12.4um) containing a sub-wavelength layer of VO, NCs (25nm and 200nm) in the insulation
(blue) and metallic (red) crystallographic phase. The transmission peaks feature an intensity-modulation
and an additional stop-band in the middle. (b) and (c) Picture with higher resolution of the indicated
resonator mode in panel (a) and (b), respectively. The spectral shift, caused by a substantial change of
the complex refractive index during the IMT, is indicated.
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Chapter 4

Optical Nonlinearities of the Two
Individual Phases of VO, NCs

Vanadium dioxide (VO,) exhibits an insulator-to-metal phase transition (IMT) near ambient
temperatures. Upon heating, the material undergoes a structural change from a monoclinic to a
rutile phase. It is accompanied by a substantial modification of the complex dielectric function
and, closely related, a marked change of the complex refractive index. VO, nanocrystals (NCs) in
their high-temperature phase feature near-infrared plasmonic resonances with properties
depending on their size, shape and the host matrix material [LHBO2]. The optical properties of
the different solid phases?® in bulk and nanoscopic VO, have been under intensive investigation
for decades since F. J. Morin firstly reported the IMT in 1959 [Mor59].

Much less is known about the nonlinear optical properties of VO, beyond the established
IMT. Z-scan experiments [SWV85] in bulk and nanoscale VO, have shown that effective nonlinear
optical coefficients extracted for femtosecond pulses at 800nm are mostly related to an optically
induced phase transition rather than to an intrinsic optical nonlinearity of the two individual
phases [LHFO4]. This optical nonlinearity of the transition process is based on the abrupt change
of the absorptive behavior and is often described as an “optical limiting”.

In this chapter, the near-infrared optical nonlinearity of both the insulating and metallic state
of VO, NCs of about 100nm diameter embedded in fused silica is investigated. To this end, open
aperture z-scans for a wide range of lattice temperatures and with the use of two complementary
mode-locked fiber laser sources are performed. Such measurements provide direct insight into
parameters such as effective saturation intensities?” and/or effective nonlinear absorption
coefficients, i.e., parameters for practical applications such as nonlinear absorbers. Parts of this
chapter have already been published in Ref [MMK20].

26 Beside the insulating (monoclinic) and the metallic (rutile) phases, several complex intermediate phases within
the transition process are found and investigated [BLC15, MWR72, TBC16, GAF20, MCT14].

27 The saturation intensity defines the incident optical power that is required for achieving a significant saturation
of an absorber or a gain medium.
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4.1 Open Aperture Z-Scan Technique

The z-scan technique, proposed and pioneered by van Stryland [SWV85] and Sheik-Bahae
[SSW9IO0] is an established measurement method for the experimental determination of the
nonlinear refractive index ny (Kerr nonlinearity) as well as for the nonlinear (two-photon)
absorption coefficient B via the “closed” and “open” aperture methods, respectively.
Furthermore, the z-scan technique allows simultaneous measurements of various nonlinear
optical parameters by means of a single measuring system and is applied to assess, e.g., the
quality parameters of a laser beam by determining its characteristics (e.g. Gaussian distribution)
[LLWO3]. Due to its simplicity and high accuracy [SSW90], this method has proven to be one of
the most convenient measurement techniques in nonlinear optics [SB98].

The experimental configuration of the z-scan technique is shown in Fig. 4.1. In general, z-
scans are performed by translating the investigated sample through the beam waist of the
focused laser beam along the optical z-axis?® while measuring the total transmitted intensity for
each sample position [SWV85, SSW90]. Because only the irradiance at the sample is changing
upon translation, any (non-destructive) deviation in the total transmitted intensity must arise
from nonlinear optical processes. The required translation range (scanning range) strongly
depends on the experimental parameters (e.g. focal length, beam waist, laser power), the
geometrical factors (e.g. sample thickness) and the strength of the nonlinear properties of the
sample (e.g. nonlinear refractive index n, and nonlinear absorption coefficient ).

aperture
lens sample
._. Fa¥ -
incident beam detector
.’ AV 4 )
z

Fig. 4.1: Schematic illustration of the z-scan experimental apparatus. The incident beam is collimated
and the sample is translated along the optical z-axis through the beam waist while recording the
transmission signal. The aperture in the far field is used in the closed operation mode with finite inner
diameter (as depicted here) to measure the nonlinear refractivity. The nonlinear absorption is
determined by recording the total transmitted signal for an open aperture (dashed line).

28 The translation direction is parallel to the optical axes (z-direction) giving rise to the unique name of this
measurement method.
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The z-scan setup is used in the closed-aperture form to measure the real part of the nonlinear
refractive index n,. Small beam distortions of the incident beam that originate from a weak
intensity-dependent lensing effect of the nonlinear material can be easily detected using a far-
field “closed” aperture (with finite inner diameter) in front of the detecting unit. The focusing
power of this weak nonlinear lens is directly related to the nonlinear refractive index of the
translated sample [Ras15]. The physical origin of this intensity-dependent lensing effect is based
to the self-focusing phenomenon. The latter can be observed when a laser beam of non-uniform
spatial intensity distribution, e.g. a Gaussian beam, travels through a medium with a nonlinear
refractive index nj, inducing an index gradient in the shape of the beam’s intensity distribution.
A positive nonlinearity leads to a larger refractive index, and hence a more pronounced phase
retardation in the on-axis center compared to the wings of the laser beam. The resulting
nonlinear focusing, therefore, creates a positive (n2>0) or negative (n,<0) lens in the nonlinear
medium that, finally, leads to a slight focusing or defocusing of the incident laser beam,
respectively. Consequently, the translation of the sample through the focal plane causes changes
in the transmitted intensity through the far-field aperture due to the induced change of the
divergence of the beam. Finally, the index of nonlinear refraction n; can be extracted by analyzing
the z-dependent transmission data acquired by the detector using an appropriate theory
[SSW90].

The imaginary part of the nonlinear refractive index k, or the nonlinear absorption
coefficient B can be extracted by using the “open” aperture z-scan technique. Therefore, the far-
field aperture is removed (or completely “open”) and the whole signal is recorded by the
detector. Small distortions of the beam by, e.g., a lensing effect become insignificant and any
variations of the z-dependent signal strength are entirely due to the nonlinear absorption.
Nonlinear (two-photon) absorption (>0) will enhance the absorptive valley of the recorded z-
scan trace at high irradiances around the focal point while a saturable absorption (B<0) will lead
to the opposite effect.

In the original publication from Sheik-Bahae et al. a profound theoretical background was
already provided and supported by experimental z-scan traces recorded for a zinc-selenide
sample [SWV85]. The theory comes along with an expression for the open aperture z-scan
transmission in terms of the peak irradiance in a summation form that is suitable for numerical
analysis of the recorded data. It considers a general nonlinear absorption that can be, in some
cases, reduced to the two-photon absorption. More specific expressions including the
concurrence of different nonlinear absorption phenomena were developed later on [GZLO5]. The
open aperture z-scan analytical theory for simultaneous appearance of both saturable
absorption and two photon absorption is developed by, e.g., Wang et al. using the Adomian
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decomposition method? [WGW10]. The resulting analytical expression stands in perfect
agreement with the phenomenological model that is based on a nonlinear absorption coefficient
and saturation intensity [GZLO5].

For a quantitative analysis of the recorded open-aperture z-scan traces this
phenomenological model is chosen since both nonlinear absorption processes are present in the
VO, NC sample [ZZC15, WGW10, GZLO5]. These composite nonlinear absorptions with opposite
signs can be phenomenologically combined to a total nonlinear absorption coefficient:

a(l) = + BI (4.1)

1 +1/15

where ap is the linear absorption coefficient which is @insuiator = 1.05-10°m™* and
Qmetal = 3.19-10°m™ at 1036nm and Ainsulator = 5.08-10°m™ and @metal = 2.78-10°m™ at 1550nm,
respectively. These values are calculated from the imaginary part k from the complex refractive
index, cf. Fig. 2.3(b) and Eq. 3.20. B is the nonlinear absorption coefficient describing multi-
photon absorption. | and s are the laser intensity and saturation intensity, respectively. In the
limit where the nonlinear absorption is restricted to two-photon absorption, associated with the
third order nonlinear susceptibility®® %®, the time-integrated transmitted intensity can be
approximated by the following equation [SWV85, SSW90, ZZC15, WGW10, GZLO5]:

< (=77~ 91 o] 2
T(z) = mzz (m + 1)3/2
I —aglL -1
I()_W Lepp = (1 —e™%%)a

where [ is the two-photon absorption coefficient, Lest is the effective interaction length, z is the
longitudinal coordinate with z=0 located at the focal plane, lp is the on-axis peak intensity and zo
is the Rayleigh length. The sample length L can be estimated by averaging the spherically shaped
NCs with an average diameter of 100nm and a lateral spacing of about 60nm. This configuration
is estimated to correspond to a homogenous layer of approximately 25nm thickness.

Despite the simple design of the optical z-scan system, obtaining reliable measurement results
sometimes involves complex data analysis. Many factors affecting the z-scan results from both

2% The Adomian decomposition method, developed from the 1970s to the 1990s by George Adomian, is a semi-
analytical technique for solving ordinary and partial nonlinear differential equations. It makes use of "Adomian
polynomials” which give the solution method more flexibility than a direct Taylor series expansion [Waz09].

30 Further information about the nonlinear susceptibility are provided in 8.1.1.
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experimental and theoretical points of view should be taken into account [CSH97]. Specifically,
the original z-scan theory leads to inaccurate results, i.e. when the optical response of the
nonlinear medium to the incident laser radiation is nonlocal in space. Thus, the nonlinear
response from a specific point of the medium is not solely determined by the laser intensity at
that point, but also depends on the laser intensity in the surrounding illuminated area [Ras13].
For the present sample this detrimental effect can be neglected since adjacent NCs are implanted
into the fused silica host matrix and are unlikely to show a nonlocal nonlinear response. For
instance, the optical field can cause a reorientation of dipoles when the nonlinear medium is
dispersed in a dielectric solution leading to local changes of the electric field experienced by the
nonlinear medium. Since nanoparticles and clusters are often dispersed in an agueous solution
[GZLO5], this affecting factor should always be considered.

In the course of this thesis the open aperture z-scan technique is used to determine the
nonlinear transmission characteristics of a layer of VO, NCs embedded into fused silica. The
measurements are performed at wavelengths of 1036nm as well as at 1550nm and at various
lattice temperatures corresponding to the different crystallographic phases of VO,. The first laser
source used is a commercial mode-locked Yb:fiber laser (Onefive, Origami HP-10) operating at
4.3W of average output power. It delivers a train of linearly polarized, transform-limited 100fs
pulses at a repetition rate of 90MHz and a central wavelength of 1036 nm (central photon energy
of 1.20eV). The second laser source is a commercial mode-locked Er:fiber laser (Toptica,
FemtoFiber Scientific) operating at 280mW of average output power. It delivers a train of linearly
polarized, transform-limited 90fs pulses at a repetition rate of 75MHz and a central wavelength
of 1550nm (central photon energy of 0.80eV). Using a half-wave-plate and a polarizing beam
splitter cube, a portion of up to a few hundred milliwatts, propagating in the z-axis direction, is
focused down to a beam waist of 12 um (9 um) using a lens with a focal length of 150mm (75mm)
for the 1036nm (1550nm) pulses. These values correspond to the full width at half maximum
and are measured with a commercial scanning-slit beam profiler (Thorlabs BP209-IR).

The VO, NC sample is located inside a temperature-controlled oven (Covesion Oven PV10
and Controller OC1) that provides operating temperatures between near-ambient values and
200°C with a high thermal stability. This oven is mounted on a computer-controlled translation
stage that moves along the propagation path of the laser beam. Alternatively, the oven can be
exchanged by a small vacuum chamber equipped with a Peltier element that allows to cool down
the sample to -40°C. All temperatures given throughout this chapter are related to the SiO;
substrate. Depending on the irradiance the temperature of the NCs is somewhat higher due to
local photon absorption. One has to note, however, that the heat conduction into the SiO;
substrate is much faster than for NCs in a liquid environment where heating, e.g., may lead to
vapor generation [NUD13, FZN13].
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4.2 Saturable and Reverse Saturable
Absorption in VO, NCs

Nanoscopic materials provide a broad tunability of their optical properties by controlling the size
and shape of the nanoparticles, giving rise to significantly modified properties superior to their
bulk materials [LHBO2]. The light-matter interaction at the nanoscale strongly depends on the
confined electronic system (electrons or electron-hole pairs) that leads to localized surface
plasmon resonance in metal and metal-like nanoparticles and an exciton®' confinement in
nanocrystals made from semiconductor material.

Saturable absorption and reverse saturable absorption have already been reported in a
variety of different nanomaterials [LKMO08, SN12]. Saturable absorber materials show a decrease
in absorption while increasing the incident light intensity due to saturation of excited states or a
bleaching of the ground state. In the case of reverse saturable absorbers the illuminated material
transmits less with increased light intensity due to free carrier absorption or multi-photon
absorption. In this chapter the nonlinear absorption response beyond the established IMT of a
sub-wavelength thin layer of VO, NCs is examined using the open aperture z-scan technique at
an excitation wavelength of 1036nm and 1550nm, respectively.

In the first step an overview of the rich phenomenology of nonlinear optical processes in
VO, NCs is provided. Fig. 4.2(a) contains a large number of room temperature z-scan traces
recorded for 1036 nm pulses of average powers ranging from 10mW to 490mW. The upper
power limit is given by the threshold for permanent damage to the NCs occurring at higher power
levels. Note that the sample is translated towards more positive z-values.

The findings can be grouped into three kinds of optical nonlinearities: (i) For power levels up
to 30mW only a weak positive peak is found around z=0, cf. enlarged z-scan traces in the top
panel of Fig. 4.2(a). It is related to a saturable absorption in the insulating state. (ii) For larger
power levels a pronounced dip with minimum transmission levels as low as 78% is seen. This
behavior is readily explained by a light-induced IMT of VO,. For somewhat larger powers, the
traces become increasingly asymmetric around z=0. This asymmetry arises from the hysteresis
of the NCs (cf. optically induced IMT shown in Fig. 2.5). At least a part of the excitation region
remains in a supercooled metallic state in the z>0 section, eventually switching back in the low-
fluence region. (iii) On top of the IMT-related drop of the transmission a marked positive peak is
seen which arises from a pronounced saturable absorption of the metallic phase of VO,. For the

31 An exciton is an electron-hole pair that forms a bound state in a semiconductor. The bounding energy is given
by the electrostatic Coulomb force, reduced by the relative permittivity and the small effective masses of the
excited electron and hole.
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largest power levels in Fig. 4.2(a), the transmissivity at z=0 is even almost restored to the values
far away from z=0, i.e., in the low-fluence limit.
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Fig. 4.2: (a) Series of room temperature z-scan traces recorded for 1036nm pulses with translation
direction to positive z-values. The top panel shows enlarged versions of three low-power z-scans for
better visibility. (b) Transmissivity for various powers at the focal point z=0 extracted from Fig. 4.2(a).

The spectral position of the laser wavelength of this particular measurement with respect to the NCs
resonance is shown in Fig. 2.3(c).

The main focus of this section is a careful examination of the nonlinearities (i) and (iii). In contrast,
the nonlinear IMT (ii) is very similar to earlier observations with 800nm pulses [LHF04] and is not
strongly emphasized in this chapter. The three different regimes are also evident from Fig. 4.2(b)
where the transmissivities at the focal point z=0 are shown. When increasing the incident laser
power level, a slight increase of the transmissivity is seen, i.e., a saturable absorption occurs.
Then, a very sharp IMT-related drop of the transmission by ~20% is found. It is followed by an
increasing transmission due to the saturable absorption of the metallic phase. Additionally,
around power levels of 300mW, a change of the slope is seen in Fig. 4.2(b). This finding is
reproducible but, however, no explanation for the change of the nonlinearity can be offered to
date.

Now the above findings are compared to the situation where the sample is translated
through the beam waist of the 1550nm pulse train. Fig. 4.3(a) displays z-scan traces for various
power levels ranging from 20mW to 265mW. The transmissivity values at z=0 are again
summarized in panel (b). For this wavelength the maximum power level is given by the available
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power of the mode-locked Er:fiber laser. To partially compensate for the lower power levels, a
somewhat tighter focusing as quantified in the description of the experimental setup is used. The
z-scan traces look drastically different from those in Fig. 4.2. For low power levels, a slight
decrease of the transmissivity around the focal point at z=0 is seen. It arises from a reverse
saturable absorption of the insulating state of VO,. For elevated power levels, the traces are
again dominated by the IMT-related sharp drop of the transmissivity. For 1550nm pulses, the
absorption of the metallic phase is slightly stronger when compared to the 1036nm case. The
result is also expected from the data in Fig. 2.3(c). On top of this nonlinearity, another drop of
the transmissivity is observed for power levels >100mW. It is related to reverse saturable
absorption of the metallic state of VO,. Remarkably, for the highest available powers the
transmission at z=0 drops to values as low as 57% of the value for unfocused pulses.

The data in Fig. 4.3(b) show a marked change of their slope at about 160mW. It is instructive
to compare these results to Fig. 4.2(b). In both cases the change of the slope occurs at a power
density of ~2.5mW/um? and point to a quantitative modification of the optical nonlinearity.
Again, this effect is reproducible but still requires further investigation concerning the origin of
the altering absorptive behavior.
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Fig. 4.3: (a) Series of room temperature z-scan traces recorded for 1550nm pulses. The sample is
translated towards positive z-values. The top panel shows enlarged versions of four low-power z-scans
for better visibility. (b) Transmissivity values at z=0 for various power levels, as extracted from Fig. 4.3(a).

The spectral position of the laser wavelength of this particular measurement with respect to the NCs
resonance is shown in Fig. 2.3(c).
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The results so far are related to a superposition of the IMT and the optical nonlinearity of both
the metallic and insulating state. However, the central aspect of this chapter is the nonlinearity
of the individual states of VO, NCs. To investigate the metallic state only, the sample is heated
up to 100°C, i.e., well above the critical temperature of the phase transition Tc. Fig. 4.4(a)
contains z-scan traces for the 1036 nm pulse train and the same power range as used for the data
in Fig. 4.2(a). For all power levels, saturable absorption is found. For the highest irradiances the
transmittance almost recovers to the value seen for the insulating state (cf. Fig. 4.2(a)). In a
complex material such as VO, NCs, this saturable absorption is probably not related to a standard
third-order nonlinearity. However, it is still instructive to extract, e.g., the saturation intensity Is
equivalent values from such traces. The extracted values for Is according to Eq. 4.2 for the
different power levels are summarized in Fig. 4.4(b) along with an example for such a fit to the
data.

In the following these results are compared to the optical nonlinearity of the metallic state
at 1550nm. Fig. 4.4(c) contains z-scan traces for the 1550nm pulse train and the same power
range as used for the data in Fig. 4.3(a). It shows a transition from saturable absorption at low-
to-moderate powers to reverse saturable absorption at elevated powers. This saturable
absorption is not resolved in the data in Fig. 4.3(a) as it is probably hidden underneath the large
response related to the IMT. The combined saturable and reverse saturable absorption is
modeled according to Eq. 4.2 to yield equivalent |s and B values. The extracted values for Is and
B for the different power levels are summarized in Fig. 4.4(d) along with an example for such a
fit to the data. In direct comparison to Fig. 4.4(b), Is takes values in the same order of magnitude.
Also a decrease of Is for increasing power levels is seen in both cases.

It is instructive to compare these values for Is to those of other materials. The extracted
values are comparable or somewhat smaller than the Is of typical bulk semiconductors [GFCO7].
However they are not as small as those of NCs made from noble metals [GZLO5, HMN12]. In view
of those results, the extracted values for the Is of the present VO, NC sample seem reasonable
as those NCs are made from a material of moderate metallic conductivity. Values of § can only
be reliably extracted for 1550nm pulses and power levels beyond 120mW. They increase with
the excitation power and are seen to take values as large as ~5000cm/GW. As the typical two-
photon absorption coefficient of, e.g., prototypical semiconductors such as GaAs, is in the range
of 10cm/GW [KMN73], the observed value for B is unlikely to arise from true two-photon
absorption. In metallic systems, however, it is well known that very large values of the apparent
two-photon absorption coefficients in z-scan traces can arise from thermal effects [RBFO7]. In
essence, the front part of the ultrashort laser pulse heats the electronic systems and, thereby,
the absorption of the rear part is enhanced. Furthermore the overall power-dependent behavior
of B suggests that higher orders of optical nonlinearities contribute to the observed absorption.
Therefore Eq. 4.2 would have to be extended beyond the limit of a bare two-photon process for
a more accurate description.
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Fig. 4.4: (a) and (c) show series of high temperature (T=100°C > T¢) z-scan traces recorded for (a)
1036nm and (c) 1550nm pulses with translation direction to positive z-values. (b) Saturation intensity Is
for VO, NCs in the metallic state and 1036 nm laser wavelength extracted from panel (a) using Eq. 4.2.
(d) Saturation intensity Is and two-photon absorption coefficient B for VO, NCs in the metallic state and
1550nm laser wavelength extracted from panel (c) using Eq. 4.2.

At first glance the results presented in the panels 4(a) and 4(c) seem to be contradictory as a
metallic system should behave similar irrespective of the exact photon energy in the near-
infrared spectral domain. However, the different behavior can be directly related to the
plasmonic resonance of the VO, NCs and its spectral profile for different temperatures. To this
end, a white light transmission setup is used in combination with a high temperature oven (up
to 1000°C) containing the VO, NC sample. For a variety of sample temperatures spectral
transmission data is recorded. Fig. 4.5 shows the normalized difference between the metallic
phase at different lattice temperatures when compared to the insulating state at room
temperature. It shows a clear red-shift and broadening upon heating. This finding is well

[3(103 cm/GW)
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established, e.g., for gold nanoparticles [YBG13]. In short, the red-shift can be largely explained
by the thermal expansion of the NCs while the broadening of the resonance is readily explained
by enhanced electron-phonon scattering. Certainly the situation of an ultrashort interaction with
the NCs is different in the sense that only the electron system is heated while the ~100fs pulse
is present and the timescale is too short for significant thermal expansion. As an example the
1550nm Er:fiber laser’s pulse energy is calculated to be 3.33-10°J at an average laser power of
250mW. The illuminated volume of pure VO, in the focal plane sums up to be ~1.6um3 (c.f. last
page of chapter 4.1). The rise of the electron temperature can now be estimated from the
average kinetic energy taking into account an overall optical absorption of 42% of the laser’s
pulse energy (c.f. Fig. 4.3(a)). Consequently, for various values of the electron density in VO,
found in literature [BVG66, Hen68, RHCO9] the electron temperature ranges from several
hundred Kelvin to a few ten thousand Kelvin above ambient temperature. The initial heating of
the electronic system is followed by a lattice thermalization via electron-phonon scattering that
occurs on timescales of picoseconds [MCT14, WFW13, KEHO7]. Since the pulse-to-pulse time of
the Er:fiber laser is 13,3 ns this thermalization process is expected to be mostly done before the
next laser pulse arrives at the sample. A transient red-shift of the resonance readily explains the
different observations in Figs. 4.4(a) and (c). As shown in the Fig. 4.5, such a red-shift moves the
1550 nm pulse towards the peak of the absorptive resonance. In contrast, the 1036nm pulse is
shifted away from the resonance explaining the reduced absorption for strong irradiance.
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Fig. 4.5: Evolution of the IMT transmission decrease (normalized transmission difference between the
metallic phase and the insulating state) at different lattice temperatures. The visible reduction of the
resonance’s amplitude partially occurs from a degeneration process of the hot sample in air
environment. To partly compensate for this effect, a vertical offset aligns the traces outside the
resonance. The sample investigated here originates from a different batch such that center energy,
width and amplitude of the resonance slightly differ from the data shown in Fig. 2.3(c).
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Finally the optical nonlinearity of the insulating state is addressed. To this end, the sample is
cooled down to -35°C such that (in comparison with the data in Figs. 4.2 and 4.3) larger power
levels can be used without triggering the IMT. To avoid any condensation and freezing of
humidity on the sample’s surface it is enclosed into a small vacuum container. At 1550nm, power
levels of up to 130mW can be used before the IMT is photo-induced, cf. the dashed graph of Fig.
4.6(a) that shows the z-scan trace with an optically triggered IMT for a power of 140mW. For all
power levels a well-resolved reverse saturable absorption is found. However it is much weaker
than the apparent nonlinearity related to the IMT at higher laser intensities. Nevertheless the z-
scan trace for 130mW power is indicative of an equivalent two-photon absorption coefficient as
large as B=3510cm/GW.
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Fig. 4.6: (a) and (b) show series of low temperature (T=-35°C < T¢) z-scan traces recorded for (a) 1550nm
and (b) 1036nm pulses with translation direction to positive z-values. The dashed graphs show z-scan
traces with triggered IMT.

At 1036nm, power levels up to 75mW leave the sample in the insulating state, cf. the dashed
graph of Fig. 4.6(b) that shows the z-scan trace with an optically triggered IMT for a power of
80mW. The z-scan traces for lower power levels are indicative of rather weak optical
nonlinearities with z-scan traces deviating from unity by 1% at most. Surprisingly, the traces
exhibit dispersive features which are more likely to occur for closed-aperture z-scans. The traces
are not related to, e.g., a lensing effect that could arise from the real part of the third-order
optical nonlinearity. This was checked by an iris with variable inner diameter that, for fixed z-
positions, induced changes of the total transmitted intensity only for aperture sizes way smaller
than the photodiode. Thus, the total transmitted intensity is completely recorded by the
detector. Instead the dispersive traces are related to some form of photo-induced modification
of the NCs that exhibit a hysteretic behavior. Most likely this asymmetric graph originates from
a slightly shifted overlap of a saturable absorption (symmetric around z=0) and an optically
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induced IMT with hysteretic behavior of only a few single nanocrystals (z>0). The latter can be
estimated from the positive z-position of the induced phase transition at elevated laser power.
In particular, the traces for a z-scan along the negative z-axes lead to traces that are mirrored
around z=0. This fact clearly excludes a lensing effect and points to a hysteretic effect related to
the nanocrystal’s IMT. One has to note that this mirror-symmetry also holds true for z-scan traces
where the IMT is photo-induced and the NCs remain in the supercooled metallic state (data not
shown). Specifically the IMT always leads to asymmetric z-scan traces as shown in Fig. 4.2(a) or
Fig. 4.3(a).

To sum up, marked differences in the nonlinear optical properties of VO, NC, investigated
by the open aperture z-scan technique, are found for different laser photon energies spanning
the telecom wavelength regime. The most striking observation for the metallic state is a
pronounced saturable absorption for femtosecond pulses centered at a wavelength of 1036nm,
i.e. in the high-energy flank of the absorptive plasmonic resonance of the NCs. In marked
contrast, a reverse saturable absorption for femtosecond pulses at a wavelength of 1550nm, i.e.,
in the low-energy flank of the plasmonic resonance is found. Both results are readily understood
as arising from a transient red-shift of the plasmonic resonance during the ultrashort light matter
interaction window. Such a red-shift upon heating is well known from metallic nanoparticles
[YBG13].
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Chapter 5

Conclusions and Outlook Part |

Vanadium dioxide (VO3) is one of the smart optical materials that feature an insulator-to-metal
phase transition (IMT) in the near ambient temperature range. Upon heating, the material
undergoes a structural change from a monoclinic to a rutile phase. This crystallographic transition
is accompanied by a substantial modification of the complex dielectric function and, closely
related, a marked change of the complex refractive index. VO, nanocrystals (NCs) feature near-
infrared plasmonic resonances in their high-temperature phase with properties depending on
their size, shape and the host matrix material.

In the first part of this thesis, VO, NCs embedded into a fused silica host matrix by ion-beam
implantation are studied. In detail, the thermally induced IMT with its effect on the optical
transmissivity is examined in a wide spectral range to sufficiently resolve the plasmonic
resonance of the metallic spherical NCs. Specifically, a strong resonance centered around 1eV
photon energy in the telecom wavelength range is found featuring an absorption of up to 33%
from a single layer of NCs. Additionally, the hysteresis of nanoscopic VO, induced by optical and
thermal excitation, is investigated. Remarkably, the present sample is characterized by an
exceptionally broad hysteresis, originating from the high crystal quality of the embedded NCs.
Potential applications in memory and storage technology will benefit from this broad hysteresis
as well as from the IMT-related substantial changes in the (optical) material properties.
Furthermore, this type of linear optical characterization is a required basis for the creation of the
switching etalon presented in the next chapter.

In the following section a novel optical functionality of VO, NCs which is mainly related to
the change of the dielectric function during the IMT is demonstrated. In particular, a sub-
wavelength layer of VO, NCs embedded into fused silica is introduced in an optical cavity creating
a moderate-finesse etalon. When these NCs are driven through the IMT by either heating or
optical excitation, a pronounced spectral shift as well as a transmission change of the near-
infrared modes transmitted through the etalon is observed. These modifications are related to
the substantial change of the complex refractive index connected to the structural phase
transition. Both heat deposition and optical excitation permit to actively control the etalon’s
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functionality. Remarkably, spectral shifts of about one linewidth can be achieved. In agreement
with transfer matrix simulations these spectral shifts strongly depend on the thickness as well as
on the location of the sub-wavelength thick VO, NC layer with respect to the node/anti-node
pattern of the optical resonator. Quantitative deviations between the experimental findings and
the theoretical simulations of the present etalons require further investigation. In general, a
thicker layer of VO, NCs is required to accurately describe the optical response of the etalon by
theoretical simulations. Nevertheless, this moderate-finesse etalon containing a sub-wavelength
layer of VO, NCs is a proof of principal for an alternative active, fast and precise modulation of
light. Instead of relying on mechanical components like a chopper or shutter, a tunable material
changes its essential optical properties motionless and on demand by an external thermal or
optical trigger.

Further improvements can be achieved by spectrally tuning the resonance to the desired
operating wavelength via a change of the fabrication parameters (or vice versa). According to
Fig. 2.3, the actual sample grants large spectral shifts at ~1.25eV photon energy due to the
pronounced change of the real part n of the complex refractive index during the IMT. On the
other hand, at ~1eV photon energy (in the center of the resonance) An becomes zero and the
transmission peaks of the etalon are only subject to a change of the imaginary part k of the
complex refractive index. This, in turn, leads to spectrally stable transmission peaks featuring a
large change in transmission intensity during the phase transition. Additional considerations
would include the layer thickness of the VO, NCs. Since the impact on the transmission modes
depends the most on this crucial parameter, thicker layers might be considered. The other side
of the coin is a reduced finesse of the etalon that leads to a spectral broadening of the peaks.
Both must be considered prior to such an implementation of a layer of VO, into an etalon for
optical application.

In the last chapter of part | the nonlinear optical response of a thin film of ion beam
synthesized VO, nanocrystals is thoroughly investigated by the open aperture z-scan technique
involving femtosecond near-infrared pulses. It is found that, beyond the established nonlinearity
related to the insulator-metal phase transition of VO,, the metallic state features a pronounced
saturable absorption at A=1036nm. In marked contrast, a pronounced reverse saturable
absorption of the metallic state is found at A=1550nm.

The insulating state is characterized by a substantial reverse saturable absorption at
A=1550nm and a weak optical nonlinearity at A=1036 nm. However, the increasing laser intensity
eventually induces the IMT before large effects from these nonlinearities can be observed.
Cooling the sample to liquid nitrogen or liquid helium temperatures may lead to a larger range
of accessible transmission changes due to nonlinear (saturable) absorption.

In general, these two different nonlinearities are attributed to a transient red-shift of the
plasmonic resonance of the NCs during the ultrafast light-matter interaction. This well-known
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red-shift for metal and metal-like nanoparticles is based on a thermal expansion of the NCs while
the broadening of the resonance is readily explained by enhanced electron-phonon scattering.

A quantitative analysis of the different z-scan traces using a phenomenological model based
on nonlinear and/or saturable absorption reveal high equivalent two-photon absorption
coefficients of several thousand cm/GW and saturation intensities in the range of 1kW/m?. These
nonlinearities are largely linked to the plasmonic resonances of metallic VO, NCs. As this
resonance can be custom tailored by, e.g., the NCs’ size and host material, the present results
hold promise to achieve widely adjustable and large optical nonlinearities in the near-infrared,
suitable for applications such as saturable absorbers to mode-locked lasers. Further samples may
be custom-tailored to spectrally match the plasmonic resonance to these specific laser lines
and/or optical applications.

However, the maximum impinging optical intensity is limited by the damage threshold of
about 5mW/um? (for 1036nm pulses). Exceeding this limit leads to a permanent imprint on the
sample and degeneracy of the NCs from local heating (temperatures are expected to be in the
order of the annealing temperature during the fabrication process). In accordance with the
results presented in Fig. 4.2(a), a full restoring of the IMT-related transmission decrease by a
saturable absorption is unlikely to be achieved without threatening the sample at its limits. Here,
further improvements of the crystal quality and local heat distribution via the host matrix
material may finally lead to a full and reversible transmission restoring by saturable absorption
from high intensity laser radiation.
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Chapter 6
GaN/AIN Heterostructures

The IlI-V nitrides have attracted the world’s attention rapidly in the last decades since they have
long been viewed as a promising material system for semiconductor-based devices with
application in the blue and ultraviolet wavelength range. Scientists, research groups and
technology companies tried to tie in with the established arsenide and phosphide-based devices
that successfully exploit the green, red and infrared spectral regime. Today, group IlI-nitrides are
the typical material of choice for manifold device applications in optoelectronics and electronics
like blue and UV light emitting diodes and laser diodes, high efficiency solar panels or as an alloy
component in high-electron mobility transistors (HEMTs) [XAY19]. The spectral range in which
these devices operate is determined by the semiconductor’s bandgap. The available transition
energies between valence and conduction band are, therefore, limited by the finite amount of
available semiconductors and their alloys.

Owing to the huge band gaps reaching from 0.7eV for InN to 3.4eV for GaN and 6.2eV for
AIN, a large band discontinuity of e.g. ~1.7eV between AIN and GaN can be realized in quantum
confined structures. Many novel nitride-based optical devices such as quantum cascade lasers
[FCS94], photodetectors [MKS09] and modulators [MKS09] rely on intersubband transitions
(ISBTs), i.e., optical transitions between confined discrete energy states of, e.g., a quantum well
(QW). Since the initial discovery of ISBTs, intersubband physics has been mainly restricted to
arsenide or antimonide materials, i.e., to mid- to far-infrared operation [WE85]. Owing to the
extremely large conduction band offsets, modern GaN/AIN heterostructures offer ISBTs in the
aspired 1.3-1.55um telecom window [MKS09, MNV16]. Since the positions of the discrete
energy levels strongly depend on the dimension of the lateral confinement, transition energies
between different subbands can be easily tailored during the fabrication process. This property
is incredibly useful for any band engineering with regard to novel custom tailored QW devices.
In particular, the central wavelength of the transition can range from ~1um up to several tens
of um, covering a larger and continuously fine-tunable range than offered by inter-band
transitions. [MKS09]. Furthermore, the group llI-nitride family of semiconductors shows
excellent characteristics concerning physical and chemical inertness as well as thermal and
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mechanical stability. Additionally, the superior electron saturation velocity and peak velocity,
high breakdown voltage and good thermal conductivity are key factors for high-class
optoelectronic and electronic devices [XAY19].

In the second half of this thesis a coupled multi quantum well (MQW) system based on an
arrangement of 25 ultranarrow hexagonal AIN/GaN/AIN heterojunctions is investigated. The
resulting structure is also referred as to an artificial superlattice featuring the periodicity of the
layered stacking. Due to the spatial confinement of charge carriers in the potential landscape,
discrete energy subbands emerge. Based on the coupling of adjacent wave functions and
fluctuations during the growth process these subbands are energetically broadened and are
usually referred as to minibands. The proper choice of the QW width combined with an extensive
n-type doping of the AIN barrier layers results in the formation of a two-level system optimized
for optical interaction in the telecom wavelength regime centered at ~1.55um.

Several research groups have already reported on ISBTs in hexagonal GaN/AlGaN QWs and
coupled QWs [TNDO6, MKS09, BGHO6] providing systematic experimental and theoretical data
for varying well and barrier thickness or different doping concentrations. What is new about the
present sample is the record-high broadening of the inter-miniband transition that exceeds the
results from previous studies [TNDO6, DFMO07, MTS11]. The reason is a substantial coupling
between adjacent wells caused by the fairly low barrier width of 5nm. Many applications like
single device photo detectors would certainly benefit from a broadened transition range since
they could easily cover a wide spectral range at once.

In the context of chapter 6.2 the physical basics, outlined in the previous section 6.1, are
used for simple simulations of the expected transition energies within a single QW. Monolayer
fluctuations as well as the influence from doping or the polarization discontinuity in the
hexagonal structure are discussed on a quantitative and/or qualitative level. In chapter 6.3
control measurements of the molecular beam epitaxy (MBE) growth process including X-ray
diffraction and atomic force microscopy provide evidence of the overall good quality of the
present GaN/AIN MQW sample. The ISBT is finally measured by optical means in a special
waveguide structure and compared with the data from the simulations.

On the spectroscopic side, the regime of strongly driven intersubband transitions will be
characterization with modern methods of femtosecond spectroscopy in chapter 7. Degenerate
(single color) and non-degenerate (bi-color) time-resolved pump-probe spectroscopy in the near
infrared wavelength regime is used to explore the properties of the ISBTs on the femtosecond
timescale. In arsenide or antimonide based MQW structures ISBTs have to be analyzed in the
fairly inconvenient THz region. In marked contrast, the GaN based MQW sample of the present
thesis allows for studies in the near-infrared regime which offers better availability of
femtosecond pulses and detectors. In addition, near-infrared laser pulses can be obtained with
high peak powers and therefore easily permit to drive the ISBTs far beyond the regime of weak
perturbations. The intersubband relaxation is governed by longitudinal optical phonon
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interaction that is estimated to be as fast as ~100fs in AIGaN/GaN QWs, i.e., ~30 times faster
than in InGaAs QWs [S197, SI98]. The available laser source beats this theoretical relaxation time
with a pulse duration of just 50fs and thus allows a high time resolution. In general, nitride-based
devices like quantum cascade lasers or modulators allow operation in the GHz and THz regime
and benefit from this ultrafast electron relaxation [MKS09, MNV16].

A new direction in the research on the nonlinear optical properties associated with ISBT has
opened up by combining ISBT with plasmonic nanostructures. In particular, metasurfaces with a
record-high nonlinear response have been realized based on the resonant coupling of
electromagnetic modes in plasmonic elements with quantum-engineered electronic ISBTs in
semiconductor heterostructures [LTA14]. In the framework of this study the previously
introduced GaN/AIN heterostructure is functionalized with an array of plasmonic rod antennas
featuring cross-polarized resonances at near-infrared wavelengths and their second harmonic.
Due to the local field enhancement at such plasmonic elements the optical nonlinearity is
expected to massively enhance as well.

Experimentally, this concept will be demonstrated in chapter 8.4 for second harmonic
generation (SHG) at a wavelength of about Asie=0.8um. In more detail, the present nonlinear
metasurface allows for substantial SHG at normal incidence which is completely absent for an
antenna array without the MQW structure underneath. While the second harmonic is originally
radiated only into the plane of the QW, a proper geometrical arrangement of the plasmonic
elements permits to redirect the second-harmonic light to free-space radiation, which is emitted
perpendicular to the surface. Therefore, the proposed structure can act as an ultrathin highly
nonlinear optical element that enables enhanced nonlinear optical frequency mixing. In order to
characterize and improve the proposed concept, power and polarization dependent as well as
spectrally resolved measurements are carried out.

This relatively young approach for a nonlinear optical metasurface is interesting for many
researchers working in plasmonics, metamaterials and nonlinear optics since it has several
advantages compared to the traditionally established nonlinear materials: (i) It is possible to
engineer almost any element of the nonlinear susceptibility tensor of these structures. (ii) The
magnitude of the (second-order) nonlinear response in optical metasurfaces is extremely large.
(iiif) Such a functional optical structures offers an extremely large spectral tunability. (iv) Reducing
the dimensionality of a nonlinear material to practically two dimensions eliminates the
requirement for sophisticated phase matching techniques as the thickness of such a metasurface
is far below the coherence length.
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6.1 Introduction to Quantum Wells

This section of the thesis provides a brief overview of the basic physics of quantum wells (QWs)
and the formation of electronic energy states within such a well®2. Furthermore, the transition
toa MQW or superlattice with tunable inter-subband transitions is discussed. In the present case,
a two-level-like mini-band system evolves from a GaN/AIN superlattice that is highly suitable for
optical absorption and emission applications in the telecom wavelength range.

A QW is a potential well that restricts the freedom of motion of a particle (generally speaking
of electrons and holes) in one dimension of space (z-direction)33. Consequently those particles
are confined in a planar region (x,y-plane) within the potential barriers leading to the evolution
of a quasi 2D particle-gas. Shrinking the width of the QW to values comparable to the de Broglie
wavelength3* of the carriers inside the QW subsequently leads to effects of quantum
confinement. The width of the QW basically determines the quantum mechanical states that a
particle can occupy. In particular, discrete energy levels (energy subbands) are formed, suitable
for inter-subband transitions.

The theoretical concept of a QW was proposed in 1963 independently by H. Kroemer, Z.
Alferov and R.F. Kazarinov [Kro63, AK63]. Based on this theory a wide variety of different
electronic QW devices has been developed up to date. The most important application of QWs
are laser diodes, light emitting diodes (LEDs), photo detectors and modulators. In general these
devices are much faster and profit from a higher recombination probability and thus grant a
higher efficiency. Due to the broad energetic/spectral tunability of the QW’s response by altering
the fabrication parameters, QW-based devices gained incredible importance to the technological
and telecommunication industry. QW devices are currently replacing many conventional
electrical components in a variety of industrial and home appliances [ON15].

Assuming an (idealized) infinitely high potential square well oriented in the z-direction and
characterized by a width w, the potential landscape of the so called “particle-in-a-box” is given
by V(z)=0 for 0<z<w and V(z)=o elsewhere, cf. Fig. 6.1(a). The stationary Schroédinger equation
for a particle in the potential box is:

h? 92
—5—oZ¥(2) =E¥(2) (6.1)

32 More detailed information about the physics of quantum wells can be found in [Dav98].

33 Usually the restriction is in the z-direction that, in general, equals the growth direction of the QW structure.

34 All matter exhibits wave-like behavior and the associated de Broglie wavelength A is defined as A=h/p=h/mv
(with Planck constant h, particle momentum p and particle mass m). For electrons the QW width is in the order of
10nm to show effects of quantum confinement.
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where 71 is the reduced Planck constant, m* is the effective mass of the particle within the QW,
W(z) is the wave function and E is the energy of the system. In general the effective mass of a
particle in its quantum environment strongly differs from the rest mass. Furthermore, the value
of m* shows different values for different semiconductors and bands as it depends on the
curvature of the band. Solving Eq. 6.1 results in the solution wave functions that are given by:

2 2
Y, (2) = Wsin(kz_nz) = Wsin (%) (6.2)

Here, k,n is the discrete wave vector in z-direction (cf. standing waves in Fig. 6.1(a)). The subscript
n is the integer quantum number n>0, labeling the electronic subbands in the QW. Each wave
vector is associated with a discrete eigenenergie of the quantized energy levels given by:

h*kZ, Rh*m*n?

2m*  2m* w2 (63)

En

All equations provided above describe the wave functions and eigenenergies with respect to the
z-direction. Due to the confinement in the z-direction of the QW, electrons are still free to move
in the x and vy directions. A two-dimensional plane wave, characterized by the in-plane wave
vector ki describes this in-plane part of the wave function. The corresponding total energy E(k)
has to be extended by the in plane parabolic contribution as followed:

h2k2, . h2k2

E(k) = 2m* 2m*

with k3 = k2 + K2 (6.4)
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Fig. 6.1: Schematic illustration of the potential landscape V(z) of (a) a single QW with infinitely high
potential barriers and (b) a double QW with finite barrier height. Energy levels E, of the electronic
subbands within the well are depicted by red lines and the corresponding wave-functions are shown by
grey lines. (b) Due to quantum coupling of the adjacent wells with finite barrier width, two solutions for
the wave function (symmetric and antisymmetric) exist. The corresponding energy levels are non-
degenerate and the subband splits up.

The infinite well approximation provides a helpful model to understand the basic properties of a
quantum confined 2D electron gas in a type | aligned3> QW structure. Since the energy levels E,
are inverse proportional to the square of the width of the QW, transition energies between
different subbands can be easily tailored during the fabrication process. This property is
incredibly useful for any band-gap engineering with regard to novel custom tailored QW devices.
Furthermore the energy levels are inversely proportional to the effective mass of the charge
carriers. Consequently, electrons, heavy holes and light holes® have different energy states
within the well.

As the walls of real QWs are finite and show “relatively” small values in the order of Vo= 1eV,
the infinite well model predicts many more energy states than really exist. Electronic levels above
Vo are not localized anymore and are considered as continuum (states). Consequently, the wave
functions do not vanish at the boundaries of the finite well but exponentially decay into the
potential barriers due to quantum tunneling.

If two finite QWs are lined up far enough apart, the wave functions do not overlap and a
simple double QW structure is formed. When the barriers between adjacent QWs are sufficiently
thin the wave functions actually overlap. Consequently, tunnel coupling between the
neighboring QWSs sets in and electrons from bound states in one well can tunnel into the adjacent

35 For a type | band alighment, the conduction band of the second semiconductor is lower and the valence band is
higher than the corresponding conduction/valence band of the first semiconductor (cf. Fig. 6.1).

36 The light and heavy hole valence bands are formed as a consequence of the spin-orbit angular momentum
interaction of the atomic states involved, resulting in a splitting of the states. The triple degeneracy of the valence
band leads to the formation of the additional split-off band.
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well. The theory for a single (finite) QW is no longer sufficiently accurate, but a more
sophisticated analytical solution for the coupled system is required. In this case, the stationary
Schrodinger equation is solved by a symmetric and an anti-symmetric wave function with two
different eigenenergies (cf. Fig. 6.1(b)). Accordingly, each subband splits into two non-
degenerate energetic states leading to a higher amount of available inter-subband transitions.
Since the tunnel coupling becomes stronger for a decreasing barrier width, the resulting splitting
of the subband increases.

Fig. 6.2: (a) Schematic illustration of the potential landscape of a superlattice. Energetically broadened
mini-bands, shown in red, evolve from strong interwell coupling. Due to strong n-doping the Fermi
energy (dashed blue line) is raised and the energy level E; is populated by electrons. (b) Shows the central
energies of the electronic mini-bands with respect to the kj-vector. The quantum confinement in
z-direction leads to the offset of the bands and the parabolic behavior originates from a free in-plane
movement of the electrons.

When the number N of coupled QWs is further raised, a MQW is formed and each subband
subsequently splits into N energy levels. For an increasing number N, the energy splitting
between the lowest and the highest energy level becomes larger and the range of possible inter-
subband transition energies is further broadened. A periodic structure composed of a large one-
dimensional array of coupled QWSs, schematically depicted in Fig.6.2(a), is called a
“superlattice”. The term originates from the second level of periodicity of the QW array that is
made from different, first level periodic lattices. In general, both expressions (MQW and
superlattice) are used synonymously since no clear distinction based on the number of QWs
exists but the term superlattice often highlights a stronger coupling of adjacent, periodically
arranged QWs. In the case of the present superlattice with N=25 strongly coupled®” QWs, the
subband splitting is fairly broad. Additionally, the natural line width of each energy level in

37 From the ratio of the well width w=1.8 and the barrier width b=5nm a fairly strong coupling of the QWs is
expected.
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combination with thermal broadening and scattering processes in grown samples form a
practically continuous “mini-band” composed of the individual 25 subbands. The resulting inter-
miniband transitions are, therefore, expected to be greatly enlarged in a superlattice structure
classified by a high N and low barrier width.

The superlattice structure can also be seen as a resonant tunneling system. The transmission
of electrons through the periodic structure is either near unity, if the electron occupies a
miniband, or zero otherwise. Another theoretical approach is the Kronig-Penney model which
describes the motion of electrons in a one-dimensional periodic square-well potential. The
solving wave function is composed of a plane wave in growth direction multiplied with a periodic
Bloch function that incorporates the second level of periodicity of the superlattice. The resulting
band structure shows energetic gaps due to the periodic arrangement of the wells.

Since the carrier density of an intrinsic semiconductor is fairly low, doping with small
amounts of intentionally introduced impurities can dramatically increase the conductivity of the
material. Barrier-doped or well-doped superlattices may gain metal-like characters due to their
partially filled energy bands. For the present sample, modulation doping®® of the AIN barriers
with a silicon (Si) concentration of n ~10'cm gives rise to a two-dimensional electron gas. The
Fermi energy is lifted above the minimum of the first subband (E1) that behaves as a strongly
populated ground state. In combination with an empty upper state (E»), this system resembles a
two-level system. Both mini-bands show a parabolic energy dispersion, well-known from a
semiconductor’s conduction band structure (cf. Fig. 6.2(b)).

The resulting two-level inter-miniband system from an ultranarrow GaN/AIN
heterostructure offers transitions in the telecom-range suitable for applications based on
absorption and spontaneous or stimulated emission. As the theoretical introduction showed,
energetic/spectral tunability is accessible by the fabrication parameters. Various epitaxial growth
technigues are used to create such QW structures with specifically designed transition energies.
In the next section the growing process of the investigated superlattice sample and the first
control measurements are outlined.

38 Modulation doped semiconductors have very high carrier mobilities since the free charge carriers are spatially
separated from the donors, thus eliminating scattering.
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6.2 Fabrication Process and Energy Levels
of the GaN/AIN Superlattice

Gallium nitride (GaN) and aluminum nitride (AIN) are group IlI-V direct semiconductors consisting
of gallium or aluminum and nitrogen. Both GaN and AIN show a large band gap at the I'-point,
corresponding to interband transition wavelengths in the UV range. The following table provides
some important structural and electronic parameters of both semiconductors at 300K (room
temperature) [LRSO1, LRS03, LTS96]. The effective mass is given in proportion of the electron
rest mass mo.

a-GaN a-AIN
lattice constant ag / co (A) 3.189/5.185 3.112 /4.982
band gap at I"-point (eV) 3.39-3.51 6.03-6.30
effective electron mass (mo) 0.2 0.3-0.4
effective light hole mass k, / k« (mo) 1.1/0.15 3.53/0.24
effective heavy hole mass k, / kx (mo) 11/16 3.53/10.42

GaN and AIN crystallize preferentially in the hexagonal (wurtzite) structure (o-GaN/a-AIN),
whereas the cubic (zincblende) structure (c-GaN/c-AIN) is not stable. However, both
semiconductors can be forced to grow in this metastable lattice structure by using, e.g., cubic
silicon carbide (3C-SiC)% as a substrate layer. 3C-SiC in its (001) orientation nearly matches the
lattice constant of the c-AIN [SPAO7, As09, Wec13, WHF15]. Nevertheless, thick layers of cubic
GaN/AIN tend to become increasingly unstable and, eventually, switch to the hexagonal structure
during the growth process. In contrast to the rectangular potential landscape of a cubic GaN/AIN
MQW, the hexagonal heterostructure is characterized by a triangular band structure (cf.
Fig. 6.3(b)) with strong bendings at the band edges [NJCO6]. The confinement of charge carriers
in the triangular potential wells and the resulting spatial separation of electrons and holes along
the growth axis are undesirable due to the reduced transition probabilities. Consequently, the
lack of spatial overlap of the electron- and hole-wave functions limits the efficiency of optical
devices. This carrier localization in the triangular potentials leads to spontaneous and piezo-
electric polarizations in the hexagonal lattice along the c-axis that are not present in the cubic
crystal structure [BFV97, YDA99]. The resulting internal electric fields orientated along the
growth direction have a negative effect on the electron mobility. The properties of c-GaN/c-AIN

39 The number 3 in 3C-SIC refers to the three-bilayer periodicity of the layer stacking (ABCABC...) and the letter C
denotes the cubic symmetry of the crystal.
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would have been beneficial for the design and efficiency of electro-optical devices but in the
course of this thesis, the growth of high quality c-GaN-based heterostructures turned out to be
more challenging than expected. Therefore, the investigated samples are grown in the hexagonal
lattice structure that will be simply referred as to GaN/AIN in the further course of this thesis.

a AIN GaN AIN
o | AIN 5.0 nm ry )
conduction
band edge
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AIN:Si 5.0 nm
25X Epsge === Eq
GaN 1.8 nm
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é Egap
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Fig. 6.3: (a) Layer sequence of the hexagonal GaN/AIN superlattice grown by molecular beam epitaxy.
(b) Sketch of the type | band alignment in the hexagonal AIN/GaN/AIN heterojunction. Due to the
guantum confinement of charge carriers discrete subbands emerge within the potential landscape of
the QW (Hi=hole states, Ei=electron states (subbands), Er=Fermi energy).

The superlattice heterostructure of this study, schematically depicted in Fig. 6.3(a), was
fabricated by Valentin Jmerik and Sergey Ivanov from the loffe Institute in St. Petersburg, Russia.
It was grown by plasma-assisted molecular beam epitaxy (MBE Compact21T, Riber) on a double-
side polished c-sapphire wafer® (c-Al,03). During this process, crystalline layers of the desired
material compounds were grown using gas phase deposition of the evaporated source elements.
Growth temperature, evaporation ratio, flux rate, growth rate and other growth parameters
show a crucial impact on the crystal quality and have to be selected carefully. Initially, a 1.6 um
thick AIN buffer layer was grown using two-stage metal-modulated epitaxy to reduce the
threading dislocation density to mid-10°cm™ and to achieve an atomically smooth surface, as
detailed in [NKR20]. Then, 25 GaN QWs with a thickness of 1.8nm (equal to 7 monolayers),
separated by 5nm thick AIN barrier layers, were formed using the sub-monolayer digital alloying
method described in [JNT18]. A fluctuation in the order of +1 monolayer for the present narrow
well is realistic, whereas fluctuations in the layer thickness of more than one monolayer cannot
be excluded for larger layer/well widths. In general, near-stoichiometric conditions are used for

40 The letter c specifies the surface orientation of the cut through the monocrystalline Al,03 wafer. Specifically, it
defines the (0001) plane in the hexagonal crystal. An intentionally c-plane off-angle toward the m-axis of 0.3
degrees reduces the mismatch between the substrate and the AIN.
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many of the growing processes. Here, GaN and AIN are grown at metal-rich conditions to improve
the smoothness of the structure. Meanwhile the unintentional formation of undesired Al
droplets had to be avoided. While the GaN QWs are nominally undoped, the AIN barriers were
grown with an n-type Si-doping with a concentration of n=1.5-10cm3. The doping gives rise to
a two-dimensional electron gas (2DEG) with an expected carrier density of n=4-102cm?3,
corresponding to a calculated Fermi energy of Ef=(nh?/m*)-n=90meV above the minimum of
the first subband. Finally, the MQW structure was capped and protected by a 5nm AIN layer. As
aresult, these growth and doping parameters lead to the formation of a high-mobility 2DEG with
low sheet resistance. Furthermore, this superlattice structure offers a large density of states for
resonant ISBTs centered at ~0.8eV. A previous study on a nominally almost identical, cubic,
heterostructure showed that QWs of the present width exhibit ISBTs around 0.8eV [JWR15]. This
experimental finding is consistent with band structure simulations performed with the
commercial nextnano simulation package [Nex22]. In addition, basic simulations of the energy
levels of a single finite QW have been carried out for the current hexagonal GaN/AIN sample. In
the next section a short introduction to the crucial parameters of the simulation and the results
for the ISB transition energy for a variation of the well width are outlined. The successful
theoretical prediction of the quantized energy levels is a key to achieve the desired inter-
miniband (IMB) transition energy in further samples.

Recalling the short overview of quantum well physics in chapter 6.1, a confined electron in
a potential well, whose width is comparable to the de Broglie wavelength of the electron,
experiences energetic quantization effects. Discrete energy states are formed within the QW
that are allowed to be occupied by the charge carriers. For a better understanding and
verification of the experimental results theoretical calculations of the mini bands in the
superlattice structure have to be performed. For this purpose the Schrodinger-, Poisson- and the
current continuity equation for electrons and holes have to be solved. In order to keep the
simulation as simple as possible, a one dimensional band structure and transition energy
calculation based on an effective mass model is applied to a single QW. Within a close
approximation the values obtained by this simulation refer to the center of the energetically
broadened mini bands in the superlattice, thus defining the central IMB transition energy. The
most important parameter involved in the estimation of the heterostructure’s energy levels is
the band offset that characterizes the band discontinuity. For the present GaN/AIN QW the type
| band alignment is described by the conduction band offsets (CBO) and valance band offset
(VBO), respectively. Both parameters reflect how the bandgap difference of the involved
semiconductor materials is portioned between the discontinuities of the bands. A rule of thumb
for this kind of group llI-V materials is a 2:1 ratio [MSE98]. Thereby the CBO defines the depth of
the potential well. Extensive experimental and computational research has revealed the band
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offsets between various semiconductor heterojunctions and alloys*!. Nevertheless, a broad
range of CBO values in hexagonal GaN/AIN systems between 1.4eV and 2.3eV has been reported
in literature so far [WG96, VMRO1, AROO, WNO3, BMK94]. However, the most stated CBO values
for hexagonal GaN/AIN MQWs cover the span between 1.7eV and 1.9eV. Subsequently, the
energetic position of the confined states and the resulting IMB transition energy strongly
depends on the choice of the CBO. The respective VBO is found to be 0.8+0.3eV [MSB98].

Looking back at the table of the structural and electronic parameters, the difference
between the lattice constants of both semiconductor alloys is small but not negligible. The AIN
layers are tensile strained to the GaN due to the smaller lattice and vice versa. A modification of
the band gap energy due to strain caused by the misfit of the lattice parameters can be calculated
using the deformation potential and the elastic constants of both materials. As a result, the band
gap energy of the GaN (AIN) is slightly increased (decreased). The total change of both gap
energies sums up to roughly 0.2eV [CDS10]. As a result the CBO and VBO decrease in total by
this value. Since the given range of CBOs exceeds this value, the effect of strain will not be
included in this simulation. Nevertheless, it should be noted that a strain induced reduction of
the CBO in a GaN/AIN QW leads to a somewhat red shifted ISB transition.

The hexagonal phase of GaN and AIN is characterized by strong internal piezoelectric and
pyroelectric fields along the c-axis leading to a triangular potential landscape (cf. Fig. 6.3(b)). In
general, theses detrimental effects are undesirable for many optoelectronic applications,
complicate the theoretical design and limit the tunability of the transition energies. For wide
wells made from polar group lll-nitrides, the transition energy is observed to be almost
independent of the well width due to the confinement of carriers in the triangular potential.
Above 2nm well thickness, the first two states are completely confined by the triangular-shaped
potential in the well. The transition energy is therefore governed by the magnitude of the internal
electric field. The narrower the well, the more the influence of the tilted potential can be
neglected. To be more specific, the IMB transmission wavelength is somewhat blue-shifted
compared to the results calculated without built-in electric field. Simplified, this can be explained
as follows: The effective width of the strongly tilted (triangular) potential well is reduced
compared to a rectangular potential landscape. In agreement with Eq. 6.2 the emerging
subbands are subsequently pushed to somewhat higher energies. Additionally, the built-in
electric field breaks the potential symmetry and allows ISB transitions from the ground state E;
to the second excited state Esz [HSHO2]. Furthermore, bound-to-continuum transitions are
energetically benefited to one side of the asymmetric QW (cf. Fig. 6.3(b)). It is found that the
built-in electric field within the QW is 2-3MV/cm [SIKO3] up to 8-10MV/cm [HTLO3]. For the sake
of simplicity, the nominally 1.8nm narrow biased well will be approximated by a square potential
landscape.

41 The conduction band offset can be obtained from intersubband spectroscopy and model calculations based on,
e.g., density functional theory using the proper material parameters.
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Heavy doping of the GaN/AIN QW leads to a systematical blue shift of the ISB transition energy
in n-doped samples, with respect to a nominally identical undoped sample. The exchange
interaction is found to be the dominant contribution of this many-body effect. This way, a doping
concentration of n=1-10cm™ can introduce a blue shift of the ISB transition by as much as
80meV in a 1.8nm wide QW [HTLO3]. Actually, the effect of strong doping is not taken into
account in the simulation, but should be considered qualitatively.

For an even more sophisticated outcome of the simulation the enhancement of the effective
masses due to non-parabolicity effects and the energy dependency of the effective electron mass
would have to be taken into account [Kan57].

In Fig. 6.4 the calculated energy levels within the GaN/AIN QW and the associated
intersubband transition energies are compared. CBO values of 1.7eV (a-c) and 1.9eV (d-f) are
used for the different simulations. To account for a possible uncertainty in the growth process a
well width variation of £1 ML is included. In particular, a variation by one monolayer in the QW
thickness leads to a larger change in the transition energy for thinner QWs and should therefore
be considered in the actual case of a nominally 1.8 nm wide well. On the other hand, strain results
only in a small shift of the ISB transition energy in the order of 10meV and is negligible in this
first approximation compared to the effect of a monolayer fluctuation that easily shifts the ISB
transition by 100meV. Expected from theory, the general trend observed in the simulation shows
that the narrower and deeper the well, the further the IMB transition is shifted to higher photon
energies/shorter wavelengths. To anticipate the experimental results outlined in the next
chapter, a QW consisting of only 6 MLs can be ruled out because the ISB transition energies are
way too high above the desired 0.8eV photon energy. A QW width of 7 to 8 MLs leads to a more
accurate match with the experimentally observed ISB transition energy of 760meV (cf. Fig. 6.6(c))
while remaining within the range of growth uncertainty (panels b, c, d, f).

In an experimental and theoretical study performed by Helman et al. ISB spectroscopy of
similar doped and undoped GaN/AIN QWs grown by MBE on a sapphire (0001) substrate reveal
ISB transition energies between 0.67eV and 0.85eV depending on the width of the QW and the
doping concentration, respectively [HTLO3]. Specifically, an effectively 1.87nm wide well
featuring a doping concentration of n=1-10%cm™ shows an experimentally observed ISB
transition energy of 740meV. This value stands in agreement with their provided theoretical
simulations based on an energy-dependent effective-mass approach including a depolarization
shift, doping and the GaN conduction band nonparabolicity*?. Exemplarily, a nominally 1.8nm
wide QW shows ISB transitions centered at 750mV (n=1-10cm3) and 780mV (n=2-10cm3).
The nominally 1.8nm and highly doped (n=1.5-10cm™3) QW sample that is investigated in this
thesis fits perfectly between these given values and shows ISB transition energies centered
around 760mV (cf. Fig. 6.6(c)).

42 A conduction-band offset (CBO) of 1.78 eV and a polarization discontinuity at the interface of AP/e=8MV/cm
are used for the simulation [HTLO3].
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To sum up, the theoretical study of the fabricated MQW sample supports the results of the
experimental ISB transition investigations performed in the next chapter that, in turn, verify the
successful growth of the intended superlattice sample featuring ISB transitions in the telecom
wavelength range. Incorporating further material properties in the theoretical calculations will
lead to more sophisticated simulations of the superlattice structure. For the growth of further
samples theoretical predictions using, e.g., the nextnano simulation package are recommended
since the simple approximation of a single rectangular QW without the impact of strain, internal
electric fields or doping shows too much inaccuracy.
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Fig. 6.4: Simulation of the energy levels in a single GaN/AIN QW for varying QW thickness and CBO,
including ISB transition energies (arrows). (Hi=hole states, Ei=electron states, Er=Fermi energy). The
impact of strain, an internal electric fields or doping is not taken into account. The dashed red and blue
lines indicate discrete energy levels just slightly below the band edge.
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6.3 Control Measurements of the
Fabrication Process

In order to characterize the material and optical properties of the grown GaN/AIN superlattice
sample and to further validate the preceding simulation, several control measurements were
performed. The results of these measurements contribute to the general estimation of the
sample’s quality and suitability for the scheduled experiments in the telecom wavelength regime.

High-Resolution X-ray Diffraction (HRXRD*}) measurements of the (0002) reflection of the
GaN/AIN superlattice, performed by Michael Deppe from the group of Prof. Dr. Donat As at the
University of Paderborn, confirm the well grown superlattice with good quality interfaces by the
presence of many pronounced satellite peaks in the 20-diffraction graph, as depicted in
Fig. 6.5(a). The number and width of the satellite reflection peaks is generally accepted as a first
estimation of the structural quality of the heterostructure, since an intensity decrease and
broadening of the peaks is induced by threading and mixed dislocations of the layers [Inal4,
PWZ99]. Here, the full width at half maximum (FWHM) of the satellite peaks (from “0” to “-4”)
are 375, 515, 685, 862 and 994 arcsec characterizing interfaces with some little roughness but
overall satisfying smoothness for a MQW structure with roughly 50 internal interfaces [Kan08].

Furthermore, atomic force microscope (AFM#4) measurements are performed by Michael
Deppe on a 10umx10um area on the sample revealing a relatively smooth but slightly grainy
surface (~500nm grain size) characterized by an overall low root mean square height of 0.9nm.
The recorded image of the surface is shown in Fig. 6.5(b). The small undulations may arise from
little stacking faults, monolayer fluctuations but mainly from aluminum micro-droplets in the AIN
layers. Consequently, the deviation from the ideal layer sequence somewhat alters the inter-
subband transition energies and slightly affects their width [KVM15]. Systematically performed
scanning electron microscope (SEM#) measurements by the growth team at the loffe institute
reveal a surface roughness gradient from the slightly grainy center area to the somewhat flatter
edge of the waver. This gradient originates from a radial non-uniformity of the plasma density
and substrate heating during the fabrication process.

43 XRD/HRXRD is a general purpose technique that refers to the diffraction of X-rays on crystals and quasi-crystalline
materials for structural analysis. The basic idea of this analytical method is the angle-dependent detection of
reflected X-rays (angle of incidence equals angle of reflection). More information in Ref. [Inal4].

4 The AFM is a scanning probe microscope used to mechanically scan surfaces by measuring the atomic force at
the nanometer scale.

4> The SEM produces images of a (electrically conductive) sample by scanning the surface with a focused beam of
electrons and measuring the scattered and secondary electrons for topographical and material information.
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Fig.6.5: (a) HRXRD 0-20 scan of the (0002) reflection of the GaN/AIN superlattice with several
pronounced satellite peaks (“0” to “-4”) indicating an overall good quality layer structure. (b) AFM image
of the superlattice showing a slightly grainy surface morphology due to the formation of aluminum
droplets in the AIN layers. (c) Room-temperature CL spectra from the superlattice. (d) Room-
temperature PL spectra of the superlattice showing the interband transition at 3.554eV.

The additional optical characterization by room-temperature cathodoluminescence (CL*) is
performed by the fabrication team from the loffe insitute using an accelerating voltage of 10keV
for optimized emitted CL by the MQW region. The results, depicted in Fig. 6.5(c), show that the
CL spectra are dominated by the band edge emission between 3.31eV and 3.59eV. This span of
280meV originates again from the radial non-uniformity of the plasma density and substrate
heating during the fabrication process resulting in a spatial intensity gradient and spectral blue-

46 In Cl spectroscopy an electron beam impinges on a solid sample and cause the emission of characteristic photons
with energies referring to the involved transition processes.
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shift of the CL intensity from the center region towards the edge of the wafer. One possible
explanation is the formation of some potential relief in the center of the substrate that leads to
a localization effect on the charge carriers in local potential minima resulting in suppression of
their lateral transport and decrease of the CL energy. This assumption corresponds to the
observed slightly rougher surface morphology in the center of the sample.

Moreover, photoluminescence (PL*’) measurements are performed by Michael Deppe to
determine the energetically lowest inter-band transition energy from the first heavy-hole band
Hi to the mini-band E; within the QW (cf. Fig. 6.3(b)). Depicted in Fig. 6.5(d), the spectrally
resolved, room-temperature and time-integrated PL-intensity of a sample piece near the edge
region of the wafer shows a peak at 3.554eV corresponding to the inter-band transition energy.

Due to quantization effects within the well, the PL and CL energies are expected to be slightly
above the band gap energy Egap~3.5eV as the recoded photon energy refers to E,=E1-H1>Egap.
However in hexagonal GaN/AIN QWs the internal electric field tilts the QW and charge carriers
are confined in the triangular potential (at their respective quantization levels, cf. Fig. 6.3(b)).
The increase of the interband transition energy is, therefore, to some extent compensated by
the tilt of the potential. Yet the spatial separation of the charge carriers leads to reduced
transition probabilities.

In order to obtain comparable and reliable information, all subsequent measurements
involving the GaN/AIN superlattice are carried out with the same sample piece taken from the
center region of the same wafer (unless otherwise specified).

To complete the control measures of the growth process, the inter-miniband (IMB)
transition between the two energy levels E1 and E; is investigated by linear transmission
measurements at room temperature. The goal of this optical analysis is to quantify the central
energy and width of the IMB transition. For this purpose, the transmission of a broadband near
infrared light source through the superlattice structure is analyzed.

The measurement of the IMB absorption benefits from a polarization selectivity that
originates from the orientation of the IMB dipole moment along the growth direction of the
superlattice. Therefore, electric field components E, (TM - transverse magnetic, p-polarized)
need to be present in the incident light beam to drive the IMB transition (see Ref. [Dav98] p.
316ff). In-plane components Ex and Ey (TE - transverse electric, s-polarized) interact only with the
plane-wave part of the electron’s wave function and do not contribute to the IMB transition (cf.
Fig. 6.6(a,b)). Therefore, the maximum light-IMB interaction can be observed for TM polarized
light propagating parallel to the layered superlattice structure whereas TE polarized light results
in no IMB absorption. Impinging light with normal incidence to the superlattice generally leads

47 In PL spectroscopy the investigated sample is optically excited (here 266nm/4.66eV continuous wave laser) and
electrons are lifted into higher states, eventually returning to energetically lower states by spontaneous photon
emission. The emitted light from the recombining electron-hole pairs is detected and provides information about
the electronic levels involved in the transition.
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to no IMB absorption since the electric field components are always normal to the growth
direction. Accordingly, the experimental approach has to deal with the different
polarizations/electric field components in order to distinguish between the TM and TE
contributions to the overall absorption and, eventually, to determine the IMB absorption.

To enhance the light-IMB interaction length, a rectangular piece of the sample is processed
into a trapezoidal waveguide geometry (bottom length of the substrate is 7.7mm) which takes
advantage of a multi-pass through the superlattice layer (cf. Fig. 6.6(a)). To this end, both side
facets of the waveguide are tilted by 65° with respect to the top surface. When the focused
broadband emission of a stable tungsten light source is coupled into the waveguide through one
of the facets it undergoes multiple internal total reflections at the top and bottom air boundaries
before leaving the sample through the opposite facet. Assuming normal incidence at the
incoupling facet this geometry corresponds to ~3 reflections at the superlattice/air interface, i.e.
light traverses the superlattice layer ~6 times*. Due to the refraction at the internal Al,0s-AIN
interface the confined light passes the superlattice under an interaction angle of @~45° (cf.
Fig. 6.6(a,b)). Consequently, the residual electric field component E; of the TM polarized light
that addresses the IMB transition is reduced by the sine of the interaction angle E,=sin(p)E. At
the outcoupling facet the transmitted light is collected with an optical fiber and spectrally
resolved in a monochromator unit (Andor Shamrock 193i, grating: 150 lines/mm) together with
an extended-range InGaAs photodiode (Thorlabs DETO5D). Lock-in detection is performed to
increase the signal to noise ratio (Standford Research 830 and Thorlabs mechanical chopper). To
guantify the IMB transition, polarization dependent measurements are done since the light-IMB
interaction is expected only for TM polarized light. For this purpose a broadband near-infrared
liner polarizer is inserted in the experimental setup. Subsequently, the difference between the
TE and TM polarized transmission signals reveals the IMB absorption. In order to eliminate any
detrimental effects on the transmission due to the birefringence of the Al,O3 the measurement
is performed on a geometrically identical reference sample as well that is made only from the
sapphire substrate. A more sophisticated reference sample would contain a thick (no quantum
confinement) epilayer of GaN and/or AIN on the top side. By this means the differences in the
transmissivity introduced by the altering reflective behavior at the various internal interfaces for
the two polarization states could be further eliminated. Finally, the IMB absorption spectrum is
calculated from the relative difference of the TM and TE raw transmission through the
superlattice (SL) normalized by the respective reference sample’s data (Ref) as followed:

(SLTE _ QWTM> _ (RefTE) (6.5)

48 Due to the angular distribution of the impinging focused light beam the number of total internal reflections is
subject to a certain degree of uncertainty. Since the focusing is performed with a MgF lens with 50mm focal length
the angular distributions is expected to be £10°.
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Although a reference sample is used for the normalization of the sample’s transmission data, the
resulting IMB absorption spectrum is hampered by strong Fabry-Pérot interferences and residual
distortion from the substrate’s birefringence. In order to partly overcome this detrimental
effects, the angle of the incident light beam with respect to the incoupling facet is gradually
altered by up to £20°. Consequently, the oscillations will spectrally shift depending on the angle
of incidence. Since the spectral position and (in a certain range) the width of the IMB absorption
are not subject to the changing angle of interaction, averaging the calculated IMB absorption
spectra for various impinging beam angles eventually results in a less disturbed graph. The other
side of the coin is the loss of reliable information about the absorption strength®® since the
number of passes through the superlattice structure becomes uncertain.

polarization
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Fig. 6.6: (a) Schematic illustration of the waveguide geometry that benefits from a multipass through
the superlattice layer to enhance the light-IMB absorption length. Total internal reflections at the air
boundaries guide the confined broadband light through the sample. (b) Scheme of the polarization
states in the superlattice region: TM light with a finite interaction angle >0 is required to address the
IMB transition with an electric field component E,llz parallel to the growth direction. (c) Spectrally
resolved IMB absorption of the hexagonal GaN/AIN superlattice with nominally 1.8nm wide QWs
separated by 5nm wide barriers.

4% The number of passes through the superlattice layer as well as the interaction angle will change as the incident
light beam is tilted out of normal with respect to the incoupling facet.
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Fig. 6.6(c) displays the results for the IMB absorption spectrum for photon energies between
0.5eV (detector limit) and 1.0eV. Specifically, this graph illustrates the average of many spectra
recorded for different angles of up to £20° away from perpendicular incidence on the incoupling
facet. As supposed, a broad absorption centered at 0.76eV is found. Most strikingly, the width
of the IMB absorption that is determined by extracting the full width at half maximum (FWHM)
of a Gaussian fit to the data, is as large as 260meV. Previous experimental studies on similar
hexagonal Al(Ga)N/GaN superlattices found typical IMB transition widths between 100meV and
240meV [TNDO6, HTLO3, LHJO7, LBA15, LBA16]. Remarkably, the transition width of the present
sample slightly exceeds this range. On the one hand, this increase can be attributed to a strong
tunnel coupling between adjacent wells due to the narrow AIN barriers. Consequently, the
energetic level splitting is increased and the resulting minibands are substantially broadened (cf.
fundamentals of MQWs in chapter 6.1). On the other hand, a slightly grainy surface morphology
is observed in AFM measurements (cf. Fig. 6.5(b)). This gives reason to assume that internal
interfaces also suffer from roughness due to dislocations®® and Al droplets that formed during
the metal rich growth process. In turn, this condition leads to an increased scattering at internal
interfaces that, again, causes a broadening of the IMB transition [Khu08, SBB16]. Furthermore,
spatial fluctuations of the QW width by £1 monolayer are expected to occur during the growth
process. According to Eq. 6.2 the variation of the well thickness changes the energy levels within
the QW and, therefore, shifts the central IMB transition energy. The total optical response of
these spatial microscopic inhomogeneities is intrinsically recorded in the utilized macroscopic
waveguide structure and, finally, leads to an increased inhomogeneously broadened absorption
spectrum [KVM15].

The result from the experimental control measurements in combination with the simulation
of a single QW validate the assumption of an inter-miniband transition with a central energy at
~760meV in the present sample. The energetically lowest inter-band transition is to some extent
reproduced by the CL and PL measurements. Optimized samples can be designed based on these
results and eventually be grown for further analysis and application. More sophisticated
simulations that incorporate proper material parameters (strain and built-in electric fields) may
lead to more accurate estimations of the IMB transition energies prior to the fabrication.

50 Although reflection high energy electron diffraction (RHEED) demonstrates rather streaky patterns during the
growth of the AIN/GaN superlattice structure (indicating two-dimensional growth), these patterns are not
homogeneous and, therefore, the superlattice has no perfect morphology.
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Chapter 7

Ultrafast (Inter Miniband) Carrier
Dynamics in a GaN/AIN Superlattice

Ultrafast optical applications based on electro-optical or all-optical devices are now widespread
technology. The successful design of such devices, which are, e.g., based on inter-miniband (IMB)
transitions in semiconductor heterostructures, requires the knowledge of the ultrafast nonlinear
electronical and optical behavior. The speed and efficiency of potential applications is intrinsically
connected to the timescales of the electron dynamics. Time-resolved spectroscopy provides an
important insight to these electron dynamics of the involved transitions and, in addition, reveals
electron relaxation times that are characteristic for specific scattering processes in the structure.
By this means, the time-resolved spectroscopy technique grants information about the
microscopic interactions, which are not readily observable. In general, the signatures of transient
signals from the time resolved changes of the electronic system are a key to the substantial
characterization of semiconductor heterostructures. Furthermore, it allows conclusions to be
drawn about the quality and potential improvements of the manufacturing process.

In order to classify the present hexagonal GaN/AIN superlattice in the mentioned aspects,
the ultrafast and nonlinear dynamical response of the quasi two-level inter-miniband (IMB)
transition in the near infrared spectral range is analyzed in this chapter. For this purpose time-
resolved, degenerate (single color) and non-degenerate (bi-color) pump-probe measurements
are performed. The recorded transient signals for different laser wavelengths and light
polarizations are analyzed and discussed. The focus is on the change of the transmission signal
strength with respect to the wavelength and polarization combination of the pump- and probe
beams. Furthermore, the lifetime of the optically excited electrons (from lower subband E; to
upper subband E) in the upper subband E; are determined. The non-degenerate measurement
using 800nm pump-wavelength and resonant IMB probe-wavelength aims to identify the
relaxation process from continuum “states” back to the quantified levels within the QWs of the
superlattice. In the following chapter the principles of the time resolved pump-probe
measurement technique are introduced and the experimental setup is outlined.
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7.1 Time-resolved Pump-Probe
Spectroscopy and Experimental Setup

While linear experiments provide only “static” information, the pump-probe measurement
technique is one of the most important tools to investigate processes that occur on pico- and
femtosecond time scales [Wei09]. The heart of a pump-probe experiment is a laser operating in
pulsed mode. Mode-locked lasers are by far the most common source of ultrashort pulses,
especially in the deep femtosecond regime, offering ultrafast time-resolved spectroscopy. One
step further, attosecond physics already established itself in the ultrafast sciences and promises
to advance a wide range of scientific time-resolved disciplines. Currently available laser sources
cover a broad spectral range from soft X-ray up to the terahertz regime, granting access to a
multitude of resonant and off-resonant excitation energies.

The central idea of the pump-probe measurement is to induce (“pump”) a physical effect
(non-equilibrium state) within the sample’s electronic system and, subsequently, probe its
temporal evolution. In the simplest case of such an experiment, the laser output is split and
guided to the sample along two different paths without further modification. At the sample
position, both beams! are spatially superimposed. The path length covered by one of the two
pulse trains is variable, so that a precisely definable time delay At can be set between the arrival
of pulse A and pulse B. The first arriving intense “pump” pulse causes a change in the electronical
and optical properties of the excited sample material. The second, much weaker “probe” pulse
is used to detect this momentary pump-induced change. By varying the time delay At between
pulse A and B, a time-resolved signal is obtained. In many cases, the transient transmission,
absorption or reflection are measured. However, other properties such as the refractive index or
the polarization angle can be investigated in this way as well.

In the current situation of a GaN/AIN superlattice, the electron dynamics are analyzed by an
optically induced change in the quasi two-level IMB electronic system leading to an altered light-
matter interaction. The strength of the absorption in such a two-level system that resonantly
interacts with photons is determined by the carrier occupation of the levels. Consequently, a
higher transmission of the probe beam is directly related to the pump-induced carrier excitation
from subband E1 to E.

51 In this context, the term “beam” refers to the train of ultrashort pulses emitted at high repetition rate, thus
giving the impression of a solid beam.
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Fig. 7.1: Scheme of the optical pump-probe setup used for the time resolved measurement in single pass
geometry. The pulsed output of the optical parametric amplifier is split and guided along the pump and
probe arm until they are superimposed on the sample. The time delay is tuned by a motorized delay
stage. Polarization optics allow to set the polarization state in each arm individually. The transient signal
is recorded using lock-in detecting referenced with the pump modulation.

The heart of the experimental setup, schematically illustrated in Fig. 7.1, is a commercially
available ultrashort pulse laser system. It relies on an optical parametric amplifier>? (Coherent
OPA 9850) that is seeded by an amplified titanium-sapphire laser>® (Coherent RegA 9040). The
OPA allows to tune the wavelength in a range from 1200nm to roughly 1650nm, whereby the
upper limit matches the center of the IMB resonance (cf. Fig. 6.6(c)). One has to note that only
the signal beam featuring the mentioned wavelength range is used, whereas the cross-polarized
idler is blocked by a broadband linear polarizer. Depending on the selected wavelength, the
average output power is in the order of a few tens of milliwatts. The OPA emits nearly transform-

52 A portion of the input beam is used to generate a white-light continuum in a sapphire crystal which is then
superimposed with the residual input beam in a beta barium borate (BBO) crystal. Spectral components that fulfill
the phase matching condition contribute to the nonlinear frequency mixing. Taking into account the conservation
of energy, two photons (signal and idler) are generated from the input photon.

53 passive modelocking is achieved using the optical Kerr effect: The laser beam experiences intensity-dependent
focusing in the active medium, a titanium-doped sapphire crystal. An appropriate arrangement of the focusing
optics in the resonator grants low losses for high-intensity components. Thus, the laser favors the gain of ultrashort
pulses with high peak intensities [HW10].
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limited>* ~50fs (FWHM) and linearly polarized pulses at a repetition rate of frep=250kHz. Typical
timescales for carrier dynamics in semiconductors range from =<100fs (carrier-phonon and
carrier-carrier scattering, cf. [Sha99] p.11 and p.135) to several ns (radiative inter-band
recombination, cf. [Kli06] p.639). Within the repetition period of the laser system

Trep = = 4yus - (7.1)

1
ﬁ"ep
the investigated IMB transition is, therefore, expected to relax completely until the next pump
pulse of the pulse train excites the sample again. This way, the pump-probe technique allows to
average individual data points over an elevated period of time. The use of optical beam
modulation (mechanical chopper, electro- or acousto-optic modulators) together with the lock-
in amplification technique offers superior noise suppression, which makes pump-probe
spectroscopy the method of choice for many time-resolved optical experiments featuring low
signal strength. Typical lock-in integration times range from milliseconds to seconds. This leads
to the beneficial lack of any necessity to meticulously resolve the pulse duration and repetition
rate. A possible disadvantage concerning the investigation of long-term sustaining effects is the
limitation of the maximum usable time delay by the repetition period of the selected laser.

In the case of the degenerate measurement, both pump and probe beams originate from
the linearly polarized OPA output. To this end, a polarizing beam splitter cube (PBSC) divides this
fundamental beam into the high-power pump and a low-power probe arm. The power ratio
between both beams can be adjusted with a prefixed half-wave plate that tilts the linear
polarization axis of the fundamental beam in front of the PBSC. The polarization states of each
arm is set by an additional half-wave plate individually. Graduated neutral density (ND) filters
allow to fine adjust both beams average power.

For the non-degenerate pump-probe measurement an additional beam splitter is installed
in front of the OPA. This bypassed pulse train features a few hundred milliwatts of average power
at the fundamental wavelength of 800nm and serves as a new pump beam. In order to guarantee
a high temporal stability without noise from timing jitter, i.e., the fluctuations of temporal pulse
positions of consecutive laser pulses, one initial laser pulse from the regenerative amplifier is
split into two fractions. In one arm the pulse undergoes a spectral tuning by the OPA while the
other fundamental pulse remains unchanged. Finally, both beams are spatially superimposed at
the sample.

To study the temporal evolution of the electronic excitation and relaxing process of the IMB
transition, a motorized mechanical linear translation stage (Newport UTS50PP), hosting a pair of

5 The minimum pulse width (so called “transform limited”) is inversely proportional to the spectral width as
evident from the Fourier transform of a Gaussian wave packet.
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orthogonal mirrors, is inserted in the pump beam path. Consequently, the time delay At depends
on the change of the optical path length Ax and is determined by the finite speed of light c:

Axn
At = T (7-2)

The time delay At is defined in such a way that the pump pulse precedes the probe pulse for
positive At values. As all pump-probe experiments in this thesis are carried out in ambient
conditions, the impact of dispersion is negligible (nar=1). Since the minimum incremental step
size of the translation stage is in the order of one micrometer, the corresponding time delay
features only a few femtoseconds. Consequently, the temporal resolution of this measurement
technique is generally limited by the finite pulse duration, given by the laser system. As an
example, the temporal resolution for two pulses with equal pulse duration t and a Gaussian
shape in the time domain is determined by the convolution of both pulses that equals the V2t
at FWHM. Experimentally this time interval can be determined by a two-photon absorption
measurement. The simplicity of the experimental setup combined with the high temporal
resolution are a major advantage over other time-resolved measuring methods like, e.g., streak
cameras based on elaborate and expensive electronics.

In order to adjust the beam diameter, the pump beam subsequently passes a pair of two
convex lenses that form a telescope. It is favorable to adjust the spot sizes of both beams in such
a way that the pump spot is at least twice as large as the probe spot. This way the area illuminated
by the probe beam experiences nearly spatially homogenous pump intensity. Furthermore a
small relative shift of both beams does not lead to a crucial decrease of the overlap integral. For
the experiments presented in this part of the thesis, the spot sizes in the sample plane are
adjusted to be roughly 30um for the probe and 60um for the pump beam (FWHM, measured
with a commercial scanning slit beam profiler Thorlabs BP104-IR). Both beams are superimposed
on the sample with a relative angle of ~20°. (cf. Fig. 7.1). The beam configuration is chosen to be
in a single pass geometry since the spatial and temporal overlap of both focused beams cannot
be maintained properly in a waveguide structure. To achieve a large angle of interaction, the
sample is tilted out of perpendicular incidence (angle of incidence®: @probe=65° and Qpump=45°),
thus addressing the IMB transition for TM polarized light. Due to the strong refraction at the air-
superlattice interface (ngan/an=2.2 in the near infrared), the internal angle of interaction is
reduced (Qprobe=24° and @pump=19°). A signal contribution from the Al,O3 substrate originating
from e.g. multi photon absorption is unlikely to disturb the investigated IMB electron dynamic
since sapphire is a fairly transparent material offering a broad bandgap of 8.7eV [PAP10].

55 The Brewster angle of the given air-GaN/AIN interface is ps~65°, referring to minimized reflection for p-polarized
light (in this setup p-polarization corresponds to the TM polarization state).
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After passing through the sample, the probe beam is again collimated and focused onto a biased
InGaAs photodiode, while the residual pump beam is blocked. The photodiode’s signal is
monitored with a lock-in amplifier (Standford Research 830) utilizing two mechanical optical
choppers (Thorlabs optical chopper) to modulate the pump or probe beam individually. In a first
step, the pump beam is blocked and the modulated probe transmission signal T is recorded.
Afterwards, the first chopper is switched off and only the pump beam is modulated with the
second chopper. By detecting the probe signal referenced with the frequency of the chopper in
the pump beam, it is then possible to observe pump-induced transmission changes AT of the
probe beam. It is instructive to modulate beams at the highest applicable frequency as several
sources of noise decrease with higher frequencies. Therefore, the mechanical chopper blade is
installed in the focal plane of the telescope, allowing for a minimal slit size of the chopper blade
and, thus, a higher chopping frequency®. Finally the normalized pump-induced transmission
change AT/T is calculated and used for the evaluation process.

7.2 Degenerate Pump-Probe Spectroscopy

The pump-probe measurement is a widely used technique to investigate the temporal evolution
of an excited system back to the equilibrium. The ultrafast and nonlinear optical response of the
present GaN/AIN superlattice grants insight to the inter-miniband (IMB) electron dynamics that
are crucially important for the design of optoelectronic devices like, e.g., artificial superlattice
structures for quantum cascade lasers [GCSO1]. The recorded transient transmission signals
reveal the characteristic time scales of the relaxation processes. Both, an introduction to ultrafast
pump-probe spectroscopy and to the utilized experimental setup are provided in the previous
chapter.

In this section the IMB relaxation dynamics of electrons in the GaN/AIN superlattice are
investigated by degenerate (single color) pump probe experiments using a pulsed laser system
that emits spectrally tunable femtosecond laser pulses. The strength of the pump-induced
alteration of the transmission signal that depends on the pump intensity, the wavelength and
the polarization state of both beams is analyzed. In all of these experiments, an instant bleaching
of the IMB transition is observed followed by a fast relaxation back to the equilibrium. The time-
constants that are extracted from the recorded transient signals range in the 70fs regime.

¢ The modulation frequency must remain much smaller than the laser repetition rate.
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Fig. 7.2: Degenerate pump-probe transients for different configurations: Pump-induced change of the
optical transmission AT/T through the superlattice (angle of incidence: Qprobe=65° and @pump=45°). (a)
Transient signals AT/T for all four polarization combinations of pump and probe beams at 1600nm
wavelength and constant 10mW of average pump power (equivalent to 27GW/cm? peak irradiance
(pulse power)). (b) Transient signals AT/T for an altered TM polarized laser wavelength/photon energy
and constant 10mW of average pump power. (c) Evolution of the transient signal AT/T for increasing
pump power and a constant TM polarized laser wavelength of 1600nm (the recorded signals are shifted
to the right by 1 ps each with respect to the previous data).

The recorded degenerate pump-probe transient signals are illustrated for different optical
configurations in Fig. 7.2. The results for a polarization dependent measurement performed at
the resonant excitation wavelength of 1600nm>’ and 10mW of average laser power (equivalent
to 27GW/cm? peak irradiance (pulse power)) are shown in panel (a). It is clearly visible from the

57 The central wavelength of the Gaussian shaped OPA spectrum is 1600nm referring to a central photon energy
of 775meV. The FWHM is ~90 nm (the bandwidth of a transform limited 50fs Gaussian shaped pulse at 1600nm
calculated from the time-bandwidth product is 75nm).
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maximum height of all four curves that the IMB transition is addressed appropriately for TM
polarized pump and probe beams only (dark blue curve). Mixed configurations of TE and TM
polarized light beams lead to simply small but still visible signals. The same is valid when both
beams are in the TE polarization state. The reason for this can be explained as followed:
Scattering and refraction at surface roughness and undulated layers cause a fraction of the
incident TE polarized beam to change its polarization angle. Therefore, a parasitic part of the
electric light field is again oriented along the dipole moment of the IMB transition leading to the
small but measurable light-matter interaction. Furthermore roughness partially permits
otherwise forbidden transitions since the optical selection rules are somewhat relaxed [KVM15].

Regardless of the mentioned detrimental effect on the polarization due to sample
imperfections, beams at normal incidence lead to only insignificantly small transient signals
independent of the polarization states, as the amount of parasitic TM light addressing the IMB
transition dipole becomes nearly negligible (data not shown).

When both TM polarized beams impinge out of normal incidence and the IMB transition is
properly addressed (dark blue curve in panel (a)) the observed maximum relative transmission
increase of AT/T=0.25% can be attributed to a substantial Pauli®® blocking of the probe
transmission in the quasi two-level IMB system. Pauli blocking is often also referred to as
saturation/bleaching of the absorption/transition, which is expressed as a reduced absorption
coefficient with increasing light intensity (cf. Ref. [Men01] p. 514). The optical transmission of a
resonantly excited two-level system is directly related to the electronic occupation of both states.
Resonant optical pumping of the IMB transition by intense photon absorption leads to a strong
depopulation of carriers in the lower miniband E; and, consequently, to a strong population in
the upper miniband E,. Subsequently, the absorption of additional probe photons is hampered
due to the lack of occupied initial states in E; and free final states in E;.

Taken together, all these findings from the polarization dependent measurement confirm
the pump-probe transient signal to originate from the IMB transition in the GaN/AIN superlattice.
The appropriate addressing of the IMB dipole moment that is oriented along the growth direction
of the superlattice by TM polarized light is mandatory in order to profit from a strong light-matter
interaction.

Furthermore, the knowledge of the spectrally resolved optical response of potential devices
based on IMB transitions is a critical key for the overall performance and suitability. Therefore,
the spectral dependence of the transient signal is analyzed to elaborate the electron dynamics
for altered photon energies within the IMB transition range. For this purpose, the OPA is tuned

%8 pauli blocking is a direct consequence of the Pauli exclusion principle that forbids indistinguishable fermions to
occupy the same quantum mechanical state. Consequently, at least one relevant quantity (in semiconductors:
energy, wave vector and spin) has do differ. The transition rate given in Fermi’s golden rule is proportional to the
density of initial (occupied) states in the lower level and the density of final (free) states in the upper level.
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to several different wavelengths>. The experimental settings such as the TM polarization state,
the angle of incidence and the average pump power of 10mW remain unchanged to effectively
drive the IMB transition. Systematically performed intensity autocorrelation measurements of
the utilized laser system, conducted in previous studies, reveal negligible variations of the pulse
duration by only a few femtoseconds over the whole spectral tuning range of the signal beam.
Fig. 7.2(b) displays the transient pump-probe signals for different laser wavelength. As the
photon energies move closer to the center of the IMB transition energy (~760meV equivalent to
~1630nm wavelength) the signal strength increases, strictly following the spectral dependence
of the IMB absorption strength. The consistency of both, the linear absorption measurement (cf.
Fig. 6.6(c)) and the nonlinear pump-probe experiment, confirm the presence of a wide IMB
transition at telecom wavelengths in the actual superlattice structure. The extracted exponential
decay times of the fast relaxation process do not show any significant fluctuations and range
around 70fs. This finding indicates fairly universal electron dynamics of the IMB transition within
the investigated spectral range. A more detailed analysis of the decay process is outlined at the
end of this chapter.

In a third series of measurements the pump power dependence of the probe absorption is
investigated. For this purpose pump-probe transient signals are recorded for varying pump
power and constant laser wavelength of 1600nm. The results are shown in Fig. 7.2(c). Note that
the evolution of the transient signal with increasing pump power is plotted using a continuous x-
axis in such a way that the individual signals are shifted to the right by 1ps compared to the
previous data. The maximum height of the peaks is highlighted by the dashed envelope curve.
Within the investigated pump power range this curve shows a distinct saturation behavior which
indicates self-saturation of the pump beam. In other words, the absorption of pump photons
from the trailing part of the laser pulse is hampered due to Pauli blocking generated by the
leading part of the pulse. Consequently, the relative transmission of the single pump beam
(lin/lout) is not constant but increases with the beam’s power, eventually leading to the self-
saturation phenomena. The pump-probe process is, therefore, not restricted to a third order
nonlinear effect® but shifts to higher order nonlinearities. This light-induced nonlinearity is used
in optical devices such as all-optical switches or saturable absorbers.

In addition to the above findings, the altered pump power does not have any significant
influence on the electron relaxation dynamics/times or the overall temporal shape of the
transients indicating a fairly universal IMB transition process.

59 The spectral range of the OPA’s signal beam does not cover the entire IMB-transition depicted in Fig. 7.5(c). The
idler beam is not considered for the experimental study due to an insufficient beam quality.

%0 The optical response of a specific material is characterized by the light-induced polarization which is expressed
as a power series of the electric field strength times the n-th order susceptibility tensor. Additional information
are provided in chapter 8.1.1.
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The application of the femtosecond pump-probe technology provides a fundamental
understanding for the ultrafast electron dynamics in real time. The temporal evolution of the
transient transmission change grants insight to the IMB electron transition processes and their
respective time scales. For this purpose, the transient signal with maximum amplitude from
Fig. 7.2(a), illustrated as dark blue curve is plotted again in Fig. 7.3, but in a semi-logarithmic
scale. In addition to the main data, the intensity autocorrelation of pump and probe beam in a
thin intrinsic GaAs waver is included (red dotted line). This signal originates from two-photon
absorption and indicates the temporal convolution of both beams (cf. Ref. [KIi06] p. 710). The
width of this signal provides the time resolution of the setup which is ~70fs (FWHM). For this
reason, sophisticated statements about the IMB electron dynamics and their respective decay
constants have to exclude this nonlinear interaction phase of pump and probe during the time
overlap. It is evident from the asymmetric transient that for delay times beyond 100fs a
significant pump-induced change of the transmission remains present. This way the
corresponding relaxation time constants can be determined confidently. The quantitative
investigation of the decay process will, therefore, exclusively use the experimental results for
At>100fs that can be clearly associated with changes in the electronic band occupation.

The pump induced transmission change begins to increase at At~-100fs. At zero time delay
(maximum temporal overlap) a pronounced peak value of AT/T=0.25% is reached. For positive
time delays the signal starts to decrease exponentially and, eventually, vanishes almost
completely for At>250fs. The exponential decay is governed by the rapid relaxation of electrons
back into the lower miniband E1. For a quantitative analysis, electron decay times are extracted
from the decaying transient signal using a multi-component exponential decay fit function®!

F(ttg) = ) aje™ -t/ (7.3)

i

where a; and T correspond to the signal amplitude and lifetime of the i-th decay process,
respectively. The extracted characteristic time constant of the fast electron relaxation of t11x~70fs
is found to be below values reported in literature (130-370fs) for similar GaN/Al(Ga)N MQW
structures featuring ISB transition energies between 700meV and 800meV [GFNO1, HGNO2,
IKS04, HMKO4, NTJO6]. Theoretical predictions for the ISB electron relaxation calculate electron
scattering times with longitudinal optical (LO) phonons of ~100fs [SI98, GFNO1, HGNO2]. This is
the dominant relaxation channel in (quasi) two-dimensional heterostructures. As a reminder, this
value is some orders of magnitude smaller than that of band relaxation processes. On one hand
the present experimental setup profits from an improved temporal resolution due to the fairly

%1 In general the whole observed signal is approximated by the convolution between the pump-probe correlation
and the decay function [LYZ04]. To simplify the data processing, however, only the decay function is fitted to the
transient signal using data points outside the temporal autocorrelation range.
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low pulse duration of only ~50fs. On the other hand, scattering at internal layer roughness may
enhance the carrier relaxation process (cf. chapter 6.3). Both effects lead to a somewhat reduced
electron decay time compared to literature data. Nevertheless, the ultrafast electron relaxation
in the present GaN/AIN superlattice has reached the limit of the temporal resolution and further
research has to overcome this boundary. But nevertheless, much smaller relaxation times are
not expected to be found since the LO-phonon scattering remains the dominant decay channel.

After the excitation, the carriers rapidly relax and the transient signal returns practically to
the baseline level. For delay times beyond 250fs the semi-logarithmic representation of the data
reveals an additional decay channel of the residual signal. The extracted time constant of
To~15ps can be attributed to the thermalization of the excited electron ensemble, generally
occurring on picosecond timescales [GFNO1, HGNO2]. To distinguish between both decay
channels, the IMB transition has to be reconsidered in the k-space (cf. Fig. 6.2(b)). The leading
fast decay channel represents IMB relaxations with equal ki in the initial und final state (vertical
transition in the k-space). The following slow decay process involves an additional interaction
with a phonon to compensate for deviating wave vectors in both states. In this picture, the
thermalization of the system describes the relaxation of carriers to the I'-point. The
recombination of electrons and holes across the IMB gap finally returns the system to its initial
thermal equilibrium state.
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Fig. 7.3: Pump-probe transient signal AT/T for TM polarized laser wavelength of 1600nm and 10mW of
average pump power (blue dots). The red line illustrates a double-exponential decay fit to the data. The
red dotted line shows an intensity autocorrelation of pump and probe beam in a micrometer thin
intrinsic GaAs waver that indicates the temporal overlap (convolution) of pump and probe beam.
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7.3 Non-Degenerate Pump-Probe
Spectroscopy

The ultrafast pump-probe measurement technique correlates the electronic properties of a
material with its characteristic optical response. In addition to a single color measurement, non-
degenerate (bi-color) pump-probe spectroscopy can provide supplementary information about
the carrier flow between different energy states. As already described in chapter 7.1, the
experimental setup has to undergo a small adjustment to be used in the non-degenerate
measurement scheme. In order to achieve a high temporal stability without noise from timing
jitter, the fundamental pulse train from the regenerative amplifier is split and guided to the
sample on two different paths. In one arm of the setup the probe pulse undergoes a spectral
tuning by the optical parametric amplifier (OPA) while the other fundamental pump pulse
remains unchanged at ~800nm central wavelength / 1.55eV central photon energy. This
excitation energy greatly exceeds the IMB transition energy and even addresses continuum
states outside the QW confinement (cf. Fig. 6.1(b) and Fig. 6.3(b)). Furthermore, bound-to-
continuum transitions are energetically benefited to one side of the asymmetric QW (cf. Fig.
6.3(b)). The transition of electrons into the continuum is always accompanied by electronic
excitation into the first subband E; at a higher k vector, thus the excitation density is not very
well known. Additionally, the built-in electric field breaks the potential symmetry and somewhat
allows ISB transitions from the ground state E; to the second excited state E3 (assuming this is
present in the current QW) [HSHO2]. In general, the dipole moment features only vanishingly
small oscillator strength for an E; to E3 intersubband transition. Interband transitions involving
excitations from hole states in the valance band to electron states in the conduction band require
even larger photon energies (>3.5eV) and are, therefore, not addressed at all. This also applies
to interband two photon absorption. Just as a reminder for the time-resolved measurements,
both beams feature a ~50 fs pulse duration so that the time resolution of the setup is still ~70 fs.
All other experimental settings remain unchanged.

The investigation is performed in analogy to the previous chapter involving single color pump
probe measurements. It is recommended to get at least a quick overview of chapter 7.2 before
proceeding with the non-degenerate study, if not already done. As before, the pump pulse
strongly perturbs the system from equilibrium and the time-delayed weak and spectrally tunable
probe pulse measures the photo-induced change in the transmission through the sample.

The recorded non-degenerate pump-probe transient signals are illustrated for different
optical configurations in Fig. 7.4, 7.5 and 7.6. Panel (a) in Fig. 7.4 shows the results for a
polarization dependent measurement performed at 800nm pump wavelength and 100mW of
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average pump laser power (equivalent to 270GW/cm? peak irradiance (pulse power)). The
transmission change AT/T is probed at the resonant IMB transition wavelength of 1600nm. The
proper addressing of the IMB transition dipole is again restricted to TM polarized probe light
(blue curves). In this case a high pump-induced change in the probed transmission of up to
AT/T=1.5% is observed. The intense pumping of the electronic system leads to a strong
depopulation of carriers in the lower miniband E1. Consequently, the absorption of additional
probe photons is hampered due to the lack of occupied initial states in E1 leading to an increased
probe transmission. On the other hand, a TE polarized probe only leads to small detectable
transient signals that originate from a minor portion of parasitic TM light introduced by sample
imperfections due to roughness and undulated layers (orange and red curve). The maximum
strength of these two signals in turn is more or less independent of the pump polarization state.
This can be explained as follows: In comparison to the previously performed degenerate
measurements at telecom wavelengths, the higher pump photon energy allows carriers to be
excited to continuum states above the confined energy levels of the QW (cf. Fig. 6.1(b)). In this
picture the continuum can be considered as a continuous above-barrier band featuring a
parabolic 3D energy dispersion. These bound-to-continuum transitions show, in contrast to the
restrictive bound-to-bound IMB transitions, way more relaxed selection rules. This fact makes
the excitation of the electrons into the continuum much more independent of the pump
polarization. Also, this circumstance legitimates, at a first glance, the fairly strong transient signal
strength for a TE pump in combination with a scanning TM probe beam at IMB resonance (light

blue curve).
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Fig. 7.4: Non-degenerate pump-induced (800nm) change of the optical probe (1600nm) transmission
AT/T: (a) Transient signals for all four polarization combinations of pump and probe beams at constant
100mW of average pump power (27GW/cm? peak irradiance). (b) Transient signals for different
investigated positions on the 2 inch Al,O5; wafer (0.0r equals the center of the wafer). Both beams are
TM polarized and the average pump power is set to 100mW.
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The intensity of the recorded time-resolved signals can provide further information about the
quality of the superlattice. Here, the term quality refers to the accuracy of the growth process
regarding sample imperfections as well as deviations from the geometrical target values of the
QWs. Therefore, in addition to the measurements carried out in the previous chapter, transient
signals are recorded for different TM-polarized laser spot positions on the 2 inch substrate wafer
carrying the superlattice. This spatially resolved analysis is illustrated in Fig. 7.4(b) and shows a
strong dependence of the signal strength on the radial position (0.0r equals zero radial
displacement from the center). The signal intensity continuously decreases when the
investigated position approaches the edge of the wafer. Finally, the transient signal vanishes
completely at the outer area on the wafer that does not contain any superlattice because it was
covered by a clamping holder during the molecular beam epitaxy process. This excluded zone
refers to the Al,Os substrate only, which does not show any significant nonlinear optical
response. Consequently, the strong transient signals (especially in the center region) can be
clearly attributed to an altered occupation of the electronic system in the superlattice structure.
The observation correlates with the results from room-temperature cathode luminescence (CL)
measurements where an equivalent spatial gradient of the signal strength is present. The cause
can be attributed to a radial non-uniformity of the plasma density and substrate heating during
the fabrication process (cf. Fig. 6.5(c)). According to this findings one has to assume a certain
deviation of the MQW'’s structure with far-reaching impact on the electronic system over the
whole wafer. Beside a deviation from the intended geometrical parameters of the QW, that shifts
the ISB transition energy, roughness, dislocations and the formation of aluminum droplets show
an impact on the absorption strength. As all previous measurements involve only the center
position on the wafer, the further experimental analysis is also carried out at this position.

In the next step of the investigation, the spectrally resolved optical response of the highly
excited GaN/AIN superlattice is analyzed. For this reason the wavelength of the probe beam is
gradually tuned using the entire spectral range offered by the OPA’s signal beam. Fig. 7.5(a)
shows the recorded transient signals. In agreement with the degenerate measurement the signal
drops significantly as the probe wavelength is tuned away from the center of the IMB resonance.
This behavior is illustrated in panel (b) which shows the maximum AT/T depending on the probe
beam’s photon energy. The obtained data points nicely cover one wing of the IMB resonance
that is depicted as a Gaussian fit featuring a central photon energy of 760meV and a width of
260meV (FWHM). These values are taken from the experimentally determined IMB resonance
depicted in Fig. 6.6(c). One last remark about the slight discrepancy regarding the maximum
observed AT/T compared to the previous measurement in this chapter: Small deviations
between sets of measurements typically originate from (minor) lateral shifts of the laser spot
positions. Sample imperfections and sweet spots featuring distinctive optical responses can
certainly cause a £10% change of the transient signal strength. Definitely, the proper spatial
overlap of the pump and probe beams is ensured in all measurements.
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Fig. 7.5: Non-degenerate TM pump-induced (800 nm) change of the optical TM probe transmission AT/T:
(a) Transient signals for altered probe laser wavelength and constant 100mW of average pump power.
(b) Maximum AT/T for each probe wavelength/phone energy, extracted from panel (a). The central
energy and width of the Gaussian fit are taken from the experimental findings in Fig. 6.5(c).

In another series of measurements the nonlinear light-matter interaction is analyzed by a
variation of the pump power. Transient signals are recorded for average laser powers between
1mW and 100mW and are illustrated in Fig. 7.6(a). The probing occurs at 1600nm, i.e., resonant
to IMB transition. The maximum transmission change of each curve (at approximately zero time
delay) is extracted and plotted versus the pump power in panel (b). Within the investigated
power range the data points follow a linear fit to the data without any sign of saturation. In
comparison to the resonant IMB excitation (cf. Fig. 7.2(c)) the transition into the continuum
offers a wider range of final states within the 3D parabolic energy band. Self-saturation of the
pump beam due to Pauli blocking is, therefore, not observed to this extent here. Irrespective of
these findings, in both series of experiments the maximum transient signal strength AT/T at
10mW pump power reaches similar values of 0.25% for the degenerate and 0.22% for the non-
degenerate measurement, respectively. The amount of excited charge carriers is therefore
comparable, whereas the resonant IMBT is still beneficial at least at low pump powers.

In contrast to the measurements presented in chapter 7.2, however, the transient signals
now exhibit a change in curvature at a time delay of ~50ps, which is particularly visible at
elevated pump powers (cf. Fig. 7.6(a)). This observation is an indication of a more complex multi-
stage relaxation process upon extensive pumping. Above the threshold of 50mW the observed
perturbation is no longer negligible concerning the quantitative analysis based on the multi-
exponential decay with equal 1o introduced in Eq. 7.3. On the other hand, a back-reflection of
the pump beam eventually exciting the sample again at ~50ps time delay can be excluded since
the fingerprint of such a disturbing back-reflection is a weak copy of the initial peak at zero delay
time but temporarily shifted to the decaying branch. Such a sharp spike is not observed at all.
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Fig. 7.6: Degenerate TM pump-induced (800 nm) change of the optical TM probe (1600 nm) transmission
AT/T: (a) Transient signals for altered pump laser power. (b) Maximum AT/T depending on the pump
power, extracted from panel (a).

In order to fully benefit from the time-resolved measurement technique, the recorded transient
signals that are shown in Fig. 7.6(a) are now analyzed in the time domain and the individual decay
times are extracted. The goal is to get an insight into the electron relaxation process occurring
upon the bound-to-continuum photoexcitation. The transient signals for different pump powers
are recorded using the full travel range of the mechanical delay stage. Fig. 7.7(a) illustrates a part
of the dataset in a semi-logarithmic diagram including the determined relaxation constants 11
(left) and 1, (right), respectively. They are presented separately in panel (b) and (c). As stated
before, above 50mW of average pump power the transient signals exhibit a clearly visible change
of the curvature at around 50ps delay time. Therefore, the recorded signals deviate from a pure
bi-exponential decay scheme and are not considered for the quantitative analysis. However, the
guestion of the origin of this observation remains since no conclusive explanation can be given
at this time.

Taking a closer look at the extracted electron decay times in panel (a) and (b) a plateau in
the lower pump power regime featuring approximately constant t1~8ps and t,~30ps times
becomes visible. It is followed by an eye-catching (exponential) increase of the relaxation times
originating from an alteration of the electron decay process at elevated pump powers. The
question that arises now is two-fold: (i) What is the background to the significantly increased
relaxation times occurring at higher excitation photon energies and (ii) what is the reason for the
drastic change in electron dynamics at elevated pump powers? In the following section of the
evaluation the electron dynamics of the relaxation process are discussed and potential
descriptions for the observations are provided. However, a proper explanation cannot be
provided up to date and the explanations are more of a prototypical nature.
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Fig. 7.7: (a) Degenerate pump-probe transient signal AT/T for TM polarized 800nm pump and 1600 nm
probe laser wavelength for three different average pump powers. The red lines illustrates double-
exponential decay fits to the data. (b) and (c) illustrate the extracted electron relaxation times t; and 1
from panel (a).

Excited carriers in the continuum above the barrier edge are eventually captured into the bound
states within the QW by a combination of several competing relaxation processes [MHL97]. The
decay channels include electron-electron or Auger collisions. This scattering channels refer to a
thermalizing process on (sub-)picosecond timescales that do not contribute to a net energy loss
of the excited electron gas, leading to extended overall decay times. The final capture into a
guantum-confined state is typically mediated by the emission of longitudinal optical (LO)
phonons [AFB12, EWP18]. It is an energy-loss mechanism that occurs on sub-picosecond time
scales. On the other hand, potential relaxation via acoustic phonon scattering happens on
timescales of several hundred picoseconds.

Usually the hot electron relaxes by LO phonon scattering into a low k vector continuum state.
From here, it can be scattered efficiently into the confined ground state via the interaction with
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an acoustic or LO phonon. The direct scattering from the continuum state at k=0 into the
confined Es-level by a LO phonon is, in general, not allowed considering energy and momentum
conservation laws [AFB12]. Due to this circumstance, the relaxation pathway is at least a two-
step decay process that may be hampered by the absence of resonant phonon modes. Inhibiting
the relaxation processes between the involved energy levels lengthens the time scale for the
thermalization to many picoseconds and even nanoseconds. The result is a long sustaining hot
electron distribution with extended decay times compared to the fast IMB transition. The
phenomenon can be classified as the so called phonon bottleneck® [AFB12, EWP18].

Additionally, optically excited electrons in the 3D energy dispersion of the continuum may
be scattered into other above-barrier continuum states with different lower or higher k-wave
vectors via interaction with a phonon. This way the coupling with the surrounding continuum
may lead to a finite escape probability of the excited electrons from the non-localized energy
states above the QW (thermal escape) [AFB12] eventually leading to strongly increased
relaxation times. Moreover a net current flow along the tilted potential landscape of the
superlattice is possible. This might not only happen above the barrier level but also via a cascade
transfer to adjacent QWs [GCSO1]. This is basically how a quantum cascade laser works: The
quantized energy levels of adjacent QWs are aligned with each other in such a way that electrons
can tunnel from a low energy level of one QW to a high energy level in another neighboring QW.
Then the energy difference between the high and low energy levels can be emitted in the form
of photons and the process repeats.

Another rather delicate consideration regarding the addressing of states in the continuum
should be mentioned here: The so called bound states in the continuum (BSIC) are spatially
confined states with infinite lifetime spectrally overlapping with lossy states in the continuum
[Bas84, PW93, WP94, VGO5, AFB12]. Typically these bound or quasi-bound states are embedded
in the energetically higher continuous part of the spectrum above the confinement of exotic
potentials. The relatively long relaxation lifetime results from the absence of coupling between
the excited state and the surrounding continuum in addition with a temperature-dependent
escape probability (thermal scattering). Recent studies show that quasi-bound states exist not
only for exotic / complex quantum systems, but also for typical (rectangular) potential landscapes
[VGO5]. The existence of BICS above different types of quantum structures has been discussed
for decades along with their implementation in photonics systems. Still the fundamental nature
of this unusual and robust type of solutions is unanswered.

To sum up briefly, electron-electron or Auger collisions are most likely to sustain a hot
electron distribution that eventually relaxes by a multi-stage phonon scattering process which in
turn might be hampered by a phonon bottleneck, thermal and cascade-type escape.

62 |n general, a phonon bottleneck describes the existence of a non-equilibrium phonon distribution, typically
exhibiting a large imbalance in the density of optical and acoustic phonons. It inhibits the dissipation of LO phonons
leading to the re-absorption of LO phonons which, in turn, facilitates a sustaining hot carrier distribution [EWP18].
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Chapter 8

A Nonlinear Metasurface Based on a
Superlattice and Plasmonic Antennas

Frequency conversion processes such as second-harmonic generation (SHG) are integral to
nonlinear optics, which is the bedrock of modern photonic science and technology. The wide
field of application covers e.g. the generation of coherent ultraviolet light [MTV16],
supercontinuum light generation [KGW16], nonlinear spectroscopy [GBS12], the generation of
entangled photon pairs®® [BCZ10] and many more. Specifically, SHG has found extensive
everyday applications from handheld laser pointers to spectroscopic and microscopic analysis
techniques. The nonlinear response of naturally occurring materials is inherently weak such that,
e.g., phase-matching techniques [ST12, Boy20] are required to realize a significant nonlinear
response. Therefore researchers are currently targeting the synthesis of novel materials that
generate a substantial nonlinear response even from thin layers [Khul4, ZYS16, LTA14]. This
approach would eliminate the requirement for sophisticated phase matching techniques as the
necessary crystal thickness shrinks below the coherence length (intrinsic length of phase
matching, c.f. Eq. 8.3). Additionally, plasmonic metasurfaces offer a large potential for nonlinear
optical interactions. They combine deep-subwavelength thickness with the possibility to
engineer the shape of these structures to resonantly enhance the light-matter interaction at
certain frequencies. It is strongly desirable to combine plasmonic structures with semiconductor-
based materials to further enhance the nonlinear susceptibilities [LTA14, NZ16]. Doped quantum
well (QW) [NTJO6] and doped multi-quantum well (MQW) structures [YLZ14] are particularly
suited to tailor the nonlinear optical response in the infrared wavelength range. By proper choice
of the material combinations and well widths, intersubband transitions (ISBTs) can be quantum-
engineered to match certain desired optical frequencies in the telecom regime. At the same time,
MQW structures can feature a broken inversion symmetry required for SHG [KTA18]. However,

63 Quantum entanglement occurs when particles (e.g. photons) are generated, interact, or share spatial proximity
such that a common description of the unified quantum state of this group of particles is necessary.



106

the excitation of ISBTs requires vertical (z-polarized) electric field components that are absent,
e.g., for free-space illumination at normal incidence (consult chapter 6.3 and especially Fig. 6.6
for further information). Therefore, a combination with plasmonic structures that partially
convert normally impinging light into such z-polarized components in the MQW volume is
particularly beneficial. The local field enhancement at plasmonic elements of up to 10® [BSF15],
corresponding to a local intensity increase of six orders of magnitude, favors the observation of
nonlinear optical effects. Lee et al. [LTA14] have demonstrated record-high levels of SHG
efficiencies at such ISBTs by functionalizing AlGaAs/GaAs heterostructures with antenna arrays
featuring resonances for both fundamental (w) and second harmonic (2w) frequencies. Tuning
this concept to the more practical near-infrared regime requires the use of compounds with
larger band offsets and narrower QWs. Group llI-nitrides are a good platform to meet these
requirements as a GaN/AIN heterojunction offers a conduction band offset (CBO) of ~2eV
[MBR96]. Wolf et al. [WAM15] have demonstrated enhanced SHG efficiencies for fundamental
radiation around 3.5um based on this material system in combination with resonant plasmonic
resonators. However, tuning to shorter wavelengths is hampered by the finite depth of the
potential in the conduction band. A strong confinement in ultranarrow GaN/AIN QWs can
partially compensate the lack of high CBOs of available heterojunctions and finally shift the ISBTs
to telecom wavelengths.

In this part of the thesis, a nonlinear metasurface based on ISBTs in ultranarrow GaN/AIN
MQWs operating with resonant plasmonic antennas in the telecom range is investigated. The
GaN/AIN superlattice was already introduced in the previous chapters and the ISBT was
extensively analyzed by optical means. Taking advantage of a waveguide structure, linear
transmission measurements reveal a broad ISB absorption centered at 0.76eV. Remarkably, the
width of the absorption is as large as 260meV (FWHM) offering a huge potential for resonant
plasmonic interaction (cf. Fig. 6.6). Subsequently the superlattice is functionalized with an array
of plasmonic antennas featuring cross-polarized resonances at near-infrared wavelengths and
their second harmonic. This kind of nonlinear metasurface allows for substantial second
harmonic generation at normal incidence which is completely absent for an antenna array
without the heterostructure underneath. While the second harmonic is originally radiated only
into the plane of the QWs, a proper geometrical arrangement of the plasmonic elements permits
to redirect the second harmonic to free-space radiation, which is emitted perpendicular to the
surface.

In the next chapter a brief introduction to nonlinear optics and plasmonics is provided. It is
followed by a presentation of the investigated metasurface including the sample preparation
process and basic characterizations of the plasmonic elements with optical and computational
means. Chapter 8.4 discusses the nonlinear response of the metasurface based on optical
harmonic generation. The main focus is on the observation of SHG and its critical dependence
on the antenna spacing. Parts of chapter 8 have already been published in Ref. [MSJ21].
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8.1 Introduction to Nonlinear Optics
and Nanoplasmonics

8.1.1 Nonlinear Optics

The current chapter provides a brief introduction to the fundamentals of nonlinear optics. The
focus lies on one of the most important and prominent nonlinear optical phenomena: the
generation of the second harmonic (SHG). SHG was first demonstrated by the research group
around Peter Franken at the University of Michigan in 1961 [FHP61]. The observation® was made
possible shortly after the invention of the laser, which was necessary to create the required high
intensity coherent light. The zoo of nonlinear optical effects can be roughly divided into two
groups: frequency-mixing processes and other nonlinear processes that rely on the nonlinear
response of material properties such as the refractive index (Kerr effect). All these various
nonlinearities have led to a large number of developments of novel laser light sources and
measurement techniques [HW84, Sha77]. In particular, SHG is forbidden for bulk media with
inversion symmetry via the leading order electric dipole contribution (in contrast to the third
harmonic generation® (THG)). In turn, the broken symmetry at surfaces and interfaces allows for
SHG and discriminates against signals from the bulk material. Therefore, SHG and also sum
frequency generation are implicitly referred to as surface-specific analysis techniques (for
inversion-symmetric materials). The pump-probe technique presented in the previous chapters
is another example of nonlinear light-matter interaction since the pump-induced change of the
material properties subsequently alters the probe-matter interaction.

From the linear wave equation, one can see that the interaction between the light and the
medium is given by the electric light field E and the dielectric polarization density P. The
polarization generated in the medium can be seen as a response to a light field:

P = gyxE = g4(e — 1)E (8.1)
Here, go is the vacuum permittivity and the (scalar) susceptibility %, which also refers to as

dielectric function, describes the strength of the interaction. This linear expression is only valid
for weak light intensities where the properties of the material remain unchanged. This holds true

64 Unfortunately the copy editor of the journal mistook the dim SHG spot (at 347 nm) on the photographic paper
as a speck of dirt and removed it from the publication in Physical Review Letters [FHP61].
85 THG is a volumetric process but can be enhanced at interfaces [CX02].
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for everyday phenomena like absorption/transmission or reflection that depend on the
frequency and polarization of the incident light irrespective of the (weak) intensity. For strong
light fields (typically in the range of the atomic electric fields around 108V/m), this relation must
be described by a nonlinear rapidly converging Taylor series expansion

P = ¢, 2 x™ E™ (8.2)
n=1

where the coefficients xI" are the n-th order susceptibility tensors of the medium [Sut03]. The
presence of such a term is generally expressed as an n-th order nonlinearity. Since the
susceptibilities drop drastically with increasing order, strong light fields are required to observe
higher order nonlinear processes. Typically, the second-order susceptibility takes values around
10cm/V, whereas the third order susceptibility can be found at around 101/ cm?/V? [Web03].
For example, SHG is a x?) process, since the power of the generated second harmonic depends
guadratically on the fundamental input power. THG, Self-focusing and two photon absorption
(TPA) are related to the third order nonlinearity. TPA describes the simultaneous absorption of
two photons with identical (degenerate) or different (non-degenerate) photon energies. The TPA
excitation probability from a ground state to a higher energy state is proportional to the square
of the light intensity. Typically the absorption cross section of TPA is several orders of magnitude
smaller compared to the one-photon absorption cross section.

Considering only the leading nonlinear term of the polarization (so called second-order
polarization) of Eq. 8.2, the presence of two different electric fields with the frequencies w1 and
wy leads to an expression that contains, among others, contributions with the sum frequency
wsre=W1+Ww3, as well as a difference frequency wpre=w1-w>. For the case of two equal incident
frequencies the sum frequency becomes the second harmonic wsre=wWwskHe. For the generation
and annihilation of photons conservation of energy and momentum must be ensured. The most
challenging part is the realization of the phase matching (momentum), since dispersion in the
medium causes a phase mismatch Ak#0 due to the wavelength-dependent refractive index. The
fulfilment of the perfect phase matching condition Ak=0 means that the electric field strengths
and the nonlinear polarizations have a persistent phase relation while propagating through the
medium. Consequently the SHG power is growing in proportion to the square of the propagation
distance. To achieve phase matching condition to some extent, several methods like birefringent
phase matching® or quasi-phase matching®’ technique [ST91] are implemented in many light

% The tuning range of the three-wave process is further restricted from the transparency range of the nonlinear
medium to the range of phase matching by birefringence. Due to the walk-off effect, the increasing spatial
separation of the beams leads to a lower conversion efficiency.

57 In quasi-phase matching, the relative phase of the waves can be corrected by a periodical structuring of the
crystal in the form of antiparallel polar domains, while avoiding the disadvantages of birefringent phase matching.
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conversion setups. Without proper phase matching the efficiently usable length of the nonlinear
crystal thus shrinks to the size of the coherence length:

lxon = Aw/4|n2w - nwl (8.3)

For the present GaN/AIN MQW system at A,=1600nm the coherence length ranges somewhat
between 10um and 65um with respect to the different refractive indices and the birefringent
character of the material. Reducing the dimensionality of a nonlinear media thus eliminates the
requirement for a sophisticated phase matching technique as the crystal thickness remains
below the coherence length.

Furthermore, due to the finite time-bandwidth product a broadband spectrum occurs as the
pulses duration decreases [DR0O6]. Consequently, an optimal phase matching for all spectral
components in thick bulk material cannot be achieved. For short pulses in the femtosecond
range, group velocity dispersion (GVD) also plays an important role since the temporal and spatial
overlap of the individual pulses is affected by the different group velocities. From this
considerations 2D materials provide an intrinsic benefit over bulk material systems.

As next-generation optoelectronic devices demand for high efficient and small volume
nonlinear media, two dimensional MQW structures functionalized with plasmonic antennas
become an ideal candidate for such optimized nonlinear metasurfaces. Therefore, a brief
introduction to nanoplasmonics is given in the following chapter.

8.1.2 Nanoplasmonics

In this chapter of the thesis an introduction to nanoplasmonics is provided. Since the entire
synopsis of past, present and future research in the field of plasmonics would go beyond the
scope of this chapter the interested reader is encouraged to consult a focused editorial in Nature
Photonics and the references within [SPR12]. As plasmonic structures share most of the physical
properties of high-frequency antennas, they are often referred to as optical antennas. In general,
they are (mostly) metallic nanostructures that feature a resonant behavior at certain optical
frequencies. The specific resonances can be custom-engineered by a variation of the geometry
at the nanoscale (shape and length), the material and the dielectric environment. Due to this
sensitivity plasmonic structures are a promising tool for, e.g., sensor devices [BSF15]. The
excitation of localized plasma oscillations®® results in a spatially limited and strongly enhanced
electromagnetic near-field. Therefore, plasmonic structures serve as converting elements

68 A plasma oscillation is a periodic oscillation of the charge density in a medium (e.g. plasma or metal). The
quasiparticle that emerges from the quantization of these oscillations is the plasmon.
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between near-field distribution and far-field radiation. In this way, electromagnetic radiation can
be concentrated below the diffraction limit and thus significantly enhance the radiation coupling
of molecules and nanoemitters (e.g. quantum dots) [BHH12]. It is obvious that many applications
based on plasmonic structures have evolved covering near-field microscopy [FEPQ7],
fluorescence amplification [TMS07], spectroscopy [AMY07] and nonlinear optics [DSF17]. The
reason for this wide range of practical implementations is, on the one hand, the durability of the
metallic nanostructures, as well as the highly precise fabrication by electron beam lithography.
On the other hand, different plasmonic structures can be coupled via their electromagnetic near-
fields resulting in hybrid systems that may feature completely new optical properties compared
to those of the individual plasmonic elements. The following section provides the theoretical
fundamentals of the light-matter interaction at the nanoscale. Beginning with the concept of the
classical antenna and the dielectric properties of metals, light scattering at nanoparticles is
outlined further on.

Antennas are the converting compounds between bound and freely moving electromagnetic
fields. The electric field is maximum at the interface and decays exponentially within the first
tenth of nanometers (skin depth) in the metal. Depending on the kind of application and the
resulting requirements, different antenna types have been established [Bal05]. The elementary
rod antenna can be explained in analogy to the Hertzian dipole that describes an ideal and
infinitesimally small radiation source: A periodic movement of free charge carriers along an open
resonant circuit, e.g. a rod antenna, generates a propagating current wave which is reflected at
each end forming a standing wave within the antenna [SKHO3]. The acoustic everyday analogue
is a guitar string that is plucked. The interference of incoming and returning current waves results
in the generation of a continuously oscillating electromagnetic field around the antenna. In the
resonant situation the effective wavelength Aeff in the antenna is defined by its length L:

L= nAeff/Z (84)

Here, n is the resonant order, i.e. n=1 corresponds to a half-wave antenna. The resonance
wavelength in this kind of traditional macroscopic wire antenna is almost equal to its radiation
wavelength [ST81]. Consequently the ratio A of the effective wavelength of the rod antenna to
the incident wavelength is approximately 1. At this point it should already be mentioned that the
effective wavelength of an optical rod antenna is greatly shorter than the radiation wavelength
resulting in much smaller A-ratios® [ZZ10]. The radiation of a half-wave dipole is omnidirectional
and maximum in the plane perpendicular to the antenna and drops to zero at both ends. In three
dimensions the radiation pattern shows a toroid (doughnut shape) symmetric around the

8 For an incident plane wave with A=850nm, a rood antenna embedded in the vacuum featuring a diameter of
10nm and a length of L=63nm, the resonant order n=1 leads to an effective wavelength of A.=125nm and a
resulting ratio A=0.147 [2Z210].
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antenna. The radiation pattern of the half-wave dipole is comparable to the ideal dipole whereas
higher resonant orders show more complex directivity functions (see e.g. Ref. [ZZ10] for a
graphical illustration). For microscopic antennas with low length-to-width-ratio, the radiative
pattern becomes even more complex. Comparable to their macroscopic counterparts, optical
antennas show a polarization dependence [MEMO5] and a length-scaling resonance behavior
[NovQ7]. Therefore, slab or rod antennas feature strong characteristic resonances along their
symmetry axis. Based on this consideration, the optical excitation of the applied rectangular
plasmonic slab antennas is performed with longitudinal polarized (parallel to the long axis)
fundamental light in the telecom wavelength range to properly address the antenna’s main
resonance. The cross-polarized resonance is optimized to match the second harmonic of the
excitation wavelength.

The second section of the chapter is dedicated to the fundamentals of plasmonics: The
dielectric properties of the different metals at optical frequencies. Since the choice of the proper
material is crucial for the performance of the optical element the optical properties of metals
will be discussed in the following section.

The band structure of metals is characterized by a partially occupied conduction band
offering many free electronic states for a continuous excitation energy. This partial filling of the
band with electrons is responsible for the high electric conductivity and is also referred to as
electron gas or electron plasma surrounding the bound nuclei. The optical properties of metals
and highly doped semiconductors are determined by interband transitions, electron-phonon
interactions, and the excitation of the electron plasma by electromagnetic waves. The latter is
the leading part in the low photon energy regime until the impact of electronic transitions
becomes dominant for higher energies. Based on Maxwell’s equations the dielectric function of
a metal can be calculated according to Drude and Lorentz [Dru04, MaiO7]. The model describes
the interaction of an external electric field with (weakly) bound electrons in a dielectric media.
The impinging field excites the electron gas to perform collective spatial oscillations. Therefore,
the resulting polarization of the material is based on light-induced dipole moments that can be
treated as damped harmonic oscillators. Neglecting the Lorentz (interband) absorptions the
complex dielectric function of a metal can be modelled realistically for a large spectral range
including the telecom wavelength regime:
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It depends on the dielectric constant € of the surrounding material, the plasma frequency y,
which is proportional to the square root of the free charge carrier density n and the Drude
damping constant y. The latter is in the order of y~10-100THz at room temperature. The plasma
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constant for gold is im,~9eV. Below this energy (so called plasma edge) the reflectivity increases
strongly. For higher frequencies, however, the free electron gas becomes practically transparent.
The optical properties are then determined by interband transitions of the bound electrons. For
gold, however, d-band transitions start to setin at 2eV and the conduction band electrons cannot
be considered as quasi-free above this energy threshold. Consequently this is the upper photon
energy for efficient gold-based plasmonic elements as well as for reflective coatings.

The quasiparticle that emerges from the quantization of the collective spatial charge density
oscillations is the plasmon. Depending on the system, a distinction is made between volume,
surface and particle plasmons. As the names suggest, volume plasmons occur in an extended 3D
body, surface plasmons at a boundary layer and particle plasmons in confined nanoobjects. While
a surface plasmon can spread along the 2D interface (similar to water waves on a water surface),
sometimes over several tens of micrometers, particles are laterally very limited. Particle
plasmons can be seen as a special case of surface plasmons and are often referred to as localized
surface plasmon polaritons (LSPP). The volumetric restriction leads to discrete energy levels with
different wave functions or charge density distributions within the confined object. This principle
appears in analogy to the quantum mechanical particle in the box. However, particle plasmons
are not a gquantum phenomenon, but can also be described classically within certain limits.

As already mentioned, the wavelength of the absorbed/radiated light is typically much larger
than the nanoobject itself, which means that the driving electric field can be assumed to be
locally constant. Excited by the electromagnetic alternating field, the conduction band electrons
oscillate coherently with the excitation wave. The polarization of the material, i.e. the
displacement of the free charge carriers against the ion cores in the confined structure, leads to
a Coulombic restoring force which, in addition to the plasma frequency of the material,
determines the resonance frequency of the nanoobject [BHH12]. As a consequence, resonators
at the nanoscale are formed, that can be tuned via the particle size, geometry, the material or
the environment. Additionally, the vicinity of neighboring antennas causes a coupling of their
respective particle plasmon resonance. The resulting reduction of the restoring force due to
strong coupling leads to a spectral red shift at longitudinal excitation [RHLO3]. Bearing in mind
the quite large lateral distances (350nm to 500nm) between individual plasmonic elements of
the antenna pattern used later in this thesis, no significant red shift due to a Coulomb attenuation
is to be expected.

If the dimensions of a metallic object reach the nanometer scale, additional effects such as
optical elastic scattering must be taken into account’®. For spherical, metallic subwavelength
particles, analytical formulas for the scattering and absorption cross-section can be derived on
the basis of Maxwell’s equations and Mie-theory (see Ref. [Men01] p. 145). Specifically, the Mie

70 Inelastic scattering processes, such as Raman or Brillouin scattering, should not be discussed here.
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solutions take the form of an infinite series of spherical multipole partial waves respecting the
boundary conditions of the spherical surface of the particles (cf. chapter 2.3).

By means of a Fabry-Pérot model, simple cylindrical rod nanoantennas can be approximated as
short plasmonic waveguides featuring a standing surface plasmon wave [BHH12]. For more
complex structures and even for a more detailed understanding of rectangular rod antennas on
a dielectric substrate, simulations of the near-field and charge distribution are necessary, using
algorithms for time- and spatially-resolved field calculations based on Maxwell’s equations.

To sum up the general characteristics and main purpose of the plasmonic elements applied
on the nonlinear GaN/AIN superlattice the popular synonym “optical antennas” can be seen as
guiding principle. The optical excitation of LSPP in the plasmonic structures results in a spatially
limited and strongly enhanced electromagnetic near-field, especially at the ends, tips and areas
of tight curvature. Therefore, the plasmonic antennas serve as converting elements between far-
field radiation and near-field distribution. In this way, electromagnetic radiation can be
concentrated below the diffraction limit and thus significantly enhance the nonlinear light-
matter interaction in the underlying nonlinear material.

In the next chapter the functionalization process of the heterostructure with a nominally
inversion-symmetric antenna array is outlined. Furthermore, basic characterizations of the
plasmonic elements with optical and computational means provide evidence of the aspired
resonance behavior.
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8.2 Preparation and Linear Optical
Properties of the Metasurface

The GaN/AIN superlattice of this study, introduced and characterized in chapter 6 and
schematically depicted in Fig. 8.1(a), is grown by plasma-assisted molecular beam epitaxy on a
double-side polished c-sapphire wafer (c-Al,O3). It features 25 GaN QWs with a thickness of
1.8nm, separated by 5nm thick Si-doped AIN barrier layers. As a result, the structure offers a
large density of states for resonant ISBTs centered at 0.76eV. This finding is consistent with band
structure simulations and confirmed experimentally by linear transmission measurements (cf.
chapter 6.3) and nonlinear time-resolved, degenerate and non-degenerate pump-probe
measurements (cf. chapter 7.2 and 7.3). The latter reveal strong transient signals for TM
polarized light centered around 1630nm wavelength.

MQW structures can feature a broken inversion symmetry required for SHG [KTA18].
Hexagonal GaN-based heterostructures exhibit both a crystalline inversion asymmetry and a
structural inversion asymmetry arising, e.g., from internal polarization fields and therefore allow
for SHG. While the first intersubband transition is centered at 0.76eV in the QWs, any potential
second harmonic is resonant to bound-to-continuum transitions.

antenna fields
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Fig. 8.1: (a) Schematic illustration of the semiconductor heterostructure functionalized with a nominally
inversion-symmetric antenna array: The AIN buffer layer and 25 GaN/AIN QWs are grown on a double-
side polished sapphire substrate. The antenna arrays are fabricated on top of the heterostructure by
electron-beam lithography. (b) Top view image of an exemplary plasmonic antenna array taken on a
scanning electron microscope. The width (w), length (I) and spacings in x- and y-direction (px and py) are

included.
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In the next preparation step the heterostructure is functionalized with a nominally inversion-
symmetric antenna array. Fig. 8.1(a) and (b) illustrate the plasmonic elements deposited on top
of the GaN/AIN heterostructure by standard electron-beam lithography. They are made of gold
and fabricated by Florian Spreyer from the group of Prof. Dr. Thomas Zentgraf at the University
of Paderborn. After the lithography process, the Polymethylmethacrylat (PMMA) photoresist is
developed and 30nm of gold is deposited by electron beam evaporation onto the sample. In the
last step, the plasmonic structures are laid bare via a lift-off process where the PMMA mask is
removed. Specifically, a periodic array of rod antennas with their length and width chosen to
support cross-polarized plasmonic resonances at the driving fundamental wavelength and its
second harmonic is used. In detail, an antenna length of I=300nm up to I=350nm is found to
best match the profile of the ISBT and the available femtosecond pulses from the optical
parametric amplifier (OPA) source in the near infrared. The nonlinear response of shorter as well
as longer antennas is found to decrease gradually as expected since their resonance shifts away
from the laser spectrum and/or the ISBTs.

Furthermore, several other antenna structures and lengths have been studied including a Y-
shaped structure with threefold symmetry, a U-shaped split ring and i-shaped antennas. In a
series of comparative measurements using an additional reference sample without the
underlying MQW structure, nonlinear signals (SHG and THG) of similar magnitude are recorded.
Considering the inversion asymmetric structure of the antenna types listed above this
observation indicates a weak interaction between plasmonic antennas and the MQW but rather
points to an intrinsic nonlinear light conversion originating from the plasmonic elements. Since
the focus of this thesis is the investigation of a nonlinear metasurface consisting of a MQW
structure functionalized with plasmonic antennas, the above mentioned structures are not
considered any further. Nevertheless, these standard structures remain essential for other
plasmonic applications as their resonances and locally enhanced near-fields are beneficial for e.g.
radiation coupling [BHH12] and the manipulation or controlling of the phase of light [CLC18].

Fig. 8.2(b) shows a top view image of the plasmonic antennas taken on a scanning electron
microscope by Florian Spreyer. The picture contains the notation for the dimensions of the
antennas. They have a height of h=30nm and a width of w=80nm. While the separation along
the y-axis is set to a constant value of p,=500nm, the lateral distance py is systematically varied
between 350nm and 500nm. Fields of 100pm x 100um are filled with a periodic array of
antennas with fixed px. The panel (a) in Fig. 8.2 shows the calculated transmission spectra for
different periods px of plasmonic antenna arrays on an AIN-substrate. These simulations are
performed by Florian Spreyer using a plane wave excitation with y-polarized light implemented
with the commercial CST Studio Suite from 3DS Dassault Systemes. Furthermore, the z-
components of the calculated electric field close to the antenna are extracted and illustrated in
panel (b). It is shown, that strong near-fields are coupled into the MQW region of the stacked
AIN/GaN layers, especially at the tips of the square rod antenna. In this way the electric field from
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free-space illumination at normal incidence is partially converted into z-polarized components
that are necessary for substantial SHG in the MQW. The panels (c) and (d) of Fig. 8.2 display the
linear transmission spectra of several arrays for y-polarized (longitudinal) light in the near-
infrared as well as for x-polarized (transversal) light in the visible range. They are indicative of
plasmonic resonances at ~1.6um and its second harmonic at ~800nm wavelength. The measured
resonances at the fundamental wavelength in panel (c) are in line with the corresponding design
wavelengths shown in panel (a). Details of the spectra such as the widths of the resonances
depend on the lateral distance px which indicates a coupling to some extent between adjacent
antennas [UZP11, PWG19]. The present plasmonic array shows a slight redshift for increasing px.
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Fig. 8.2: (a) Calculated transmission spectra for different periods px of plasmonic antenna arrays on an
AIN-substrate. (b) Calculated electric field close to the antenna. The antenna is indicated by a dashed
red line and the MQW area is located between the two dashed green lines. (c) Transmission spectra of
several arrays for y-polarized (longitudinal) incident light in the near-infrared. (d) Transmission spectra
of the corresponding antenna arrays for x-polarized (transversal) incident light in the visible (SHG) range.
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8.3 Experimental Approach for SHG/THG

Before moving to the demonstration of the generation of optical harmonics from the
metasurface, the setup used for most of the experiments in the following chapter is presented.
The experimental setup, schematically shown in Fig. 8.3, is designed for polarization-resolved
transmission measurements. The main focus of the experiment is the detection and spectral
analysis of the second and third harmonic signals generated in transmission geometry. A
modelocked amplified laser system (Coherent RegA 9040) in combination with an OPA (Coherent
OPA 9850) is used as a pump source. It delivers a train of linearly polarized, nearly transform-
limited ~50fs pulses at a repetition rate of 250kHz. While this source is somewhat tunable, a
fixed center wavelength of 1550nm is chosen such that the pulses have a good spectral overlap
with the ISBTs and the antennas’ resonance (cf. Fig. 6.6(c) and Fig. 8.2(c)). If not stated otherwise,
the measurements are performed in a single pass geometry with perpendicular incidence and
longitudinal light polarization with respect to the orientation of the antennas. The sample is
clamped to a tiltable holder and illuminated from the backside. Using a half-wave-plate and a
polarizing beam splitter cube, a portion of up to a few hundred microwatts is focused down to a
beam waist of approximately 30um using a lens with a focal length of 50mm. This value
corresponds to the full with at half maximum and is measured with a commercial scanning-slit
beam profiler (Thorlabs BP209-IR). The detection unit for the nonlinear signals consists of a
cooled sensitive camera (Atik 414EX, for imaging purposes) and a monochromator with a cooled
CCD array (Andor Cornerstone, DU420-0E, for spectrally resolved measurements). The additional
use of a suitable short-pass filter with high transmissivity at the second and third harmonic
wavelength ensures the suppression of the fundamental pump beam. A linear polarizer and an
achromatic half-wave-plate in front of the detection unit allow for polarization-resolved
measurements.

Coherent polarizing samble polarizing
RegA & OPA optics  |ens P lens Shortpass optics
250kHz monochromator
50fs N
1550nm ' cooled CCD
SI;|G
THG

Fig. 8.3: Sketch of the experimental setup. The fundamental laser beam is focused down to the antenna
arrays, passing the sample from the backside. An additional short-pass filter and polarization optics allow
for spectrally and polarization-resolved measurements using a monochromator with a cooled CCD array.
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8.4 Characterization of the Nonlinear
Response from the Metasurface

The central section of chapter 8 presents the nonlinear optical response of the metasurface. This
structure is based on an ultranarrow GaN/AIN MQW functionalized with a plasmonic rod antenna
array made from gold and designed for resonant excitation in the telecom wavelength regime.
SHG and THG are strongly supported by the near-field enhancement of these plasmonic
structures. In the case of intense excitation with longitudinal polarized femtosecond laser pulses,
the emission of the second and third optical harmonic can be observed in the far-field using
either a sensitive camera for imaging purpose or the cooled spectrometer unit for spectral
analysis. In addition, the system is powerful enough to spectroscopically analyze the emitted
radiation in terms of its nonlinear power dependence.

8.4.1 Power Dependence

In the first step, an example of the nonlinear optical response to 1550nm femtosecond pulses
impinging on the metasurface is presented. Already with the naked eye the faint green
glimmering of the THG is visible in the darkness. With the help of the sensitive camera and proper
illumination of the sample, the nonlinear response is recorded photographically. Fig. 8.4(a) shows
a monochrome picture detail featuring a white spot (SHG + THG) on the rectangular antenna
array. This nonlinear response from the metasurface is dominated by the bright THG. The
fundamental beam (its position is indicated by a green circle) is blocked by an appropriate filter
and therefore not recorded/measured at all. This becomes clear from the picture presented in
panel (b) where the fundamental laser spot has been moved in between two antenna arrays
targeting the MQW solely. In this area and under the current illuminative situation no significant
light, neither from the fundamental beam nor from any optical harmonics is visible. Further
guantitative information about individual contributions of the MQW and the antenna array
independently of each other are provided in the course of the current chapter.

Since plasmonic nanoantennas are fragile in terms of optical damage, the threshold for
permanent damage is determined in a first quantitative measurement. Fig. 8.4(c) shows the
pump power dependency of the THG intensity. Minor deviations from the cubic power law
indicate saturation whereas negative gradients in the upper pump power regime clearly point to
irreversible damage to the metasurface. Further data points recorded at the exact same position
thus lead to strongly reduced nonlinear signals. It can be assumed that permanent damage to
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the plasmonic antennas occurs somewhat above 3mW, referring to a peak power density of
420W/cm?. Consequently, the upper power limit for all further experiments is chosen to be
greatly smaller than this particular threshold.
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Fig. 8.4: (a) and (b) show monochrome photographs taken from the illuminated metasurface with
several rectangular antenna arrays. Nonlinear emission is manifested by a white spot in panel (a). The
fundamental beam is indicated by a green circle. (c) Pump power dependency of the THG intensity.
Deviations from the theoretical cubic behavior indicate saturation and/or damage to the sample.

In the next step a series of pump power dependent measurements is performed to identify THG
and SHG according to their power laws. Fig. 8.5(a) and (b) contain several spectra recorded for
1550nm fundamental pulses of average powers ranging from 50uW to 400uW. The length of
the antennas is [=330nm and the separation in the x-direction is px=400nm. A more detailed
discussion of the py significance is carried out in chapter 8.4.3. Under these conditions,
substantial SHG is observed (cf. panel (b)). It is almost as strong as the THG signal shown in panel
(a). While THG is expected for the C2 symmetry of the antennas, the observation of substantial
SHG cannot arise from the antenna array solely. The spectrum of the SHG shows an unexpected
structure with two peaks. It arises from the modal structure of the AIN buffer layer and will be
discussed later in chapter 8.4.3. Fig. 8.5(c) and (d) show the quantitative analysis of SHG and THG
as a function of the fundamental pump power. The pump power dependence of the THG reveals
a cubic behavior, as expected for this nonlinear process. For the SHG a power law fit for the
power dependence is used. A scaling of “x'®? (red curve) is found to best match the experimental
data points. The deviation of the SHG intensity from the expected quadratic one (green curve)
arises from saturation effects in the regime of strongly driven ISBTs. In comparison to similar
measurements on MQWs found in literature [VCP97, LTA14], a less pronounced saturation of
SHG intensity is visible here. This finding can be attributed to the rather strong doping. For a
Fermi energy of 90meV, depletion of the lowest subband is hard to achieve.
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Fig. 8.5: (a) THG and (b) SHG spectra for various fundamental pump powers. The antenna array on top
of the GaN/AIN MQW is characterized by I=330nm and px=400nm. (c) and (d) show the results for the
spectrally integrated THG and SHG intensity (“total”) together with a cubic and exponential/parabola fit,
respectively.

In the remainder of this thesis, a comprehensive evidence should be provided that the
unexpected SHG arises from an interplay between the ISBTs and the antenna array. As a first
aspect of such evidence, it is verified that none of the two ingredients alone allow for substantial
SHG. To this end, a reference sample where no MQW is present, i.e., the antenna arrays are
deposited onto the sapphire substrate’?, is investigated. In this case, the SHG signal is below the
detection limit of the setup. This holds true for all antenna arrays irrespective of the value of py
and the antenna length’?. An exemplary dataset featuring the same | and py values as used for

7L A more sophisticated reference sample might contain a non-quantum layer of GaN/AIN below the antennas.
72 The set of measurements includes values from p,=350nm up to px=500nm. The antenna length varies between
I=320nm and I=340nm, featuring strong resonances matching the ISBT in the telecom wavelength range.
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the previous measurement is illustrated in Fig. 8.6. THG from this reference sample is about one
order of magnitude smaller compared to the results shown in Fig. 8.5. Admittedly, the absolute
intensity varies with respect to the antenna’s dimensions and corresponding resonance. Since
the C2 symmetry of the plasmonic rod antennas allows for THG this somewhat reduced nonlinear
response is expected. Nevertheless, significant coupling between the resonantly driven antennas
and the underlying nonlinear superlattice seems to be responsible for the substantial THG signal
emitted from the metasurface. Furthermore, SHG/THG emission from a bare GaN/AIN
heterostructure without any plasmonic structures on top is investigated. Again, any emitted SHG
signal is, if at all, barely above the spectrometer’s noise limit as can be seen in Fig. 8.6 (b). Most
likely, the broken symmetry at the surface and the internal interfaces in the MQW allow for some
SHG and discriminate against THG signals from the bulk material. In turn, THG is reduced by two
orders of magnitude when compared to the results in Fig. 8.5. The spectral structure with a triple
peak results again from the modal structure of the AIN buffer layer. In summary, on can conclude
that the SHG of this nonlinear metasurface is based on the interplay of ISBTs in the GaN/AIN
MQWs with the spectrally matched plasmonic antenna arrays. The absence and/or mismatch of
one component leads to the practically complete disappearance of the SHG signal.
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Fig. 8.6: Emission spectra including the THG and SHG range from (a) a reference sample with plasmonic
antennas fabricated directly on a sapphire substrate and (b) the MQW sample without any plasmonic
antennas. The length of the antennas and thus the spectral resonance was slightly adjusted with respect
to the changed dielectric environment to match the laser wavelength again.

One of the most interesting aspects is the true output power of the second harmonic radiation
from the nonlinear metasurface. The measurable value strongly depends on the choice of the
plasmonic elements that permit conversion of the second harmonic light to free-space radiation.
The emission is measured perpendicular to the surface in the far-field using the CCD array from
the spectrometer. For calibration purpose, a thin BBO crystal is used at the original position of
the sample. This allows second-harmonic power measurements with ordinary commercial



122

devices leading to an accurate power-per-count calibration. The most intense second harmonic
output for a constant pump power of 400uW is observed for antennas with 1=340nm and
px=420nm and equals about 10fW. The calculated power conversion efficiency Nste=Pstc/Prump
is therefore 2.5-10%. It is quite possible that the actual conversion efficiency is larger to some
extent. The experiment is designed to detect the second harmonic generated at the excitation
spot with a microscope objective with a numerical aperture of 0.25. Due to the spectrally wide
pump beam (full width at half maximum is AA=80nm at 1550nm central wavelength) the
spectral components of the SHG, converted into transmission geometry from the antenna arrays,
are emitted into slightly different directions with respect to the surface normal. With a numerical
aperture of 0.25, most of them will still be collected. However, as discussed in detail in the
context of Fig. 8.8, the second harmonic is originally radiated into the heterostructure plane. As
a result, second harmonic emission occurs over the entire antenna field of 200pum x 100um size
and even from adjacent patterns. It seems quite possible that second harmonic components are
guided even further through the AIN layer. Consequently, the collimation of the SHG radiation
using a microscope objective with a numerical aperture of 0.25 and the measurement in the far-
field using the CCD in the spectrometer certainly does not collect all the SHG of the metasurface.
Furthermore, the SHG might not completely couple back to the far-field in transmission
geometry by the antenna array but is further guided in the AIN slab (see mode discussion below
in the context of Fig. 8.9). This assumption is supported by the optical impression of the green
THG light, visible to the naked eye, when looking onto the side facets of the sample, indicating
good guidance inside the AIN waveguide. This leads to an underestimation of the SHG signal
strength. In comparison to different realizations of metasurfaces found in literature, the
introduced nonlinear metasurface reveals a power conversion efficiency above hybrid structures
based on transition metal dichalcogenides (TMDCs) and plasmonic antennas (nsie=10713)
[SZH20] or plasmonic metalens (nsue=10"2) [SWR18]. Nevertheless, metasurfaces with, e.g.,
optimized plasmonic three-arm trapezoidal silver antennas reach a power conversion efficiency
as high as nsue=10"7 [ANR12].

8.4.2 Polarization Dependence

As plasmonic structures share most of the physical properties of standard macroscopic high-
frequency antennas, they feature a specific polarization dependence corresponding to their
geometrical shape [MEMO5]. In general, microscopic antennas with low length-to-width-ratio,
exhibit a complex radiative pattern. Nevertheless, slab or rod antennas show strong
characteristic resonances along their symmetry axis (cf. Fig. 8.2). The point of interest is now
directed towards polarization-dependent measurements at a fixed pump power. For this
purpose a half-wave plate is inserted in front of the sample. It allows for continuous rotation of
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the linear polarization of the fundamental laser beam. For longitudinal polarization (polarization
parallel to the long axes of the antennas) the strongest SHG signal is observed, cf. Fig. 8.7(a). In
the case of transverse polarization (polarization axes perpendicular to the long axes of the
antennas) practically no SHG takes place. It is important to note that the data in Fig. 8.7(a) is
recorded for non-polarized detection. This observation stands in perfect agreement with the
antennas’ resonances originating from their geometrical shape and dimensions (cf. Fig. 8.2(c)
and (d)). Only in the case of roughly 1550nm wavelength and longitudinal light polarization, a
significant amount of the fundamental laser light is converted into z-polarized field components
in the MQW, thereby allowing for SHG. In the case of transversal polarization, the antennas do
not exhibit any resonance around ~1550nm. A similar dependence on the polarization of the
fundamental beam is also seen for THG. Since the third harmonic is mainly generated from the
plasmonic elements any impinging light with transverse polarization cannot properly address the
resonance of the antennas in the telecom wavelength range. Consequently, maintaining the
correct polarization axis of the plasmonic elements is essential for a high nonlinear conversion
efficiency.

In the final step of this short section the polarization state of the SHG and THG for
longitudinally polarized fundamental light is investigated. To this end, a polarizer is inserted into
the detection beam path. As depicted in Fig. 8.7(b) the second harmonic light is cross-polarized
with respect to the fundamental. This finding can be attributed to the cross-polarized resonances
of the antennas for fundamental and second harmonic light seen in Fig. 8.2. In contrast, the THG
is polarized parallel to the fundamental light, as expected for the rod antennas.
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Fig. 8.7: (a) SHG signal as a function of the polarization angle of the fundamental light beam (0°
longitudinal, 90° transversal) for non-polarized detection. The red line visualizes a fit to the data. (b)
Normalized spectrally integrated SHG and THG intensity (“total”) for change of the detection polarization
angle (0° longitudinal, 90° transversal) for a longitudinal polarized fundamental beam.
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8.4.3 Influence of the Antenna Periodicity

The generation and emission of second harmonic light from the metasurface is the result of a
complex interplay between the plasmonic structures and the nonlinear GaN/AIN superlattice.
Specifically, an electric field component E.llz parallel to the growth direction (z-direction) of the
GaN/AIN superlattice is required to properly address the IMB transition dipole (cf. Fig. 6.6). As
evident from the electric near-field distribution of the plasmonic rod antenna (cf. Fig. 8.2(b)) such
essential and moreover drastically enhanced field components are present. While the second
harmonic is originally radiated only into the plane of the QWs, a proper geometrical arrangement
of the plasmonic elements permits to redirect the second harmonic to free-space radiation,
which is eventually emitted perpendicular to the surface. This, at first glance unforeseen aspect
is now under a more detailed investigation.

The observation of substantial SHG is restricted to a fairly small range of lateral antenna
spacings px. Also, the visual appearance of the second harmonic emission drastically depends on
the px. To illustrate this aspect, an exemplary set of pictures taken for I=340nm and px-values
ranging from 300nm up to 500nm is shown in the upper section of Fig. 8.8 (note that these
pictures are rotated by 90° in comparison to the SEM picture in Fig. 8.1(b)). The recorded THG
and SHG spectra including additional antenna lengths are located below the corresponding
image. For better visibility, some sets of graphs are shown with enlarged amplitude and the
respecting magnification factors are included. In general, the visual appearance is dominated by
the bright THG emission, whose intensity is at least one order of magnitude higher than that of
the SHG. For increasing px values the THG intensity increases slightly. This observation will be
discussed more briefly in the context of Fig. 8.9. Nevertheless, compared to the SHG intensity it
shows a fairly monotonous behavior. For px=300nm and px=500nm, some weaker second
harmonic emission occurs at the excitation spot (green circle). In marked contrast, the emission
spot for px=350nm, px=400nm and px=450nm appears to be much wider and somewhat
brighter. With respect to the corresponding THG and SHG spectra this increase in brightness can
be clearly attributed to the intensification of the SHG emission. Additionally, light seems to be
emitted even from the adjacent antenna patterns (pattern size: 100umx100um) which are
located perpendicular to the polarization direction of the fundamental light beam. The only
explanation for this finding is that the second harmonic is radiated into the plane of the QWs and
then converted into free-space radiation by the periodic arrangements of antennas. In particular,
the plasmonic elements of the heterostructure partially convert the impinging light into z-
polarized components in the MQWSs. These components are aligned along the dipole moment of
the ISBTs and can, therefore, be converted into the second optical harmonic when the ISBTs are
strongly driven. Also, the diffraction by 90° is not completely unexpected: the second harmonic
radiation has a wavelength of ~400nm inside the heterostructure since the vacuum wavelength
is ¥775nm and the refractive index is ~2. Details and the precise mode index depend on the AIN
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buffer layer underneath the MQWSs which mostly guides the second-harmonic radiation. This
guiding effect seems to be pronounced as the light even reaches adjacent antenna patterns
(indicated by blue squares), where the SHG is also scattered back into the z-direction.
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Fig. 8.8: Pictures taken from different illuminated antenna arrays (red boxes, array size:
100 um x 100 um) on top of the MQW. The longitudinally polarized pump laser (the spot on the sample
is indicated by a green circle) is filtered out by a suitable shortpass thus only THG and SHG contribute to
the illuminated areas. Substantial SHG can be observed for px=350-450nm with in-plane emission to
adjacent antenna patterns (blue boxes). For better illustration the pictures are rotated by 90 degrees
with respect to the SEM picture of the sample in Fig. 1(b). The corresponding THG and SHG spectra
including additional antenna lengths are located below the referring picture. Magnification factors are
included. In accordance with the pictures, substantial SHG can be observed for p,=350nm to px=450nm.
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Next, the px-dependence of the emitted second and third harmonic spectra will be elaborated.
Fig. 8.9(a) displays a false-color plot of the emitted third harmonic spectrum for various px. While
the intensity is seen to increase slightly with px, no significant changes to the spectrum are
observed. The increase of the intensity with px is somewhat surprising as the areal density of the
antennas decreases with pyx and fewer antennas contribute to the nonlinear optical emission.
This observation points to a coupling of the antennas even for distances as large as px=500nm.
However, for increasing px values the optical resonances become somewhat narrower”? (cf. Fig.
8.2 panel (a) and (c)) supporting the observed small increase in third harmonic emission to some
extent. The constant spectrum points to the THG of the antenna array itself with no major impact
on the optical mode structure of the semiconductor underneath.

In stark contrast, the spectrum of the emitted second harmonic in Fig. 8.9(b) massively
depends on px (note that the false-color plot in panel (b) uses a logarithmic scale to enhance the
visibility of smaller side-peaks). For a fixed px, the emission into a few optical modes with a
spectral separation of ~20nm is typically observed (cf. also SHG spectra in Fig. 8.5(b)). This finding
reflects the modal structure of the ~1.6um thick semiconductor layer on top of the sapphire
substrate. It also accounts for the observed lateral guidance of the generated harmonic light
underneath the antenna array to the edges of the sample. Due to the relatively large thickness
of the AIN layer, several higher-order modes can be excited by the periodic antenna arrays.
Hereby the mode dispersion shifts the spectral coupling with varying px. Because the wavelength
range of the SHG is restricted by the fundamental laser bandwidth, as well as by the IMB
transition and antenna resonance, an enhanced SHG signal can be observed if the generated light
matches one of the TM modes of the guiding slab. The higher-order TM-mode dispersion
indicated by red lines in Fig. 8.9(b) are calculated by Florian Spreyer. The coupling of the localized
plasmon resonances of the antennas along the short axis together with the stronger grating
effect leads to the strong coupling for the TM modes. On the other hand, the TE modes of the
slab cannot couple to the plasmon resonance and no enhanced SHG emission is observed for
these modes.

Finally, the dependence of the spectrally integrated second and third harmonic on the lateral
spacing px is investigated. The total THG intensity is illustrated in Fig. 8.9(c) and the total SHG
intensity is shown in paned (d). The data points are obtained from the above panels (a) and (b),
respectively. As already observed and explained in the context of Fig. 8.8 the THG intensity is
seen to increase with expanding antenna spacings. In marked contrast the total SHG shows a
pronounced maximum for px=420nm. The efficiency of the nonlinear optical process decreases
fairly rapidly for both smaller and larger separations. To exclude a substantial influence of the
optical mode structure, additional data sets have also been recorded for the spectrally integrated
SHG at different small tilt angles (data not shown). They reveal practically identical dependence

73 |n particular, this spectral narrowing of the resonance for increasing lateral spacings px becomes obvious when
looking at a set of resonance spectra of the reference sample for various px (data not shown).
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of the integrated SHG on p«. Even the somewhat reduced THG and SHG signal for px=410nm is
present in this additional data set which is related to minor imperfections of the specific antenna
array. They can be attributed to residues from the cleaning process resulting in a partially
incomplete lift-off process during the fabrication. Apparently, lateral separations around
pPx=420nm are best suited for SHG in the plane of the heterostructure and its conversion into
free-space radiation emitted perpendicular to the surface. At this period/wavelength
combination, the best mode matching to the guide modes in the AIN film for coupling
perpendicular to the free-space radiation is obtained.
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Fig. 8.9: (a), (b) False-color representations of the spectra of the emitted third harmonic (panel (a), linear
scale) and second harmonic (panel (b), logarithmic scale) for different lateral periodicities px of the
antennas. The red lines indicate calculated higher-order TM-modes. (c) Spectrally integrated THG
extracted from the data in panel (a). (d) Spectrally integrated SHG extracted from the data in panel (b).
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Last but not least, to further illustrate the impact of these optical guide modes in the AIN film a
small tilt of the sample is introduced. Fig. 8.10 contains third and second harmonic spectra for a
fixed period of px=420nm but varying angle of incidence. Note that the sample is rotated around
the longitudinal axes of the antennas. Within this small range of angles, changes of the effective
lateral periodicity are practically negligible. Since the generation of the third harmonic is
practically restricted to the antennas solely without major impact on the optical mode structure
of the semiconductor underneath, the recorded spectra remain constant over a range of
10 degrees of tilt. On the other hand, the second harmonic spectra show a more complex
intensity pattern while the angle of incidence is changed. Fundamental light, now impinging off
normal incidence, provides additional in-plane momentum for the coupling of second harmonic
light into the optical modes of the semiconductor heterostructure. In line with this reasoning,
the modes of the emitted spectrum exhibit a linear shift when the angle of incidence is changed.
This shift is illustrated by the dashed lines.
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Fig. 8.10: False-color representation of (a) the third harmonic (linear scale) and (b) the second harmonic
(logarithmic scale) spectra for different tilt angles of the sample with respect to the incident fundamental
beam. An angle of zero degrees refers to normal incidence. The tilt occurs along the long axes of the
antennas. The dotted lines visualize the observed spectral modes originating from the tilting of the
sample.
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Chapter 9

Conclusions and Outlook Part Il

The spatial confinement of charge carriers in the GaN/AIN superlattice leads to the generation
of a quasi-two-level system with fabrication-tailored inter-miniband transition energies.
Compared to the commonly established arsenide or antimonide materials the GaN/AIN structure
benefits from a high conduction band offset around 2eV offering operation in the fiber-optics
telecommunication wavelength regime (1.3-1.55um). The investigated hexagonal GaN/AIN
structure features ultranarrow 1.8nm quantum wells (QWs) separated by 5nm barriers. While
the wells are nominally undoped, the high n-type Si-doping of the barriers gives rise to a two-
dimensional electron gas such that the first subband is strongly populated. In the framework of
chapter 6.3 the linear optical properties of the IMB transition are determined. A broad
absorption centered at 0.76eV is found. Most strikingly, the full width at half maximum of the
IMB absorption is as large as 260meV. As elaborated in the context of the fundamental quantum
well physics in chapter 6.2, the extraordinary broadening can be attributed to (i) the tunneling-
induced coupling of wavefunctions across the narrow AIN barriers, (ii) the scattering at interface
roughness and (iii) monolayer fluctuations of the QW thickness. Considering potential
applications, a broad IMB transition is beneficial especially for, e.g., single unit detector devices
or broadband nonlinear frequency conversions. Additionally, basic simulations of the inter-
subband transition energy agree with the experimental data, if the GaN QW thickness is assumed
to be seven to eight monolayers. More sophisticated predictions may include internal electric
fields, strain and coupling between adjacent QWs.

The ultrafast electron dynamics in the hexagonal GaN/AIN superlattice are studied
employing time-resolved degenerate (chapter 7.2) and non-degenerate (chapter 7.3) pump-
probe spectroscopy. For a resonant excitation and a resonant probe by TM polarized beams, that
properly address the IMB transition dipole, a maximum relative transmission increase of
AT/T=0.25% is observed. It can be attributed to a substantial Pauli blocking of the probe
transmission in the quasi two-level IMB system. Spectrally resolved and polarization dependent
measurements confirm the nonlinear optical response to originate from the saturation of the
IMB absorption. The present experimental setup profits from an improved temporal resolution
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due to the fairly low pulse duration of only ~50fs. The fast IMB relaxation time is found to be
~70fs, which indicates electron scattering with longitudinal optical (LO) phonons. Nevertheless
the experimental system has reached the limit of the temporal resolution and further research
has to overcome this limit. Since theoretical predictions for the ISB electron relaxation calculate
electron scattering times with LO phonons of ~100fs [SI98, GFNO1, HGNO2], major deviations
from the experimentally determined value are not expected. An additional slow decay channel
reveals a time constant of ~15ps that can be attributed to the thermalization of the 2D electron
gas. In the second set of measurements non-degenerate pump-probe spectroscopy using 1.55eV
excitation energy is performed. This excitation energy greatly exceeds the IMB transition energy
and even addresses continuum states outside the QW confinement. The spectrally resolved
optical response of the highly excited GaN/AIN superlattice stands in agreement with the results
from the degenerate measurement. The signal drops significantly as the probe wavelength is
tuned away from the center of the IMB resonance. The obtained data points nicely cover one
wing of the IMB resonance obtained by linear transmission measurements. In the field of
polarization-dependent experiments, there are slight deviations to the previously performed
measurements that can be attributed to the relaxed selection rules for bound-to-continuum
transitions. Nevertheless, TM-polarized pump and probe beams that properly address the IMB
transition still lead to the maximum transient signal strength. In comparison to the degenerate
pump-probe investigation, non-degenerate power-dependent measurements do not show any
sign of saturation within the covered power range since the transition into the continuum offers
a wider range of final states within the 3D parabolic energy band. Self-saturation of the pump
beam due to Pauli blocking is, therefore, not observed to this extent. In great contrast, the non-
degenerate pump-probe spectroscopy based on bound-to-continuum photoexcitation reveals
electron relaxation times in the picosecond regime. These extended decay times are most likely
due to electron-electron or Auger collisions that sustain a hot electron distribution. The excited
system eventually relaxes by a multi-stage phonon scattering process which in turn might be
hampered by a phonon bottleneck, thermal and cascade-type escape. Nevertheless, further
experimental and theoretical analysis is inevitably needed to explain the electron dynamics more
precisely.

Further research might aim to enlarge the resonant nonlinearity associated with the ISBTs
in GaN/Al(Ga)N heterostructures. This can be achieved by stronger doping and growth of
structures with spectrally narrower inter subband resonances. The extensive knowledge
obtained in the course of the past research period about the molecular beam epitaxy (MBE)
fabrication of n-doped heterostructures with near-infrared intersubband transitions (especially
in the telecom window of 1.3-1.55um wavelength) will be beneficial for the growth of future
optimized samples.

In chapter 8.2 a nonlinear metasurface based on the previously investigated superlattice and
plasmonic antennas is introduced. This artificial material composition takes advantage of ISBTs
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in the ultranarrow n-doped GaN/AIN MQWs and plasmonic elements designed to be in
resonance with these ISBTs to massively enhance the optical nonlinearity. Specifically, the
heterostructure is functionalized with an array of plasmonic gold antennas featuring cross-
polarized resonances at these near-infrared wavelengths and their second harmonic. This kind
of nonlinear metasurface allows for substantial second-harmonic generation at normal incidence
which is completely absent for an antenna array without the MQW structure underneath. In a
nutshell, the antennas partially convert light impinging at normal incidence into field
components polarized vertically to the heterostructure’s plane. These fields strongly drive the
ISBTs and give rise to SHG initially radiated into the plane of the QWs. By an appropriate choice
of the lateral spacings within the periodic antenna array, the second harmonic is redirected into
atransmission geometry with respect to the incident driving pulse. Owing to the large conduction
band offsets in the GaN/AIN material system, this metasurface exhibits SHG for fundamental
pulses in the telecom window which is hard to realize in any other established semiconductor
family. Remarkably, this concept allows for SHG in a nominally inversion-symmetric metasurface
with a power conversion efficiency of nsuc=2.5-10"1! in the far-field. An increase in efficiency is
envisioned for an optimized out-coupling of the SHG and, thereby, associated with an improved
antenna geometry, making an outlook to future research.

In contrast, corresponding investigations on cubic lll-nitrides have been scarce. However,
due to the higher crystal symmetry of zinc-blende lll-nitrides polarization effects and large
internal electrical fields, typical of hexagonal nitrides, are avoided. Additionally, strong band
bendings even in narrow QWSs, which may result in depletion layers or 2D electron gases do not
have to be taken into account in the cubic system. Therefore, the proper choice of the material’s
crystal structure can ease the design and quality of the electronic, linear and nonlinear optical
properties. These superior characteristics of the cubic GaN/AIN would have been beneficial for
the design and efficiency of electro-optical devices. Nevertheless, thick layers of cubic GaN/AIN
tend to become increasingly unstable and, eventually, switch to the hexagonal structure during
the growth process. Optimized metasurfaces based on cubic GaN/AIN would subsequently pave
the way for potential applications with enhanced performance.
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