NONLINEAR OPTICS IN THIN FILM
INTERFERENCE COATINGS

VON DER FAKULTAT FUR MATHEMATIK UND PHYSIK
DER GOTTFRIED WILHELM LEIBNIZ UNIVERSITAT HANNOVER

ZUR ERLANGUNG DES AKADEMISCHEN GRADES
DOKTOR DER NATURWISSENSCHAFTEN
DR. RER. NAT.

GENEHMIGTE DISSERTATION VON
M.SC. MORTEN STEINECKE

2023



Referent: Prof. Dr. Detlev Ristau
Korreferent: Prof. Dr. Uwe Morgner

Prof. Dr. Wolfgang Rudolph
Tag der Promotion: 12.07.2023



Kurzfassung

Nichtlineare optische Effekte spielen eine essenzielle Rolle in modernen optischen
Systemen. Sie finden Anwendung in der Modenkopplung zur Erzeugung ultra-
kurzer Laserpulse, bei der Generation von Laserwellenlidngen, die auf andere Weise
nicht verfiighbar waren und bei neuartigen Messverfahren. Die Implementierung der
benotigten nichtlinearen optischen Prozesse basiert dabei auf konventionellen optis-
chen Aufbauten aus einzelnen Komponenten in Freistrahlkonfigurationen, was die
Moéglichkeiten fiir Miniaturisierung und Integration von Funktionsgruppen limitiert.
Im Gegensatz dazu sind optische Interferenzbeschichtungen ein hochentwickeltes
Verfahren fiir die Kombination von optischen Funktionen in einzelne, monolithis-
che Schichtsysteme aus transparenten Materialien. Bisher waren die Anwendungen
von optischen Beschichtungen dabei auf den linearen Bereich der optischen Wech-
selwirkung beschriankt. Wenn nichtlineare optische Effekt berticksichtigt wurden,
dann tblicherweise nur, um diese als unerwiinschte Effekte zu unterdriicken.

Diese Arbeit untersucht daher die Kombination von ausgewéhlten nichtlinearen op-
tischen Effekten mit speziell entworfenen optischen Beschichtungen. Ziel hierbei ist
die Schaffung von neuartigen Komponenten, die als Alternative zu etablierten optis-
chen Systemen fungieren konnen. Wegen der amorphen Struktur der Beschichtungs-
materialien, basieren die zwei betrachteten nichtlinearen Effekte auf der Suszeptibil-
itat der dritten Ordnung x®. Der erste Effekt ist der optische Kerr-Effekt, welcher
genutzt wird, um einfallendes Licht ausschliellich optisch zu schalten. Im zweiten
Fall werden optische Beschichtungen genutzt, um das Problem der Phasenanpas-
sung bei Erzeugung der dritten Harmonischen in frequenzverdreifachenden Spiegeln
zu 16sen und so die Konversionseffizienz deutlich zu erhohen. Fiir beide dieser An-
wendungen werden die Herstellungsverfahren, die Untersuchung der bendtigten op-
tischen Materialien, sowie die experimentelle Uberpriifung der hergestellten Kom-
ponenten prasentiert.

Die Untersuchungen haben gezeigt, dass die frequenzverdreifachenden Spiegel zwar
die Konversionseffizienz deutlich steigern konnen, aktuell aber noch durch die Gen-

eration freier Elektronen sowie die daraus resultierenden Effekte limitiert werden.



Die optischen Schalter zeigen eine deutliche Modulation ihrer optischen Eigenschaften
mit Anderungen der Transmission und Reflexion um etwa 20% beziehungsweise
30%. Der Modulationsprozess ist dabei ein reproduzierbarer Prozess, der klar
von der laserinduzierten Zerstorung bei hoheren Intensitaten unterschieden werden
kann. Der geschaffene optische Schalter kann daher eine funktionale Alternative zu
etablierten Schaltkonzepten darstellen.

Schlagworter: Interferenzbeschichtungen, Erzeugung der dritten Harmonischen,

optischer Schalter



Abstract

Nonlinear optical effects play a crucial role in modern optical systems. They are
applied in mode-locking for the generation of ultrashort optical pulses, in the gen-
eration of otherwise unavailable wavelengths, or for new approaches in measure-
ment techniques. However, implementing the required nonlinear optical processes
mainly relies on conventional optical systems comprising separate components and
free-space constructions, which limits the possibilities for miniaturization and inte-
gration of functional groups.

Contrary to this, optical interference coatings offer highly developed capabilities for
combining optical functions into a single, monolithic stack of transparent materials.
So far, the applications of optical coatings have generally been limited to the linear
optical regime. If nonlinear effects were considered, it was mostly directed at their
suppression to avoid undesired effects.

This thesis, therefore, investigates the combination of selected nonlinear optical
effects with specially designed optical coatings to create novel components as alter-
natives to established optical systems. Due to the amorphous nature of thin film
coating materials, the two effects chosen for investigation are based on the third-
order susceptibility x®). The first effect is the optical Kerr effect, which is utilized
to achieve all-optical switching of incident light. In the second case, optical coat-
ings are utilized to solve phase matching issues for the third harmonic generation
in frequency tripling mirrors and significantly increase conversion efficiency. The
manufacturing processes and material research are presented for both approaches,
together with the experimental testing of the novel components’ function.

It was found that while the frequency tripling mirrors provide a greatly enhanced
efficiency compared to the third harmonic generated in more typical optical coat-
ings, the total efficiency is currently limited by free-electron effects occurring during
the conversion process. The optical switches show significant modulation of 20 % in
transmittance and 30 % in reflectance with a repeatable process which can be clearly
distinguished from laser-induced damage occurring at higher intensities. Therefore,
the created optical switch can present a viable alternative to established switching
concepts.

Key words: Interference coatings, third harmonic generation, optical switch
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1 Introduction

Shortly after the invention of lasers by Maiman in 1960, [I], the newly available,
intense electromagnetic fields enabled the measurement of the second harmonic gen-
eration by Franken et al. in 1961 [2], and with that, one of the first observations of
a nonlinear optical effect. Since then, nonlinear optics has grown into a large field
of modern optics and continues to be the subject of fundamental research.
Nonlinear optical processes are utilized in the generation of higher harmonics, which
are applied in the investigation of highly charged ions [3], squeezed light exploited
in highest sensitivity gravitational wave detectors depends on parametric down-
conversion [4], and Raman-spectroscopy based on four-wave mixing is applied in
medical imaging [5]. The more established nonlinear processes are widespread in in-
dustrial applications. For example, commercial as well as research-grade ultrashort
pulsed lasers often rely on the optical Kerr effect, a nonlinear optical effect caused
by the third-order susceptibility, for mode-locking to achieve sub-picosecond pulses
[6, [7]. The second harmonic generation, as well as the closely related processes of
sum- and difference-frequency generation, are utilized in accessing laser wavelengths
away from classical laser wavelengths in the near-infrared.

However, most nonlinear optical processes in research and industry rely on conven-
tional optical setups with individual, macroscopic components. Commercial kits for
frequency conversion, for example, consist of individual crystals, waveplates, and
polarizers [§]. Although an arrangement like this can provide a high degree of flex-
ibility in the alignment of the single components, it is not suited for miniaturized,
integrated optical systems required in the future. Utilizing the unique properties of
optical interference coatings could mitigate these disadvantages of classical optical
setups.

Optical coatings have been utilized to enhance the function of optical components
since antiquity. An early example are metal-coated mirrors already known in Rome
of the first century A.D. [9]. While these metal coatings for mirrors were perfected
over centuries [10], coatings based on interference effects in dielectric materials were
developed only around the beginning of the 20th century [I1, 12]. These coatings
allow a much higher degree of flexibility with regard to anti- and high-reflective



1 Introduction

properties by stacking different transparent materials. Various manufacturing pro-
cesses and techniques have been in development since then.

Today, optical interference coatings are essential to optical systems and setups. They
are used in state-of-the-art research applications to precisely control the group de-
lay dispersion for ultrashort pulsed, high-power laser systems [I3] or provide the
smallest possible losses in gravitational wave detectors [I4]. Further drive for devel-
opment in optical coatings is provided by new applications in quantum technologies
[15] and the desire for integration of optical systems. However, most applications of
optical coatings are limited to the linear regime of optics. When nonlinear effects
in optical coatings are considered, they are mostly the source of absorption or even
laser-induced damage and, therefore, avoided whenever possible.

In this thesis, the utilization and integration of different nonlinear effects in optical
interference coatings are investigated. As optical coatings are almost exclusively
made up of amorphous materials, the nonlinear optical effects available for the in-
tended applications are limited to those caused by oddly numbered orders of the
susceptibility. Therefore, and with regard to the efficiency of the desired effects,
only third-order nonlinearities are considered. The investigations are focused on
two closely related optical effects:

The first effect under consideration is the optical Kerr effect. This effect is known
to cause a change in the index of refraction of optical materials under intense elec-
tromagnetic radiation. The deviation in the refractive index n from its undisturbed
value ny depends on the incident intensity I and the nonlinear refractive index ns,
a parameter of each optical material. This effect is already applied to deliberately
change the properties of optical systems, and the integration into thin film coatings
with their freedom of design with regard to spectral properties and internal intensity
distribution has excellent potential.

One aspect that could significantly impact future optical systems is the possibility
of an efficient, ultrafast optical switch. This novel component could be integrated
into laser cavities as mode-locking device or function as a safety module, passively
limiting the transmitted intensity.

The second effect investigated in this thesis is the generation of the third harmonic
of infrared lasers. Currently, direct third harmonic generation is difficult to achieve
due to the challenges related to phase matching. By exploiting the potential for
phase control inherent in optical coatings, these challenges can be overcome with
special coating designs. The internal intensity enhancement caused by interference
in thin film coatings can then be utilized to increase the efficiency of the conversion

further. This part of the thesis was done in cooperation with the University of New



Mexico and the Leibniz University Hannover, so only a part of the total work related
to manufacturing and material-related issues will be presented here.

For investigation of these two concepts, this thesis will firstly discuss the necessary
foundation of nonlinear optics in isotropic media as well as the generation and ef-
fects of free electrons in Chapter [2] and go into more detail about the optical Kerr
effect for different materials in Chapter [3] Afterwards, the basics of optical coat-
ings and their design principles are presented in Chapter [l With these theoretical
foundations established, the concepts for an optical switch and frequency tripling
mirrors are discussed in Chapters [5 and [6] Next, chapter [7] details the methods
used for manufacturing the optical coatings, and Chapter [§| specifically details the
adaptations made for the integration of highly nonlinear materials. To validate the
theoretical predictions, the experimental setups introduced in [J are applied to char-
acterize the produced materials and components. The results of these experiments
are then presented and discussed in Chapter [11| concludes the work of this thesis
and provides an outlook into the potential next steps in the applications of nonlinear

optics in thin film interference coatings.






2 Nonlinear optics

When electromagnetic radiation interacts with a material, two cases can be distin-
guished. At weak intensity levels of radiation, the properties of the material stay
constant, and the interaction is called linear with regard to the incident field. When
higher intensity levels are considered, the electric field of the incident radiation
changes the electronic structure of the material, which in turn influences the inter-
action between light and material. The interaction becomes nonlinear in nature.

The overview of third-order effects presented here is limited to the part of nonlinear
optics necessary for the understanding of this work and is derived from [16] and [17].
Nonlinear optics has been a field of research for several decades, and a multitude
of different interactions with different materials has been explored. Typically, the
interactions are classified by their degree of dependence on the incident electric field.
In the most basic case of linear interaction, the polarization P in the optical medium

is linearly related to the incident electric field E:
P(t) = eox VE() (2.1)

In this Equation, &g is the dielectric constant, and x) is called linear susceptibility.
In the more general case of linear and nonlinear interactions, this equation changes.
Due to the tensor-like nature of the susceptibility for higher orders of interaction,

index notation is used:

J Ik Jkil

Py(t) =& (Z(XS)Ej(t)) (B O E(t) + S (L E (1) Ec () Ei(t)) + )
(2.2)

Here, again the polarization induced in the material is described by P;. This polar-
ization is then broken down into different terms resulting from the different orders
of interaction. The second- and third-order terms are resulting from y® and x®,
respectively. Although higher orders of interaction exist, due to their weaker nature,

those will not be considered here.
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2.1 Third-order effects in isotropic materials

Equation contains the relevant terms for calculating the polarization induced
into any medium for interaction with an intense electric field. The nonlinear ef-
fects produced by each interaction strongly depend on the structure of the involved
medium. Effects with even-numbered orders, in this case, specifically the second
order, only appear in media without symmetry to inversion and, therefore, not in
centrosymmetric crystals and isotropic materials. Thin film materials produced by
standard coating processes are ideally amorphous in structure, and second-order
nonlinear effects can therefore be neglected in most cases. The remaining terms are
the linear part, with the first-order interactions, and the nonlinear part, which only

consists of the third-order term:

3 3
FP(8) = 32 Oau (0 Ex(t) (1) (23)
Jike,l
This term contains all third-order nonlinear effects that could occur. In the appli-
cations considered in this thesis, isotropic media interact with a linearly polarized

electrical field E(¢) with the fundamental frequency w:

B(t) = ; [B(w)e + c.c] (2.4)

When the linear polarization is chosen to be along the x-axis of the coordinate
system, Equation can be simplified as follows:

PO(t) = eox (0 E()E(E() (2:5)

rrrx

Substituting the electric field in Equation 2.5 with the field from Equation [2.4] the

induced polarization is obtained:

(3)(

. 1~ .
(w)e™" + c.cl + 3 [P 3w)et 4 c.c.] (2.6)

The induced polarization can therefore be separated into two principal terms. The
~ (3
polarization included in first term, designated as P( )(w) in Equation , possesses

the frequency w of the fundamental wave:

(W) = “X(w: w,w, —w)EW)EW)E (v) (2.7)



The second term of Equation [2.6|contains a polarization p? (3w) with the frequency
of Jw:

_ 1 -~

P (3w) = (6w w,0,0)EW)Bw)Ew®) (2.8)
These two different polarizations generated in the interaction between isotropic me-
dia and linearly polarized radiation are responsible for the nonlinear optical effects
discussed in this thesis. They will be investigated in more detail in the following

sections.

2.2 The optical Kerr effect

The first polarization term derived in the previous section and listed in Equation
is responsible for the so-called optical Kerr effect. Kerr effects, in general, de-
scribe a change in the index of refraction of optical materials when interacting with
electric fields. The optical Kerr effect, in particular, describes a change in refractive
index induced by nonlinear interaction with an electromagnetic wave. To achieve a
better understanding of the induced change in refractive index, Equation can,

in combination with 2.7, be rewritten as follows:

P(t) = eoxVE(w) + 601X<3> (w: w,w, —w)EW)EwW)E (w) (2.9)
= o (X0 + OB P) Biw) (2.10)
— (x(” N Qix(:’)c I> B(w) (2.11)

Where |E(w)|? was substituted with the intensity of an electromagnetic wave [I7].
Here, ng represents the material’s index of refraction without the influence of non-

linear effects, and ¢ represents the speed of light in a vacuum:
1 =02
I= §noeoc|E(w)| (2.12)

Equation is in a form where the effective nonlinear coefficient y can be derived.
Y is split into two terms, the linear component ") and the component Ay resulting

from the nonlinear interaction:

3x®
2np€pC
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Furthermore, the following relation is valid for optical materials [I§]:
14+ x=n? (2.14)

If the refractive index is separated, similarly to the susceptibility, in the constant
part ng and a variable part An caused by nonlinear interactions, Equation [2.14] can

be rewritten:

14+ x = xW + Ay = n2 + 2npAn = n? (2.15)
=n2 =1+ (2.16)

Ax
" 2710 ( )

It is assumed here, that the nonlinear interaction is small compared to the linear

interactions (An < ng) and that, therefore:
n® = ng + 2ngAn + (An)* = na + 2ngAn (2.18)

Equations and can be combined, to define the nonlinear refractive index

No:

1 (3) (3)
An= L X X (2.19)
21 2ng€pC dngegc
3x®
"2 dndeye ( )

The resulting index of refraction n for optical materials under influence of the optical

Kerr effect, therefore, is as follows:
n = mng+ nal (2.21)

As can be seen from Equation [2.2I] the final refractive index has two principal
components: A constant component ny and a variable part nyl. The magnitude of
the variable part is proportional to the intensity of the electromagnetic wave causing
the nonlinear interaction, as well as to a so-called nonlinear refractive index n,. This
nonlinear refractive index is directly related to the nonlinear susceptibility of the

material and therefore can be treated as a material parameter.



2.3 Third harmonic generation

The second term derived in Equation [2.§ contains a polarization at the frequency 3w.
Therefore, the nonlinear interaction between the material and an electromagnetic
wave with frequency w creates a new electromagnetic wave at the third harmonic
of the fundamental frequency. The corresponding process is called Third Harmonic
Generation (THG) [16].

The efficiency of the conversion process can be calculated by assuming a medium
with length [, which interacts with an electromagnetic wave with frequency w and
intensity Iy, as presented schematically in Figure 2.1 and investigating the evolution
of the electric fields at both frequencies [19]. When the efficiencies for the generation
of the third harmonic stay relatively low (below approximately 30 %), the depletion
of the fundamental wave and back conversion from the third harmonic to the fun-

damental can be neglected. The intensity of the generated third harmonic wave at

| l ]

]0#

3
X()

PMA22060

Figure 2.1: A schematic representation of the third harmonic generation in a
medium with length [, an incident wave with intensity [y, and frequency w.

the end of the conversion medium then results to:

I(3w,l) = <W>2 I?I?(w)sinc? <A2kl> (2.22)

4dninscieg

Here, ny is the the material’s index of refraction at the fundamental frequency, ns
the index at the third harmonic’s frequency, and Ak refers to the phase mismatch

of the participating photons:

Ak = k(3w) — 3k(w) (2.23)
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The efficiency of the conversion process is calculated by dividing the intensity of the

generated third harmonic by the intensity of the fundamental wave:

I(3w, 1) 3wx® (3w) ? 99, . oAkl
= = I — 2.24
" I(w) ( 4nynsciey PI(w)sine 2 (224)

2.3.1 Phase matching

To achieve an efficient conversion process, so-called phase matching is necessary.
Phase matching ensures that photons of the third harmonic generated in the con-
version medium will be in phase with previously generated photons, which leads
to constructive interference. If phase matching is not achieved (e.g., Ak # 0), the
conversion process will oscillate between generation and depletion of third harmonic
photons over the length of the conversion medium, as the interference oscillates be-
tween constructive and destructive. This oscillating behavior is illustrated in Figure

for different phase mismatches.

— Ak=2n/3 mm™!
— Ak=mmm™!
— Ak=2mmm~1

Third harmonic intensity (a.u.)
o
N

PMA220602

0 2 4 6 8 10
Length of conversion medium (mm)

Figure 2.2: Phase mismatch between fundamental and third harmonic waves causes
the generated third harmonic to oscillate between constructive and destructive in-
terference. Higher phase mismatches Ak lead to faster oscillations with smaller
amplitude.

Depending on the phase mismatch, the maximum intensity and period of the oscil-
lation vary, with smaller mismatches resulting in higher peak intensities and slower
oscillation. The period length in a medium, at which the maximum intensity of

the generated harmonic is achieved, is called the coherence length /.. This length

10



is equal to the section of the medium, where the phase change in the generated

harmonic is smaller than 180° or 7. It can be calculated from the phase mismatch:

Ny Aw N3w Aw

~1
lczﬁzg T :2<nlw_n;) (2.25)
This equation illustrates that the difference in the refractive indices between the
fundamental n, and the third harmonic ns, needs to be small for an efficient con-
version process, which is achieved with long coherence lengths [.. Consequently,
phase matching is typically achieved by ensuring an identical index of refraction
for the fundamental wave and its third harmonic. Due to the naturally occurring
spectral dispersion of the refractive index, however, this is problematic for the THG.
Figure [2.3] gives an example of the significant difference in the refractive index re-
sulting from this natural dispersion for a typical coating material and application
wavelength of third harmonic conversion processes. The coherence length for this

dispersion curve and the selected fundamental wavelength is equal to 2.57 pm.

2.15 —— Index of refraction
- - ---- Fundamental
0210+ ---- Third harmonic
v |
© 1
HF:" 2.05 ~ i
Y 1
o 1
< 2.00 !
[ 1
o 1 3
£195+ g
1 g
1 =1
1.901{ 1 o oTEEEEEEEREET i
I T T ! T
200 400 600 800 1000

Wavelength (nm)

Figure 2.3: The black curve presents the wavelength dispersion of the index of
refraction for an exemplary material, in this case HfOy . The red and blue curves
showcase the resulting difference in refractive index for a fundamental wavelength of
800 nm and its third harmonic at 267 nm. The coherence length for this dispersion
curves and the selected fundamental wavelength is equal to 2.57 pm.

In many frequency conversion processes, especially for the generation of the second
harmonic, this difference is usually compensated by taking advantage of birefringent
conversion media. By using different polarization for the fundamental and the higher
harmonics, two different dispersion curves determine the refractive indices. Figure
[2.4] presents a typical case of phase matching for the second harmonic generation of

a laser at 1064 nm in a biaxial LBO-crystal.

11
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170' — nz

---- Fundamental
---- Second harmonic

1.65 1

Index of refraction

1.60 1

PMA220604

1.55 - 1 . :
400 600 800 1000
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Figure 2.4: Two dispersion curves for different optical axes in an LBO-crystal. By
aligning the propagation axis of the fundamental wave with the x-axis of the crystal
and utilizing different polarizations, phase matching can be achieved. Data from
[20].

By irradiation with a fundamental wave polarized along the z-axis and propagat-
ing along the x-axis, an almost perfectly phase matched second harmonic polarized
along the y-axis can be generated. Because both waves propagate along the same
axis, this variant of phase matching is called non-critical. Usually, the different
temperature coefficients of the ordinary and extraordinary indices are exploited to
achieve non-critical phase matching for the desired application wavelength. The
conversion medium is then stabilized at a temperature where the two refractive in-
dices are equal.

There are many other ways to achieve phase matching in more complicated sit-
uations. An often used approach is phase matching by angle tuning, where the
angles between fundamental and harmonic wave in relation to the optical axis of
the conversion crystal is used to achieve phase matching [16]. A strategy of partic-
ular importance for this work is the so called Quasi-Phase-Matching (QPM) [21].
When QPM is applied, the normally homogeneous conversion medium is changed to
a crystalline medium with periodic changes of the grid orientation along the optical
propagation axis. This kind of conversion crystal is then called "periodically poled’.
A schematic illustration of a periodically poled conversion medium is given in Figure
2.5l With this conversion approach, true phase matching is not achieved. Instead,
the phase of the generated third harmonic changes at each interface in the medium
due to the change in crystal orientation. When the length of the single sections is
chosen so that it is equal to a multiple of the coherence length defined in Equation
the generated harmonics in each section can add up.

12



e G R AT
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=\~

Figure 2.5: A schematic illustration of a periodically poled conversion medium.
The orientation changes with the period A/2.

To achieve the optimum case of quasi phase matching, the period A of the crystal

has to be equal to two times the coherence length [21]:

_27T

A=2. =2
Ak

(2.26)

With this periodic phase change of the generated harmonic, true phase matching
is unnecessary, as illustrated in Figure 2.6l However, the conversion efficiency is
still reduced compared to true phase matching. This can often be compensated
in practical applications since the alignment and, therefore, the effective nonlinear

coefficients of the crystals used for the conversion process can be chosen more freely.

LO1 ___ phasematched
>0g) — With QPM
0 —— No QPM
@
_"é’ 0.6 1
L
S 0.4
£
£0.2
0.0
0 1 2 3 4
Length (l;)

Figure 2.6: The intensity development for different phase matching approaches.
The blue curve shows the case for ideal phase matching e.g. Ak = 0. The black
curve shows the highest intensity achievable with QPM, and the red curve represents
the same case for no phase matching.

In classical QPM, the sign of the nonlinear susceptibility is inverted with the pe-

riodic poling. However, a so-called on-off modulation is also possible, where the

conversion material is made up of ’active’ sections, which generate the harmonic

13



2 Nonlinear optics

and ’inactive’ sections, where only the phase mismatch is compensated [2I]. The
intensity of the generated harmonic achievable obtained with optimal QPM and the
‘on/off’-modulation is compared in Figure This approach leads to a further
reduction in conversion efficiency, but also offers additional flexibility with regard
to the selection of the conversion materials. For instance, a version of this ap-
proach can be applied to amorphous materials, such as the materials used in optical
coatings. By combining one material with a high nonlinear susceptibility with one
that features a low susceptibility in layers with the optical thickness of a coherence
length, effective conversion can be achieved. This is the fundamental principle of
the Frequency Tripling Mirrors (FTMs) discussed in this thesis. By exploiting
the interference and intensity enhancement of thin film coatings, the efficiencies of
FTMs can greatly exceed those of simple QPM approaches. They are discussed in
more detail in Chapter [6]

LOT _— Fulgpm
5 0. — On/off QPM
S | — No QPM
@
£ 06
L
S 0.4
£ /
£0.2
0.0

0 1 2 3 4 5 6 7
Length (l¢)

Figure 2.7: The intensity development for different approaches of QPM. The black
curve shows the highest intensity achievable with ideal QPM e.g. a sign inversion of
the nonlinear susceptibility after a thickness equal to l.. The green curve shows the
intensity obtained, when the nonlinear susceptibility is equal to zero in every second
section of the conversion medium (‘on/off’-modulation). The red curve shows the
same case for no phase matching.

2.4 Free-electron effects

The nonlinear optical effects in solid-state materials described in the earlier section
are all based on small disturbances of the atomic potential of the electrons caused
by intense electric fields. These disturbances create the nonlinear components in

the interaction between ions and electrons, which are responsible for the nonlinear

14



optical effects. Although the potential for the interactions of the bound electrons in
a material is disturbed in this case, the electrons are in this model still bound by
it. When solid-state, transparent dielectrics are considered, the electrons, therefore,
stay in the valence band, and the incident photons do not possess enough energy to
allow an excitation to the conduction band.

At very high intensities of laser radiation, this assumption is no longer valid. Several
mechanisms contribute to the excitation of electrons from valence to the conduction
band, when high intensities of laser radiation are present. This causes different
optical effects, for example, increased absorption [22], a changed index of refraction
[23], and in extreme cases, the destruction of the dielectric medium [24]. Because
of this, much research has already been conducted about the total electron density
in dielectric solid-state materials and how to theoretically model it |25, 26, 27]. A
formalism to describe the temporal evolution of the total electron density p in the
conduction band is summarized in [28]:

9p

a == WPI(I, t) + Wav(p, t) — Wrel(pa t) (227)

The different terms here represent the different mechanisms of ionization and relax-
ation: Wpr represents the photoionization, which can be further divided into tunnel-
and multiphoton ionization, and W,, represents the avalanche ionization. The last
term represents the relaxation of electrons from the conduction band back to the
valance band. The different mechanisms are explained in more detail in the follow-

ing section.

2.4.1 Photoionization

The direct ionization from the valence to the conduction band, which is caused
by the intensity I of incident radiation, is described by the photoionization term
Wpi(1,t). This term can be further broken down into two contributing mechanisms;
the multiphoton and tunnel ionization. Both mechanisms fundamentally describe
the same process, the ionization of electrons caused by several photons with indi-
vidual energy smaller than the total energy required for ionization. In the case of
multiphoton ionization, multiple photons interact with an electron simultaneously
and transfer their energy. If the accumulated energy becomes larger than the band
gap energy required for ionization, the electron is excited to the conduction band.
This process is illustrated in Figure (a). Due to the frequency-dependent energy
of photons, this process is strongly related to the wavelength of the electric field
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2 Nonlinear optics

[29]. When the intensity of the electric field is further increased, the shape of the
electronic potential starts to deform, and the probability for electrons to tunnel out
of their bonding potential increases. Since the tunnel ionization is caused by the
electric field, its dependence on the wavelength of the electric field is weak. The
process is illustrated in Figure (b). Both processes can happen simultaneously
when the energy of multiple absorbed photons is not high enough to overcome the
potential barrier, but the potential is also not deformed enough to allow tunneling
from the ground state. When both processes happen in parallel, the energy from
the absorbed photons lifts the energy state sufficiently to allow tunneling through
only slightly deformed potential barriers. The rates of both the multiphoton ion-
ization and the tunnel ionization can be modeled with an approach based on the

Keldysh-theory of ionization in strong electromagnetic fields [25].
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Figure 2.8: The different mechanism of photoionization. (a) depicts the multi-
photon ionization, where several photons transfer their energy simultaneously to a
single electron. (b) illustrates the tunnel ionization, where the electronic potential
is disturbed by the electric field of the incident radiation. Due to the deformed
potential, electrons can tunnel out of their bounding potential.

F

2.4.2 Avalanche ionization

After the photoionization has caused an initial amount of free carriers in the con-
duction band, another mechanism can contribute to further increasing the density
of free carriers. This mechanism is known as impact or avalanche ionization and will
be explained in this section. In avalanche ionization, free carriers in the conduction

band interact with the electric field of the incident radiation and gain kinetic energy
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by inverse Bremsstrahlung absorption [23]. When the energy of a free carrier is
increased above a certain critical energy F., it can create more free carriers by en-
ergy transfer via collision. The process is depicted schematically in Figure [2.9] The
modeling of avalanche ionization goes beyond the scope of this work, the different

approaches for modeling can be found in [30], BT, 27].
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Figure 2.9: A schematic depiction of avalanche ionization. The ionization happens

in two steps. (a) an already ionized electron absorbs energy from the incident electric

field and is further energized in the conduction band. Then, it can collide with a

bound electron in its ground state and subsequently transfers its energy (b), ionizing
the bound electron in turn.
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2.4.3 Relaxation

The final mechanism influencing the electron densities in dielectrics is the relaxation
of excited electrons. The relaxation of electrons can result from different processes
in solid-state materials. Especially in amorphous coating materials, many states
near the materials’ band gap contribute to the relaxation of electrons. The result-
ing relaxation processes with time constants in the order of ultrashort laser pulse

durations can be summarized in the following equation:

op(t) __ptt)

8t Trel

(2.28)
Here, Trq is the lifetime of free carriers. These lifetimes were measured in several

experiments for different coating materials (TiOy, TayOs5, HfOy, AlsO3 and SiOs),
and determined to be in the range of 220 fs to 1100 fs [32].
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2 Nonlinear optics

2.4.4 Influence of free electrons

The free carriers generated by the mechanisms introduced in the previous sections
are the root cause of various physical effects that cannot be neglected when nonlinear
optical effects in thin film coatings are investigated. The central effects considered in
this work are laser-induced damage, nonlinear absorption, and a changed refractive
index.

laser-induced damage has different mechanisms depending on the duration of the
incident laser pulses. For continuous wave irradiation, the damage is thermally
induced and mainly determined by heat-related properties, such as conductivity and
melting point of the samples under test. When the pulse duration is decreased into
the nanosecond range, this changes and the damage mechanisms can vary between
heat-based damage caused by absorption in the sample and intensity-based effects.
In practice, however, defects on optical surfaces act as absorption seeds and start a
thermal damage process in this regime [2§].

When the pulse duration is reduced further to approximately 10ps and shorter,
purely intensity-based effects dominate. The intensity of the laser pulse creates, via
the mechanisms introduced in the previous sections, free carriers. When the carrier
density reaches a critical value (about 1 x 10?! /cm?3, the internal electronic structure
of the dielectric material is disturbed too much, and the material is destroyed. The
destruction itself is the product of different subsequent processes on different time
scales that result from the high density of free electrons [33]. In practice, the LIDT
Fiy, of an optical material in the ultrashort pulse regime mostly depends on its band

gap energy E,, and the actual pulse duration 7, of the incident pulses:
Flch = (Cl + CgEgap)T; (229)

With ¢; = —0.16 £ 0.02Jem %fs™, ¢, = 0.074 + 0.004 Jem s "eV ™! and k =
0.30 £ 0.03 being material and pulse duration independent parameters [24].

For applications at high intensity, achieving low absorption in the utilized optical
components and materials is of critical importance to achieving good optical per-
formance. The free electrons generated by highly intense ultrashort pulsed lasers
can, however, add another loss mechanism, the nonlinear absorption. Nonlinear ab-
sorption is a direct result of the multiphoton ionization introduced in Section [2.4.1]

The underlying ionization by coincident photons strongly depends on the intensity,
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which in turn causes an intensity-dependent absorption. For the mostly dominant

two-photon absorption process, the intensity /(z) in an optical medium results to:

I(z) (2.30)
Here, Ij is the initial intensity that enters the medium, and [ is the so-called two-
photon absorption coefficient, which is a material parameter. Typical values for the
coefficient depend on the material and conditions of the light-matter interaction.
For indium tin oxide, a material with very high optical nonlinearity, 5 can range
from —3 cm/GW down to almost —8000 cm/GW, depending on the wavelength of
the incident radiation [34].

The final process considered in this thesis is the change in the refractive index
caused by the free electrons. Mero et al. demonstrated, that high-intensity laser
radiation can alter the dielectric function of the material under irradiation [35]. The
effects observed for optical coating material show a reduction of the real part and
an increase of the imaginary part of the materials’ dielectric functions. In practice,
this effect, therefore, results in a reduced index of refraction and increased losses

during the irradiation with intense laser pulses.
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3 Nonlinear refractive index of

optical materials

The optical components, which are the topic of this thesis, rely on nonlinear optical
effects in their constituent coating materials. Materials for thin film coatings are
typically almost perfectly amorphous and, therefore, isotropic in nature [36]. This
isotropic nature fundamentally excludes all nonlinear effects of even order. Effec-
tively, this reduces the nonlinear optical effects occurring in thin film coating to the

third order, as discussed in more detail in Section [2.1}

3.1 Dielectric materials

The dielectric material typically chosen for dielectric coatings consists of SiOs, which
is the most prevalent low-index material, and a range of high-index materials such as
HfO5, TasO5, NbyO5 and TiOs. The material Al;O3 is also applied frequently but
can be used, depending on the second material, either as high-index material when
combined with SiO, or as low-index material in combination with other materials.
Other materials are available for more exotic spectral ranges, such as fluoride salts
that are most frequently applied in coatings for the ultraviolet spectral range, or
amorphous semiconductor materials, which are suited for optics in the far-infrared
range. In the visible and near-infrared range, oxides are most widespread. Since
these high- and low-index materials are combined in coating stacks, it is advanta-
geous for the integration of nonlinear effects, when these materials already show a
significant optical nonlinearity. The nonlinear refractive indices for the most com-
monly used oxidic coating materials are listed in Table [3.1}

For SiO, and Al,Og, literature values are available, and their nonlinear refractive
indices are very similar. The high-index materials show more variability and, in gen-
eral, exhibit a stronger nonlinear refractive index, but the values are still relatively
low, and high intensities are required for significant changes in the overall refractive

index of a material.



3 Nonlinear refractive index of optical materials

3.2 Epsilon-Near-Zero materials

The first group of highly nonlinear materials discussed in this section are the so-called
Epsilon-Near-Zero-materials (ENZ-materials). These materials are distinguished
by their zero-permittivity wavelength, for which the real part of the permittivity
vanishes. Based on this, a high field enhancement and strongly increased conversion
efficiency for nonlinear processes was predicted around this wavelength [48] 49].
The material class has been under investigation for approximately ten years due to
their special characteristics [50], 511, [52]. The origins of this strong nonlinearity are
discussed in [49], so only a brief overview will be given here. As discussed in Section
2.2 the total change of the refractive index An = nyl usually scales linearly with
the nonlinear refractive index ny and the intensity I. Therefore, to increase this
change at a given intensity, a material with larger ny has to be found. Usually, no

is defined as follows:

3x®

= 1
4ng Re(ng)eoc (3-1)

N2
This is equal to the definition in Equation [2.20] when the refractive index is a real
number, e.g. the material is free of absorption. In the derivation of this relation,
it is, however, assumed that dn = mnol << n, which is not necessarily true for
the highly nonlinear ENZ-materials. It is, therefore, advantageous to calculate an

intensity-depended refractive index directly from the nonlinear susceptibility:

n(I) = \Je(B) = /e + 3xO)| B2 (3.2)

Table 3.1: The linear and nonlinear refractive indices for the most common oxidic
coating materials. The nonlinear refractive index increases with the linear one.

Material no ny 10 x 1071 cm?/W | wavelength (nm)
Si0, | 1.9- 3 B7] 1.4707 [39] 1064
ALO; | 1.6655 [39] | 3.1 [40, &I, 42] 1064
HIO, | 1.9564 [43] 5.8 [d] 1550
TazO5 | 2.0957 [45] 72.3 [46] 800
TiO, | 2.3078 [AT] 94.3 [40] 1064
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For comparison with other materials, the nonlinear refractive index ns is redefined
to be the initial slope of the curve n(I), where the total index change An is still

small:

dn

",

(3.3)

The strong nonlinear behavior of ENZ-materials, however, can not be explained by
the third-order susceptibility alone. Although the nonlinearity increases around the
near-zero wavelength, the increase is only by about a factor of four, which is not
sufficient to account for the factor of 100 that nonlinear effects are amplified in
ENZ-materials [49]. It was therefore concluded, that instead of a large ¥, ENZ-
materials feature a combination of excitation of free electrons with a strong internal

enhancement of the external electric field |E|.

3.2.1 Excitation of free electrons

ENZ-materials such as noble metals or highly doped semiconductors can be de-
scribed by the Drude-model[53]. The dispersion of the permittivity is then given
by:

wh

(3.4)

W =~ Trie

Here, €, is the high-frequency permittivity, v the electron damping, and wp the

plasma frequency. The plasma frequency can be calculated by

Ne?
Wp = | ——. (3.5)
me€g

N represents the density of free electrons, e is the elemental charge, and m} is the

effective mass of electrons. Different mechanisms during irradiation allow the mo-
dification of the plasma frequency: For photon energies larger than the band gap
(or intraband transition energy in the case of metals) of the considered materials,
irradiation directly increases the electron density in the conduction band, which
increases the plasma frequency. For photons with energies smaller than the materi-
als” band gap, the distribution of the electrons in the conduction band is changed
by electron heating. When the conduction band deviates from a parabolic shape,
this will increase the effective mass of the electron and therefore shift the plasma
frequency to longer wavelengths. When the frequency of the incident radiation is

equal to the plasma frequency, the interaction is resonant [34, [54]. The second case
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3 Nonlinear refractive index of optical materials

of low-energy photons is especially relevant for highly doped semiconductors such
as Indium Tin Oxide (ITO) and Aluminum Zinc Oxide (AZO). Their, compared
to metals small, density of free electrons results in a smaller heat capacity of the
electrons and, therefore, larger changes in their temperature for the same incident
energy. Secondly, they feature a non-parabolic conduction band [34, [55], which
causes a strong dependency on the effective mass and, consequently, the plasma
frequency on the electron temperature. When the plasma frequency is changed by
either of the two mechanisms, it directly influences the relation in Equation [3.4] and
changes the permittivity and, in effect, the refractive index of the material under

consideration.

3.2.2 Enhancement of the electric field

The enhancement of the electric field in ENZ-materials is based on different mech-
anisms. The first directly results from the continuity of the normal component of
the electric field at interfaces. In general, when surface charges are neglected, the
perpendicular and parallel components of the electric field at an interface between

two media is related by:

E! = El (3.6)
a Bl = &F; (3.7)

Here, F7; and FE, are the electric fields in the first medium, and second medium,
respectively. When an electric field E interacts with an ENZ-material featuring the
permittivity egnz under an angle of incidence 6, the absolute value of |Egnz| the

resulting electric field in the ENZ-materials can be calculated as follows:

€1 sin? 6

‘EENZ‘ = ’Eo‘\/COSQQ + (38)

€EENZ

Due to the nearly zero permittivity egnz, the second term in this equation becomes
very large. At high angles of incidence, the total field in the ENZ-material can be
strongly enhanced due to the continuity of its perpendicular component. The second
mechanism is based on the formation of special propagation modes in very thin films
of ENZ-materials [49]. In combination with the enhancement effects resulting from
the interface to different materials, this special ENZ-mode features a high field
enhancement [56]. This mode is confined to really thin layers of less than A\/50, and

degrades at layers thicker than this. Another mechanism that is suspected to take
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part in the field enhancement is the vanishing group velocity in ENZ-materials. In

a lossless ENZ-medium, the group velocity is given by [57]:
Vg = v/ €ENZC (39)

With ¢ being the speed of light. The group velocity in ENZ-materials can asymptot-
ically vanish at their ENZ-wavelengths, which would cause a slow-light phenomenon
[58]. Slow light is often associated with enhancement of the electric field [59] and
therefore suspected to also contribute to the enhancement in ENZ-materials[56], but

more research is necessary to confirm this.

3.3 Semiconductors

The second material class that is promising as active nonlinear optical material in
the frame of this work are semiconductors. The dielectric materials typically ap-
plied in optical coatings have a band gap energy starting at 3.3eV for TiO,, and
larger values for other materials, especially for the low index material such as SiO,
with 8.3¢eV [60]. This leads to a transparency of these materials for the complete
visible spectral range, limited by TiOy at approximately 380 nm and approximately
150 nm for SiO,. In contrast to that, semiconductor materials used in the optical
context feature a much smaller optical band gap energy, ranging from approximately
2.8 eV for zinc selenide over 1.42eV for gallium arsenide, 1.14¢eV for silicon and up
to 0.67¢eV for germanium [61]. These (and many more) semiconductor materials are
frequently used in optical applications, especially infrared spectral range, due to their
high transparency in this region and their very high refractive indices [62] (63, 64].
In addition to these beneficial properties, semiconductor materials feature a strong
optical nonlinearity. This results from their small optical band gaps and the, there-
fore, higher likelihood of Two-Photon-Absorption (TPA) (see also Section [2.4.1)),
which creates free carriers and therefore induces localized nonlinearities [65]. Addi-
tionally, the field-induced motion of the free carriers creates non-localized changes in
the electric field of the material and changes in the optical properties of the material
[66].

These effects also influence the nonlinear index of refraction, which is the parameter
of most interest for this work. Since the nonlinearities created in semiconductors
rely on the TPA as fundamental mechanism, photon energies that are just above
half of the band gap energies deliver the strongest nonlinear interaction. In [67],
a theoretical prediction for the relation of nonlinear refractive index and photon

energy is discussed. The behavior resulting from these calculations is illustrated in
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3 Nonlinear refractive index of optical materials

Figure . Below the TPA-threshold, the ny (normalized to the material’s bandgap
and refractive index ng) increases, until it reaches a maximum just above a photon
energy of 1/2 - Eg.p. Over this threshold, free carriers take part in the interaction,
and the effective ny decreases and even becomes negative at high photon energies.

For typical optical applications with wavelengths of around 1 pm, which is equivalent
to a photon energy of approximately 1.24 eV, the best fitting of the semiconductors
listed above are zinc selenide and gallium arsenide. Unfortunately, little data from
literature is available about their nonlinear refractive index around 1pm. Rela-
tively well researched is their behavior at the telecommunication wavelengths around
1.55 nm, where they feature high nonlinear refractive indices of 1590 x 1076 W /cm?
for gallium arsenide and 445 x 107 W /cm? for silicon. Due to the dispersion of
no around the TPA-threshold, this value is believed to again increase strongly for
applications at 1 pm, which makes especially gallium arsenide a promising material

for the integration of nonlinear optics into thin films.
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Figure 3.1: The expected dispersion of the nonlinear refractive index ns in relation
to the photon energy. ns was normalized to account for the first order index of
refraction ng and the bandgap Eqay, of different materials. The photon energy Eppoton
is given in relation to the bandgap of the material. A clear maximum with positive
no can be observed just above a relative photon energy of 0.5. Plot reproduced with
data from [67].
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4 Thin film interference coatings

For efficient use of optical components, functional coatings have been applied since
antiquity [9, 10]. While early coatings relied on metals to produce mostly mir-
rors, interference coatings utilizing dielectric materials were invented in the early
20th century [11L 12]. In this section, a brief overview of the working principles
of optical interference coatings is presented with the aim of achieving a theoretical

understanding of the concept of Kerr-band-switches.

4.1 Dielectric coatings

Optical interference coatings are based on the reflections and interference caused
in stacks of transparent materials. These materials are typically either dielectric
materials or, less commonly, semiconductors. As discussed in Section [3.3] dielectric
materials are defined by their optical band gap energy, which ideally is much larger
than the energy of interacting photons. The larger band gap energy causes dielec-
tric materials to be transparent to radiation. The interaction of an ideal dielectric
interference coating is, therefore, mainly determined by refraction, reflection, and
transmission at the interfaces of transparent materials. The interaction for a single
interface between two transparent materials is illustrated in Figure With the
refractive indexes ny and nq, the transmitted (A;) and reflected (A,) amplitudes for
parallel (||) and perpendicular (L) polarizations are described by the Fresnel equa-
tions, which are derived in detail in [I8].

With these equations, the fundamental behavior of a single interface can be de-
scribed. A typical curve for the angular reflectance for the different polarizations
at an interface with ny = 1 and n; = 1.5 is presented in Figure The expected
increase in reflectance for higher angles of incidence as well as the minimum at the
Brewster-angle for p-polarized radiation, can be observed.

Similarly, the Fresnel equations allow the complete modeling of thin film coatings.
For a single layer on an optical substrate, the solution can be achieved relatively
straightforward as presented in [68]. The modeling of more complex layer systems
is based on another approach, which is presented in Section [4.1.1]
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Figure 4.1: Reflection, transmission, and refraction and an interface between two
optical media with refractive indices ng and n;.
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Figure 4.2: The angular reflectance for s- and p-polarized light of an interface with
nog = 1 and n; = 1.5. An overall increase in reflectance for higher angles of incidence
can be observed. The p-polarized radiation exhibits a minimum of reflectance at
the Brewster-angle.

4.1.1 Transfer-matrix-formalism

The modeling of a thin film stack with Fresnel’s equations alone quickly becomes
unpractical when higher layer numbers are considered. A widely used alternative
method is the transfer matrix method, which relates the change of the electric field

E and the magnetic field H between the two interfaces of a layer with a linear matrix
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operation. Here, the formalism introduced in [68] is used. The fields at the m — 1

interface can be obtained from the fields at interface m as follows:

E cos(0,, — sin(4,, E,, E,,
Hpa Ui SIN(6,,)  cOS(0pn) Hy, Hy,
The effective refractive index pu,, depends on angle of incidence 6,, and polarization

of the incoming light:

o

0s(0,,)

tn = Ny, €08(6,,) for s-pol. and p,, = for p-pol. (4.2)

Consequently, 6, is the phase difference of the light obtained by propagation through
layer m and defined as:

27N,y c0S(6,,)
5m = \ )

(4.3)

where n,, represents the index of refraction and d,, the physical thickness of layer

m. The effect of a complete stack of N layers then results from the product of all

) fin

To retrieve reflectance R and transmittance 7' from the introduced matrix formalism,

layer matrices M,,:

the product matrix M, can be rewritten as:

A iB
M, =: (4.5)
iC D
With the so-defined matrix elements, the amplitude coefficients R of reflection and

T for transmission can be calculated as follows:
R — ,uenVA - ,usubD + Z.(,uenvﬂsubB - C)
,uenvA + ,usubD + Z'(,uenv/isubB + C)

2,uenv
T — _ 4.7
PJenvA + 77ﬁLusubl) + Z(MenvusubB + C) ( )
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The reflectance and transmittance consequently can be calculated as follows:

(,uenvA - HsubD)2 + (ﬂenv,usubB - 0)2
(H’envA + H’sublj)2 + (Pdenv,usubB + 0)2
4/flenv,usulo

T = 4.9
(:uenvA + musubD>2 + (NenvﬂsubB + 0)2 ( )

R=RR" =

(4.8)

The effective index of refraction of the substrate pg,, and the environment jie,, are
defined analogously to Equation For a typical mirror coating, this formalism
can be applied to calculate the reflectance at the design wavelength.

For a mirror coating, the layer thickness is chosen in such a way, that the optical
thickness of each single layer in the sequence of alternating materials is equal to a
quarter of the design wavelength. This type of layer is named QWOT-layer (QWOT
standing for Quarter Wavelength Optical Thickness). In this case, the phase dif-
ference obtained in each layer, is, per the definition of a QWQOT-layer, equal to

Om = /2. Therefore, the transfer Matrix for any one layer is of the form:

M, — cos(m/2) uimsin(w/Q) _ 0 i/um. (4.10)

ity sin(m/2)  cos(m/2) ity 0

For a typical stack of layers, starting with a high-index material with an effective
refractive index p; and continuing with pairs of low-index (p9) and high-index layers,

the matrix of a stack with N pairs results in the following product of N + 1 matrices:

0 1 0 ¢ 0 ¢ 0 ¢
M, = /i * h2 * /i k ...ok i . (4.11)

i 0 iz 0 i 0 iy 0

Multiplying this sequence of matrices results in one Matrix for the N+1 layers:

M, 0 i(=pa /)™ /i (4.12)

i (paa/ pa )™ 0

After obtaining the matrix characterizing the layer stack, the reflectance can be
calculated by applying Equation [4.8}

2(N+1
R — (Nl( - Nenv,usub:u%N)

(4.13)

2(N+1
,ul( = + /vLenv,usub:u%N
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For large N and ps < g this can be further simplified to:

p3"
R = 1 — 4Menvﬂsubm (414)

251

With this simple formula, the reflectance of a QWOT-stack mirror can now be
calculated easily. For typical conditions for normal incidence, pieny = 1, ptsup, = 1.45,
= 2.1, po = 1.45 and 31 layers, resulting in N = 15, the reflectance results in
R =0.99998 = 99.998 %.

For the intended applications in utilizing nonlinear effects in thin film coatings,
not only reflectance and transmittance are of interest, but also the enhancement of
the incident electric field is an essential property of a thin film design. Using the
established matrix formalism, the positive and negative propagating electromagnetic

fields in layer j at a position z between the interface positions z; and z;; of layer

J:

EHz) = Tojexp|—2min;(z — z;) cos(6;)]/A an
1-— Rjo’Rj,NHeXp(—élﬂnjdj COS(QJ')]/)\

RjN+1Tojexp|—2min;(z — zj+1 — d;) cos(6;)]/A
1 — RjoRj n+1exp(—4mn;d; cos(6;)] /A

d (4.15)

E (2) =

J

(4.16)

The relative intensity enhancement Is(z) for the s-component and I,(z) for the p-

component of the polarization at the same position then results to:

1(2) = §1Bf (2) + B (o) (4.17)
() = 1B} () + B () cos?(0)) + 1B (2) — By (2)Psin’(6)) (418)

The intensity distribution in the layer stack for an exemplary mirror coating con-
sisting of QWOT-layers as specified above, is presented in Figure [£.3] In the last
layers (meaning the last layers to be coated, e.g. the first layers to interact with
incident radiation), a peak in the internal intensity enhancement can be observed
at the last interface. The further the radiation propagates into the layer stack, the

less intensity remains.
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Figure 4.3: The internal intensity enhancement in a QWOT-stack (blue) in combi-
nation with the refractive index of the layer materials (gray). The internal intensity
enhancement reaches a maximum at the last interface of the layer stack and de-
creases, the further the radiation propagates into the mirror.

4.2 Band-pass designs

For many applications, spectral filtering or limiting of electromagnetic radiation is
desired. One way of achieving a narrow spectrum or selecting a certain spectral
range is a thin film band-pass filter. From a coating point of view, the simplest
band-pass filter is a variation of the QWQOT-stack mirror coating introduced in the
previous section. The differences in the coating designs can be observed efficiently
when the notation for thin film coatings is utilized. Here, H represents a QWQOT-
layer of the high- and L a QWOQOT-layer of the low-index material.

Instead of the H(LH )™ schematic of the mirror, a band-pass features a central spacer
layer with a thickness of 2 QWOT. The resulting design schematic then takes the
form of (HL)N2H(LH)Y. This arrangement of layers, in essence, creates a Fabry-
Perot cavity with the QWOT stacks at the start and the end of the sequence forming
the end mirrors and the central 2 QWOT layer forming the space inside of the cavity.
This central layer and similarly utilized layers in optical coatings are therefore called
‘spacer layers’. With the analogy of a Fabry-Perot resonator, the principal function
of this coating design becomes apparent: Incident radiation is reflected, unless the
condition for resonance is fulfilled, meaning that for a wavelength A of the radiation,

a physical thickness d and an index of refraction n the following relation is valid:

n-d=2k-\2, (4.19)
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where k € N. The simple form of a band-pass design introduced above is equivalent
to the case for k = 1, e.g. the shortest resonator length possible. The previously
established transfer matrix formalism can then be used to calculate the properties
of the coating design. Figure [4.4] shows the spectral transmittance of a band-pass

design with a central wavelength of 1030 nm.
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Figure 4.4: The spectral transmittance of a band-pass filter, shown in a (a) wide
and (b) narrower spectral range.

As expected from the analogy to a Fabry-Perot resonator, a peak of transmittance at
the design wavelength is visible with low transmittance/high reflectance at higher
and lower wavelengths. The spectral region of high reflectance is limited by the
bandwidth of the mirror coatings, which causes varying transmittance below ap-
proximately 800 nm and above approximately 1400 nm, in this case. The analogy is
not limited to the transmittance however when the internal intensity enhancement of
the coating design is considered. The behavior is again very similar to a Fabry-Perot
resonator. Figure [4.5] shows the intensity enhancement in the exemplary band-pass
coating. A clear maximum in the central spacer layer can be observed. This en-
hancement is caused, identical to a classical resonator, by the interference in the
‘cavity’, which is, in this case, formed by the spacer layer. The decreasing intensity
enhancement towards the outer edges is a product of the thin film coatings that
form the end mirrors of the resonator. Similar to the distribution of the intensity
enhancement in Figure [£.3] the internal enhancement decreases, the further the ra-

diation propagates from the cavity outwards.
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Figure 4.5: The internal intensity enhancement in a band-pass coating (blue) in
combination with the refractive index of the layer materials (gray). The internal
intensity enhancement reaches a maximum in the central spacer layers of the coating
stack due to the resonant nature of the interference in the layer sequence.
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5 Kerr-band-switches

This chapter introduces the concept of the Kerr-Band Switch (KBS), a novel optical
component intended as an ultra-fast optical switch. To this end, the fundamental
idea based on thin film band-pass coatings is explained, and a method for calculation

and optimization of the switching function is developed.

5.1 Optical switching with the Kerr effect

The KBS is based on integrating the nonlinear optical Kerr effect into specially
designed thin film coatings. To achieve the desired optical switching in these inter-
ference coatings, the coating design has to fulfill three principle requirements:
Firstly, the coating stack needs to exhibit the desired spectral behavior in its initial,
undisturbed state. For example, for a typical band-pass design, the requirement
would be a sufficient transmittance at the central wavelength of the design, as well
as a bandwidth that does not limit the later application of the KBS.

Secondly, these desired spectral characteristics should be dependent on a change in
optical thickness in one or more of the layers constituting the coating stack. This
change in refractive index can then be introduced by the optical Kerr effect and
influence the characteristics of the design.

The third property concerns the ’selectivity’ of the design. When the design inter-
acts with intense laser radiation during its application, as far as possible, only the
layers specified by the second property should change their refractive index, so the
design changes its spectral properties in the intended manner. This selectivity can
typically be achieved through two methods. When applying the first method, the
design needs to enhance the intensity of the incident electric field in the sensitive
layers, which will ensure that these layers experience higher changes in the refractive
index. The second method relies on the different nonlinear indices ny of refraction,
different materials possess. If the sensitive layers in the coating stack consist of a
material with a, compared to the remaining materials in the coating, much higher
no, they will exhibit a stronger shift of the refractive index at the same electric field

intensity.



5 Kerr-band-switches

These three properties occur almost 'naturally’ in the band-pass designs that were
explained in the previous section. Band-pass designs exhibit desirable optical pro-
perties at selectable wavelengths. The pass band typically depends strongly on the
optical thickness of one or a few selected layers, and the intensity enhancement in
these selected layers is typically high. Figure[5.1|presents the spectral characteristics
as well as the intensity enhancement of a simple band-pass design addressed to an

application wavelength of 1030 nm.
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Figure 5.1: (a) The spectral transmittance of a band-pass design intended for an ap-
plication wavelength of 1030 nm. The black trace represents the initial, undisturbed
state, and the blue curve illustrates the "shifted" state, created by an increase in the
refractive index of 1% in the central spacer layer. (b) illustrates the enhancement
of the intensity of the electric field in the layer stack (blue). A strong enhancement
is shown in the central spacer layer. The boundaries of the layers are overlayed for
illustration (gray).

5.2 Calculation of intensity-dependent refractive

indices in layer stacks

As illustrated in the previous section, the optical Kerr effect can be utilized to initiate
optical switching, when electromagnetic radiation of sufficient intensity is provided.
The interaction demonstrated is, however, simplified. In real-life interactions, it
cannot be assumed that an equilibrium state is reached, because, in addition to the
design’s transmission spectrum also, the internal intensity enhancement is changed.
This, in turn, directly influences the intensity in the active layers, which will conse-
quently change the refractive index of these layers.

To realistically investigate the interaction between a thin film coating and intense

laser radiation, the interaction has to be simulated as realistically as possible, includ-
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ing the time-dependent intensity of the laser pulse and taking the design’s "response"
into account. The following sections will detail the simulation process developed in

this work as well as give insight into the results obtained by this method.

5.2.1 Simulation process

The simulation process required for analyzing the behavior of Kerr-band-switches
can be divided into two parts:

The first part has to be based on the transfer-matrix-formalism explained in Section
[4.1.1] It contains all calculations related to the interference coatings, especially the
calculation of the internal field enhancement as well as the desired optical properties
as, for example, reflection and transmission.

The second part of the software has to handle the external interaction of the layer
stack. This includes the properties of the assumed laser source, the shift in the
refractive indices caused by the Kerr effect, and the generation of new layer designs
with the changed material properties.

In this work, the two parts are handled by different software solutions. The first
part is performed by the established thin film software Spektrum32 [69]. Spektrum32
is widely used for the design of thin film coatings as well as the fitting of material
data to measured spectra. In this work, Spektrum32 will be interfaced to by using
its command line features, which allow control of its capabilities from alternative
platforms.

To utilize this control mechanism and handle the tasks of the second software part,
a Python program [70] was developed during this work. This program takes control
of Spektrum32 and creates new thin film designs based on the design properties
calculated by Spektrum32. The next section gives a brief summary of the principle

procedure.

5.2.2 Simulation of single pulses

As described in the previous section, the actual thin film calculations are handled
by an established thin film software, which is being controlled by a program written
in the language Python [70]. This program does not only indirectly control the thin
film, but also provides additional parameters and iterates the overall process. The
steps of these calculations are outlined in this section.

In the explanation presented here, it is assumed that a design intended for switch-
ing from transmission to reflection is investigated. After this KBS design is created
in accordance with the criteria specified in Section [5.1} the initial state of the field
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5 Kerr-band-switches

enhancement and the desired optical properties are recorded. When the initial prop-
erties and performance of the design are measured and saved, the design has to be
"sliced" into so-called sub-layers with a thickness in the range of a few nanometers.
This is necessary because the internal intensity enhancement varies strongly not
only over the design but also in each single layer, as can be clearly seen in Figure
(a). Therefore, the initially constant refractive index of a layer will change to a
gradient over the layer, caused by the optical Kerr effect. This effect is illustrated in

Figure (b), where a comparison between a normal and a shifted design is given.
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Figure 5.2: (a) The internal intensity enhancement (blue) in a KBS-coating design
in combination with the refractive index of the layers (black). (b) shows the same
design, but with the effect of the optical Kerr effect taken into account. For the
calculations, a ny®" = 20 x 1076 cm? W and a n?™ = 3 x 10716 cm?/ W was assumed
for the high- and low index-material, respectively. For the external intensity incident
on the design, I, = 1 TW/ cm? was chosen to enhance the visibility of the index
shift.

Since taking the average of this change would disturb the accuracy of the calcula-
tions, the approach of the sub-layers is taken. These sublayers are thin enough that
the change of the refractive index over their individual extent can be neglected, and
the average of the refractive index is assumed for each single sub-layer. The result-
ing design of sub-layers can then be treated normally by the thin film calculations
to retrieve optical properties and internal intensity enhancement.

This, in principle, enables the calculation of a design’s response to a given external
intensity. In real applications, the temporal pulse profile of the final laser has to be
taken into account, and the incident intensity varies continuously. To calculate the
response of a design to a given pulse profile, the incident intensity for each point in
time, therefore, has to follow this temporal pulse profile. For the calculations pre-

sented in this work, a Gaussian pulse profile was assumed, and calculations starts
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2.4 - 1, before the peak of the Gaussian pulse profile and ends 2.4 - 7, after this
peak, with 7, being the Full Width at Half Maximum (FWHM) pulse duration in
this case. With the basics of sublayers and pulse profile established, a schematical

workflow of the software routine for the calculation is given below:

1. During initialization of the calculation, the initial design is loaded, split into
sublayers, and the initial properties, in this case, transmittance and inten-
sity enhancement, are calculated by Spektrum32. Additionally, the remaining
necessary parameters, such as external pulse shape and intensity, nonlinear
refractive indices for the coating materials, and number of time steps, are
defined.

2. In this step, the current external intensity is calculated based on the pulse

profile and the current time step.

3. With the external intensity, the absolute internal intensity is calculated based

on the internal intensity enhancement of the current step in the iteration.

4. The internal intensity is, in combination with the nonlinear refractive indices,
used to calculate a new index of refraction for each sublayer to create a new

design for the current iteration.

5. The new design is handed over to Spektrum32 for calculation of transmittance

and intensity enhancement. The results are saved for later evaluation.

6. After saving the results, the current iteration is finished. When the current
time step is not the last one, the current time step incremented, and the
calculation returns to step 2. When the last step is reached, the calculation

stops.

This procedure enables the observation of the interaction between a KBS design and
a single pulse of electromagnetic radiation with a fixed pulse energy/peak intensity.
An example of this is presented in Figure where the simulation results for a
KBS-coating are presented.

The coating design depicted in the figure follows the schematic (HL)32AL(HL)®,
where the central spacer of the active material with thickness 2 QWOT is denoted by
the letter A. The refractive indices of the materials assumed for this simulation are
ng = 2.03 for the high-index and ny, = 1.44 for the low-index material. The nonlin-
ear refractive indices of the materials were assumed to be ngy = 20 X 107% cm? W
for the high index material, noy, = 3 X 10716 cm?/ W for the low index material and

noa = 2 x 1072e¢m? W for the active material. For this coating design, the effect
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Figure 5.3: The behavior of a KBS-coating during the interaction with a single
Gaussian pulse. (a) shows the intensity of the electromagnetic radiation and the
transmittance of the KBS over the time of the simulation. A strong reduction of
transmittance can be observed during the peak intensity. (b) shows the transmit-
tance of the coating plotted over the incident intensity, separated into the rising and
falling side of the Gaussian profile.

of a laser pulse with a duration of 250 fs, a pulse energy of 100 1J, and a spot size
of 100 pm was calculated.

Figure (a) shows the intensity of the electromagnetic radiation incident on the
KBS and its transmittance over the time of the simulation. At high intensities, the
transmittance is strongly reduced, which is the behavior that was intended in de-
signing the KBS. Figure (b) shows the transmittance over the incident intensity
separated into the rising and falling side of the Gaussian profile.

For later application as well as easier comparison with validations, the behavior for
pulses with different pulse intensities is of high interest. To evaluate this behav-
ior, the established simulation routine, which loops over the temporal profile of a
pulse with fixed peak intensity, is, in turn, integrated into a loop to evaluate the
performance of a KBS design over its complete range of applications. The resulting
characteristic curve of the transmittance of the design versus the pulse energy of the
incident pulse is given in Figure [5.4]

The calculation of the characteristic switching curve of a design then allows the
comparison between different design approaches and enables the validation with
experimental data, because the characteristic curve can be measured with relative
ease, especially when compared to the single pulse curves presented in Figure [5.3]
But to further improve the performance of the KBS, the switching mechanism has
to be optimized in software.

This is already common practice in current thin film design, where commercial soft-

ware is used almost universally for the creation of advanced coating designs. A
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Figure 5.4: The transmittance for various pulse energies of the incident radiation.
A clear decrease in transmittance can be observed for increasing pulse energies,
which is caused by the optical switching in this KBS design.

similar approach is presented in this work in Section [5.2.4] but for any optimization
algorithm to be effective, a figure of merit has to be defined that can be used to

compare the performance of different variations of a design candidate.

5.2.3 Figure of merit

When different design candidates are compared with regards to their switching per-
formance and designs are being optimized for larger switching amplitudes, it is
critical to have an accurate Figure Of Merit (FOM) to analyze said performance.

In the simulations presented in this work, mainly the change in transmittance is
used as an indicator for a valid KBS design. There are two challenges to a naive
approach of calculating and comparing the two characteristic switching curves of the
candidates under consideration that make this approach not feasible for application
in realistic simulations.

Firstly, a calculation over the complete peak intensity range intended for later appli-
cations is time-consuming. Therefore, instead of using the complete range of peak
intensities, a single intensity is used as point of reference for a design’s switching
performance. This point is determined in the first evaluation of a new design and
set to an intensity at which the transmittance of the design roughly reaches 50 % of
its initial value (I50¢).

Secondly, when the switching performance of designs shall be improved by optimiz-

ing algorithms, taking the transmittance at the reference wavelength as a parameter
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leads to erroneous results. The optimization will, in this case, naturally lead to
spectrally narrower transmission bands with higher internal intensity enhancement.
While this would improve the switching performance for spectrally limited radiation,
the ultrashort pulsed lasers with pulse durations of around 10 ps and shorter, which
are the main application for KBS typically feature bandwidths greater than 0.1 nm.
Very narrow designs will therefore limit the initial transmission and switching am-
plitudes because they can only interact with a small part of the pulse spectrum of
the incident radiation. To avoid this, the spectral bandwidth of the design has to
be included in a FOM chosen for this optimization problem. Different FOMs were
tested during the course of development of the KBS-optimizations, and the following
was found to perform best.

The FOM is determined by first calculating the undisturbed transmittance spec-
trum of a design candidate and subtracting the transmittance spectrum of the same
design at I59g. The resulting difference of the two spectra is then integrated over
the range of the bandwidth previously defined for the particular application the de-
sign candidate is being optimized for. This integral is divided by the bandwidth for
normalization. This results, in effect, in the averaged change of transmission in the

desired spectral range, which is the FOM applied in this work.

5.2.4 Optimization of KBS designs

With the capabilities described in the previous section, the characteristic switching
curve of a KBS design can be calculated and compared with other design approaches.
This directly enables the programmatic optimization of the switching properties. In
this work, the optimization is implemented using the previously established soft-
ware solution in combination with random variations of the layer thicknesses. The

implementation follows the schematic presented below:

1. In the first step, the initial design is loaded, and the initial switching curve and
figure of merit (FOM) are calculated. The results are saved for later compar-
ison. The remaining parameters for the optimization are also defined in this
step, such as the total number of steps, bandwidth of the intended application,
the pulse energy range for the calculation of the characteristic switching curve,
and the parameters of the intended laser source the component is going to be

used with.

2. The FOM is calculated as defined in Section and saved for later compar-

ison.
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. The layer thicknesses are randomly varied with the maximum variation set

initially at 1% of the layer thickness.

. Since all layers are varied, any spacer layers that may define the resonant
wavelength of the design will also be affected. Any shift in these layers causes
the design to shift out of resonance, and switching will not happen, since no
initial intensity enhancement is present. To mitigate this, the new shifted
transmittance peak created with the current iteration is detected, and the
complete design is shifted so that the wavelength of the current transmittance

peak matches that of the initial design.

. The switching behavior for a single pulse with a peak intensity of I59¢ is

calculated, and the FOM is calculated for the design of the current iteration.

. The calculated FOM of the current iteration is compared to the currently best
FOM (or the initial if no better FOM was identified). If the current FOM is
better, the current design is saved and used for further calculations. If the
current FOM is worse, the currently best design remains unchanged, and the

number of steps without improvement is incremented.

. If the number of steps without improvement reaches a limit (typically 5, for
calculations in this work), the maximum variation of the layer thickness is
reduced. This allows a better resolution of minima in the FOM later in the
optimization process, while initially enabling the finding of an overall good

minimum at the start.

. If the number of the current step is smaller than the total number of steps set
for the optimization, the process returns to step 3. When the number of steps
is equal to the set limit, the optimization loop is terminated, and the currently

best design is saved as the final design.

. The characteristic switching curve of the final design is calculated and saved

for comparison with the initial design.

An exemplary result of this optimization algorithm is presented in Figure The

two included designs exhibit a similar characteristic switching curve, but the op-

timized variant has a higher initial transmittance and starts to ’switch’, e.g. its

transmittance starts to decrease, at lower pulse energies. Both effects can be ex-

plained by the optimization process, as both the higher initial transmittance as well

as, the earlier decrease of transmittance increase the difference between the undis-

turbed transmittance spectrum and the spectrum at an intensity of I5y¢, which in
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turn increases the FOM. It can be observed that the pulse energies necessary for
switching of the KBS could be decreased by almost an order of magnitude, which is
a significant improvement.

A comparison between the transmittance of the initial and the final designs is pre-
sented in Figure Minor differences are visible, but no significant change in the
transmittance spectrum can be observed. Figure (b) shows the transmittance
peak of both designs, and the optimized variant has a slightly smaller bandwidth,

which could explain a part of the seen improvements.
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Figure 5.5: The transmittance for various pulse energies of the incident radiation.
A clear decrease in transmittance can be observed for both designs, but the opti-

mized candidate (blue) has higher initial transmittance and starts to decrease at
lower energies.
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Figure 5.6: The transmittance of an initial band-pass design (black) and a KBS
design that was optimized for switching amplitude. The optimization causes minor
changes to the spectral shape of the transmittance, but the original pass-band is
clearly recognizable.
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5.2.5 Beam profile considerations

So far, only the temporal shape of the Gaussian beam was considered for the sim-
ulations and optimizations. The spatial profile of the intensity was assumed to be
homogeneous, e.g. equivalent to a flat top beam shape. Most laser systems, how-
ever, feature a Gaussian spatial intensity profile, or a profile that closely resembles
a Gaussian shape. For the switching function of the KBS under consideration in
this chapter, the inhomogeneous spatial intensity distribution of this beam profile
effectively means that the results presented up to this point are only valid for the
peak intensity of a Gaussian beam, and the switching is going to be less pronounced
for points with a greater distance to the beam’s center due to the reduced intensity.
To estimate the difference between the simulations performed for a flat-top beam
profile and a Gaussian profile that is closer to real-life laser systems, the switching
characteristic of a KBS as displayed in Figure[5.6|can be utilized. Each data point in
that graphic represents the averaged transmittance of a laser pulse with a temporal
Gaussian shape. The different pulse energies represented in this graph can then be
converted to the peak intensity of this temporal pulse shape. This information can
be used to calculate the switching performance of a spatial Gaussian beam profile,
by approximating the local switching amplitude for every point in the beam profile
with the switching amplitude of a pulse with matching peak intensity.

Due to the rotational symmetry of a Gaussian beam, this results in a radial depen-
dency of the transmittance T'(r) for a given beam profile. An example of T'(r) for
the pulse parameters described in Section is depicted in Figure (a). By
integrating 7'(r) over the beam area in polar coordinates and normalizing the result
to the total beam area, the average transmittance of a Gaussian beam profile T

can be calculated:

1 2t rR 2 R
TG:W—RQ/O /o T(r)~7’d'r’dg0:ﬁ/o T(r)-rdr. (5.1)

The radius of the beam’s area cannot be exactly defined for a Gaussian beam. For
the calculations presented here, the maximum radius R of the integration is equal to
the 1/e*-radius w that is the established measurement for the size Gaussian beams
and contains approximately 86.5% of the beam’s energy.

The resulting transmittance for different peak intensities of a Gaussian beam to-
gether with the same intensities of a flat-top beam is presented in Figure (b).
For the same intensity value, the Gaussian beam shows a reduced switching ampli-

tude. The difference between the two beam shapes varies depending on the intensity
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and reaches a maximum of approximately 22 %. The function of the KBS seems to

be identical qualitatively but shifted to higher intensities for the Gaussian beam.
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Figure 5.7: The radial dependency of the transmittance during the interaction of a
Gaussian beam and a KBS. (a) The black line represents the spatial intensity profile
of the laser pulse, and the blue line represents the transmittance at each distance to
the beam’s center. In (b), a comparison of the switching obtained by a flat-top and
a Gaussian shape for an identical KBS is depicted. The function of the KBS seems
to be identical qualitatively but shifted to higher intensities for the Gaussian beam.

46



6 Frequency tripling mirrors

Since the most established laser gain media operate in the near-infrared spectral
range around 1 pm, the generation of the third harmonic of these fundamental laser
wavelengths is of high interest for many applications based on ultraviolet radiation
[71, 72, [73]. The most straightforward way to obtain this third harmonic is the
direct third harmonic generation as described by Equation in Section 2.1 But
because the two wavelengths participating in this conversion process are spectrally
far apart, the natural dispersion of the refractive index makes phase matching very
difficult for this direct THG, and additional effects or construction techniques have
to be utilized to achieve meaningful efficiencies [74) [75]. Therefore, the most efficient
way to generate the third harmonic of an infrared laser currently is the combination
of two second-order nonlinear processes. With these, the fundamental firstly gets
converted into its second harmonic by direct second harmonic generation and sec-
ondly into its third harmonic by sum frequency generation of the fundamental and
the newly generated second harmonic [76], [77]. This process is highly efficient, with
conversion efficiencies of about 30 %, but the optical setup is relatively complicated,
requiring multiple components in a free-space setup. A schematic representation of
the necessary components is presented in Figure [6.1]

As an alternative to the inefficient direct THG and the complicated generation via
two second-order processes, frequency tripling mirrors based on thin film interference
coatings were proposed and will be investigated in this section. The original concept
was developed at the University of New Mexico (UNM) [79, [80]. The concept was
further investigated in cooperation with the Leibniz University of Hannover (LUH)
and the LZH in a combined research project, where the work presented in this thesis

took place.

6.1 Third harmonic generation in thin film coatings

Thin film interference coatings offer the possibility to freely tailor the optical prop-
erties of the component to be manufactured. These properties include transmittance

and reflectance, but also dispersion and phase characteristics, which are exploited
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Figure 6.1: An example of a THG-process based on two second-order nonlinear
processes. In the first step, the fundamental is converted to the second harmonic.
The polarization of both waves is then aligned by a wave plate, and by an SFG-
process the third harmonic is generated in the second step. The phase matching for
both conversion processes is done by tuning the respective angles ¢ and . Schematic
recreated from [78].

in chirped mirrors, for example. In addition, the laser-induced damage threshold of
these coatings can greatly exceed those of metallic mirrors [81},82]. The combination
of these advantageous properties suggests that with the correct design of the layer
sequence, interference coatings can be utilized as nonlinear conversion media. In
this application, the phase mismatch naturally occurring in the coating materials
would be compensated by phase delays intentionally designed into the coating stack.
In addition to this degree of freedom created by the properties of the interference
coating, the inclusion of resonant structures enables high internal field enhance-
ments meaning any external laser radiation will be enhanced in selected layers used
for the conversion process. This is similar to the band-pass structures utilized in
Kerr-band-switches introduced in Section 4.2

The design of frequency converting optics was developed by the UNM and inves-
tigated in detail in the Ph.D. work resulting from the joined research project [83].
Here, a brief summary of this method is presented. In principle, the intensity of
the third harmonic generated in a coating is calculated by implementation of the
conversion without depletion of the fundamental as described by Equation [2.22 with
the thin film matrix formalism as described in Section The input parameters
for this formalism are the layer thicknesses cz the complex refractive indices of the

corresponding layer materials 77 and their nonlinear susceptibilities ¥®). The vectors
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contain (N + 1) elements, with the first N components describing the layer stacks
and the (N + 1)th component describing the substrate material. This calculation
method then yields the forward and backward traveling waves of third harmonic
radiation and allows the calculation of the efficiency of the in-stack conversion.

The overall energy of the conversion in reflection Sty is then defined by the peak
amplitude of the incident fundamental field radiation Ep o, an integral over the nor-
malized temporal and spatial pulse shape of the fundamental field EF(t,r), with
E’F(O, 0) = 1, and a quality parameter q(cz i, X*) resulting from the matrix calcu-

lations:
St = g(d. 71X [ Brol® [ dt [ dr|Ee(t.n)® = qlBeo'K (6.)

The constant K is the numerical value resulting from the temporal and spatial
integration of the laser pulse. The quality parameter ¢ is the figure of merit that is
maximized by the optimizations. The FTM coatings presented in this work can be
separated into three approaches, labeled A, B, and C. The difference between these
design types mainly lies in the way the figure of merit is chosen: Designs of type
A are optimized towards the highest absolute THG. Therefore the corresponding
figure of merit ¢, is equal to ¢ from Equation Designs of type B use a changed

figure of merit ¢g, with

6

=:qa/f" (6.2)

Er o

gB = g4a

EF,max

Effectively, ¢4 is related to the maximum internal field enhancement f of the layer
stack, leading to a preference for designs that create high third harmonic energies
at low internal intensities. This assumes that the external intensity can always
be increased, for example, by focusing the incident laser beam. The conversion
efficiency 7 for the coating stack can be calculated by dividing the TH-energy Sty
by the fundamental energy Sy = |Fro|>K’. Here, K’ is a numerical constant relating
the electric field of the fundamental to its energy.

S 1
= SR EF,max|4K” = QC’EF,maX|4K” (63)

The factor K" = K /K’ is again a constant numerical factor related to the temporal
and spatial integrals of the fundamental and TH-pulses. The quality parameter
qc = qa/f* is the figure of merit for type C-designs. Similar to designs of type B,
the figure of merit is normalized in relation to the internal intensity enhancement,

but instead of favoring high TH-energies, high conversion efficiencies are preferred.
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6 Frequency tripling mirrors

Designs of all three types were manufactured and tested, but since the main goal was
to produce an alternative method for high-efficiency THG, the designs investigated
in detail in this thesis are of type C.
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7 Manufacturing of thin film

coatings

After developing the theoretical foundations for this work and a discussion of the
required optical materials, this chapter will describe the processes applied for ma-
nu-facturing the coatings.

There are various ways of achieving a functional surface for optical applications.
The most common way of functionalizing polished surfaces, however, is by applying
an optical coating. The manufacturing processes for these coatings are commonly
divided into two major groups: Chemical vapor deposition and physical vapor de-
position [36]. Optical coatings are mainly produced by the latter. Physical vapor
deposition itself can be further divided into three groups of processes. The first
group consists of so-called conventional coating processes based on evaporation of
the coating materials. This group is further subdivided into classical thermal evap-
oration, where a metal crucible (called boat in this application) containing the coat-
ing material is heated by passing an electrical current through it, and electron beam
evaporation, where the heating is done by an intense electron beam, which is di-
rected at the coating material [84]. Evaporated coatings show good optical quality
and have a wide selection of materials available, but the properties of the deposited
thin film materials usually are not as good as that of similar bulk materials. Due
to the thermal nature of the process, the evaporated molecules and atoms usually
have relatively low kinetic energy, which leads to layers with porous columnar micro-
structures [85].

The second group of processes contains plasma-based approaches. Here, the coating
material is not evaporated but sputtered by a high-energy plasma. Due to the high
energy of the sputtered atoms, plasma-based processes produce layers with higher
density and lower losses, but they are usually slower than conventional processes.
There are many different approaches on how to create a suitable plasma, espe-
cially magnetron-sputtering and Ion-Beam-Sputtering (IBS) are well-established
processes. IBS, especially is known to produce layers with extremely high precision

and the lowest achievable losses known so far. The coatings used for the research
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done in this work were manufactured by IBS-machines. Therefore, a short overview
of the IBS process as well as the machines used for work in this thesis, is given in

the following sections.

7.1 lon beam sputtering

The IBS coating process is based on the generation of plasma, which is spatially
separated from the substrates and the target materials. The separated generation
allows the plasma to be kept very stable for long process times. By using a charged
grid system integrated into the plasma source, ions can be extracted and used for
sputtering. The acceleration provided by the grid system provides the kinetic energy
for the ions, which typically is in the low, single-digit kV range. To avoid potential
build-up of electric charge in the target materials, the ion beam is often neutral-
ized by the insertion of electrons before interacting with the target. A schematic
representation of an IBS-machine as it is typical for the coatings presented in this
thesis, is depicted in Figure[7.I] After acceleration, the ions or neutralized atoms hit
the target material. The interactions between the highly energetic particles and the
atoms of the target material are complex, and different possible processes can occur.
A detailed investigation of the fundamental solid-state-processes was developed in
[86, 87, [8§].

The dominant interaction is the so-called linear collision cascade, whereby the en-
ergetic particles dissipate their energy in a small volume of approximately 1nm? on
the target surface. The resulting probability for emission of a target atom is rela-
tively low (in the order of 5% to 25%) [89]. This inefficiency leads to a significant
energy transfer to the target material, which, therefore, often requires active cooling
during the deposition process. To achieve sufficiently high free path lengths in the
coating chamber and reach the substrates in their plane of rotation, the process has
to be undertaken in a high vacuum, with evacuation pressures down to 1 x 10~ mbar
and process pressures of approximately 1 x 10~% mbar. The sputtered target atoms
(ad-atoms) leave the target, creating a complicated distribution in the plane of the
substrates to be coated, which is the result of a superposition of different effects
[90]. Therefore, the distribution of the coating material tends to be strongly in-
homogeneous in the plane of substrates, which typically requires masks combined
with rotating substrates to reduce the deposited material in certain areas. For even
higher lateral homogeneity, planetary rotation or other forms of mechanical aver-
aging can be employed [91]. Since metallic or semiconductor target materials are

typically used for IBS coatings, the sputtered atoms require additional oxygen in the
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coating process to form the desired dielectric oxide layers on the substrate surface.
This oxygen is provided in gaseous form during deposition, making it a reactive
sputtering process. The rate of deposition of IBS layers typically depends on the
sputtered material and the layout of the specific coating machine but is relatively
stable over time. As depicted in Figure[7.1] several target materials are implemented
that enable the changing of coating materials necessary for multilayer interference

coatings without disturbing the vacuum in the coating chamber.

rotary
encoder
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substrates

=

RF ion source

0 7

CCD-Array
spectrometer

_ Light

Q target materials \'0 source
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Figure 7.1: An illustration of an IBS coating machine. The accelerated ions from
the ion source are neutralized and hit the target material. Sputtered atoms from the
target material then move toward the substrates, which are mounted in a rotating
holder over the target. To generate oxidic layers from metallic targets, additional
oxygen is supplied.

7.1.1 Monitoring of the deposition process

The stable nature of the IBS coating process results in nearly constant deposition
rates. In theory, therefore, the layer thicknesses obtained from an IBS deposition
can be determined purely by using a well-calibrated coating machine together with
precise time control. In practice, however, changing target geometry due to sputter-
ing, changing substrate temperatures other error mechanisms cause small deviations
in deposition rate and optical properties of the deposited parameters, which neces-
sitates direct monitoring of the deposited layer.

An effective method for control of optical thicknesses is the measurement of transmit-
ted light through a special, well-known monitoring sample. Since the transmittance

of the optical coating depends on the thickness of the applied layers, the transmitted
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7 Manufacturing of thin film coatings

light can be used to monitor the progress of the coating process. Early implementa-
tions measured transmittance at a single wavelength (which may change from layer
to layer) and terminated the layers based on the turning points of the transmittance
[92]. An example of the transmittance at the central wavelength of a QWOT-stack
mirror is presented in Figure[7.2] The extreme points of the transmittance curve are
located at the layer boundaries, which enables easy termination of these layers. The
software necessary to perform the optimization that calculates the current layer
thickness after each measurement and recalculates the material properties during

the deposition is developed at LZH [93] and greatly improves the accuracy of layer
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Figure 7.2: An example of the signal created by a single wavelength optical monitor
during the deposition of a QWOT-stack mirror coating for 1064 nm with 23 layers
of TasO5 and SiOy. The extreme points of the transmittance curve are located at
the boundaries of the layer, which enables easy termination of each layer during
deposition.

While this works well for designs, which feature mostly QWOT-layers and are in-
tended for use at a dedicated laser wavelength, the number of wavelengths for moni-
toring as well as the complexity of the required monitoring strategy, increases greatly
for more complicated coating designs. Additionally, there is no information about
the optical properties of the deposited materials, which then have to be determined
beforehand.

A solution to these disadvantages of a single wavelength monitoring approach is
offered by the so-called BroadBand-Monitor (BBM) [94]. Here, the spectral trans-
mittance is measured in a broad range, typically around the visible spectrum e.g.

from 400 nm to 1000 nm. Technically, this is realized by a light source that is cou-
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pled via optical fibers into the coating chamber. The light is then irradiated onto
the samples’ path of rotation, and the transmitted light is collimated back into an
optical fiber. The transmitted light is then measured spectrally by at least one
fiber-coupled spectrometer. If necessary, special thin film filters can be inserted
into the beamline to flatten the spectrum and provide a better signal-to-noise ratio
for the spectrometers. To measure the absolute transmittance of the monitoring
sample in the coating machine, three measurements have to be taken: First, a dark
measurement g, (\) containing the offset of the spectral intensity measurement
and any scattered light that might result from light sources in the coating chamber
e.g. the ion source or the neutralizer. Secondly, a 100 %-measurement is recorded
by measuring the spectral intensity distribution I199(A) of the light source without
the sample in the beamline. Finally, the spectral intensity distribution Isampie(A)

transmitted by the sample is recorded. The absolute transmittance of the sample

Tsample .

T o= Isample()\) - [dark<)\)
P [100<)\) - [dark()\)

(7.1)

The different measurements in the same beamline are possible due to the arrange-
ments of the samples in their rotating holder. The holder features at least one spot
for a monitor sample, and in addition, a hole without any sample where the 100 %-
measurement can be recorded as well as a closed spot for the dark measurement.
The different angular positions at which the measurements are recorded are set once
by the user of the coating machine and are then reproduced by an encoder coupled
with the axis of rotation. Therefore, by spinning the sample holder, these measure-
ments can be taken each once per revolution, enabling the possibility of frequent
sampling of the sample’s spectral transmittance.

These measurements alone do not yet provide insight into the state of a coating in
progress. Only in combination with the known coating design as well as suitable
software to fit the current layer thickness to the recorded spectral transmittance a
thickness value can be retrieved. In contrast to single wavelength monitoring, the
availability of complete spectral information over the coating allows not only the
determination of the layer thickness but also the in-situ calculation of the refractive

index and its spectral dispersion over the measured spectral range [93].
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7 Manufacturing of thin film coatings

7.2 Coating of Kerr-band-switches

The coating process of KBS does not deviate significantly from the process for coat-
ing more typical optical components, except for the active materials involved. In this
thesis, an IBS coating machine based on a commercial 16 cm Veeco RF high-power
ion source is used. The source is operated with an acceleration voltage of 1000 V and
beam currents between 450 mA for the dielectric materials and 350 mA were applied.
Argon is utilized as process gas for the ion source. The targets for the dielectric ma-
terials consist of pure tantalum and silicon. As active material, ITO is sputtered
from an alloy target consisting of 90 % indium and 10 % tin. To obtain oxidic layers,
oxygen gas is supplied during the sputtering process. The vacuum chamber of the
coating machine is evacuated with a combination of a mechanical pre-pump and a
turbomolecular pump, reaching a baseline pressure of approximately 1 x 10~% mbar
and a pressure of approximately 3 x 10~%mbar. The inside of the coating machine
is depicted in Figure [7.3]

The coating process is controlled with a BBM using an incandescent lamp as light
source and an AwvaSpec-2048x16-ULS-USB2 spectrometer. This combination of a
light source and spectrometer allows the measurement of spectral transmittance in

a range between 400 nm and 1050 nm with a resolution of approximately 1nm.

Figure 7.3: The coating machine used for the production of KBS. In the bottom
right, the three target materials can be seen (arranged front to back). In the upper

center, the rotating substrate carrier can be observed next to the ion source on the
left.
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7.3 Coating of frequency tripling mirrors

The frequency tripling mirrors described in Section [0] are very challenging to manu-
facture when compared to more typical optical coatings. The conversion efficiency
of the components relies on the internal intensity enhancement of the fundamental
wavelength in the coating designs. This, in turn, is strongly dependent on the opti-
cal layer thickness of the resonant layers. From this demand for an accurate optical
thickness, it follows that both the physical thickness of the deposited layers, as well
as the refractive index of the coating materials, need to be well-known. In addition
to these requirements, which similarly have to be met for all high-precision designs,
frequency tripling mirrors have to meet additional targets for the third harmonic
of the fundamental wavelength. Because of the critical phase matching in the layer
stack, which relies on the designed path length differences and index differences in
the layer stack, all layer parameters in the coating process have to match those used
for the simulation of the coating design.

This leads, in effect, to a close feedback loop between the coating process and the
design process. The material parameters of the coating process have to be deter-
mined precisely and continuously monitored over the operation of the machine. This
requires high-end monitoring systems, both in-, and ex-situ, as well as evaluation
software for the recorded data. The gained information about the coating process is
then used for the creation of a tailor-made coating design, which is (in theory) only
valid for one coating run. However, because the operation of the coating machine
during the deposition of further designs typically causes minute changes in the op-
tical properties of the materials, a new design has to be generated for every coating
run. To fulfill these critical requirements for the coating process, a coating machine
was adapted for high-precision operation.

The coating machine employed for the production of frequency tripling mirrors is
based on a commercial 6 cm Veeco RF-ion source operating at 13.5 MHz. The source
is comprised of a discharge chamber, where the plasma is generated and a grid ex-
traction system. The extraction system contains three grids, which accelerate and
focus the ion beam onto the target material. As indicated in Figure [7.1] an addi-
tional RF-neutralizer supplies electrons for the neutralization of the charged ions
in the beam to avoid charging of the target materials. The source can be operated
using argon or xenon gases, but the coatings presented in this work were produced
using argon exclusively. The source can supply ion beams with currents of up to
150 mA at acceleration voltages of up to 1500 V. To change the coating material dur-
ing deposition, the target materials are mounted on a mechanical translation stage

(modified Aerotech-Pro165) with a range of 300 mm. The targets are mounted at an
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7 Manufacturing of thin film coatings

angle of 55° to the incoming ion beam. A mechanical, oil-free scroll pump (Edmunds
XDS467) is used to create the pre-vacuum at approximately 1 x 107! mbar and a
turbomolecular pump (7rinos) for generation of high vacuum with levels down to
1 x 10~%mbar. During the deposition process, the chamber pressure is slightly in-
creased to approximately 3 x 104 mbar due to the argon and oxygen gases necessary
for the deposition process.

The materials employed for the deposition of the frequency tripling mirrors are HfO,
as a high refracting material and SiO, as low refracting material. Both materials
are sputtered from pure elemental targets, and deposition rates of approximately
0.05nm/s for HfO5 and 0.1 nm/s for SiOy could be achieved.

7.3.1 High-resolution broadband-monitor

To match the requirements for the production of frequency tripling mirrors, the stan-
dard BBM was changed to a high-resolution UV broadband monitor (HR-BBM),
which enables the direct observation of the dispersive properties of the applied opti-
cal materials in the relevant spectral regions around the fundamental at 800 nm and
the third harmonic at 266 nm. The high resolution, in conjunction with extended
spectral range, was achieved by splitting the transmitted light between seven sepa-
rate spectrometers (AvaSpec-2048x16-ULS-USB2), each with a spectral range that
slightly overlaps those of its neighbors. The spectral ranges and resolution in each
range are listed in Table

To generate the relatively high amounts of light needed for this splitting and to ex-
tend the spectral range of the monitoring system into the UV-region, a Laser-Driven
Light Source (LDLS, Energetiq EQ-99X-FC') was employed. The light source pro-

vides an emission spectrum from 190 nm up to 2500 nm, of which an effective spec-

Table 7.1: The spectral ranges and resolutions for the high-resolution broadband
monitor.

Spectrometer no. | Spectral range (nm) | Resolution (nm)
1. (UV-range) 200 - 360 0.10-0.15
2. (UV-range) 305 - 410 0.10-0.15
3. (VIS-range) 400 - 540 0.10-0.18
4. (VIS-range) 530 - 650 0.10-0.18
5. (VIS-range) 640 - 735 0.10-0.18
6. (VIS-range) 735 - 915 0.20-0.28
7. (IR-range) 910 - 1060 0.20-0.28
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trum from 240 nm up to 1050 nm can be used for monitoring. The limiting of the
usable spectral range results from the limits of the applied spectrometers. Figure
[7.4] shows the spectral intensity distribution of the LDLS.
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Figure 7.4: The spectral intensity distribution of the LDLS as measured by the HR-
BBM. The transitions between the different spectrometers can be clearly observed
and are marked by red lines.

7.3.2 Coating stability considerations

The simulations performed by the UNM for frequency tripling mirrors show that
stability of 1% has to be achieved both for the refractive index of the employed
materials as well as for the physical layer thicknesses to obtain designs with high-
quality parameters [95]. Although the IBS coating process is qualitatively known to
be very stable, its actual stability is hard to quantify. Therefore, over a period of
several months, the results of the coating runs in the project were monitored, char-
acterized, and evaluated systematically. During each coating run, the transmittance
spectrum after each deposited layer was recorded with the HR-BBM, which made
it possible to accurately calculate the material data for each individual coating run.
This availability of material data makes a detailed view of the development of the
refractive index of the coating materials possible. Figure (a) shows the absolute
values of the refractive index of the employed HfAIO-mixture. It can be observed,
that the most significant changes in the refractive index can be correlated to clean-
ing or other mechanical maintenance of the coating chamber. For the production of
frequency-tripling mirrors, however, the absolute refractive index is not critical. In-
stead, its stability from one coating run to the next is of interest, since this dictates

if the design of the layer stack used in the last coating run is still valid for the next
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one. This relative variation is presented in Figure (b). The required accuracy of
1% is met by the majority of the coatings, and most of the points that exceed this

value can be correlated to chamber maintenance.
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Figure 7.5: The variation of the refractive index of the employed HfAIO mixture
over several coating runs. (a) depicts the variation of the absolute refractive index,
with clear jumps visible where the coating machine or its components were cleaned
or serviced. (b) shows the relative change from coating run to coating run. Most
coatings stay below the 1% threshold, with those that exceed it mostly correlated
to changes in the coating machine.

N
(8]

The available data after completion of each coating was then used for the produc-
tion of the next coating run, subsequently improving the results with each run. The
resulting accuracy for a 25-layer FTM is presented in Figure [7.6] together with the
results of the same design, but manufactured before the continuous refitting of ma-
terial parameters. A significant improvement of the layer thickness accuracy can be
observed, with almost every layer of the design deposited after the process optimiza-
tion featuring a thickness error below 1 %.

Summarizing, the coating process presented in this section meets the requirements
set by the UNM and should be suitable for the production of FTMs.
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Figure 7.6: The relative error of layer thickness for every layer in a 25-layer FTM
before and after process optimization. By continuously recording and evaluating the
material data of the produced FTM, the layer accuracy could be improved to less
than 1% in almost every layer.
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8 Manufacturing and

characterization of active materials

This chapter gives insight into the characterization of the previously identified active

materials as well as their implementation of active materials in KBS-components.

8.1 Indium tin oxide

One of the active materials utilized in this thesis is Indium Tin Oxide (ITO), which
is a transparent conductive oxide and falls into the category of Epsilon-Near-Zero-
materials (ENZ-materials). The nonlinear properties of this material class are dis-
cussed in Chapter[3] To effectively apply ITO in optical switches, a parameter study
was conducted to identify the best coating and annealing parameters. The results of
this study were published in [96] during the work in this thesis and are summarized

here.

8.1.1 Deposition process and thermal treatment

To test the properties of ITO, layers with a thickness of 315nm were deposited
on fused silica substrates with 25 mm in diameter and a thickness of 1mm. The
deposition was done using the coating machine presented in Section [7.2] For the ion
source, a beam voltage of 1000V with a beam current of 250 mA and an accelerator
voltage of 300 V were chosen. The coating chamber was evacuated to a base pressure
of 1 x 10~° mbar. For the ion source and neutralizer, 14 sccm and 6 sccm argon were
supplied as process gas. The target consisted of 90 % indium and 10 % tin. Due to
this metallic nature of the target material, additional oxygen is required, to deposit
oxidic layers in a reactive sputtering process. 9 sccm of oxygen were supplied, which
was previously tested to deliver high optical transmittance with conductive layers.
During the deposition process, the pressure in the chamber resulted to approximately
2 x 10~*mbar. The deposition process was monitored by an optical BBM, which
provides high accuracy for the thicknesses of the deposited layers. To observe the
changes in the I'TO layers, the samples were thermally treated after deposition. The
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annealing was performed in ambient atmosphere in a temperature-controlled oven.
Each annealing step was done for a duration of 10 h at temperatures between from
100°C and 330°C. The untreated samples were assigned a temperature of 60 °C,
which is the approximate temperature during the coating process. As an example,

the spectral transmission of an I'TO-layer before and after annealing is illustrated

in Figure [8.1] (a).

8.1.2 Characterization methods

The deposited layers were characterized for their relevant optical, electrical, and
structural parameters. Different measurement procedures were applied for this char-
acterization. An optical microscope (Carl Zeiss Azioscope) in differential interfer-
ence contrast mode was used to get a visual impression of the samples’ surface. A
scanning electron microscope (Quanta 400 FEG, Thermo Fisher scientific Inc., for-
merly FEI company) was utilized to obtain a more detailed insight into the samples’
surface structure. To check for any crystallization in the layers, X-Ray Diffraction
(XRD) measurements were performed by the Institute for Inorganic Chemistry at
the LUH. The XRD measurements were recorded with an Iso-Debyeflex 3003 (Stoe)
between 20° and 70° of 26, a step size of 0.05° and a time of 2s per step with
40kV and 30mA. A Perkin Elmer L19 spectrophotometer was used to measure the
samples’ spectral transmittance. The measurements were fitted using the OptiChar
software [97]. To retrieve the thickness, refractive index, and extinction coefficient
k of the deposited layers, the models for normal dispersion and tabulated k-values
were applied. Figure (b) depicts an example of the performed fits. Because the
determination of the k-value only from the spectral transmittance is often unreliable,
the absorption was measured with laser calorimetry at a wavelength of 1064 nm. The
measurement procedure is detailed in [98] [99].

Another essential optical property of the samples is the Laser Induced Damage
Threshold (LIDT). The LIDT was measured applying a Coherent Monaco laser sys-
tem with a wavelength of 1030 nm, and a pulse duration that can be varied between
250 fs and 1000 fs. The laser spot on the samples was focused to an effective diameter
of 66 pm, and the measurements were performed with a repetition rate of 10kHz.
The measurements were done following a 200.000-on-1 routine as per 1S0O21254-2
[100]. Figure[8.2|(a) depicts a complete schematic of the setup. During testing, each
sample was irradiated at 126 sites. After the testing, the status of the irradiated
spots was verified with optical DIC-microscopy. Figure (b) shows examples of
the damage morphology. With the statistics obtained from the measurements, the
lifetime LIDT H, for each layer was calculated [100].
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Figure 8.1: (a) Exemplary transmittance curves for an annealed (blue) and as-
deposited (black) ITO single layer. The transmittance was fitted using commercially
available software, the resulting fit is presented in (b). Graphs adapted from [96].
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Figure 8.2: Schematic representation of the setup for LIDT measurements (a) and
a microscopic picture of several destroyed spots after the LIDT test (b). Images

from [96].

In addition to the optical and structural properties, the electrical properties of the
ITO-layer are of interest since they depend on the free carriers of the material [101],
which are also critical for the nonlinear properties of the material. Therefore, a four-
terminal sensing method was utilized to reliably measure the material’s resistance
[102]. Four gold-coated, spring-loaded pins were applied as contacts to the coating
surface. The pins are arranged in one row with a distance of 2.54 mm to each neigh-

bor. The resistances R were recorded with a Rigol DM3058E digital multimeter.
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Since the pins provide equidistant points of contact, the sheet resistance Rg of a

layer can be directly calculated [103]:

R (8.1)

The thickness d of the layers is known from the optical transmittance measurements,

so the sheet resistance can be applied to calculate the material’s resistivity:

™

In(2)

8.1.3 Structural investigations

DIC-microscopy, as detailed in Section [8.1.2] gives insight into the changes in the
optical properties of the ITO layers caused by the annealing process after deposi-
tion. Figure [8.3| shows four ITO samples after treatment at various temperatures.
It must be noted that colors observed in DIC-microscopy are somewhat arbitrary,
and the interpretation of pictures may be misleading. To compensate for this, colors
and contrast in the images presented here were adjusted for better visibility of the
layers’ features. In consequence, the black color of the observed artifacts does not
imply optical losses or opaqueness.

Figure (a) shows the layer at 200°C, where no clear changes in the structure
can be observed. Figure (b) shows the state after annealing at 250°C, where
the layer develops small black dots. These dots seem to expand further during an-
nealing at 275°C, as can be observed in Figure (c). Figure (d) shows the
layers’ state after annealing at 325°C. The dark areas observed in the previous
annealing steps seem to cover the surface. Similar changes have been observed in
ITO by other investigations, where they were linked to the crystallization of ITO at
elevated temperatures. [104) [105].

To investigate the suspected crystallization of the ITO layers in more detail, XRD-
measurements were recorded for the different samples. Figure presents the re-
sulting diffraction curves. The results show a clear transition of the materials state
from an amorphous to a crystalline state between 250 °C and 275 °C. The diffraction
patterns fit a structure for ITO with small tin doping, which agrees with the expec-
tations for the ITO layers under consideration[I106]. Furthermore, the XRD-results
match the observations of the microscopy, as the significant increase of the suppos-
edly crystallized area at 275 °C observed in Figure (c) can be correlated with the
crystallization observed at the same temperature. The samples were inspected using
the SEM introduced in Section 8.1.2] to explore the structural changes caused by the
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(d)

Figure 8.3: Analysis of ITO-samples annealed at different temperatures. (a) shows
the layer after annealing at 200°C. No significant features can be observed. After
annealing at 250°C, small black dots are visible (b). Annealing at 275°C seems
to cause growth of the black dots (c). After annealing at 325°C, the surface is
completely covered by the changed material (d). Images from [96].

different annealing temperatures in more detail. Since electron microscopy is less
sensitive to changes in the optical properties of the samples, most changes observed
with the DIC-microscope are not visible with this technique. Only the crack-like
features observed on the sample annealed at 325°C can also be seen in Figure [8.5
The size of the cracked areas is similar to that of the crystallization zones observed
in Figure It is therefore assumed that the cracked zones are identical to the

areas observed with the optical microscope.

8.1.4 Index of refraction and extinction coefficient

The optical parameters usually of the highest significance for optical materials in any
application are the index of refraction n and the extinction coefficient k. Therefore,

a spectrophotometer in combination with suitable thin-film software was utilized to
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Figure 8.4: XRD-measurements for samples annealed at different temperatures.
Between 250°C and 275°C a clear transition from an amorphous state to a crys-
talline one can be observed. Graph from [96].
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Figure 8.5: After annealing at higher temperatures, cracks in the ITO layers are
visible. (a) illustrates the approximate size of the cracked areas, and (b) shows the
cracks in detail. Images from [96].

measure the refractive index for the thermally treated ITO layers. The measurement
of the k-value from transmission measurements alone often is unreliable. Therefore,
laser calorimetric measurements were employed to measure the extinction in the
ITO layers more accurately. Figure depicts the results of these measurements
for the different annealing temperatures. A corresponding behavior can be observed
for the two optical parameters over the temperature range. At lower annealing tem-
peratures, the refractive index of the layers increases while the absorption decreases.

A maximum of approximately 2 for the refractive index and a minimum of approxi-
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mately 1.2 x 1072 for the k-value reaches are reached at a temperature of 200 °C. At
higher annealing temperatures, the refractive index decreases, and the absorption
increases due to the crystallization of the layers at temperatures up to 275°C. At
300 °C, further annealing causes another decrease in absorption and an increase in

the refractive index before the breaking of the layers at 330 °C reverses this trend.
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Figure 8.6: Index of refraction n and k-value for the thermally treated ITO layers.
The refractive index was determined for the intended application wavelength of
1035 nm. The absorption measurements were performed at 1064 nm and the absolute
absorption values converted to the k-value. Graphs from [96].

8.1.5 Electrical properties

In many applications, ITO is mainly used for its transparency in combination with
its electrical conductivity and not for its ENZ-properties. In these cases, the elec-
trical properties of ITO are of main interest. In addition, the electrical properties
are related to the material’s free carriers, which play a significant part in its nonlin-
ear properties. Consequently, the electrical resistivity of the thermally treated ITO
layers was measured as specified in Section [8.1.2, Figure [8.7] presents the resulting
resistivities for the different annealing temperatures. After the deposition process,
and without thermal annealing, the samples feature a low resistivity. Annealing at
temperatures up to 200 °C causes this resistivity to increase by two orders of magni-
tude. This increase is less pronounced for annealing at temperatures between 200 °C
and 250°C. Annealing at 275°C causes resistivity to decrease rapidly, and anneal-
ing at higher temperatures again increases resistivity. The temperature dependency
of the electrical resistivity and the optical properties can be understood when the
mechanisms that cause the unique electric properties of ITO are considered. The
properties of ITO are the result of its two metals and the included oxygen. When

oxygen vacancies are present in In,O3, two free carriers are created, which decrease
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Figure 8.7: The electrical resistivity of thermally treated ITO layers. For temper-
atures up to 200°C, the resistivity increases quickly. Between 200°C and 250°C,
the change is more slowly, and at 275 °C, the resistivity decreases rapidly. At higher
temperatures, the resistivity increases again. Graphs from [96].

resistivity. Similarly, when Sn-atoms are integrated into the crystal grid of In,Og,
four free carriers are created [107]. However, it was shown that the included Sn-
atoms do not contribute free carriers and therefore do not lower resistivity when the
ITO is in an amorphous state [108]. After deposition, the only source of free carriers
are the oxygen vacancies, which can be controlled by the amount of oxygen supplied
during deposition. Annealing in ambient atmosphere, however, promotes oxidization
of the layers, which reduces the number of vacancies and therefore increases resis-
tivity. This trend continues with increasing annealing temperatures until 250°C
is reached. Here, as shown in Figure [B.3] the first signs of crystallization can be
observed. This leads to the inclusion of Sn-atoms, increasing the number of free car-
riers and decreasing the material’s resistivity. This initially slows the growth of the
resistivity caused by oxidation between 200°C and 250 °C and completely reverses
the trend during the transition from 250 °C to 275 °C, as observed in Figure[8.7 The
increase in resistivity at higher temperatures is attributed to the material cracking,
as observed in Figure 8.5 probably due to thermally induced stress between the

substrate and the layer.

8.1.6 Laser-induced damage threshold

The intensities typically utilized in nonlinear optical applications are very high to
maximize the nonlinear effects. Consequently, the maximum intensity a material

can withstand must be considered when high nonlinear effect strengths are to be
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achieved. Therefore, the setup described in Section was employed to measure
the LIDT of the ITO layers for the different thermal treatments. The results for the

respective temperatures are depicted in Figure [8.8|
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Figure 8.8: The LIDT of thermally treated ITO. The LIDT increases for annealing
temperatures up to 200°C. Annealing at higher temperatures decreases the LIDT
again. Graph from [96].

The damage threshold for samples that were not thermally treated is measured at
1.4 J/cm?. Annealing up to temperatures of 200 °C increases the LIDT to 2.7 J/cm?.
If the temperature is further increased, the LIDT reduces again, reaching 1.2 J/cm?
at 300°C. Figure shows the differing damage morphologies of the layers after
annealing. In their initial state and for annealing at temperatures of up to 250°C,
the damage morphology is typical for damages in the regime of ultrashort pulsed
lasers. Between 250°C and 275°C, a clear transition in the damage behavior can
be observed. The damage at 275°C seems to show a stronger influence of thermal
effects. When annealed at higher temperatures, the morphology returns to its initial
state.

These measurements agree with the results presented in the previous section. It can
be assumed that the LIDT correlates negatively with the free carriers present in the
layer material. The measurements of the optical losses and the electrical conductiv-
ity indicate a higher density of free carriers directly after the coating process and
at annealing temperatures around 275 °C, where the tin is incorporated. Therefore,
the low initial LIDT, the increase observed for annealing at temperatures up until
200°C, and the decrease afterward can be explained. The slight increase at higher
temperatures may be explained by the reduction of free carriers due to continued
oxidation of the In,O3. However, with the observed cracking of the layers at these

temperatures, an interpretation cannot be easily made.
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Figure 8.9: Damage morphologies for the different annealing temperatures. The
temperature is 60 °C for (a), 200 °C for (b), 250 °C for (c), 275°C for (d), 300°C for
(e), and 325°C for (f). At 275°C, a change in morphology due to the crystallization
of the coating can be observed. Pictures from [96].

8.2 Gallium arsenide

The second active material applied in this thesis is gallium arsenide (GaAs). As
a semiconductor material, it features a very high nonlinear refractive index, as ex-
plained in more detail in Section [3.3] This section explains the working principle

and manufacturing of KBS based on GaAs as active material.

8.2.1 The concept of GaAs-KBS

Semiconductor materials can feature extremely high nonlinear refractive indices,
similar to ENZ-materials. The strength of this nonlinear interaction depends on
the relation between the material’s band gap energy and the energy of the incident
photons (see also[3.3). Under this criterion, Gallium Arsenide (GaAs) with its band
gap energy of 1.42 €V is well suited for application as active material in KBS-switches
intended for wavelengths around 1pm, which equal photon energies of 1.24 V.

GaAs is frequently used in optical applications for the infrared range [109], and even
more prevalent as a superior semiconductor material in high-end electronics, such
as highly efficient solar cells [IT10] and light emitting diodes [ITI]. In contrast to
ITO and similar materials, however, the deposition of GaAs is more challenging due

to the related safety hazards. The arsenic contained in GaAs can form strongly
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toxic and carcinogenic oxides when the bond to gallium is broken [I12]. All classical
PVD processes create particles of the coating material as a byproduct, and the IBS
coating processes used in this thesis are almost certain to split the molecular bond
of GaAs during sputtering of the target material.

The direct deposition of GaAs is, therefore, not topic of this thesis, and alternative
approaches were considered. To still achieve a component similar to the KBS designs
introduced in Section[5.1] the principle was transferred to substrate free-optics. Since
the active material GaAs has to form a central spacer layer for the switching to work
as intended, the coating was deposited in two batches on both sides of special, very
thin GaAs wafers. The principle is illustrated in Figure [8.10] In this case, the
finished component is even closer to a Fabry-Perot-resonator than the KBS-concept
when it is realized in a single thin film coating. The bandwidth of the pass-bands
is determined mainly by the thickness of the GaAs wafer but can be influenced by
the reflective properties of the coatings on both wafer surfaces. Figure [8.11] shows
an example of this. The spectral transmittance of a GaAs-Wafer is plotted, once
with simple QWOT-stack-mirrors in (a) and once with coatings tuned to achieve a

higher bandwidth of approximately 0.4 nm.

Figure 8.10: The schematic representation of a GaAs-KBS. Instead of a single
coating on an optical substrate, a GaAs-wafer functions as the central spacer and
the coating is deposited on both wafer surfaces.

8.2.2 Manufacturing of GaAs-KBS

The GaAs chips chosen for this application are reclaimed wafers available from the
semiconductor industry. The reclaiming of these wafers includes additional polishing
steps, which reduces their overall thickness. The wafers are only available in rela-
tively large sizes, which is why the chips used for the actual coating process were
smaller rectangles of approximately 10 mm by 5mm that were created by breaking
the larger wafers. The coating process is performed with the same machine that
is used to manufacture the KBS based on ITO and which is featured in Section

[7.2] SiOy and TayOs were chosen as coating materials. Due to the substrate-free
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Figure 8.11: The transmission of a GaAs-KBS based on simple QWOT-stack mir-
rors (a) and with altered mirrors for increased bandwidth (b). Due to the relatively
high thickness of the central spacer, the bandwidth in (a) is too small for the ap-

plication with pulsed lasers. Changing the design of the outer mirror coatings can
mitigate this to some degree.

approach of the GaAs-KBS, the manufacturing process consists of two separate coat-
ings, one for each side of the GaAs chip. During deposition, the chips were glued
to glass-carrier substrates with vacuum-capable poly amide tape. An example of a

GaAs-chip after the coating process still glued to its glass-carrier substrate is shown
in Figure [8.12

Figure 8.12: A GaAs-KBS after the deposition process still glued to its glass-carrier
substrate. After coating the first side of the GaAs chip, the tape is cut, and the
chip is turned around for the coating of the second side.
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9 Experimental setups

This chapter introduces the different experimental setups and methods employed to
characterize the produced optical components for their intended nonlinear optical

properties.

9.1 Characterization of frequency tripling mirrors

First measurements of FTMs yielded efficiencies of about 1%, which is greatly im-
proved over a normal high reflective mirror, but still below the values expected
from the simulations, which were 5% and higher [80]. Therefore, in a first step,
the accuracy of the deposition process was characterized and improved as described
in Section [7.3] In parallel, the physical mechanisms causing the low conversion
efficiency were investigated in more detail. To undertake these investigations and
measure the conversion efficiency of the samples deposited with the improved pro-
cess, an optical experiment was set up at the UNM, and measurements were done
in cooperation in the frame of this thesis. A schematic of the experimental setup is
depicted in Figure 0.1}

The laser source used for the investigations is an amplified titanium-doped sapphire
laser with a central wavelength of 815nm and a pulse duration of 42fs. The opti-
cal laser spectrum is depicted in Figure [0.2] The laser system features a repetition
frequency of 1kHz and an average power of 2.3 W, which equals a pulse energy of
2.3mJ. The spectral intensity distribution of the laser system features an FWHM-
bandwidth of 33 nm. To estimate the influence of this bandwidth on the TH-signal,
the fundamental spectrum is recorded by an ANDOR Shamrock spectrometer utiliz-
ing a matching ANDOR Newton CCD-camera. An additional filter can be inserted
into the beamline, which limits the bandwidth to a Gaussian distribution (see Figure
with an FWHM-width of 14.11 nm.

The third harmonic generated in reflection of the FTM is separated from the funda-
mental using a dichroic mirror. The spectral intensity distribution of the generated
TH is then recorded by an Avaspec-2048-USB UV-spectrometer. At the third har-

monic wavelength, the spectrometer features a resolution of 0.14 nm and is sensitive



9 Experimental setups

Pulse t IR-Spectrometer
generator

Trigger

oooo
oooo
oooo

N2

Spectral
filter

Di_chroic
mirror

\ PMAZ20663

Reference

UV-Spectrometer/
photodiode

Figure 9.1: The setup applied for the characterization of frequency tripling mir-
rors. The laser is attenuated by a combination of \/2-waveplate and Polarizing
Beam Splitter (PBS). The spectrum of the fundamental wave is measured by a
spectrometer for the infrared range, referenced by a photodiode, and propagates
onto the FTM. The third harmonic is generated in reflection and separated by a
dichroic mirror, which reflects it into a spectrometer for the ultraviolet range. The
spectrometer is exchanged with a photodiode to measure the power of the generated
third harmonic. A camera is used to monitor the surface of the FTM for damage.
The laser and the spectrometers are triggered by a pulse generator.

between approximately 200 nm and 450 nm. Alternatively, the power of the third
harmonic can be measured by a calibrated photodiode to measure conversion effi-
ciency. A camera is used to monitor the surface of the FTM for damage. The laser
and spectrometers are triggered by a pulse generator, which enables irradiation of

the FTM with pulse trains or single pulses.

0.2 Measurement of the nonlinear refractive index

For the manufacturing of KBS-samples, the nonlinear refractive index of the applied
coating materials is of high significance. This is both true for the typical coating
materials used in the mirror coatings and the active materials integrated into the
coating design to perform the switching. To measure this critical parameter, an in-
terferometric measurement method was developed in [I13] and further refined in this
thesis. The experiment is based on the z-scan method, which is a well-established

method for measuring the strength of the optical Kerr effect in transparent samples
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Figure 9.2: The spectral intensity distribution of the laser system used for charac-
terization of frequency tripling mirrors.
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Figure 9.3: (a) The transmittance of the utilized spectral filter. The transmittance
profile was designed to approximate a Gaussian spectral shape as closely as possible.
The fitting of a Gaussian distribution (red) results in an FWHM-width of 15.04 nm.
(b) The laser spectrum after filtering with the manufactured coating. Again, a
Gaussian distribution is fitted, yielding an FWHM-width of 14.11nm. The filter
was angled slightly to achieve maximum transmission of the laser power, which
causes a slight shift of its central wavelength.

[114]. But instead of monitoring the change in beam diameter, the interferometric
implementation allows the monitoring of the wavefront of the beam transmitted
through the sample under test. A schematic layout of the experimental setup is
depicted in Figure[9.4] In contrast to the classic z-scan, approach, the interferomet-
ric method is insensitive to nonlinear absorption and can be more sensitive. This
allows the measurement of the nonlinear refractive index of thin film materials as
was shown in [IT5] 116].
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Figure 9.4: The interferometric setup for the determination of the nonlinear re-
fractive index. The incoming laser beam is split into a high-power sample beam
and a low-power reference beam. The sample beam is focused on the sample un-
der test and re-collimated afterwards. The reference and sample beam are then
superimposed on a CMOS camera sensor and the interferogram is recorded for later
evaluation. Image from [113].

The information about the wavefront curvature can be retrieved from the interfero-
gram by superimposing the two beams under an angle. When the two wavefronts
interfere under the selected angle, a stripe pattern is created, which allows the sepa-
ration of the wavefront information from the overall brightness gradients and other
irregularities in the beam profile. The separation is achieved by calculating a Fast
Fourier Fransformation (FFT) of the recorded interferogram. When a suitable an-
gle and, therefore, stripe frequency is chosen, the stripe pattern appears as clearly
separated maxima in the 2D-spectrum of the interferogram.

An exemplary interferogram together with the corresponding 2D-spectrum is de-
picted in Figure . In Figure (a), a typical stripe pattern created by interfer-
ence of the two beams, in this case vertical, can be observed. Figure (b) shows
the corresponding 2D-spectrum calculated with the FFT. The vertical stripes create
symmetric maxima along the x-axis of the spectrum. When one of these maxima
is isolated, shifted back to the origin of the spectrum, and an inverse FFT is per-
formed, the 2D-wavefront information is retrieved. An example of the retrieved
2D-information is presented in Figure 0.6l The absolute calibration of the stripe
frequencies and coordinates of the wavefront information is retrieved from the size
of the camera’s pixels. The camera model employed in the measurements (Basler
pulse - puA1600-60um) features square pixels with a size of 4.5 um and a resolution
of 1600 px x 1200 px.
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Figure 9.5: An exemplary interferogram and its FFT. In (a), a typical interfero-
gram created by superposition of reference and sample beam is shown. The stripe
pattern (in this instance, vertically), can be clearly seen. (b) shows the correspond-
ing 2D-spectrum calculated utilizing the FF'T. The vertical stripe pattern creates
two symmetric maxima along the x-axis. Image from [113].

PMA162643

Figure 9.6: The 2D-phase distribution retrieved from the 2D-spectrum of the
recorded interferogram. A circular phase pattern with 27-jumps can be observed.
Image from [113].

This 2D-information has to be unwrapped to calculate the radius of curvature of
the sample beams wavefront. 2D-phase unwrapping is not easily achieved and may
be impossible. Therefore, a simpler 1-D approach was chosen. For evaluation, the

values of the 2D-phase pattern are read along lines through the center of the pattern.
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Along these lines, a simple 1D-compensation of the 27 jumps can be performed. An
example of a line profile with phase jumps and with compensated jumps is presented
in Figure A circle can then be fitted to the compensated profile to obtain the
radius of curvature of the recorded wavefront.
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Figure 9.7: From the 2D-phase distribution, line profiles through the center of the
waveform can be retrieved (upper image). The phase jumps present in these profiles
can be compensated easily (lower image). A fitted function (red) is used to calculate
the radius of curvature of the recorded wavefront. Image from [113].

The method for the retrieval of the nonlinear refractive index is explained in more
detail in [I16], so only a brief overview is given here. In principle, the retrieved
radius of curvature is compared to a theoretical model based on the optical ray
transfer matrix formalism as described in [I17]. The experimental setup is modeled
using this formalism, with a special approximation for thick samples applied [118].
The experimental parameters of the setup are transferred into the model, and the
curve retrieved from the measurement is fitted with the nonlinear refractive index
of the sample as free parameter. An example of a measurement and the fitted curve
is presented in Figure The measurement results are in good agreement with the
curvatures retrieved from the matrix calculations. The retrieved value of ns at the
laser wavelength of 1064 nm is 7.1 x 1071 W /cm?, which compares well with values
from literature, which are 6.5 x 1076 W/cm? [119] and are 7.7 x 10716 W /cm? [120].

9.3 Measurement of optical switching

For the validation of the simulated and deposited Kerr-band-switches, an experi-
ment is necessary. At low intensities, a KBS should show maximum transmittance

and a reflectance of almost 0%, if adjusted correctly. When the laser intensity is
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Figure 9.8: An exemplary measurement of the nonlinear refractive index for a
YAG-crystal with a thickness of 2.6 mm. The blue dots represent the curvature
values recorded in the interferometer, and the red curve is the model fitted with
the ny of YAG as free parameter. The resulting value for ny is 7.1 x 1071 W /em?.
Image from [IT3].

increased, the pass-band shifts to longer wavelengths and transmittance decreases.
Simultaneously, this causes an increase in reflectance since the laser wavelength is
now in a reflective region of the KBS-spectrum. Therefore, the optical experiment
should monitor transmittance and reflectance, while the laser intensity can be con-
tinuously varied.

The setup chosen for this task is depicted in Figure 9.9 The radiation incoming
from the laser source is attenuated by a combination of a \/2-waveplate and a po-
larising beamsplitter. The remaining s-polarized light is then sampled by an optical
substrate with an anti-reflective coating on one side. Afterwards, the laser radia-
tion interacts with the KBS, and both reflectance and transmittance are recorded
by photodiodes. The angle of incidence on the KBS has to be chosen carefully to
achieve maximum transmittance at low intensities so that a good alignment of laser
wavelength and the KBS’s band of transmission is achieved. To achieve absolute
measurements of reflectance and transmittance, a 100 %-reference is necessary for
both properties. For the transmittance, a simple measurement without sample can
be recorded and used as 100 %-baseline. For reflectance, a dielectric mirror with
suitably high reflectivity (R > 99.99) can be employed. Since the laser wavelength
is well-defined in these measurements, the bandwidth of typical dielectric mirrors is
sufficient, and the error related to employing this reference is only small.

The setup can, in principle, be used with any laser source. The intensities necessary

to produce a meaningful optical Kerr effect require short pulse durations. Therefore,
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Figure 9.9: The experimental setup for measurement of the optical switching.
The intensity of the incoming laser beam is attenuated by a A/2-waveplate and a
polarising beamsplitter. The intensity of the laser beam is sampled by an optical
substrate with a one-sided anti-reflective coating. The angle of the KBS has to be
adjusted precisely to achieve maximum transmittance at low intensities to align the
band of transmission with the laser wavelength. Transmittance and reflectance are
then recorded by photodiodes.

only laser sources in the few picosecond to femtosecond regime are suited for the
investigations. The measurements done in this thesis were recorded using a TruMi-
cro 5050 picosecond laser system by Trumpf. The system is capable of delivering
pulses with a duration of 10ps with a pulse energy of up to 250J. The system
can deliver average powers of up to 50 W at repetition rates of up to 200 kHz. The
laser wavelength is 1030 nm. The spectral intensity distribution of the laser system
is depicted in Figure [9.10]

During measurements, a certain number of pulses is recorded by a digital oscillo-
scope (Siglent SDS1104X-E) and evaluated with a LabVIEW program developed in
this work. Using the trigger signal, the maximum voltage of the individual pulses
is detected and saved. An example of the recorded signals is depicted in Figure
9.11] The three different signals for the reference (Ref), transmittance (T), and
reflectance (R) are clearly visible. By rotating the waveplate, the intensity on the
KBS can be varied. Since a A/2-plate is used, for each angle # that the plate is
rotated, the polarization of the transmitted laser beam is rotated by 26. For the
presented measurements, the wave plate was rotated in small steps up to a total
angle of 90°. In the initial position, the p-polarized laser beam is not influenced by

the waveplate, and nothing is reflected onto the KBS. When the waveplate reaches
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Figure 9.10: The spectral intensity distribution of the TruLase 5050 laser system.
The plot is centered around 1030 nm. It can be observed that the laser spectrum
is centered around a slightly higher wavelength. The FWHM-bandwidth is 0.5 nm,
which limits the theoretically possible shortest pulse duration to 2.2 ps.
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Figure 9.11: The three signals recorded during a measurement. The graph shows
three laser pulses as seen by the photodiodes recording the reference (Ref), trans-
mittance (T), and reflectance (R).

45°, the polarization of the laser beam is rotated by 90°, and the intensity on the
KBS reaches its maximum. Further rotation of the waveplate towards 90° returns
the polarization back to its initial state, and the intensity on the KBS is reduced
again. Figure [9.12) shows the power during a measurement cycle as measured by
the reference diode, which matches the expected behavior, illustrated by a fitted

sin?(6)-function. To monitor the power incident on a KBS, an absolute calibration
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of the reference diode’s signal is necessary. The calibration is performed by substi-
tuting the KBS-sample with an optical power meter and recording the power values
together with the signal of the reference diode. The results of an exemplary calibra-
tion are depicted in Figure[9.13] A very linear behavior between incident power and
the signal of the reference diode can be observed. Each set of calibration data is

fitted with a linear function that is used to calculate power during the corresponding

measurements.
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Figure 9.12: The signal as recorded by the reference diode over the angle of the \/2-
plate. The signal starts at a minimum and reaches a maximum at approximately
45°, where the polarization is rotated completely to s-polarized. A sin?(0)-fit is
added to check if the behavior matches the theoretical expectation.

0.3.1 LIDT measurement

In addition to the characterization of the switching behavior, the laser-induced dam-
age threshold can be determined utilizing the same laser system. To determine the
LIDT, the setup depicted in Figure is augmented as shown in Figure [9.14] The
KBS-sample is irradiated with the intensity set by the combination of waveplate and
polarizing beamsplitter. The power during irradiation is monitored by a reference-
photodiode. The measurements are performed at a repetition frequency of 2.5 kHz.
In accordance with ISO 21254 [100], a 20.000-on-1 measurement was performed. The
scattering that occurs in case of surface damage is recorded and used as damage cri-
terion. After irradiation, the damaged spots on the sample’s surface are investigated

with a Zeiss Azxiolmager. M2.
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Figure 9.13: The calibration of the KBS-measurements. The power at the location
of the KBS is measured with an optical power meter and recorded together with
the signal from the reference diode. A linear fit (red) is used for later calculation of

power during the measurements.
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Figure 9.14: A setup for LIDT measurement and characterization of optical switch-
ing. The area highlighted in green is identical to the setup depicted in Figure [9.9]

the area in red is used for LIDT measurements. Image from [121].
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10 Results and discussion

This chapter presents the results of the experiments introduced in Chapter [J] sepa-

rated by their defining nonlinear effects.

10.1 Frequency tripling mirrors

To investigate the reasons for lower-than-expected conversion efficiencies of the pro-
duced FTMs, the experimental setup detailed in Section [9.1] was used to characterize
the conversion process. Besides the conversion efficiency itself, the spectral distri-
bution of the generated third harmonic and the influence of the spectral intensity
distribution of the fundamental is of main interest. The results presented here were
obtained in cooperation with the UNM and published in [95].

The sample under test is a design of type C (compare Chapter@ with 25 layers. It is
intended for a fundamental wavelength of 815 nm, which results in a third harmonic
at 272nm (a) and (b). The sample was coated with the coating machine specified
in Section [7.3] The targeted spectral transmittance of the design from 250 nm to
1000 nm, the resulting curve measured after the coating process as well as the field
distribution of the design are depicted in Figure [10.1} The layer mainly responsible
for the conversion process can be recognized by the internal intensity profile de-
picted in Figure [10.1] (b). Layer 19 shows a clear maximum of the internal intensity
enhancement, which results from the tuning of the design, to be in resonance with
the fundamental wavelength.

The total third harmonic generated by this FTM was measured for different ener-
gies of the incident laser pulses. The results are presented in Figure [10.2] For low
pulse energies, the energy of the generated third harmonic follows the cubic relation
with the pulse energy of the fundamental expected for third harmonic conversion
processes (compare Equation . At higher pulse energies close to the LIDT of
the sample, the actually generated third harmonic deviates from this relation, which
decreases the conversion efficiency.

To further investigate the origins of this decreased efficiency, the spectral intensity

distribution of the generated third harmonic was recorded for the different funda-
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Figure 10.1: The spectral transmittance and internal intensity enhancement of an
FTM of type C. (a) shows the spectral transmittance that was targeted with the
calculated coating (blue) and the spectral transmittance measured after the coating
process (red). The curves are in good agreement. (b) shows the internal intensity
enhancement of the layer stack. The different materials of the coating process are
highlighted by color, with HfO, in light red and SiOs in light blue. A clear maximum
of the internal intensity is observed in layer 19.
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Figure 10.2: The pulse energy of the generated third harmonic (Ury) for different
fundamental pulse energies (Ur). A clear deviation from the expected curve can be
observed at higher intensities. The red vertical line indicates the sample’s LIDT.
Graph from [95].

(o))

mental pulse energies. Figure depicts the results of the spectral investigation.
Figure [10.3] (a) shows the spectrum of the third harmonic for two energies. At a
pulse energy of 0.85nJ below the LIDT, the spectral intensity distribution is nar-
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Figure 10.3: Spectral intensity distribution of the generated third harmonic. (a)
shows two exemplary intensity distributions, one at low pulse energy and one above
the sample’s LIDT. At higher pulse energies, the spectral distribution is much wider,
and the peak wavelength is blue-shifted. (b) shows a more systematic evaluation
of the observed effects. A clear trend towards lower peak wavelengths and broader
spectra is observed.

row and centered around 270.62nm. At 5.321J above the LIDT, the distribution is
much wider, and the peak wavelength is shifted to 269.79 nm. Figure[10.3](b) shows
this trend for all recorded pulse energies. For rising pulse energies, a clear trend
towards a broader spectral intensity distribution with shorter peak wavelengths can
be observed.

To gain more insight into the reasons for the observed blueshift and spectral broad-
ening of the third harmonic, the relatively broad spectrum around the fundamental
wavelength was constrained with the Gaussian filter introduced in Section [9.1] The
results of this experiment are depicted in Figure [10.4] In contrast to what is de-
picted using the full spectrum of the fundamental in Figure [10.3] the behavior of
the third harmonic generated by the filtered spectrum does not change significantly
with increased pulse energy. Figure [10.4] (a) shows the spectrum of the third har-
monic for a pulse energy of 0.5 1J below the LIDT and a spectrum for an energy of
6.2 1J, which is far above the LIDT of the sample. At the higher energy, the spectral
intensity distribution is slightly wider, but the effect is much less pronounced than
that observed in the unfiltered measurements, and the peak wavelength does not
shift visibly. (b) shows the width of the third harmonic’s spectrum as well as the
position of the highest intensity. Both properties show only minor changes for the
different pulse energies.

When these results are viewed in sum, it seems that a physical effect that causes
the reduced conversion efficiency and the spectral shift simultaneously takes place at

high pulse energies. The observed spectral shift does only occur for the full spectrum
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Figure 10.4: The spectral intensity distribution of the generated third harmonic
created by a spectrally filtered fundamental. (a) shows two exemplary intensity
distributions, one at low pulse energy and one above the sample’s LIDT. In contrast
to the unfiltered case, the spectral intensity distribution does not change significantly
with pulse energy. (b) shows the evaluation of the observed effects plotted over the
fundamental’s pulse energy. No clear trend can be observed for the spectral width
of peak wavelength.

of the fundamental pulses, which is much wider than the conversion bandwidth of
the FTM. When the bandwidth of the fundamental pulse is restricted to this con-
version bandwidth, the spectral shift and broadening are reduced to nearly zero.
The shift of the generated third harmonic to smaller wavelengths is assumed to re-
sult from a change of the refractive index caused by high intensities of fundamental
radiation in the resonant layer 19 of the design. This change would shift the wave-
length of resonance of the FTM. When sufficient intensity of the fundamental pulse
is present at this temporarily shifted wavelength, the shifted FTM will generate
third harmonic radiation at a correspondingly changed wavelength. If no intensity
of the fundamental is available outside of the initial conversion bandwidth, no real
shift could be observed. In Chapter [2 two effects that could cause a corresponding
change of the refractive index at high laser intensities are introduced. The first
effect is the optical Kerr effect, which can be ruled out with high certainty in this
case, because the change in refractive index caused by the optical Kerr effect for
dielectric material such as the HfO, utilized in the FTM under test is positive. Any
spectral shifts caused by the optical Kerr effect, therefore, would be towards larger
wavelengths, which is contrary to the experimental results.

The second effect is a change in refractive index due to the creation of an electron-
hole plasma by the different mechanisms introduced in Section [2.4] The high inten-
sities of the fundamental pulses can excite electrons into the material’s conduction
band, where they act as free carriers. Free carriers were shown to reduce the re-

fractive index of dielectric materials as well as introduce additional absorption [35].
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This, therefore, matches well with the observed effects, where the spectral shift of
the third harmonic is caused by a reduction of the refractive index (mostly) in layer
19 of the FTM, and the reduction of conversion efficiency is caused by the corre-
sponding increase in losses in the FTM.

Since the spatial beam profile of the fundamental beam is not homogeneous, an
intensity-dependent reduction of the refractive index would, in parallel to the effects
discussed so far, also cause a defocusing of the reflected third harmonic. To test the
hypothesis of a refractive index that is reduced by the electron plasma, the spatial
beam profile of the third harmonic was recorded for different pulse energies. The
images are presented in [95] and show a defocusing of the laser beam in accordance

with the expectation.

10.2 Nonlinear refractive index

The nonlinear refractive index of the active materials used in this thesis was mea-
sured with the interferometric setup introduced in Section [9.2] The results for the
different nonlinear materials applied during this thesis are presented in the following

sections.

10.2.1 ITO

The nonlinear refractive index of indium tin oxide was measured during this thesis,
and the results were published in [116], where the measurement procedure is dis-
cussed in more detail. A short overview of the measurement and its results will be
provided in this section.

The interferometric setup detailed in Section was used in combination with a
commercial Nd:YVOy Lumera Rapid laser system. A single pass NeoLase amplifier
was used to augment the available intensity. The laser system features a pulse du-
ration of 12 ps, a repetition frequency of 10 kHz and pulse energies of up to 100 pJ.
The sample tested for its nonlinear properties was manufactured with the coating
machine described in Section [7.2] A 10pum layer of ITO was deposited on a sample
of fused silica with a thickness of 1 mm.

To achieve an accurate measurement, two sets of wavefront data were recorded, one
at a low pulse energy of 0.04 n1J and another one at a higher pulse energy of 2.451J.
The measurement for low energies was used as reference to calculate the relative
change of the laser beam’s wavefront, which was then evaluated to determine the
nonlinear refractive index of the ITO-layer. The relative variation of the wavefront
curvature with the corresponding fit is depicted in Figure [10.5] The determined
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Figure 10.5: The relative change of the wavefront transmitted by the sample. The
blue points represent the recorded data, and the red line is a fit for retrieval of the
nonlinear refractive index. Graph from [116].

nonlinear refractive index for the ITO-layer is 2.3 x 107! cm?/ W, which is approxi-
mately three orders of magnitude higher than that of the substrate material, which
features an ny of approximately 3 x 1076 cm?/W [37]. The confirmation of the very
high nonlinearity of ITO manufactured by the IBS process utilized in this thesis is

essential for the successful integration of ITO layers in the nonlinear optical coatings.

10.2.2 GaAs

To evaluate the capability of GaAs as an active material for the application in KBS, a
GaAs sample was characterized for its nonlinear refractive index. The sample under
investigation consists of a GaAs-layer with a thickness of 5pm bonded to a fused
silica substrate with a thickness of 1.5 mm. The setup presented in Section [9.2| was
applied together with a Satsuma laser system from Amplitude Laser, delivering pulse
durations of 300 fs at a central wavelength of 1030 nm and a repetition frequency of
250 kHz.

The measurement was performed at a pulse energy of 96 nJ. The resulting relative
change of the transmitted wavefront of the laser beam is depicted in Figure [10.6] A
nonlinear refractive index of 5.3 x 1073 cm?*/W was calculated from the measured
data. The best reference available from literature is a value of 3 x 10713 cm?/W
and was measured at a wavelength of 1550 nm. This is in good agreement with the
measured value. The nonlinear refractive index of GaAs is therefore well suited for

the intended applications with lasers of wavelengths around 1 pm.
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Figure 10.6: Relative change of the wavefront transmitted by the GaAs-sample.
The blue points represent the recorded data, and the red line is a fit for retrieval of
the nonlinear refractive index.

10.3 Kerr-Band-Switches

After manufacturing of the KBS-samples with the methods described in Chapter
using the active materials introduced in Chapter [3 this section will provide insight
into the switching performance of the KBS to test the concept of optical switches.
The setup applied for characterizing the switching behavior is described in Section
0.3 The results for the validation of the optical switching as well as the relation to
the samples LIDT, were published in the frame of this thesis [122] [121].

10.3.1 Optical switching

This subsection details the results obtained for the optical switching of the pro-
duced KBS. Transmittance and reflectance were measured utilized to calculate the

absorption in the samples under test.

ITO as active material

The design chosen for the validation of the optical switching has the fundamental
form of (HL)’ITO(LH)® with a central ITO-layer with a thickness of 2 QWOT. The
design was optimized numerically with the process described in Chapter )l The
spectral transmittance of the design as well as that of the sample measured after
coating, are presented in Figure[I0.7] The sample is intended for measurement with
a laser system operating at 1030nm. To allow precise tuning of the peak trans-
mittance to the laser wavelength during the measurement, the design was shifted

to slightly higher wavelengths. The peak transmittance of the initial design at the
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Figure 10.7: The transmittance of the KBS as designed (black) and as measured
after the coating process (blue). The sample is intended for applications at 1030 nm
and designed for slightly longer wavelengths, which allows tuning of the transmit-
tance peak with the angle of incidence during the measurement. Graph from [122].

central wavelength is 36 %. The value measured by the spectrophotometer after
deposition is 27 %. The difference probably results from small changes in the losses
of the ITO that can vary between different batches of coatings. The spectral shift
between design and measurement is assumed to result from small thickness errors
in the spacer layer and is compensated by tuning the angle during measurement.
The spectral bandwidth of the transmittance peak is approximately 17 nm, which is
much larger than the bandwidth of the lasers system, which is approximately 0.5 nm
(as depicted in Figure [9.10)).

The results of the intensity-dependent measurement of transmittance and reflectance
are presented in Figure [10.8 Figure (a) shows the transmittance, which de-
creases from initially 26 %, which closely matches the value expected from the spec-
trophotometric measurements, to 14 % before the sample started to change irre-
versibly due to irradiation. For the same change in intensity, the reflectance de-
picted in Figure [10.8] (b) increases from 55 % to 77 %. No significant hysteresis can
be observed when the curves for increasing and decreasing intensity are compared.
The calibration of transmittance and reflectance with known 100 %-references allow
the determination of the total losses in the KBS during irradiation at varying inten-
sity levels by calculating 1 — T"— R. Due to the high absorption observed in ITO
at low annealing temperatures, absorption is assumed to be the main contributor
to the losses observed in the KBS-sample. The resulting total losses are shown in
Figure [10.9] A clear decrease of the losses from approximately 20 % to below 10 %

can be observed.
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Figure 10.8: The transmittance (a) and reflectance (b) of the ITO-KBS for in-
creasing (darker shade) and decreasing (lighter shade) intensities. Transmittance
decreases, and reflectance increases for higher intensities. The curves show no sig-
nificant hysteresis. Graph adapted from [122].
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Figure 10.9: Total optical losses of an ITO-KBS for different intensity levels. For
increasing intensity on the KBS, a decrease in losses can be observed. Graph adapted
from [122].

The decrease in transmittance, in combination with the increase in reflectance, is in
line with the expectation of the KBS’s behavior. For high intensities, the refractive
index of the central spacer layer changes, and the peak of transmittance shifts to
higher wavelengths due to this. Since the KBS is initially aligned for maximum
transmittance, this shift causes the transmittance to drop with a simultaneous in-
crease in reflectance. The drop in optical losses can be explained similarly. Initially,
the design is in resonance with the laser wavelength, causing a high internal intensity
enhancement in the central ITO layer. This enhancement, in combination with the
relatively high losses of the material, causes the high initial losses in the KBS. When

the design switches, the intensity in this layer is reduced since the laser wavelength
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is no longer resonant with the layer stack, the intensity enhancement in the spacer
layer decreases, which in turn leads to lower absolute losses in the component. The
reduction in optical losses, therefore, is an indicator of the desired optical switching.
To test the repeatability of the observed effects, and exclude the possibility that the
changes in reflectance and transmittance result from annealing effects or damage to
the optical coating, the measurement was repeated several times without changing
the laser parameters or the spot on the KBS-sample. The results are presented
in Figure [I0.10] All three measurements show very similar behavior. The first one
shows small differences from the other two that may result from thermal effects, and
could cause small changes to reflectance and transmittance if the sample heats up
during measurement. However, the behavior of the KBS is repeatable over several
measurements, which excludes any damage or annealing effects as source for the

observed modulation of reflectance and transmittance.
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Figure 10.10: The transmittance (a) and reflectance (b) of the GaAs-KBS for in-
creasing (darker shade) and decreasing (lighter shade) intensities. The behavior of
the sample does not change with several repetitions of the same measurement, ex-
cluding damage effects or permanent material modification as source of the observed
changes. Graph adapted from [122].

GaAs as active material

The second active material selected for the validation of optical switching is GaAs.
The samples were produced as described in Section [8.2] in a substrate-free form
where a GaAs-wafer forms the central spacer layer, and both surfaces are coated to
achieve the desired band-pass-like structures. The manufactured sample was tested
for its reflectance and transmittance in the setup introduced in Section [9.3] The
results are depicted in Figure [10.11]

To cover a wider range of intensities, two measurements were combined. Up to

an intensity of approximately 8 GW /cm?, the transmittance decreases from 26 %
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Figure 10.11: The transmittance (a) and reflectance (b) of the GaAs-KBS-sample
for increasing (dark shade) and decreasing (lighter shade) intensities. Two mea-
surements were performed to cover the necessary intensity range. For increasing
intensities, transmittance decreases and reflectance increases. At approximately
8 GW/cm?, the reflectance reaches an almost constant level, while the transmit-
tance continues to decrease.

to approximately 17.5%. For the same intensity range, the reflectance increases
from approximately 49% to over 58 %. This behavior at low intensity values is
similar to that observed for ITO-KBS with anti-parallel behavior for reflectance and
transmittance. However, when the intensity is increased further, the behavior starts
to change. Transmittance continues to decrease, albeit with a shallower slope, only
decreasing to 13.4% between 8 GW /cm? and the maximum value of 14 GW /cm?.
In the same intensity range, the reflectance almost stays at a constant value of
approximately 59 %. This effect can also be observed in the losses of the component.
Figure displays the losses calculated from the transmittance and reflectance.
For the lower intensity range, the losses are constantly around 25%. In the higher
intensity range, the losses increase due to the lower transmittance and constant
reflectance. It has to be noted, however, that the observed change is relatively small
compared to the measurements’ uncertainty.

This behavior matches the expectations for a semiconductor material like GaAs that
is irradiated with photons that possess energies higher than half the materials band
gap. In this constellation, the interaction with intense radiation causes free carriers
to be generated by two-photon absorption. At low intensities, the free carriers only
cause minor changes to the properties of the material, such as a change in the
refractive index, in this experiment made visible by the optical switching of the
KBS. When the intensity is further increased, the amount of free carriers increases
and they start to absorb light themselves (detailed in Section [2.4]), as can be seen

by the increasing losses calculated from the measurements.
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Figure 10.12: Total optical losses of a GaAs-KBS for different intensity levels. For
low intensities, the losses stay almost constant at approximately 25 %. At intensities
above 8 GW /cm?, the losses start to increase.

10.3.2 Thermal effects

To investigate the possible influence of thermal effects on KBS-performance, an-
other set of measurements was performed. When the modulation of transmittance
and reflectance observed in the previous section are the results of thermal effects,
they should scale with the average power and, therefore, with repetition frequency
of the laser system. The optical Kerr effect, however, scales with intensity, which
is not directly correlated to the repetition frequency for the laser system applied
in the tests presented here. Therefore, measurements at repetition rates of 2.5 kHz
and 10 kHz were recorded. The results of this investigation are presented in Figure
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Figure 10.13: The transmittance (a) and reflectance (b) of the KBS-sample for
increasing (dark shade) and decreasing (lighter shade) intensities. Transmittance
decreases and reflectance increases for higher intensities. The curves show no signif-
icant hysteresis.
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The transmittance in Figure (a) seems to show a slightly reduced amplitude
for the lower repetition frequency, which could indicate an influence of the reduced
average power. This behavior, however, is not matched by the reflectance depicted
in Figure (b), which shows an unchanged amplitude of its change, and rather
an almost constant offset between the two curves.

The results do not indicate a significant influence of thermal effects on the func-
tioning of the KBS-samples, but more detailed investigations are needed to gain a

clearer picture.

10.3.3 Relation to the LIDT

An essential property of the KBS-concept is the dynamic range. The intensity range
in which the optical switching takes place and its relation to the damage threshold
of the component, e.g. it is desirable, that the switch works before it is destroyed
by the intense laser radiation. Ideally, there is sufficient modulation of reflectance
and transmittance at low intensities, that the component does not need to be used
at intensities near its LIDT.

To characterize this relation, a KBS-sample was tested for its switching behavior,
after which the LIDT of the same sample was measured with the combined setup
introduced in Section The intensity-dependent transmittance and reflectance
of the sample are presented in Figure [I0.14] Similar to the samples tested in the
previous section, a clear decrease in transmittance, together with an increase in

reflectance can be observed for rising fluences. To allow better comparability with
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Figure 10.14: The results of the switching test before the LIDT measurement. A
clear decrease of transmittance with a parallel increase of reflectance can be observed
for rising fluences on the sample (a). From transmittance and reflectance, the optical

losses of the KBS-sample can be calculated, which decrease significantly with rising
fluences (b). Graphs adapted from [121].
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the LIDT measurement, fluence instead of intensity is used as parameter in this
investigation. The transmittance decreases from 29 % to 13 %, while the reflectance
increases from 32 % to 60 %. From the transmittance and reflectance of the KBS-
samples, their total optical losses can be calculated. Again, in parallel to what was
observed before, the optical losses of the sample decrease from 39 % to 27 % with
rising intensity, which is attributed to the optical shift of the central spacer layer
and the corresponding reduction of intensity when the design shifts out of resonance
with the laser wavelength. Overall, the sample shows significant changes of trans-
mittance and reflectance in the range of considered fluences up to 0.11J/cm?.
After the optical switching was validated for the sample, LIDT measurements were
performed. The characteristic damage curve as well as the morphology of an exem-
plary damaged spot on the sample’s surface are presented in Figure [10.15] Figure
10.15| (a) shows the characteristic damage curve of the samples, where a decrease
of the LIDT with higher pulse numbers can be observed. Since the intended appli-
cations of a KBS as mode-locking- or power-limiting-device require continuous use,
the LIDT for high pulse numbers is of interest and indicated by a horizontal red
line. The sample’s LIDT was determined to be 0.13 J/cm?.

In summary, the sample under investigation shows a significant change of almost a
factor of two for transmittance and reflectance for fluences up to 0.11J/cm?, which
is below the determined LIDT of 0.13 J/cm?. The criterion that was initially set for
a realistic application of the KBS-concept is therefore fulfilled. The optical switch-
ing already occurs at fluences well below the LIDT, so that the component can be

used without the risk of damage.
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Figure 10.15: Characteristic damage curve for the KBS-sample (a). The red line
indicates the assumed limit of the LIDT of 0.13 J/cm? for the case on infinite pulses.
The damage morphology displayed in (b) is typical for short pulse durations as
applied in this measurement. Graph and image adapted from [121].
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11 Conclusion and outlook

In this thesis, the implementation of nonlinear optical effects in thin film interference
coatings was investigated. The amorphous materials utilized in thin film coatings
focused the investigations on nonlinear effects of the third order, of which third har-
monic generation for later application in Frequency-Tripling-Mirrors (FTMs) and
the optical Kerr effect for application in Kerr-Band-Switches (KBS) were selected
for integration into specially designed coating systems.

To this end, the theoretical foundations for nonlinear effects of the third order were
established, and the generation and influence of free electrons in dielectric and semi-
conductor materials were introduced. Special attention was given to the optical
Kerr effect in dielectric materials and related effects, which enhance the nonlinear
refractive index in epsilon-near-zero materials and semiconductors.

For integration of these nonlinear effects into the thin film coatings, the fundamen-
tals and calculation procedures of dielectric interference coatings were introduced,
featuring a more detailed description of band-pass-coatings, and the special require-
ments of KBS and FTM were discussed. To obtain a better understanding of the
interaction between the refractive index shift caused by the optical Kerr effect and
the intensity enhancement in the optical coatings, a simulation procedure was pro-
posed and developed. This procedure allows to observe the interaction of single
pulses with a thin film design and was applied to optimize the switching behavior of
band-pass designs toward more efficient KBS. In addition to more typical dielectric
materials, the simulation showed a highly beneficial influence of strongly nonlinear
materials in specially selected, so-called ’active’ layers of the coatings.

After these theoretical foundations were laid, the manufacturing of the optical coat-
ings by ion beam sputtering was explained. FTM and KBS were manufactured with
differing approaches to the coating process because of their different requirements
in accuracy and materials. FTMs require precise monitoring of layer thickness and
dispersion of the refractive indices of the utilized materials. Therefore, the cor-
responding coating machine was equipped with a newly developed high-resolution
broadband monitor capable of monitoring the transmittance of the components for

both the fundamental and the third harmonic wavelengths. KBS do not necessar-
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ily require the same amount of resolution and bandwidth in the optical monitoring
but depend on highly nonlinear optical materials for an efficient switching process.
Therefore, the coating process was adapted to include epsilon-near-zero-materials
and semiconductors as active materials.

This allowed the investigation of these highly nonlinear materials for the KBS. As
semiconductor material, GaAs was selected, and measurements confirmed the signif-
icantly increased nonlinear refractive index compared to the dielectric materials in
the coatings suggested by literature. However, implementing GaAs in optical coat-
ings is problematic, and special wafers were selected to form KBS as substrate-free
optics with coatings on both wafer surfaces. Another class of active materials are
the so-called epsilon-near-zero materials, which are reported to feature extremely
high nonlinear refractive indices. Indium-Tin-Oxide (ITO) was chosen from this
group, and measurements confirmed the reported high nonlinear refractive index.
The manufacturing via IBS, the general optical and electrical properties of ITO, and
the material’s laser-induced damage threshold were investigated in more detail to
find a parameter set suitable for the integration into KBS and a strong dependence
on oxygen and thermal treatment after deposition could be identified.

Finally, the properties of the produced components were investigated. The frequency-
tripling mirrors showed increased conversion efficiency of about 1%, but the values
remained below the theoretical expectations. A spectral shift observed in the third
harmonic indicates the generation of free carriers during the conversion process. The
absorption caused by these carriers could explain the observed deviation from the
expected behavior.

The performance of the KBS was measured by a combined measurement of re-
flectance and transmittance for varying the incident intensities, which also allows
the calculation of the intensity-dependent losses in the components. For both the
ITO-KBS and the variant based on GaAs, optical switching could be observed, with
decreasing transmittance and a simultaneous increase in reflectance. The highest
switching amplitudes were reached for KBS based on I'TO, with a reduction in trans-
mittance of almost 20 % and an increase in reflectance of approximately 30 %. Since
the LIDT of the components limits the maximum intensity available for optical
switching, the relation of the switching to this damage threshold was investigated
and was measured at fluences higher than those necessary to achieve optical switch-
ing.

In summary, this thesis investigated two concepts for integrating nonlinear optical
effects into thin film interference coatings. Materials for the different applications

were examined and manufactured, the optical coatings produced and characterized
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for their intended functions. The optical switches investigated in this thesis showed
the desired function with strong modulation of reflectance and transmittance. How-
ever, to reach their intended application as mode-locking components, their currently
relatively high initial losses need to be reduced further. Therefore, the next steps
in their development are further improvements of the manufacturing process and
the continuation of research on different active materials that could show improved
properties. Good candidates for alternative materials are semiconductors with a
more advantageous band gap energy when compared to GaAs, such as GaP or SiC
in its 3C-form. The exact course and speed of the optical switching also remain
to be determined. A pump-probe experiment could be applied to obtain improved
insight into these properties and properly reveal the single pulse interaction, as well
as perhaps the spectral width of the caused shift of spectral properties.

Overall, integrating nonlinear optical effects into thin film interference coatings
seems highly promising. FTMs are still limited by the material interactions but
could already be shown to increase the conversion efficiency by five orders of mag-
nitude compared to standard coatings. Especially the optical switches presented in
this work show significant potential not only for laser applications in mode-locking
or power-limiting but could be a start to an optical transistor that enables controlled

ultrafast switching of light for many applications.
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