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Abstract

This thesis reports for the first time subsurface structures in ZnS induced by a 2.1 pm
ultrashort pulsed laser. Although earlier studies have led to the development of in-
bulk defects and waveguides in ZnS crystals using shorter irradiation wavelengths,
processing in this mid infrared (MIR) wavelength region is yet to be reported in
the literature. The structures were inscribed by varying parameters, such as aver-
age power, writing speed, and depth. Highly symmetric waveguides with an circular
core and cladding were realized and characterized. A wide range of characterization
methods, such as optical microscopy, infrared transmission microscopy, micro-Raman
spectroscopy, scanning electron microscopy, and laser coupling experiments, are used
for studying these laser-induced structures. Waveguides with a 30 pm core diame-
ter exhibit single-mode confinement and propagation losses ranging from 0.32 to 1.18
dB/cm. This work also investigates for the first time an active gain medium, which
encompasses waveguides integrated with anti-reflection coatings, with all structures
being developed with femtosecond laser processing.






Sammendrag

Denne avhandlingen rapporterer induserte strukturer under overflaten av ZnS, laget
med ultrakorte laserpulser av bglgelengde 2.1 pm. Slike strukturer laget med denne
bglgelengden utforskes for forste gang i lgpet av dette arbeidet. Publisert forskning
i dette feltet har frem til na bare omhandlet liknende strukturer laget med kortere
bglgelengder. Defekter er laget med varierende parametre som effekt, skannehastighet
og dybde. Strukturer med hgy grad av symmetri, hvor bade kjernen og kledningen
er naer sirkuleer demonstreres og karakteriseres. Bglgeledere med kjerne av diameter
30 pm viser optisk singel modus operasjon med forplantningstap pa omtrent 0.32-1.18
dB/cm.

Et aktivt laserforsterkningsmedium med bglgeledere og antireflekterende strukturer pa
tverrsnittet er for fgrste gang demonstrert, hvor alt er prosessert med fs laserpulser.
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1 INTRODUCTION

1 Introduction

1.1 Motivation

Since the technological milestone of realizing the first laser in ruby in 19602, lasers have
become widely used in applications both in science and industry. Lasers have already
been used for material processing since the 1980s, with the invention of chirped pulse
amplification in 1985%. Also, the realization of the chirped regenerative amplifier in a
Ti:Sapphire laser system in 1993* has resulted in huge interest in this field in the last
decades for structuring different materials. This made it possible to process materials
with pulses short enough to neglect heat affected zones(HAZ) in the surrounding me-
dia. The laser has since shown itself for being a reliable tool for creating surface and
subsurface structures of sub-wavelength resolution. By further advancing this field of
study, it is possible to create 3D structures in the bulk of materials that pave the way
for in-chip microstructures, integrated optics and high-efficiency photonic devices, all
with several functions within one substrate. Also surface processing allows fast and
low-loss production of photovoltaic cells for the solar cell industry. By implementing
laser processing in this field, light absorption by solar cells can be significantly in-
creased, thereby providing major environmental advantages in the everlasting battle
of cost versus efficiency®®.

The first subsurface waveguide was achieved in 19967, and has since then similar
structures have been realized in several types of glasses and crystals, including semi-
conductors such as ZnS®. By using pulsed laser processing methods to write integrated
structures, such as waveguides in laser gain media, it is possible to significantly increase
laser performance and thereby emulate similar developments in fiber lasers.

The mid infrared(MIR) wavelength region in particularly interesting for laser tech-
nology and development. Many organic as well as inorganic molecules have their ab-
sorption lines in this wavelength range, including biological tissue, which makes MIR
wavelengths attractive for spectroscopy and material processing applications. Since
the atmospheric transmission window lies in this spectral region, applications related
to scientific, medical, and military applications, as well as environmental and indus-
trial diagnostics, have been partially responsible for the increased interest in research
in compact ultrafast high-power MIR laser technology.

High precision material processing is in high demand due to its ability to create highly
reproducible nanometer-scale structures with low material loss both on the surface
and inside the medium. This thesis presents the novelty of the characterization of
laser-induced defects in ZnS for determining optimal parameters for laser writing of
waveguides at wavelengths above 2 pm. The possibility of introducing laser-induced
anti-reflection coatings on the facets of buried depressed-cladding waveguides to miti-
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gate cavity losses due to Fresnel reflections is also investigated, specifically in Cr?>":ZnS.
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1.2 Aim of this work

Surface and subsurface modifications induced in semiconductors by ultrashort laser
radiation is a novel technology that can provide numerous benefits to several fields
of science. These include applications ranging from high performance photovoltaics
in environmental physics to compact sensors in space technology. To advance this
field of study, a more comprehensive understanding of the processing parameters and
underlying mechanisms is needed.

The primary goal of this thesis is to investigate laser-induced surface and subsurface
defects in ZnS. The first aim is to study buried modifications for finding optimal
parameters of writing waveguides in the same material. The waveguide structure
desired is a buried depressed cladding waveguide that consists of a cylinder defined by
defect lines inscribed in the crystal. The formation of such defects in ZnS using laser
writing wavelengths above 2 pm, is yet to be reported. The ultrafast laser used to
induce the modifications investigated in this thesis is a novel laser system developed
by the NTNU Laser Physics Group.

Anti-reflection coatings normally consist of a single or multiple layers of dielectric thin
films to mitigate surface Fresnel reflections. These coatings are not optimal for high
power lasers and, particularly, for ultrashort pulse lasers, where spurious reflections can
interfere with the pulse. Anti-reflection coatings made by an alternative femtosecond
laser writing technology is another interesting application and will also be investigated
during this thesis work.

Reaching both aims - studying surface and sub-surface modifications - will help to
gain the knowledge needed for further performance optimization of compact waveguide
lasers, in which both the waveguide and the anti-reflection coating are created by an
ultrashort pulse laser technology.

1.2.1 Objectives

To investigate and characterize these structures, several methods have to be imple-
mented. The objectives in this thesis regarding characterization are as following:

e Obtaining relevant knowledge about buried modifications in ZnS and other ma-
terials as well as surface modifications by literature research.

e Acquire knowledge in techniques regarding investigation of such samples, and
learn my way around the lab. These techniques include:

— Optical microscopy for detecting induced modifications.

— Infrared transmission microscopy to image and investigate certain charac-
teristics of buried modifications as well as surface structures.
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— Other characterizing methods such as Scanning electron microscopy(SEM)
and Micro-Raman spectroscopy.

e Laser output power measurements to estimate laser threshold and slope efficiency
of cladding buried waveguides with anti-reflection microstructures in Cr:ZnS.
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2 Theoretical overview

2.1 Crystalline Laser Waveguides

A laser is a device that emits light due to stimulated emission of radiation. This usually
comprises of an optical resonator (cavity), that contains a gain medium and a pumping
scheme. The gain medium is placed inside the cavity, in which light can circulate due
to, for example, reflections on mirrors positioned at each end. For the medium to
generate emission, the gain must be greater than the losses in the cavity and, thus,
it requires an energy source. This is achieved by a process called pumping. Although
there exists several different pumping schemes, optical pumping is often preferred,
where light is pumped into the medium to create population inversion, which results
in emission of light of wavelengths dependent on the gain medium. The output beam
usually has very low divergence and a very high level of spatial coherence. A system
like this is called a solid-state laser, and it often uses crystals, e.g. zinc sulfide (ZnS),
as a gain medium. These crystals are usually doped with a rare-earth element, like
neodymium, or transition metal ions, e.g. chromium. As shown in a simple setup
of a solid-state laser in Figure 2.1, a dichroic mirror is often used to separate the
outgoing light. A dichroic mirror transmits specific wavelengths and reflects other,
and its selection depends on the specific requirements of the particular laser system
setup.

Gain medium
L1 I1C ocC 1.2 DC

Figure 2.1: Simple setup of a cavity configuration where the optical pump is coming in
from the left. Consisting of pump lens (L1), input and output couplers (IC, OC), output
collimating lens (L2) and dichroic mirror (DC) separating the residue pump from the laser
output.

2.1.1 Laser beam properties

The most important properties of the laser beam are monochromaticity, coherence,
directionality and brightness. These four concepts describes how a laser beam behaves
in free space.
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Monochromaticity

The specific property of electromagnetic waves to consist of a single frequency is called
monochromaticity. Since this effectively means that the light must have zero optical
linewidth, this condition can be never achieved completely, although the laser beams
come close to fulfilling it. This happens because the light is propagating into the
resonator formed by the two mirrors (as seen in Figure 2.1), where only one frequency
can be amplified.

Coherence

Coherence can be separated into two concepts, spatial and temporal. Spatial coherence
refers to the strong correlation between the electric fields at different locations of the
laser beam as it travels through free space. A laser beam can achieve a very high
degree of spatial coherence because the light emission happens due to (stimulated)
intracavity radiation instead of occurring spontaneously. In practice, a beam will only
be spatial coherent in a limited area and, therefore, it is often referred to as partial
spatial coherent. Temporal coherence refers to the strong correlation between the
electric fields in a location at different times. If the electric field propagates in a very
predictable fashion and exhibits continuity it is considered high temporal coherence. If
the electric field has random phase jumps it is said to have partial temporal coherence.

Directionality

A laser beam is considered to be highly directional, as it exhibits a very small diver-
gence due to the resonator cavity, where only waves traveling along its optical axis can
be sustained. For a beam of finite aperture with perfect spatial coherence, there will
always be a divergence of some degrees due to diffraction. For a finite beam diameter
D, it has a finite divergence 6,, and we obtain

where )\ is the wavelength of the beam. [ is a numerical coefficient dependent on the
light amplitude distribution. A beam like this is described as diffraction limited. For
a partial spatial coherent beam the divergence is given by

0 = BA/(S)"?, (2)

where S, is the defined coherence area.
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Brightness

The most important parameter of a laser beam, namely the brightness, is defined as
the emitted power per unit surface area per unit solid angle from a given source of
electromagnetic waves. For a beam area and emission solid angle equal to 7D?/4 and
762, respectively, we have beam brightness®

B = 4P/(nD#)>. (3)

If the beam is diffraction limited, we have 6 = 6. From eq. (1) and (3) we then obtain
the maximum brightness

2.1.2 Gain media
Cr:ZnS

ZnS doped with Cr?'-ions is a relatively new type of gain medium in the world of
lasers, and was first introduced in 1996 by DeLoach et al. [10]. Cr?*"-doped II-IV
compound materials like ZnS is particularly interesting as gain medium due to their
ability to offer high-power radiation in the above 2 pm wavelength region, which is
desirable for many material processing and gas sensing applications. It also holds the
property of being widely tunable in the same wavelength range. In the last decade,
Cr:ZnS has, amongst other materials, e.g. Cr:ZnSe experienced a lot of attention due
to the spectral region in which they emit radiation. The mid-infrared(MIR) spectral
region has been relatively unexplored in laser technology for a long time and the
important group of chromium-doped chalcogenides seems promising to fill this gap.
The gap of broadly tunable ultrafast high-power laser technologies between 2-2.5 pm
has neither been covered by technologies such as hetero-junction semiconductor lasers
nor by quantum cascade lasers (QCL)!". The emission spectrum for Cr:ZnS is shown
in Figure 2.2, where the emission cross-section ¢ is also seen. Emission cross-section is
the probability of an ion to exist in a given cross-sectional area, which is excited and
will emit a photon.

These materials also have the property of room temperature operation, which, com-
bined with the advantage of operating in the above 1.4 pm wavelength eye-safe region,
significantly reduces the total cost of ownership.

Due to the availability of well-established appropriate pump sources, chromium-doped
chalcogenides can produce pulses down in the femtosecond regime. Specifically, Er:fiber

7
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Figure 2.2: Absorption and emission spectrum of Cr:ZnS. Emission of Er:fiber and Tm:fiber

is also shown!2.

and Tm:fiber have played a significant role in this last decade’s femtosecond laser devel-
opment. Beam quality and power stability are the key factors in achieving femtosecond
pulses, which these fiber lasers have. Er:fiber emission matches the absorption spec-
trum of Cr:ZnS as shown in Figure 2.2 and is therefore usually used to pump solid-state
lasers based on Cr:ZnS as a gain medium.

A principal motivation for the research regarding Cr?"-based femtosecond laser tech-
nology has been its resemblance of spectroscopy, material and laser properties to the
Ti:sapphire laser, which is a well established femtosecond technology. The Ti:sapphire
laser is also a widely tunable, ultrashort pulse high power laser with good beam quality,
but it operates in the visible to near-infrared(NIR) region (i.i. 650 nm - 1100 nm)*.
This is one of the reasons why Cr:ZnS is called the Ti:sapphire of the MIR spectral

range between 2.0 and 2.5 +micro m.

2-2.5 pm gap

One of the reasons why the gap between 2-2.5 pm is of interest is due to the overlapping
with the atmospheric transmission window, as shown in Figure 2.3. In this window,
and up to 4 pm, we also find many organic and inorganic molecular absorption lines (see
Figure 2.4) such that technologies like e.g. remote sensing, communications and laser
surgery are some of the applications driving the research of these tunable high power
sources'®. A significant advantage for the Cr?*-lasers is their ability to ensure narrow-
linewidth tuning and spectral coverage of a wide wavelength range that contains many
absorption lines in a single shot or by rapid tuning. This property makes it possible
to detect multiple pollutants such as CO and CO, as well as other petroleum-related
gases in this 2-4 nm wavelength region.
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Figure 2.3: Emission cross-section spectra of Cr:ZnS and Cr:ZnSe, as well as atmospheric
transmission spectrum (grey)*.
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Figure 2.4: Spectral coverage and tunability of the most representative Cr?*-lasers and

spectral positions of important gas absorption lines!®.

Currently, laser systems that are used for gas detection are mainly based on single
gas detection devices or nonlinear optical conversion techniques. The latter includes
optical parametric oscillators (OPO), which has wavelengths that can be varied in
wide ranges and therefore can be used for multigas analysis, but is a rather complex
and costly system. Compered to the OPO technology, the femtosecond Cr*'-lasers

9
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are significantly less complex and have the robustness of compact fiber laser pumped

solid-state lasers'®.

Slope efficiency

For an optically pumped laser, slope efficiency is a rather important property. It is
defined by the slope curve obtained by plotting input pump power versus the output
power of the laser gain media. This slope is often linear. For pump power and pump
power threshold P, and Py, respectively, we can calculate the output power as'®

Pout = nsl(Pp - Pth)7 (5>

where 7 is the slope efficiency. It is important to note that the pump power in eq.
(5) can refer to either the incident pump or the pump absorption.

Gain vs. loss

The condition where the gain equals the losses in a resonator is called a threshold.
When the incident power from the pump exceeds this level, the laser emission starts.
Propagation losses in the laser cavity are expected to limit the laser efficiency, and,
therefore, loss minimization is crucial for laser performance. Losses can also be induced
by thermal lensing or Fresnel reflections (see section 2.1.3) amongst other chemical and
mechanical properties of the materiall.

2.1.3 'Waveguides

Cr?*-laser technology has demonstrated potential for generating high powers and en-
suring wide tunability and good chemical and mechanical stability. Cr:ZnS lasers, in
particular, have been established as a promising alternative among other broadband
solid-state lasers. The only issue for power scaling this material has been a somewhat
high thermo-optic coefficient (thermal lensing parameter) (6n/6T)'7.

Thermal lensing

In high power lasers, inhomogeneous heating of the gain material often occurs, causing
thermal lensing. Thermal lensing is a phenomenon in which the wavefront curvature
is modified, typically by a transverse refractive index gradient. In solid-state lasers,
this can set a crucial limit to the performance. Cr:ZnS has a thermo-optic coefficient
(0n/06T) = 46 - 107°K'. Compared to sapphire, with a thermo-optic coefficient of
12 - 107°K", this is relatively high. Since thermal lensing often happens due to this
transverse gradient, a way to minimize it could be to make a geometry where heat
flow perpendicular to the laser beam is avoided, e.g. a waveguide.
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Figure 2.5: Microscopic picture of the cross-section of a laser-induced buried cladding
waveguide in ZnS. The arrow indicates writing beam direction.®

Waveguide geometry

A waveguide is designed to guide the wave such that losses, due to for example a
transverse refractive index gradient, are minimized. Waveguide geometries can be
produced for guiding electromagnetic waves inside optical materials. A waveguide
can often be considered as a fiber structure inside a material, including gain medium,
consisting of a core with a surrounding cladding, as seen in Figure 2.5.

The core in such a waveguides considered in this thesis is an unmodified region where
the refractive index initially is the same as rest of the material outside the structure.
The cladding around is the modified part of the geometry where the refractive index
is lower than inside the core. This makes the light inside the core reflect when it hits
the cladding. The smallest angle where all the light is reflected inside the core, the
critical angle, can be obtained by Snell’s law

Ny sin 67 = ny sin 6, (6)

where #, is the angle of incident and 6 is the angle of transmission. Here, n; and
ny are the refractive indices of the core and the cladding, respectively. In eq. (6),
it is also obvious that the larger the difference in the refractive indices, the smaller
critical angle of total reflection. This also leads to the formation of waveguides with a
larger numerical aperture (NA). The NA of a waveguide is its angular acceptance at
the facet. It is defined as the product of the refractive index of the medium in which

2All subsequent figures of cross-sections has the same writing beam direction as fig. 2.5 unless
indicated otherwise.
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the beam propagates, e.g. air, and the maximum angle between the incident ray and
the optical axis of the waveguide at the facet,

NA = nsiné. (7)

The numerical aperture can also be derived from the refractive indices of the core and
cladding:

NA = V nCOT62 - ncladQ- (8)

Fresnel reflection

In the transition between free space and optical media, there will be reflections at the
surface. They will occur as the beam enter the laser resonator and when the gain
media starts to emit, and the generated light circulates inside the cavity. As seen in
the example setup, Figure 2.1, the radiation will oscillate between the two mirrors
(i.e., output and input coupler) until the gain has become greater then the losses of
the cavity. This means that the beam inside the gain medium will impinge on the gain
medium facets twice at each cavity round trip, where a portion of the circulating light
will be reflected each time.

For the light to be completely transmitted, both media involved in the transition is
required to have matching impedance. Since all optical materials essentially have
a permeability ;4 = 1, the impedance is only determined by their refractive index.
Therefore the only case with no reflections is if the media have identical refractive
indices'®. These reflections can be described by using the Fresnel equations and are
called Fresnel reflections. The reflected electric field for s-polarization is described as

11 cos 01 — ny cos Oy
Er - Ez )
11 cos 01 + ny cos O

(9)

and for p-polarization as

Er:EZ-mCOSQI_nlCOSGQ. (10)
ng cos 01 + nq cos Oy

From these equations the reflection coefficient Rrg can be derived,

2

Rpp = . (11)

E,
E,
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If we then assume that the angle of incidence is perpendicular to the surface of the
entering medium, we can easily estimate the reflection by combining equation (11) and

(9)/(10) and get

2
ny —ng

(12)

Rpr =

sl +n2

R| ) T

R,

<

Figure 2.6: Single layer \/4 anti-reflection coating. ng,n; and ng is the refractive indices
of air, layer and surface of material, respectively!?.

Waveguide loss

As mentioned in section 2.1.2, the propagation losses in a given cavity are important
to mitigate. This also applies for waveguides in general and not only for laser cavities.
The waveguide loss in decibels per unit length o can then be calculated to

1 1 Py
a = 17 -logy, {? . FI:| ) (13)

13



2.1 Crystalline Laser Waveguides 2 THEORETICAL OVERVIEW

where L is the length of the waveguide, P; and Pg are the incident and output power,
respectively. K is the transmission factor and is given by

K =To1-To2 - TFr, (14)

where Tp; and Tpo are the transmission coefficients of the focusing objectives for the
input and output of the waveguide, respectively. While Trg are the Fresnel transmis-
sion coefficient and is given by

Trr = (1 — Rpgr)*. (15)
Rppr can be calculated by using eq. 12.

Anti-reflection coating

Fresnel reflections can cause significant loss in optical power due to losses in trans-
mission each time the emitted beam passes through one of the to facets of the gain
medium, as well as the possibility of back reflection of the pump source. To miti-
gate this loss, anti-reflection coatings (ARC) might be used. These coatings usually
comprises of a single or multiple layers to add optical interfaces such that the Fresnel
reflections cancel out each other by destructive interference. An example, of an in-
cident ray I, transmitted ray T, and reflected ray R, of a single layer coating can be
seen in Figure 2.6, where the layer has a refractive index close to the geometric mean
of the media indices. A single layer like this has a limited bandwidth and limited
angular range. If a broader bandwidth or larger angular range is required, multiple
layers need to be added, but the same principle applies. Although ARC works well
for optical components like mirrors, lenses and objectives, is not always an optimal
solution for high-power laser setups. Problems like film shedding or cracking due to
thermal expansion or shrinkage of the material and a low damage threshold are some
of the problems these coatings might introduce?'. A solution to this can be to con-
sider anti-reflection microstructures (ARM). Further details on this subject will be
presented in section 2.2.1.
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2.2 Material processing

Lasers have in general been developed for half a century and are becoming more and
more user-friendly as well as cheaper every year. Lasers in material processing were
already used in the 1980s but attracted significant interest in the 1990s after some
very promising experiments using ultrafast lasers for material processing without heat
affected zones(HAZ). After this, ultrafast lasers has established themselves as being
very reliable tools, providing the possibility of fabricating sub-wavelength structures
both on the surface and inside the bulk of different materials.

One type of microstructuring relies on the use of ultrafast lasers to make inscriptions
or induce structural modifications inside a medium. The process is based on nonlinear
absorption by using a high-power laser tightly focused to a point beneath the surface
of some material. The irradiances generated in the focus are enough to cause nonlinear
effects such as multi-photon absorption(MPA), tunneling ionization(TI) and avalanche
ionization(AI). These processes allow energy tranfers to the material lattice!”-22:23:24:25,
By focusing the beam under the surface, the surface itself may stay unmodified. Doing
this makes it possible to apply a locally refractive index change An in the laser-modified
region (focal volume), and by placing the material on a moving stage it is possible to
create three-dimensional(3D) structures.

This technique of using laser microstructuring for micro-machining transparent optical
materials has proven to be one of the most efficient way to make structures of micron-
size. A more detailed discussion of the technique will be presented in section 2.3.

As mentioned, laser processing is not an entirely new technology, but the enhance-
ments in ultrafast lasers, especially the application of chirped pulse amplification by
Strickland and Mourou [3], have made it extremely precise and the ability to reproduce
periodic structures or ripples on the surface and inside materials, as well as precise
cutting and drilling without any melt or cracks around the processed area. Due to
the high demand for renewable energy sources and, in particular, silicon-based solar
cell technology, considerable research efforts have been expended on increasing the
efficiency of these photovoltaics. One of them being surface texturing of silicon wafers
by laser ablation®.

2.2.1 Surface processing of semiconductors

Surface structuring by ultrafast lasers has been extensively studied in the last decades.
As mentioned earlier, this method has proven itself to be highly effective for many
types of material processing due to minimal damage to the surrounding area. These
structures can be as small as in nm scale.

An example of such small structures is shown in Figure 2.7. These structures exhibit a
sub-wavelength periodicity compared to the writing laser of 1040 nm. Harzic et al. [26]
showed in 2005 that these ripples, known as laser induced periodic surface structures
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o 92 m

Figure 2.7: SEM images of periodic surface structures in the form of ripples on silicon made

from laser irradiation26.

(LIPSS), appear spontaneously on the surface of silicon when irradiated with ultrashort
pulses at low fluence. They also state that these ripples result from the interference
between incident, radiated or scattered light that causes periodic variations in the
substrate heating and creates these LIPSS.

After further investigations into the phenomena, laser induced anti-reflection struc-
tures has been developed. By laser irradiation one can create regular arrays of pe-
riodic microstructures, which induces properties such as friction, optical absorption,
reflection and hydrophobicity. The transmittance of these structures highly depend
on morphological features, such as depth, period, filling factor and steepness®’. Struc-
tures similar to these have been developed earlier by wet or dry etching, and direct im-
printing. However, fabrication methods have disadvantages including complexity, cost,
fabrication time and process waste, which can be offset by ultrafast laser structuring?®.

Anti-reflection microstructures

Microstructuring is self-evidently not only for modifying tracks inside the material
but can be used to create structures at the surface. Due to vulnerability to surface
contaminants and the low damage threshold of existing anti-reflection coatings(ARC),
anti-reflection microstructures(ARM) may be the answer to eliminating surface reflec-
tion in high power laser systems. By using femtosecond laser writing it is possible to
make periodic structures at the surface, with different cross-section profiles. These are
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few micron structures with period dependency of what wavelengths is to be transmit-
ted. Due to effective medium theory, the anti-reflection performance can be described
by using a simple diffraction grating equation®

Adiff =N D, (16)

where n is the refractive index of the material, and p is the period of the microstruc-
tures. Hence the ARM will act as a gradient refractive index layer for wavelengths
longer than what was calculated in equation (16), and thus diffraction and scattering
will affect wavelength shorter than this. The overall transmittance will stay high, but
since this structure will serve as a kind of diffraction grating more transmitted light
will be of non-zero orders of diffraction or scattered.

Due to the issues related to the ARC, fabrication such microstructures instead of coat-
ings should, in principle, ensure better performance for broad bandwidth high power
applications. The transmittance in such a structure is dependent on the smoothness
of the refractive index gradient, hence also on morphology parameters of the ARM.
An important morphological feature is the aspect ratio, which can be described as
structure depth to period relation. The aspect ratio, along with features like period
dependency, filling factor and steepness are displayed in Figure 2.8 (adapted from
Bushunov, Tarabrin, and Lazarev [27]|). Here, it can be seen that the average trans-
mittance increases with depth, filling factor and steepness, as well as reducing the size
of the periods. It is also shown that if the aspect ratio is 1.5 or larger, it is possible to
obtain transmittance above 98 %.

An issue with microstructuring the ARC is that it is difficult to achieve the parameters
mentioned above since both the development of a precise model with required param-
eters and the fabrication with optimal similarity to the model can be very challenging.
However, an adequate microstructuring technique should be able to make structures
of aspect ratio larger than or equal to 1.5 as well as relatively high production rate.

Fabrication methods

There are several methods to fabricate these structures, e.g. direct imprinting, etching,
lithography and 3D printing. Although these methods allow for the fabrication of
high-quality anti-reflection microstructures with high performance, they are either
unreliable, difficult to implement, or have severe limitations making them impractical
to implement.

Direct imprinting is arguable the simplest approach for microstructuring, which intu-
itively imprints a pattern directly on the material using a preformed micro-scale mold,
in the same way as a stamp. The material is preliminary heated before the stamp is
applied by exerting sufficient force. Imprinting can also be completed by rotating a
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wheel-formed mold onto the pre-heated sample. Though this method increases trans-
mittance up to 98 % (for tested material)*, it has some disadvantages, e.g. the need
of different molds for every single type of structure and application.

Dry etching is a process in which a mask of a certain pattern is deposited to the
surface before it undergoes reactive ion etching (RIE), where plasma is accelerated
towards the surface. There are different ways to apply this mask, but the principle is
the same for any of them. An advantage of this process is the high degree of control
and precision, as well as the exceptionally high surface quality. An aspect ratio as
high as 5-10, and a transmittance of 98-99 %, has been reached in ZnSe in 3.5-11 pm
region?’. However, the RIE method also has some negative aspects, as it is a rather
complex and expensive method that requires a long fabrication time.

Wet etching is, such as dry etching, a well known technique. It is based on substrate
removal by chemical reaction between the etching solution and the surface of the ma-
terial. It is similar to dry etching in terms of the masking techniques that can be
implemented, however, since wet etching uses a chemical solution instead of plasma,
it can also be performed without masking, as well as it is a cheaper method of mi-
crostructuring. Although it is less accurate compared to RIE, it can still achieve a
transmittance of 99 % (Si), although wet etching is mainly used effectively on silicon.

As mentioned above, femtosecond writing can also be used to produce microstructure
ARCs. In a similar way to waveguide writing, this can be done by laser ablation
with a pulse duration in the ultrashort regime with the sample positioned on a high
precision stage. By processing the sample in this way, it is highly achievable to obtain
reproducible periods lower than 1 pm, and it is possible to reach transmittance between
95-99%7272%  Ultrashort laser writing for ARM can be performed in different ways
based on direct single pulse ablation®®. Although the principal of these methods is the
same, they have different auxiliary techniques to achieve increased depth (with fixed
diameter), hence increased transmission, compared to "regular" direct single pulse
ablation. The first method is with obstruction of peripheral rays. This is done by
blocking part of a Gaussian beam before the objective lens and effectively results in a
more narrow beam with lower intensity. A second method is direct single pulse ablation
in presence of spherical aberration. By introducing spherical aberration between the
objective lens and the sample, the peripheral rays will propagate further than the
paraxial rays of the Gaussian beam, effectively defocusing the beam and stretching
the point of interaction between the beam and the material. A third method relies on
precise in-depth focusing and represents a rather simpler approach than the first two.
The only auxiliary technique adopted here is to precisely shift the focal point of the
Gaussian beam deeper into the material. All these techniques increased the depth in
the material and, in turn, the average transmission of the ARM by approximately 94
% between 3-10 pm?°. Notably, the third and simplest of these techniques led to an
increase of 97 % (These methods were demonstrated on CdSSe).
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Another way of increasing the depth of the structures is by transforming the Gaussian
beam into a Bessel beam. Following this approach, the depth can be increased, while
any adverse thermal effects that may occur by a Gaussian beam are mitigated?!. This
route for making anti-reflection microstructures is fast, simple, more cost-effective than
RIE, and more versatile as it is implementable in different structures and materials.

2.2.2 In-bulk subsurface laser processing

Structures can be inscribed inside a substrate by focusing the beam to a spot under
its surface. The use of objectives with high sufficiently high NA ensures that the ma-
terial surface remains unmodified. In this case, it is not necessarily desirable to reach
the ablation threshold of the material but to combine a tight focus scheme and direct
writing. This will make it possible to create phase and structural changes inside the
material, such as refractive index modification” (see section 2.3.4). This is possible due
to the nonlinear nature of ultrafast laser interaction with transparent materials and
keeps the modification within the focal volume of the laser beam”3°. Because of this,
ultrafast lasers can completely alter physical and chemical properties of transparent
materials. This has enabled the fabrication of integrated microdevices for application
in photonics, optofluidics and optoelectronics, by creating waveguides inside the mate-
rial due to refractive index change. These waveguides are building blocks for integrated
optics, photonics, optomechanics and micro- and nanostructuring®’!.

Waveguides

Tightly focused femtosecond lasers irradiation has been used since the 90s for inscribing
waveguides in the bulk of various materials with different structural properties. A
research team from Japan was the first to report the writing waveguides in glass using
femtosecond laser pulses in 19967. The writing approach they have implemented was
slightly different from what is proving to be most efficient. They produced waveguides
by increasing the refractive index in round-elliptical damage lines in glass, by inducing
defects in its bulk perpendicular to the waveguide axis. Also, fabrication of waveguides
by helical writing has been realized, by focusing the laser emission parallel to the
waveguide axis and moving the stage in a helical manner®?, as shown in Figure 2.9.
This way of writing waveguides has obvious limitations when it comes to length of the
waveguide to be inscribed.

Tokel et al. [33] introduced in 2017 a way to make subsurface structures with single
pulses, in silicon, by the interaction of the incoming beam and the beam reflected
from the back surface of the sample. 3D structures can be inscribed, however, the
method shows limitations when the processing of thick substrates is required. Another
approach of writing waveguides that was adopted in this work, is by introducing a
depressed cladding structure (as shown in Figure 2.5). In this way, the refractive
index can be altered in the irradiated region by the high intensity beam, which is
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Figure 2.9: (a) Technique for laser writing waveguide by helical movement of the stage. (b)
Picture of cross-section after writing®2.

directed perpendicular to the waveguide axis.

Instead of increasing the refractive index in the core, decreasing it in the cladding and
maintaining the core area unmodified has proven to be a more efficient approach. In
waveguides with an unmodified core area, the cylinder in which the light propagates
is obviously more homogeneous than the alternative of having a modified core. This
will mitigate loss due to scattering, and prevent any alteration of the spectroscopic
properties of the medium3*. The modified cladding around the waveguide core is
formed by directing the beam perpendicular to the waveguide axis such that the core

will be "surrounded" by these tracks made by the laser, as shown in Figure 2.10.

Here it is also possible to see the unmodified core in the middle of the cladding. The
tracks that make up the cladding can also be seen to appear more or less straight
with no interaction or damage between them. By focusing the laser writing beam
tightly an using a high precision stage, the parallel tracks will not induce any adverse
effects between each other, despite their proximity, being 3 pm or less apart (in Figure
2.10 specifically). The track height, and therefore its core shape, can be controlled by
altering the pulse energy of the writing beam®!. Also parameters such as translation
velocity, wavelength, number of modified elements and number of translations per
element contribute to both shape and properties of the final waveguide. This can be
properties like, e.g. mode confinement that will affect irradiances. By advancing this
field of study, it is possible to create 3D structures in bulk material that paves the
way for in-chip microstructures, integrated optics and high-efficiency photonic devices,
such as beam splitters and couplers®, waveguide lasers in crystalline materials, as well
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Figure 2.10: Cross-section of a depressed cladding buried waveguide in Cr:ZnS. Distance
between tracks is 3 pm, and diameter of the core is equal to 50 pm.

as passive waveguide devices®34:36:37,
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2.3 Modifications induced by ultrafast pulsed laser

Ultrafast pulsed lasers refers to lasers with pulse width or duration in the region of ps
(107'2) or shorter. The development of the chirped pulse amplification in a Ti:Sapphire
regenerative amplifier* accelerated this field of research. This was to a great extent be-
cause of the ability produce high energetic fs (1071°) pulses without inducing damage
or undesirable nonlinear effects to the amplification medium. Chirped pulse ampli-
fication is achieved by introducing a strongly dispersive element so that the pulse is
chirped and stretched before passing through the gain medium. Therefore, it does
not cause detrimental nonlinear pulse distortion or destruction to the gain medium.
Then the pulse is subsequently compressed back to the input duration by employing

a dispersive compressor after the gain medium3®.

Ultrafast lasers can, on one hand, ensure precise control and manipulation of the
states of materials and, on the other hand, can significantly reduce heat diffusion to
the surrounding area®. This is due to the extraordinary high peak intensity of the
pulses and their ability to interact with materials on a faster time scale than heat
diffusion and lattice disorder do*®*!. Since the pulse duration is shorter than the
electron-phonon coupling relaxation time, the energy is only delivered to the electrons
and is not dissipated to the lattice. This happens first after the pulse ends, and is
one of the reasons why ultrafast lasers are currently being extensively used for both

fundamental research and practical applications®.

2.3.1 Basic principles

Ideally, the focal spot of an ultrafast laser will have a Gaussian-like spatial profile.
This means that the modifications that takes place only occur in a limited area inside
the focal volume. By matching the beam intensity in the focal spot to the thresh-
old intensity of the material, extraordinary resolution down to the nanoscale can be
achieved. Why a Gaussian profile is preferred is shown in Figure 2.113°,

If the beam intensity is matched to the horizontal line in Figure 2.11(b), which is the
reaction threshold for a given transparent material, in a combination with a high nu-
merical aperture objective, modifications with sub-diffraction-limit resolution can be
achieved. This approach has enabled a wide variety of phase and structural changes in-
side materials, such as waveguides by modifying the refractive index. Also nanofluidic
channels have been achieved with the same process by reaching the ablation threshold
inside the material?.

This same method is relevant for most materials as long as the appropriate parameters
are being used. First of all, there should be used a wavelength where the material
in mind is transparent enough, such that the modifications are limited to the focal
volume and not disrupted by linear absorption in the material itself. This means that
the surface and the rest of the material structure will stay intact when irradiated at
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Figure 2.11: (a) Schematic illustration of beam intensity in the focal volume of a Gaussian
beam. (b) Beam profile and spatial distributions of laser energy absorbed by transparent
materials by two- and three-photon absorption®? (more on this in section 2.3.2).
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low intensities. By achieving high intensities in a small focal volume as described
above, nonlinear optical effects such as multi-photon absorption (MPA) and tunnel
ionization (TT) can occur.

As shown in Figure 2.2, the ZnS crystals mainly considered in this thesis have low
absorption for wavelengths above 2 pm, and are therefore suitable for processing in this
wavelength region. Subsurface modifications using ultrashort pulse in this wavelength
region were first achieved in 2020 by the NTNU laser research group??, then in silicon.
To the best of my knowledge, subsurface modifications in ZnS using a similar setup at
2.1 pm are achieved for the first time during this theses.

2.3.2 Nonlinear optical phenomena

When transparent materials such as glass and wide-gap dielectrics are irradiated with
ultrashort pulses, nonlinear effects appear. These effects result from the high inten-
sities used and, therefore, do not play any significant role in low-intensity conditions.
Generation of high intensities was first achieved with the realization of the first laser
in 19602, and they allowed for the observation of nonlinear phenomena such as MPA
and TI*3. In the 1990s, this also led to the observation that by gradually decreasing
pulse width, the damage threshold decreases and also a transition from a thermally
dominated regime on the above ns scale to an ablative regime dominated by MPA, TI,
avalanche ionization (AI) and plasma formation takes place®®44.

Multi-photon absorption and other nonlinear effects

Multi photon absorption and other nonlinear effects of MPA occur when two or more
photons are absorbed simultaneously by an atom or ion, thereby resulting in a tran-
sition of a single electron, as shown in Figure 2.12%5. MPA, unlike linear absorption,
is proportional to the n'" power of the optical intensity. This results in a general

expression for the attenuation of a light beam traveling through an optical medium?:

dI(z)
dz

= —al(2) — BI*(2) —yI*(2) — nl*(2)... (17)

where I(z) is the incident beam intensity along the z-axis and the «, 3, v and 7 are the
one-, two-, three-, and four-photon absorption coefficients of the transmitting medium.

By the end of the pulse the free electrons produced due to the induced MPA are rapidly
heated, resulting in further ionization due to collisions (AT)**,

For the optical breakdown in dielectric materials in the short-pulse regime, the general
process is the generation of seed electrons by either MPA or TI with subsequent Al.
AT happens first after electrons have gained energy due to either MPA of TI, and
if the intensity if sufficiently high, further electrons are dissociated by electron-ion
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Figure 2.12: Schematic description of an elementary multiphoton-induced molecular tran-
sition process. Solid lines represent real eigen states; dashed lines represent intermediate
states??.

collisions**. The strength of these nonlinear processes depends on properties of the
irradiated material, and the duration and wavelength of the laser pulses?*414647 I
wide-gap materials, Simanovskii et al. [41] demonstrated by optical breakdown mea-
surements that the breakdown threshold decreases with wavelength in the mid-IR
region. They claimed that this is because MPA is drastically reduced in this region
due to the excessive increase in photons required to ionize a single electron. To in-
dicate whether ionization happens in the tunneling, or the multi-photon regime, the
Keldysh parameter v was introduced in 19654,

(18)

where w is the central laser frequency, AFE is the band gap of the material, m is the
electron-hole reduced mass and E is the laser electric field. This parameter indicates
that for v < 1 photoionization occurs in the tunneling regime and for v > 1 in
the MPA regime. Simanovskii et al. [41] thus concluded, in 2003, that for narrow-gap
dielectrics with AE ~ 3 eV, such as ZnS, TT is primarily responsible for mid-IR regime
laser breakdown. Regarding the behaviour in the near-IR region, which is relevant to
the samples studied in this thesis, the underlying mechanisms appears to be different.
When irradiated with wavelengths in the near-IR domain, MPA produces a high seed
electron density even for wide-gap materials, regardless that the MPA rate is still
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orders of magnitude lower than predicted by Keldysh theory*. This indicates that for
wide-gap materials in this wavelength region, iAl seems to be dominating, with MPA
introducing initial seed electrons for pulse durations down to 10 fs. In contrast, for
narrow-gap dielectrics, MPA alone dominates the optical breakdown process for pulse
durations below 100 fs and up to 10 ps?+47.

Other nonlinear optical effects might also occur during irradiation by ultrashort pulses,
such as, e.g. self-focusing. Self focusing results from the Kerr effect, which can occur
when light propagates through crystals*®, and acts effectively as a change in the re-
fractive index due to electric fields. This refractive index gradient thus act as power
dependent lens and cause the beam to focus by itself while propagating through the

medium?.

2.3.3 Ultrashort pulses - ns vs. fs regime

As mentioned earlier, modifications induced by laser irradiation are highly dependent
on pulse duration. In the duration regime longer than a few tens of ps, this irradiation
will cause substantial heating to electrons and dissipate to the lattice. This will result
in melting and boiling of the material®’. As mentioned in section 2.2, this material
processing technique can be used for structuring on and below the surface, and for
industrial applications, such as drilling and cutting.

Due to their potential to interact with the material faster than heat diffusion, ul-
trashort pulses are suitable for high-precision processing without any HAZ. However,
this is not the case for processing in the ns regime since the generated thermal waves
have sufficiently long times to propagate into the material and create layers of melted
material that have not been vaporized®®. These heat-affected zones in the material
can also induce shock waves that can result in cracks along the edges of the modified
parts®®. Although material processing in industrial settings is widely being performed
in the ns regime, the use of ultrashort pulses can admittedly yield higher resolution,
better edge quality and severely reduce peripheral thermal effects.

2.3.4 Permanent modifications - Change in refractive index

Microplasma formation will eventually occur in the focal volume, where the intensity
is sufficiently high to induce ionization, as described in section 2.3.2, when creating
subsurface structures. This is driven by the free electrons generated by MPA, TI
and/or Al inducing structural alterations in the same region due to changes in the
optical density of the material. This results in a refractive index change:525354  In
literature, this process is usually a combination of two steps, of which the first step
is the ionization process. This step is relatively known for both glasses and crystals
since it is mostly dependant on the materials energy gap and nonlinear absorption
coefficients of the material®*. The second step is less straightforward. In glasses, it
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is generally accepted that the refractive index change is positive due to melting, and
densification of the exposed region”®!®2, although negative change is also possible.
In crystals, however, it seems to be more complex. Okhrimchuk and Duarte [51]
reported in 2010 that the refractive index changes in crystals can usually be assumed
to be negative in the ultrashort laser-induced region due to amorphization, but that
it causes stress and thus positive changes along the edges of the defects. Experiments
with a Cr*":YAG crystal also revealed that it is possible to induce both negative and
positive refractive index change in the same crystal. When positive refractive index
changes were observed, the repetition rate was adjusted to a relatively high setting
at 11 MHz. Using sufficiently high pulse energies and low enough writing speed, a
An =~ 2.5-107* was obtained. With increasing writing speed or decreasing pulse
energy, the refractive index changes became negative in the same crystal. However,
when the laser system with a repetition rate of 1 kHz was introduced in the setup, all
experiments resulted in negative An®!.

This indicates that the contribution of each of the possible responsible mechanisms to
the refractive index changes in materials, (i.e., stress changes, material densification,
amorphization, formation of color centers, melting and resolidification), depends on
the material and the processing conditions”?1:52:53,55,56,57,

Even though waveguides in bulk glasses based on positive refractive index change often
yield higher |An| (up to 102)7, waveguides in crystals have some favorable properties,
especially regarding laser optics. Among these are the possibilities of better thermo-
conductivity and a higher optical damage threshold. Also, the negative refractive
index makes the depressed cladding structure possible, leaving the waveguide core
unperturbed. This will mitigate losses due to scattering and, in addition, will provide
a large variety of options when it comes to core diameter. A small core that is often
formed in bulk glasses with positive An core, is often characterized by a very small
Vnumber which can be calculated as

V= 2—;WNA, (19)

if we assume that the waveguide in question has a step-index structure, then the
Vnumber will provide an estimation of the mode confinement and thus the mode
radius of the waveguide. The mode radius can be approximated using Marcuse’s
empirical formula®®,

w 1.619  2.879
a

~ 0.65 + W + W (20)

Since the Vnumber impacts the mode radius of the waveguide, low Vnumbers can ulti-
mately result in weak waveguiding since the mode of the waveguide will extend largely
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outside the core®®. This will also introduce bending losses, which, in turn, renders

challenging for the realization of structures such as couplers or bent waveguides.

Wavelength dependency of defect size

In a study that included both numerical simulations and experimental data, Richter et
al. [42] concluded in 2020 that the shape of the elongated subsurface defects created by
ultrashort lasers is dependent on the laser wavelength. Also, it was demonstrated that
with longer wavelengths for laser processing, more localized and confined structures
can be produced with higher repeatability.
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2.4 State of the art

2.4.1 Laser technology

The operation of lasers based on laser-inscribed waveguide structures has been success-
fully demonstrated several times in various materials, including Cr:ZnS'"#. They have
proved the principals that have been motivating the research in Cr?"-doped chalco-
genides, such as tunability and compactness. The latter partially due to the inscribed
waveguides in the material. A compact buried channel waveguide laser in Cr:ZnS was
demonstrated in 2014. It had a cavity length of 6 mm and operated at a wavelength
pf 2332.6 nm with a slope efficiency of 20 %, generating outputmpower up to 101
mW1'7. As there was no anti-reflection layer on the end facet of the structures, the
calculated Fresnel reflections had to be subtracted to determine the slope efficiency.
However, although reflections on the waveguide facet were neglected, they were not
physically removed. The pump used in these experiments was a Tm:Fiber emitting
at a wavelength of 1928 nm. This experimental demonstration led to enhancement
of the laser performance in subsequent reports, paving the way for further optimiza-
tion of the waveguide structures and geometries and reduction of losses due to, for
example, reflections. Since the waveguide gain medium was polycrystalline Cr:ZnS,
the possibility of demonstrating similar results in single-crystalline Cr:ZnS was yet to
be explored and was finally achieved first in 2019%. Here, an average output power
of 150 mW was obtained at 2272 nm wavelength with a slope efficiency of 11 % by
pumping with an Er: fiber laser. In addition to being inscribed in a single-crystal, the
waveguide structure used as a gain medium was single-mode.

As mentioned in section 2.1.2, an erbium fiber laser has an emission wavelength that
coincides with the absorption spectra of Cr: ZnS, and thus is more suitable as a source
for optical pumping of this gain medium. As for pumping of single-mode waveguides,
this laser is desirable due to the modal dispersion occurring in multi-mode geometries,
as in the structure used in'”. A single-mode waveguide supports the propagation of
only a single mode per polarization direction and thus limits the distortion of the
beam at the output. The experiments on the doped Cr?*:ZnS characterized during
this thesis were based on the possibility of further optimizing the single-mode-, single-
crystal-based Cr:ZnS waveguide demonstrated in®.

2.4.2 Buried modifications in active and passive ZnS

Writing waveguides in ZnS has not been extensively studied but has been achieved
quite a few times in the last nine years. The first buried depressed cladding waveguides
in ZnS were demonstrated by An et al. [59] in 2013, with several being realized the
following years. All these experiments were conducted with different parameters, and
thus direct comparison of the results obtained is difficult. To provide an overview of
the current state-of-the-art research in buried channel waveguides in ZnS and Cr:ZnS,
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table 2.4.2 summarizes the results collected from literature during this thesis.

Table 1: Overview of laser-induced waveguides in ZnS/Cr:ZnS crystals.

Writing parameters

T A Rep. rate E NA?

Reb () m)  kHp) ()

Speed®
(mm/s)

Modification geometry — An€

(10-3) Material

[59] 120 800 1 2.5 0.65

[60] 800 1028 100 0.5 0.85

[17] 400 ~1040 100 0.3-1.5 0.6

0.5

9-20

Structures made with 5.2 ZnS
different diameter
with 3 pm DBEY The
50 pm  waveguide
showing single-mode
confinement in the
MIR region of 4 pm.
Losses were measured
to be ~3.9 dB/cm.
The cross-section is
somewhat circular but
with "flat bottom",
and each defect have
a small height relative
the core diameter.

Buried channel waveg- ~ 2.3 7nS
uides of diameter 40
pm shows multi-mode
confinement at 1030
nm, with a low loss
of 0.62 dB/cm. Quite
elongated defects is

shown.

First channel waveg- n/a  Cr:ZnS

uide demonstrated in
Cr:ZnS. Smallest WG
supporting guiding
was 50 pm, although
best results were ob-
tained in 60 pm with
40 elongated defects
of height ~25 pm,
written at 20 mm/s.

Continued on next page
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Ref.

Writing parameters

T

(fs)

A

(nm)

Rep. rate
(kHz)

E
(nJ)

NA®

Speed®

(mm/s)

Modification geometry

AnS
(107°)

Material

8]

32|

800

130

1028

800

100

0.35

120

0.85

0.4

0.25

First  single mode
Cr:ZnS buried channel
waveguide laser in
single-crystal. ~ With
3 pm DBE? different
core diameters were
written around 50 pm
by adjusting the num-
ber of elements. The
waveguide cladding
defects are elongated
with a length ranging
between 30 and 60 pm.

Structures were made
of helical writing men-
tioned in section 2.2.2.
Waveguides with di-
ameter of 100-200 pm
were made, with the
best 200 pm yielding
best performance as a
laser. The losses were
~0.38 dB/cm at 2.38
pm.

n/a

n/a

Cr:ZnS

Cr:ZnS

& Numerical aperture of the focusing lens.
b Writing speed of the defect lines that makes the waveguide.
¢ Change in refractive index between core and cladding. Not always included in literature on

Cr:ZnS.

d Distance between each defect element.

As described above, there is only a limited number of reports in the literature contain-
ing experimental results on laser-induced buried waveguides in ZnS, and only two of
them explicitly reports measurements of the laser-induced refractive index change in
the material. All waveguides reported so far have been inscribed using lasers emitting
at 800 nm or around 1030 nm and operating with repetition rates of 1 or 100 kHz.
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The waveguides listed in the table above were all written using the same concept,
involving the writing of lines in a direction perpendicular to the beam, except for
one, written in a helical manner. If we consider all these reports, An et al. [59] were
the only ones demonstrating defects of few micron sizes as seen from cross-sectional
views. However, the best of these waveguides in terms of mode confinement exhibited
losses as high as ~ 3.9 dB/cm. As determined by Richter et al. [42], this parameter
is dependent on the irradiating laser wavelength, although it seems it also depends on
the repetition rate and pulse duration. The waveguides with the smallest size in ZnS
capable of supporting light guiding of some wavelength so far reported had a diameter
of 40 ym and exhibited multi-mode confinement. To the best of my knowledge, the is
no report on buried channel waveguides inscribed using wavelengths longer than 1040
nm. To the best of my knowledge, no laser-induced buried cladding waveguides have
been reported using wavelengths longer than 1040 nm.
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3 Methodology

The laser used to induce defects, such as lines and waveguides in almost all the samples
studied in this thesis, was a fiber-based system with a tunable repetition rate set to
10 kHz or 20 kHz. It generated pulses of duration between 4 and 6 picoseconds at a
central wavelength of 2.1 pm. The pulse energy was adjusted between 0.35 nJ and 2.75
11J when inducing defects to determine optimal parameters for writing waveguides. All
the structures investigated were inscribed by this laser, except for those in the Cr:ZnS
sample. These waveguides were fabricated in earlier experiments with a femtosecond
laser emitting at a central wavelength of 1028 nm at 100 kHz and investigated in®.
Our collaborators in Moscow have recently manufactured ARMs on the facets of the
waveguides and provided us with the sample for further investigations. Figure 3.1
shows the experimental setup used to write structures in all the ZnS samples.

_ Lens with high
~ numerical aperture

Cross-section

Figure 3.1: Experimental setup for writing in-bulk structures.

By using a high precision 3D stage, appropriate writing speed and depth for different
structures can be written. Thus by moving the stage along the y axis as shown in the
figure, elongated patterns can be written through the whole sample.

3.1 Samples investigated

In this thesis, a total of five undoped ZnS samples were investigated and one Cr:ZnS
sample. In two undoped ZnS samples, line defects were inscribed using different writing
parameters to identify the optimal writing characteristics for the waveguides to be
subsequently written in the other three samples. As mentioned above, the waveguides
in the Cr: ZnS sample, were fabricated earlier using a different laser system. All the
structures inscribed with the 2.1 pm laser system were buried modifications in the
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bulk of the materials, formed with a 100x magnification objective with NA of 0.85, as
described in section 2.3.1. Hence, the surface of all samples remained unmodified.

The Cr:ZnS sample was all-laser micro-processed with waveguides and anti-reflection
microstructures on both facets of three of the buried waveguides in its bulk. The
ARM was produced using single-pulse laser ablation, with 200 fs pulses, at a 20 kHz
repetition rate and a 513 nm wavelength, focused with a 0.5 NA objective lens.

Polishing

To inspect the cross-sections of the fabricated structures, it was necessary to polish
the end faces of the samples. The polishing process is essential for samples containing
waveguides because an unpolished facet will cause the scattering of an incoming beam.
Figure 3.2 shows microscope images of waveguide cross-sections recorded before and
after the polishing of their end faces, thereby demonstrating the difference in the
surface quality. It can be realized from the images that it is almost impossible to
distinguish the laser-induced defects from other surface damages on the unpolished
facet.

Figure 3.2: Comparison of unpolished cross-section (A) and polished cross-section (B) of
line defects in one of the samples investigated.

The polishing process was performed using a slightly modified Fiber Polisher from
Krelltech, that comprised a rotating disc with interchangeable polishing papers. The
sample was then mounted to the holder with Pelco Quickstick mounting wax and
pressed against the rotating grinding disc that had attached polishing sheets made of
silicon carbide. Both cross-sections of each sample were polished with decreasing grain
size. The grain sizes used were 30, 9, 3 and 0.3 nm, to achieve optical quality from the
polishing process. This process limits the roughness of the facets and reduces loss due
to scattering when further characterization with a coupled laser beam is performed.

The challenge encountered with this setup was the difficulty in polishing such that the
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waveguides were perpendicular to the sample end facets, and the opposing waveguide
end facets were perfectly parallel. This was due to the way the ZnS samples were
mounted manually on the holder and the manual adjustment of the polishing angle.
This polishing process resulted in small-angle deviations from a perfect perpendicu-
larity and, eventually, in higher Fresnel reflections at the interface when a laser beam
enters the waveguides.

3.1.1 Parameters of induced defects

Optimal parameters for writing waveguides were established by investigating numerous
line defects, specifically by characterizing the size and shape of each defect. The
parameters adjusted to inscribe each set of defects were, in principle, the writing
speed, inscription depth, and laser pulse energy. Defects were using various pulse
energy settings for each depth and writing speed.

The line defects in the two ZnS samples (i.e., before proceeding to waveguide writing)
were formed using the following parameters:

e Sample 1: The defects in the first sample were formed with the speeds of 20, 10,
8 and 6 mm /s and energies of 0.38, 0.73, 1.26, 1.93 and 2.75 pJ, at depths of 0.03,
0.045 and 0.06 mm. Five defects of each parameter were inscribed, resulting in
60 zones of lines with a total of 300 lines. The laser repetition rate was set to 10
kHz for all the inscriptions.

e Sample 2: The defects in the second sample was written with the speeds of 20,
16, 12, 8 and 4 mm/s, at depths of 0.03, 0.04, 0.05 and 0.06 mm with the laser
pulse energies 0.5, 0.75, 1.0, 1.25, 1.5, 2.0 and 2.5 pJ. A laser repetition rate of
20 kHz was used for inscribing all the defects, resulting in the formation of 140
zones of lines, with each zone containing 3 lines thus creating a total of 420 line
defects.
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3.2 Characterization

The main task of this thesis has been to investigate single-line defects in passive
undoped ZnS media to determine optical parameters for writing waveguides and then
estimate parameters of the inscribed structures, such as NA, An, mode confinement
and loss. The methods used in this thesis for the waveguide investigation are listed in
the following paragraphs.

3.2.1 Optical microscopy

Since ZnS is transparent in the visible spectral region, bright-field optical microscopy
appeared to be the easiest and fastest way to determine these buried modifications. It
also enabled focusing on the material from above to visualize the line defects written
in different depths. The potential of this characterization approach is demonstrated
in Figures 3.3 and 3.4, showing top-view and cross-sectional images of defects written
at various depths in the bulk of a ZnS sample.

Figure 3.3: Optical microscopy from the top showing two different zones of the same sample.
A) Is a zone written with speed 20 mm/s, energy 2.0 nJ at a depth of 0.03 mm, and B) is
written with the same speed and energy, but at a depth of 0.06 mm.

Bright-field optical microscopy allowed for the impact of the inscription depth on the
size and shape of the structures to be assessed for fixed pulse energy and writing speed
settings.

3.2.2 Wayveguiding - Infrared transmission microscopy

The guiding properties of the inscribed defects were studied with an infrared (IR)
transmission microscopy setup. In Figure 2.2, it is apparent that Cr:ZnS shows high
absorption between 1.5 and 1.8 pm, hence using a pump source in this spectral re-
gion is ideal for the best performance of a Cr:ZnS-based laser system. To study the
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Figure 3.4: Optical microscopy from the cross-section showing two different zones of the
same sample. A) Is a zone written with speed 20 mm/s, energy 2.0 pJ at a depth of 0.03
mm, and B) is written with the same speed and energy, but at a depth of 0.06 mm.

waveguiding properties and characterize the waveguides using a wavelength in this
spectral region, may introduce losses due to this absorption. Nevertheless, due to the
unavailability of 2.4 pm lasers, which is the emitting wavelength of Cr:ZnS, and a
limited sensitivity for the available camera, a 1.55 pm laser was used. Thus, the IR
microscopy at this wavelength, of 1.55 pm, was implemented to conduct most of the
measurements in the laser-written waveguides. A scheme of the setup is displayed in
Figure 3.5, indicating that in addition to the fiber laser, a broadband light source was
used to illuminate the sample to enable the recording of top-view and cross-sectional
images of the waveguide.

Fiber laser,
1.55 uym

Sample

Focusing lens Microscope

a objective

! —
| | — - -
X

V.

Y

Dichroic mirror

Figure 3.5: Scheme of the IR microscopy setup used for waveguide experiments when
looking at the cross-section. For guiding the 1.55 pm laser into the waveguides, a 35 mm
plane-convex focusing lens is used. In addition to the guiding laser, a broadband light source
is introduced via a dichroic mirror for visualizing the surrounding area of the cross-section.
Both the ZnS sample and the microscope objective are placed on 3D stages so that optimal
alignment is possible.

Light emitted from the broadband source was directed toward the waveguide using a
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dichroic mirror. The incoming beam from the fiber laser and the broadband light were
both focused on the waveguides by a plane-convex lens with a 35 mm focal length.
In this setup, the position of the sample and microscopic objective can be precisely
adjusted, since they were both placed on 3D stages with micrometer resolution. Fur-
thermore, it was possible to focus the objective inside the sample but also on its front
facet to facilitate the laser beam coupling into the waveguide. Images recorded with
this setup are displayed in Figure 3.6, showing the same waveguide with and without
the 1.55 pm laser beam coupled into it.

Figure 3.6: IR microscopy from the back facet of ZnS sample with waveguides. A) Shows
waveguide only illuminated with broadband source, while B) shows illumination with broad-
band source and laser coupled into the waveguide.

3.2.3 Determining NA and An

To determine the mode confinement of the waveguides, the NA needs to be estimated
and, in turn, the refractive index change An. For deriving the NA, direct numerical
aperture measurements were conducted using the setup in Figure 3.7.

By placing an imaging camera as close as possible to the output of the waveguide
and moving it stepwise backward, one can estimate how the beam is spreading as it
exits the waveguide. By processing these recorded images, one can obtain an intensity
profile and subsequently fit the laser beam to a Gaussian profile, plot the output beam
size, and eventually estimate the NA for both the horizontal and the vertical direction.
The recording of utilizable images requires that the laser beam intensity is suitably
adjusted so that the camera is not saturated. When implementing this method, the
camera was successively moved in five steps, each corresponding to a 5-mm distance.
The same setup was used by Wortmann, Ramme, and Gottmann [54].

For a known NA value, the refractive index change can be derived from eq. 8. As men-
tioned in section 2.1.3, ZnS has quite a high thermo-optic coefficient and, therefore,
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Fiber laser,
1.55 uym

Dichroic mirror

Figure 3.7: Setup for measuring NA. The InGaAs camera is placed as close as possible to
begin with on a precise 1D stage so that it is movable by mm precision.

adverse thermal effects such as thermal lensing, are likely to occur. Thermal lens-
ing can be considerably suppressed by adopting waveguide geometries, particularly
waveguides exhibiting single-mode guidance’. By assuming a step-index waveguide
and calculating NA, the Vnumber of the waveguide can be derived from eq. 19. Thus,
by estimating NA, one is able to estimate the refractive index change and determine
if the waveguide is single-mode or multi-mode. If the Vnumber exceeds the value of
2.405, the waveguide can be considered multi-mode, with the number of modes being
approximately V?/2.

3.2.4 Waveguide loss measurements

The setup used for measuring waveguide loss was a simple modification of the method
used by Grivas et al. [20] and Briilisauer et al. [62]. Grivas et al. [20] used the self-
pumped phase conjugation method (SPPC), but the adaptation of this method used
here did not include a BaTiOjz crystal. Therefore, only the physical setup of the
measuring system was similar. Figure 3.8 shows the loss measurement layout, in
which the irradiation of a 1.55 pm fiber laser was coupled into the waveguide using
the IR transmission setup.

In this experimental arrangement, the camera was removed, and the laser power was
increased to ensure its detection by the power meter. As seen in Figure 3.8, the first
measurement was conducted at position A, before the waveguide, so that loss origi-
nating from the focusing lens could be neglected. The two subsequent measurements
were performed at the same position, designated as B and C in Figure 3.8(i.e., they
spatially coincide), the first with the waveguide in place (B) and the second without
the waveguide (C). In this way the transmittance of the microscope objective can be
evaluated. The waveguide loss in decibels per unit length o®® can then be calculated
by using eq. 13.
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Figure 3.8: Setup for loss measurements in waveguides. A power meter is inserted in position
A, B and than C. The difference in B and C is that for the C measurements the sample is
removed so that the transmittance through the microscope objective can be measured.

The SPPC crystal used in the original realization of this method by Grivas et al. [20]
allowed the elimination of the incurring coupling losses. However, in the simplified
experimental layout used here, no SPPC crystal had been introduced. Thus, coupling
losses need to be considered and evaluated. To this end, the coupling area of the
fiber laser irradiation into the waveguide was considered equivalent to the correspond-
ing area between two spliced fibers. In this case, the coupling efficiency 1 can be

approximated as®?
TAOw\ >

Here A6 is the angle offset between the crystal facet and the waveguide, w is the mode
radius of the incoming beam, )\ is the wavelength, and n is the refractive index of
the waveguide core. By introducing eq. 21 into eq. 14 a modified expression for the
transmission factor is obtained as

K:TO'TFR-T]. (22)

3.2.5 Lasing experiments

An essential part of the characterization of the ARM in the doped Cr:ZnS sample is to
obtain lasing of the material in order to determine the ARM transmittance. This step
will also allow the measurement of output power as a function of pump power and,
thereby, provide an estimate of threshold and slope efficiency. Demonstration of lasing
was completed using a simple setup of a plane-parallel cavity similar to that depicted
in Figure 2.1, with dichroic mirrors placed at each facet of the 7 mm waveguide.
The input couple rwas a mirror highly reflective in the spectral region from 2.1 pm
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to 2.5 pm, and transmissive around 1.6 pm. The output coupler exhibited a 10%
transmittance in the wavelength domain between 2.1 and 2.5 nm. The waveguide was
optically pumped by coupling the 1.61 pm output of an Er:fiber laser into the cavity
with an anti-reflection coated plane-convex lens with focal length of 50 mm.

3.2.6 SEM

The morphological characterization of the ARM structures on the Cr:ZnS sample was
performed by scanning electron microscopy (FEI SEM APREO). In SEM, an electron
beam is directed perpendicular to the surface so that the backscattered ,and scanning
electrons can be measured by detectors placed further up in the instrument. In this
way, the interactions of the electron beam with the atoms in the sample can generate
surface images. The SEM technique allows the recording of images of high resolution
and very high magnification.

In this work, images were recorded by applying several different settings, including
a few with a magnification of 25000. The latter were obtained with the T2 detector
in the instrument using the Optiplan Lens mode by establishing an electrostatic field
between the detectors and the sample. Recordings were obtained by applying a voltage
of 10 kV, a current of 25 pA, and positioning the samples with a tilt of 40 °.

3.2.7 Micro-Raman spectroscopy

The changes in Raman scattering in the ARM were measured using micro-Raman spec-
troscopy (Renishaw InVia Reflex Spectrometer System). This characterization tech-
nique measures a delayed nonlinear response in the crystal lattice when a laser beam
propagates through the medium, the so-called Raman shift. This form of scattering
is associated with vibrational optical phonons. Unlike Rayleigh scattering, Raman
scattering has components of different frequencies compared to the incident beam.

The measurements were carried out with an unpolarized backscattering geometry in a
configuration that comprised a 532 nm laser setup with a tight 0 % focus, an objective
with x50 magnification and a 2400 1/mm grating. The laser power was set to 10 % of
its maximum output value, and each measurement comprised 10 accumulations, with
an exposure time of 1.5 s.
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4 Results and discussion

4.1 Overview

The experimental setup for inducing buried, in-bulk modifications is described in sec-
tion 3. Figure 4.1 displays a representation of the inscriptions in the samples, where
A) shows single line defects written as a first step to determining optimal writing
parameters and B) shows the geometry of waveguides written using the optimized
parameters. As mentioned in section 3.1, the first two samples (i.e., samples 1 and
2) were processed with the configuration to form structures similar to those displayed
in Figure 4.1A, and the third one (i.e., sample 3) to inscribe waveguides with the
geometry depicted in Figure 4.1B.

z
z
X
X A) B)
Figure 4.1: Representation of how the structures were written in the samples. A) shows
single line defects while B) shows waveguides.

The third sample was a ZnS crystal and was the most investigated among the three
samples since it was the one where waveguides were encoded with a 2.1 pm laser.
Details on the writing parameters adopted to process this sample in section 4.3.

4.2 Size and shape of line defects

The size and shape of the line defects written in the first two samples was studied
to optimize parameters when it comes to writing speed, inscription depth in the bulk
of the material, laser power and repetition rate for writing waveguides in the same
material. As 200 sets of defects and a total of 720 lines were inscribed in samples 1
and 2, only the results that reveal important information on the dependencies of the
defect size and shape are included. Top-view and cross-sectional microscope images
of structures inscribed in sample 1, with writing speeds of 20, 10, and 6 mm/s at a
repetition rate of 10 kHz, for two different pulse energies and at three different depths,
are shown in Figures 4.2, 4.3 and 4.4, respectively. The depths listed in these figures
correspond to the scripted inscription depths of the structures in air. These depth
values will be affected by the change in refractive index when the laser beam enters
the medium from air, and, therefore, they do not correspond to the effective inscription
depth of the defects®.

PAll subsequent inscription depths mentioned correspond to scripted depth in air, as described
above. This applies unless stated otherwise.
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Figure 4.2: Microscopic images of line defects in the first sample as lines along the sample
with corresponding writing energy above and cross-section below. A) shows structures made
in depth of 30 nm and B) shows structures at 60 pm. All defects made with writing speed
20 mm/s at 10 kHz repetition rate.

Figure 4.2 shows lines of defects, each formed by single-pulse irradiation with the 2.1
nm laser. Defects were also induced with a pulse energy of 0.38 jJ, however, they were
not detectable with optical microscopy. Therefore, it was assumed that this specific
pulse energy setting was below the modification threshold of the material. The point
defects in Figure 4.2 were produced with a repetition rate of 10 kHz and writing speed
20 mm/s thus, the distance between each point is 2.0 pm. Since it is desirable to
have continuous lines when writing waveguides, this distance between each pulse is
too large. This combined with the used powers and repetition rates represents a clear
sign of discontinuous cross-sections with increasing energy. The inscription depths in
air of the structures in Figures 4.2A) and 4.2B) were 30 pm and 60 pm, respectively.
Although a top view of the lines suggest that they were not significantly affected by the
change in depth, the cross-sections make evident the impact of this change. With this
writing speed (20 mm/s) no defects were optically detectable for processing energies
of 0.38, 0.73 or 1.26 pJ at the depth of 60 pm.

Figure 4.3 shows similar pattern as Figure 4.2, formed with the same writing param-
eters apart from the writing speed, which was here 10 mm/s.

At this writing speed, the defects form, as expected, lines that are more continuous
since the distance between each point defect is 1.0 pm compared to 2.0 in Figure
4.2. However, with sufficiently high lens magnification, it is still possible to see the
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Figure 4.3: Microscopic images of line defects in the first sample as lines along the sample
with corresponding writing energy above and cross-section below. A) shows structures made
in depth of 30 pm and B) shows structures at 60 pm. All defects made with writing speed
10 mm/s at 10 kHz repetition rate.

0.73 pJ 1.26 W 1.93 W 2.75 uJ 1.26 W 1.93 1 2.75 W)

A)

Figure 4.4: Microscopic images of line defects in the first sample as lines along the sample
with corresponding writing energy above and cross-section below. A) shows structures made
in depth of 30 pm and B) shows structures at 60 nm. All defects made with writing speed 6
mm/s at 10 kHz repetition rate.

separation of each point in the low energies. These writing parameters also results in
more symmetric cross-sections, at least at the low energy regime adopted here. The
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higher pulse energies, at 2.75 pJ, the lines appear less sharp and more blurred at the
edges, both from top view and the cross-sections. At this writing speed setting, is was
possible to obtain lines at a depth of 60 pm by using 1.26 pJ pulse energy for writing.
This observation is attributed to the lower temporal distance between pulses, which
leads to the deposition of more energy to a given volume. Notably, the blurry edges of
the defect lines appear to be more pronounced in Figure 4.4, where the writing speed
used is even lower.

At a writing speed and repetition rate of 6 mm/s 10 kHz, respectively, the distance of
successive pulse defect becomes 0.6 pm. With these writing parameters, the size of the
waveguide cross-section increases unpredictably with increasing energy. However, low
pulse energies enable the encoding of lines with shapes that seem more symmetric and
predictable, both from a top view and a cross-sectional view. It is also demonstrated
that writing with low pulse energies results in less pronounced shape variations with
inscription depth.

This sample showed indications that low energies at low writing speed gives more
predictable defects in terms of shapes as well as continuity of the lines from above.
These are desirable features for waveguide writing and was investigated more in sample
2.

Based on these indications that low pulse energies and writing speeds are favorable
conditions for writing waveguides in terms of predictability of defect shapes and line
continuity, these parameters were further studied in sample 2. Since changing the rep-
etition rate can ensure a more stable laser system than changing other laser operating
parameters, it was opted to choose an average power and writing speed of the same
order as in sample 1. However, this choice inevitably results in different distances
between successive defect points and pulse energies. The parameters used for writing
waveguides in sample 2 are provided in section 3.1.

In Figure 4.5, writing speeds are compared for different depths, with the same writing
energy, in sample 2. The figure shows the top views of the lines and indicates that the
writing speed has a definite impact on the structures, similar to sample 1. At shallow
depths, on the order of 30 pm below the surface, adopting low writing speeds results in
the formation of slightly unpredictable structures as the lines are not perfectly uniform
and have a point-like shape. These points do not correspond to pulses (as in Figure
4.2) since the difference between them is changing, and speeds like 16 mm/s at the
same depth and energy show a continuous line. At larger depths, these same lines
become more uneven and blurry on the sides. This further confirms the observations
in the previous sample that lower speeds make the lines more uneven and give more
blurry edges. This gives reason to believe that lines made with low speeds will provide
more unpredictable shapes if written close together. As repeatability is a key factor
for technical applications like waveguiding, slow writing speeds are ruled out. As
mentioned, the line written with a speed of 16 mm/s seems to be the fastest written
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20 kHz, 20 mW average power, 50 um depth 20 kHz, 20 mW average power, 60 pm depth
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Figure 4.5: Microscopic images of line defects in sample 2, with the corresponding writing
speed and depth. The lines are grouped together by depth with the only changing variable is
the writing speed. All line defects represented in this figure were made with 20 kHz repetition
rate and 20 mW average power.

line that looks continuous and does seem to have a uniform structure as well as not
change too much depending on the depth. Compared to sample 1, the images of the
cross-sections of several line defects in Figure 4.6reveal sharper and more consistent
structures. The corresponding sizes are summarized in table 2. By changing the
repetition rate, there is a clear improvement in the cross-sections as they look more
uniform in their shape.

All cross-sections shown in Figure 4.6 were written at 40 pm depth in air,using various
writing speeds and average powers. The smallest-size defects detected were induced
with a 16 mm/s speed and a 10 mW average power, and a clear pattern of increasing
structure size with both decreasing writing speed and increasing average power is to
be observed and is consistent with sample 1 as well. The approximate dimensions of
the cross-sections are summarized in table 2 too.With low writing speeds and high
optical powers, the shapes of the defects start to become severely distorted. As for
the writing speed, this may be due to the overlapping of pulses in the medium, thus,
effectively creating a larger focal volume. The smallest and sharpest structures seem
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thus, to be those inscribed with 16 mm/s at average powers below 40 mW (starts to be
distorted at 50 mW). To further confirm this observation, images of the cross-sections
of the line defects formed at all depths using optical powers of 10, 15, 20, and 25 mW,
with a writing speed of 16 mm /s, are summarized in Figure 4.7.

The cross-sections in Figure 4.7 show clear and sharp structures that increase slightly
with depth at a considerably low rate, which is regarded as acceptable and thus,
assumed not to have a severe impact on the shape of potential waveguides. The size of
the structures written with an average laser power of 10 mW is sufficiently small to be
considered distinct points, but the ones made with higher optical powers are slightly
elongated. For example, the length of structures inscribed with an average laser power
of 25 mW at a depth of 60 pm is approximately 10 pm.
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20 mm/s 16 mm/s 12 mm/s 8 mm/s 6 mm/s

10 mW

15 mw
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25 mw

30 mwW

40 mW

Figure 4.6: Microscopic images of line defqct cross-sections for each writing speed and
average power in sample 2. All defects represented in this figure is at a depth of 40 ym and
is written with a repetition rate of 20 kHz.



4.2  Size and shape of line defects 4 RESULTS AND DISCUSSION

Table 2: Size (pm) of the defects depicted in Figure 4.6 at the depth of 40 nm. The table
is in a matrix form that directly corresponds to the figure.

Size (pm)
20 mm/s 16 mm/s 12mm/s 8 mm/s 6 mm/s

10 mW <2 <2 3.9 4

15 mW 3.5 4 6 7.5 10
20 mW 6 6.5 8 10 12
25 mW 7.5 10 11.5 13 14
30 mW 9.5 11.5 12 15 16.5
40 mW 13.5 14 15 17 22
50 mW 15.5 17.5 17 19.5 37

10 mw 15 mw
30 pm 40 pm 50 pm 60 pm - 30 um 40 um 50 pm 60 um

25 mW

30 ym 40 ym 50 um 60 pm 30 um 40 pym 50 pm 60 um

Figure 4.7: Cross-sections of line defects for each depth at writing speed 16 mm/s, repetition
rate 20 kHz and for the powers 10, 15, 20 and 25 mW. The four groupings compare power at
different depths.
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4.3 Waveguides

Based on the observations of the line defects obtained from the first two samples,
waveguides were written at a speed of 16 mm/s and a repetition rate of 20 kHz. The
writing was performed with different average powers of 7, 10, 15, and 20 mW at a
60 pm depth in the air. As per earlier investigations, the 7 mW optical power, (i.e.,
0.35 nJ) was expected to be below the power threshold for inducing modifications
in the material. Several waveguides were formed, with diameters ranging from 20
to 60 pm, and various distances between each waveguide element (DBE). Figure 4.8
displays images of cross-sections of waveguides formed using the four optical powers
aforementioned. Their diameter was 60 pm, and the DBE was 2 pm

7 mW 10 mW 20 mW 25 mWw

Figure 4.8: Waveguides written with 20 kHz repetition rate with a diameter of 60 pm at
average powers 7, 10, 15 and 20 mW. The DBE in the waveguides is 2 pm.

It is also evident that the 7 mW average writing power was below the threshold since
defects were encoded only in the horizontal antipodal points of the waveguide cross-
section due to the spatial overlapping of the elements in these regions. Some of the
first waveguides written in this sample experienced one misplaced defect line due to an
error in the writing script. This misplaced element is noticeable inside the waveguide
formed with 10 mW optical power displayed in Figure 4.8.

4.3.1 Size and shape

The misplaced defect element is also observable in Figure 4.9, which shows cross-
sections of waveguides formed with 10 mW average power with 4, 3 and 2 m DBE.
Figure 4.9 displays all the waveguides above the writing threshold with 30 pm diameter
and corresponding average writing power and DBE. It is clear that with lower DBE
and higher power, the cladding (i.e. the volume of laser-induced modifications) of the
structures becomes thicker and more pronounced, as expected.

°The following sections uses average writing power instead of pulse energy as a processing param-
eter. This was the varying parameter in the process and, thus, gives more accuracy.
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Figure 4.9: All waveguides written above modification threshold with diameter of 30 pm,
with their corresponding DBE and average writing power.

The waveguide corresponding to the lowest optical power shows a small core eccen-
tricity. With increasing optical power, hence with increasing defect size, as stated in
section 4.2, the core eccentricity decreases. The high eccentricity for the waveguides
form with low optical power might be due to the refractive index value assumed for
7ZnS in the script when writing the structures. This value was 2.2, but in reality,
it might be slightly higher. It is also worth noting that DBE is defined as the dis-
tance from center to center of two successive defects, not their horizontal separation.
Therefore, there is at higher powers an extensive overlapping of neighboring defects
in the horizontal antipodal points. Also, one needs to consider that different number
of elements that form a waveguide is different for each structure, depending on the
waveguide diameter and the DBE chosen. Therefore, the waveguides having 4 pm and
3 nm distances between their constituent elements have a slightly wider gap between
two successive defects on their tops.

To visualize the effective waveguide depth, the surface line of the sample is also dis-
played in the images in Figure 4.10, which shows that the centers of all waveguides
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Figure 4.10: Cross-section of waveguides written with average power 10 mW and DBE 4
nm, in order of decreasing diameter. Surface line of the sample is included to show depth.
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cross-sections lie clearly at the same depth of approximately 145 pm. Since the ec-
centricity of the core seems to be changing with different parameters, some diameter
measurements of 50 pm waveguides are shown in Figure 4.11. The corresponding
waveguides were inscribed using various average writing powers and at 4 pm and 2
pm distances between the defect elements. The outer ellipse included in the images
that is fitted to each waveguide cross-section, represents the writing diameter, and is
the same for all waveguides. The inner ellipse is fitted to the core of each waveguide.
Here, it is clear that the effective waveguide core, which is enclosed by the cladding,
decreases with increasing writing power and decreasing DBE. The change observed is
the largest at the vertical axis because the encoded defects increase in size (i.e., length)
with increasing optical power, as studied in section 4.2. However, a slight change is
also observable in the horizontal axis most likely originating from the overlapping of
the elements. Therefore, it becomes more pronounced for smaller waveguides as the
decreasing percentage relative to the waveguide diameter will be higher. All recorded
waveguides with their cross-sections and their top views are shown in appendix A.

4.3.2 Numerical aperture, An and mode confinement

The setup described in section 3.2.2 allows viewing the waveguide cross-sections while
a laser beam is coupled to them at low intensity. By implementing this setup, it
is easy to determine if the structures guide light at all and thereby confirm that a
negative refractive index change A n was realized in the material domains exposed to
laser irradiation, as desired. It also provides an idea of the mode confinement in the
waveguide, as shown in the IR transmission microscopy images of laser coupled into
the waveguides in Figure 4.12, which display waveguide cross-sections with different
diameters. They correspond to all waveguides fabricated with an optical power of
10 mW and have a 4 ym DBE. The conclusion drawn from these images is that
the waveguides with the largest diameters of 40, 50, and 60 pm show multi-mode
confinement. However, determining the modality of waveguides with diameters of 20
and 30 pm is more difficult because these pictures are the only evidence supporting
their single-mode confinement. Since single-mode waveguides are advantageous for
mitigating thermal lensing®, it was deemed necessary to further study the modal
properties of the waveguides with these two diameters.

However, estimation of the NA for the waveguides with the smaller diameter of 20
pm using the setup described in section 3.2.3 proved difficult because, as shown in
Figure 4.13, all the intensity profile images acquired exhibited extensive diffraction
rings around the beam output.

This suggests that a part of the beam launched into the waveguide leaks from it.
Another possible reason would be that the intensity profile is distorted due to the
diffraction and scattering of uncoupled light propagating through the medium. The
formation of the same type of rings at the waveguide output was observed by Streltsov
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10 mW 20 mW

4 um

2 .um

Figure 4.11: Change of core radius in both axis dependant on average writing power and
DBE. The figure shows 50 pm waveguides as powers 10, 15, 20 mW with 2 and 4 pm DBE.

60 um 50 um 40 um 30 um 20 um

Figure 4.12: IR transmission microscopy of laser coupled into the waveguides made with
average power 10 mW with 4 pm DBE. Focusing objective is of magnification 100x.
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Figure 4.13: Intensity profile of output beam from waveguide of 20 pm diameter. a) shows
the intensity profile, while b) shows the attempted Gaussian fit.

[56] in their studies of waveguides with a 25 pm core inscribed in CaFy. However,
the 30 nm wide waveguides had a different behavior since the laser light was coupled
and guided through the structure without any leakage. Therefore, a proper intensity
profile of the beam is obtainable. The intensity profiles from a waveguide with a 30
pm diameter, recorded at two different distances from the waveguide, are shown in
Figure 4.14 and 4.15, together with the corresponding Gaussian fits. The waveguide
was inscribed with an average optical power of 15 mW and had a DBE of 4 pm.
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(a) Intensity profile. (b) Gaussian fit.
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Figure 4.14: Horizontal intensity profile of output beam from waveguide of 30 pm diameter.

a) shows the intensity profile, while b) shows the corresponding Gaussian fit. This is the first
measurement closest to the waveguide.

Figure 4.15 shows the same type of measurement as in Figure 4.14, only after five
steps. Hence, the intensity profile displayed was recorded at a distance of 20 ¢cm from
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Figure 4.15: Horizontal intensity profile of output beam from waveguide of 30 pm diameter.
a) shows the intensity profile, while b) shows the corresponding Gaussian fit. This is the last
measurement 20 cm from the waveguide.

the waveguide, indicating a definite increase in the beam size compared to Figure 4.14.
To estimate the expanded beam size, all the five steps and their corresponding beam
size estimation from the Gaussian fit are plotted in Figure 4.16. As the measuring
sensor is placed slightly inside the camera, it was assumed that all the measurements
were performed in the far-field far enough from the beam waist and that the distances
listed are relative to the measurements. Therefore, the beam is assumed to be linearly
diverging.

From the slope of the expanding beam in Figure 4.16, a horizontal numerical aperture
for the waveguide of 0.035 was estimated from eq. 7. If the refractive index of ZnS is
assumed to be n=2.27%*, by using eq. 8 the refractive index in the defect region in the
horizontal antipodal points can be calculated to be ng.q = 2.2697. yielding a refractive
index change of An = 2.7-107*. The NA values estimated for all 30 pm waveguides
formed with average powers of 15 and 20 mW are listed in table 3. The corresponding
An estimations are plotted in Figure 4.17. Since the waveguide structures seem to
have an asymmetric cross-section, both the horizontal and the vertical estimations are
included.
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Figure 4.16: Increasing beam size, in the horizontal direction, as it exits the 30 pm waveg-
uide that was written with 15 mW average power with DBE of 4 nm.

Table 3: Estimated numerical aperture for all 30 pm waveguides written with average power
15 and 20 mW with corresponding DBE. Table shows both vertical and horizontal NA due
to asymmetry in the cross-section.

Vertical NA Horizontal NA

4pm 3pm 2pm lpm 4pm 3pm  2pm 1 pm

15 mW 0.032 0.029 0.032 0.037 0.035 0.035 0.038 0.028
20 mW 0.031 0.032 0.034 0.037 0.036 0.033 0.036 0.041

Almost every waveguide measured has a larger NA in the horizontal direction com-
pared to the vertical, and thus a higher change in the refractive index. Based on the
information obtained during these measurements, it is plausible to assume that this
difference is due to the overlapping line defects in the horizontal antipodal points.
From table 3, one can realize that the vertical NA increases slightly with decreasing
DBE. As shown in Figure 4.11 the vertical diameter decreases slightly with decreas-
ing DBE, but since NA initially is independent of core radius, this is most likely not
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Figure 4.17: An estimations for all 30 pm waveguides written with 15 and 20 mW average
power, both in vertical (a) and horizontal (b) direction.

the reason. Due to the smaller DBE this might increase the effective refractive index
change in the cladding volume even though each defect should have an unchanged in-
dex regardless of the DBE. This dependency is seen more clearly in the refractive index
changes in Figure 4.17. It is also seen that this dependency is more uniform in the
vertical direction than in the horizontal direction, which might also be a result of the
overlapping defects. Drawing conclusions from this would require studying structures
in a broader range of DBE and optical powers.

From eq. 19 and the NA values in table 3, all the corresponding Vnumbers are
estimated and presented in table 4

Table 4: Estimated Vnumber for all 30 pm waveguides written with average power 15 and
20 mW with corresponding DBE. Table shows both vertical and horizontal Vnumbers due
to asymmetry in the cross-section.

Vertical V Horizontal V

4pym 3pm 2pm lpm 4pm 3pm 2pum 1 pm

I5mW 195 176 195 225 213 213 231 1.70
20mW 188 195 207 225 219 201 219 249

Thus, if we assume step-index waveguide structure almost all 30 pm waveguides mea-
sured exhibits single-mode confinement with Vnumber below 2.405%. By using eq. 20,
we get that all the waveguides’ mode radius are between approximately 16.1 pm and
22.5 pm. These values are acceptable as they do not extend too far outside the core
radius of 15 pm. Too large a mode radius will make it difficult to create bent struc-
tures as the mode gets more and more non-Gaussian with increasing mode radius®.
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This will also make coupling to waveguides that support quasi-Gaussian mode more
difficult.

4.3.3 Loss measurements

Propagation losses were measured in all the 30 pm diameter waveguides depicted in
Figure 4.9, using the setup described in section 3.2.4. To satisfactorily evaluate the
propagation loss level, the coupling losses were estimated using eq. 21. The angle
offset was, in this case, measured to be Af ~ 0.7°, and the mode radius of the fiber
laser used in the setup was ~ 5.2 pm, resulting in a coupling efficiency of n = 0.918.
After calculating the Fresnel transmission to be Trg ~ 0.738 from eq. 15, the losses
in decibels per cm were subsequently estimated from eq. 13 for a waveguide with a
length L = 0.6 cm. Figure 4.18 shows plots of the calculated loss values in decibels
per centimeter as a function of writing power and DBE.
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Figure 4.18: Loss measurements and the dependency on the writing power (a) and distance
between each defect element (b).

In these plots, it becomes clear that the waveguide loss is indeed dependent on both
the writing power and the DBE. Thus, the losses increase with increasing writing
power and decreasing DBE, with the highest value measured to be approximately 1.18
dB/cm for 20 mW writing power and 3 pm DBE. The lowest loss value derived was
0.32 dB/cm and, as expected, corresponded to the waveguide written with a 10 mW
optical power and a DBE of 4 pm.

Since the equation used for estimating the coupling losses refers to calculating losses
between spliced fibers at the coupling area, it does not provide an accurate loss value
but can only yield a rough qualitative estimate. These results suggest that a lower
distance between elements introduces higher scattering loss in the core-periphery. This
last observation may also be relevant to waveguides written with higher optical powers
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since their core structures seem to become smaller and more asymmetric and unpre-
dictable in shape.

4.4 Results in Cr:ZnS

The doped sample studied in this thesis was originally the first femtosecond processed
single-mode depressed cladding waveguide laser reported in monocrystalline Cr:ZnS
in 20198, This sample incorporated five laser-written waveguides with different core
diameters. In all five waveguides, the DBE was set to 3 pm, and their core diameters
had been adjusted by changing the number of inscribed elements. The waveguide with
the smallest core had been defined by 42 trakcs, and is is shown in Figure 2.10. The
other four were defined by 44, 46, 48 and 50 tracks and their corresponding diameters
were 54, 57, 60 and 63 pm, respectively. The 50 pm waveguide then yielded a slope
efficiency of 11% with an average power of 150 mW at 2272 nm wavelength. Three
of these waveguides were now processed with ARM on the facets as shown in Figure
4.19.

Figure 4.19: All five waveguides originally studied®. Three of them have been covered with
ARMs on the facets, to investigate the possibility of mitigating reflectiond.

As can be seen, these waveguides have different shapes from the ones in the undoped
7ZnS samples, which were written with a laser emitting at 2.1 pm. This difference
is noticeable in Figure 4.20A, which displays an image of a Cr:ZnS waveguide cross-
section obtained with higher lens magnification. Although defects in this structure
exhibit more elongated cross-sections than their counterparts in ZnS, they are still
uniform in the horizontal direction. This uniformity was not evident in the elongated
cross-sections observed in Figure 4.66, where once the defects became elongated, they
turned nonuniform and unpredictable in shape. It is worth noting that the structures
in Figure 4.6, were inscribed with higher optical powers or lower writing speeds. From
table 2, it can be seen that the longest defect measured in sample 2 was 37 pm. It
was formed using the highest optical power and lowest writing speed setting of those
listed and had a severely distorted shape. To compare defects in sample 2, displayed
in Figure 4.20A), with defects around the Cr:ZnS waveguide core, shown in Figure
4.20A, the lengths of defects in the active waveguide were measured. Defects on top,

dThese waveguides will be addressed by number 1-5 in the order presented in this figure starting
from the left.
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at the sides, and below the waveguide core were approximately 30 pm 45 pm and
60 pm, respectively. The largest size of these defects was 23 pm longer than the
severely distorted ones in sample 2. Richter et al. [42] reported that the length of such
structures depends on the wavelength of the laser used for the inscription such that
longer wavelengths result in more confined and uniform defects. This observation is
consistent with the one made for the shape of the structures in this thesis. However, it
is still unconfirmed whether this effect can be attributed exclusively to the inscription
wavelength used.

Figure 4.20: Waveguide number 3 in Cr:ZnS. A) show the waveguide facet a few microns
beneath the surface of the sample. B) Show the ARM on the surface in front of the waveguide.

The waveguides in the doped sample were written using completely different param-
eters (i.e., energy, repetition rate, writing speed, and pulse duration) compared to
waveguides in the other samples studied.

The intensity profile was estimated in waveguide 5, and is shown in Figure 4.21 along
with the associated Gaussian fit, where some disturbances are noticeable in the form
of scattering and fluorescence in the material. They might be due to the small space
(i.e., on the order of a few micrometers) between the start of the waveguide and the
surface of the crystal end facet. This is also apparent in Figure 4.20, where it can be
seen that the waveguide does not start until a few microns into the material. This
was the case for all waveguides regardless of the presence of ARM. The reason for the
background noise might also be due to low coupling efficiency and, thus, absorption of
uncoupled light. In the Gaussian fit in Figure 4.21, it is appropriate to assume that
the scattering does not dominate the profile, and the waveguide NA can be roughly
estimated. The slope of the exiting beam is presented in Figure 4.22.

64



4.4 Results in Cr:ZnS 4 RESULTS AND DISCUSSION

16000 T T T T T
:z'. » Data
14000 14000 } ;j% Gauss fit | |
12000 12000 | “1 1
10000 > 10000 | Il ]
:
L | 4
8000 = 8000 |
|
6000 6000 t
|
4000 [ o il 1
4000 \’;{ i ,;‘.’: i
2000 MM’\?“"% : M ]
2000
0
100 200 300 400 500 600

0 2000 4000 6000 8000 10000 12000
Position (um)

(a) Intensity profile. (b) Gaussian fit.

100

U

200

300

Intensity A

e

400

500

Figure 4.21: Intensity profile of output beam from waveguide 5 with diameter ~ 51 pm. a)
shows the intensity profile, while b) shows the associated vertical Gaussian fit.
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Figure 4.22: Increasing beam size in the vertical direction as it exits waveguide 5.

From the exiting beam and eq. 7, an NA of approximately 0.021 is obtained. By
introducing this value in eg. 8, a refractive index change An = 9.71 - 107>, can be
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Figure 4.23: Absorption spectrum of the Cr:ZnS sample investigated.

derived. This value is significantly lower than the An obtained in the undoped sample.
Okhrimchuk and Duarte [51] demonstrated that the An in YAG crystals was dependent
on the doping concentration in the crystal. Thus, a higher |An| value was derived in
the doped than in the undoped YAG crystal, which was attributed to crystal lattice
defects introduced. In this thesis, however, this observation could not be confirmed for
the Cr: ZnS and ZnS crystals because the adopted parameters for writing structures in
the doped and undoped samples were vastly different. Sorokina et al. [60] stated that
An increased significantly with pulse duration, which is consistent with the observed
difference in An between the two samples made with 800 fs and 4-6 ps pulse duration.
Even with this small An, the Vnumber derived from eg. 19, is estimated to be 2.13.
With the core of 51 pm, this Cr:ZnS waveguide exhibits single-mode confinement due
to the low refractive index change, as stated in Tolstik et al. [§].

To get an estimation of the losses in the doped waveguides, the absorption spectrum
was obtained using a Cary 5G spectrophotometer, and are presented in Figure 4.23.
The spectrum exhibits significant absorption in the measuring wavelength of 1.55 pm.

From Figure 4.23, an absorption coefficient of 0.8 e¢m™! for the wavelength of 1.55
pm is shown. When measuring a doped sample, this absorption becomes of obvious
significance and has to be implemented in the loss estimations, by adding the term to
eq. 22. From the well known Beer-Lambert law, the transmission coefficient can be
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described as exp(—p - L), where p is the absorption coefficient(i.e., 0.8) and L is the
length of the waveguide(i.e., 0.7 cm). This gives a transmission coefficient of ~ 0.57.
Propagation losses in the Cr:ZnS waveguides 2, 3, 4, and 5 were estimated from eq.
13, and are presented in table 5. Due to the vast amount of noise in the observed
images, as seen in Figure 4.21a, the background were subtracted in the estimations of
the propagation loss.

Table 5: Estimated propagation loss for waveguides in the Cr:ZnS sample.?

Loss (dB/cm)

Waveguide 2P 5.38
Waveguide 3P 5.40
Waveguide 4 5.25
Waveguide 5 5.15

ZnS WG* 0.20

& Waveguide 1 was left out of the calculations due to the appearance of a small crack that seemed
close enough to disrupt the measurements.

b ARM at both facets.

¢ Waveguide written in ZnS with 10 mW average power, 3 nm DBE and 50 pm diameter.

It is clear that these estimated losses are significantly high, and are highly affected by
poor coupling efficiency. The assumption of an offset angle of 1° and, thus, by including
the estimated coupling efficiency n = 0.84, is a very rough estimate. In reality, the
launching of the beam into the waveguide may have an efficiency as low as 0.4. Then
the estimations show values between 0.55 and 0.78 dB/cm , which is acceptable values,
but this coupling efficiency was not obtained during these experiments. This suggests
that the loss estimations performed in the doped Cr:ZnS sample are an upper limit
and not the effective propagation loss. To compare with the estimations done in
the undoped sample, a 50 pm waveguide were measured and included in table 5. This
waveguide had the same DBE of 3 pm and were induced by an average power of 10 mW.
The coupling efficiency can be assumed to be significantly higher, as this waveguide
exhibited a similar intensity profile as shown in Figure 4.14a, and absorption can be
neglected. To measure the exact coupling efficiency is a very complex task and was
not performed during this thesis. Due to the unavailability of lasers with appropriate
wavelength and the sensitivity region of the available CCD camera, the experimental
options were limited. Once available, an optimal loss measurement setup with a laser
wavelength of 2.4 pm should be implemented to obtain losses at the laser wavelength.

4.4.1 Active waveguides with ARM in Cr:ZnS

If one assumes a refractive index of Cr:ZnS equal to n = 2.2732, by (11), the reflectance
at an incident angle # = 0 can be calculated, yielding a value of 15 %. It becomes
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evident that this has to be improved to achieve enhanced laser performance. As
described in section 3, anti-reflection microstructures were fabricated on some of the
waveguides facets of the Cr: ZnS sample. Figure 4.20B) shows a microscopic image of
an ARM, which, if compared with Figure 4.20A), confirms that the ARM is directly
in front of the waveguide

The ARM morphology and periodicity were inspected by scanning electron microscopy.
Figure 4.24 shows an SEM image of an ARM, captured with a magnification of 25000x.
The characteristic periodic structure of the coating observed in the SEM image is
attributed to the single-pulse laser ablation process.
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Figure 4.24: SEM image of the anti-reflection microstructure at 40°, with a magnification
of 25000x.

Since the setup used comprises an input and output coupler that is reflective in the
wavelength range between 2.1 and 2.5 pm, a diffraction wavelength Agr¢ of 2.1 pm
is chosen. From eg. (16), and assuming a refractive index n = 2.277, the period can
be estimated. Although this value should be less than 0.93 pm, as shown in Figure
4.24, the periodicity seems to be below this value. This corresponds to the writing
parameters and confirms that the structure was fabricated with a period of 0.8 pm.

An image of the zone targeted for acquiring the Raman spectrum is shown in Figure
4.25. The measurement was performed at the central region in the figure, correspond-
ing approximately to the center of one of the ARMs.

The Raman spectrum in Figure 4.26 shows the same characteristic peaks with no
additional lines when comparing the processed ARM and the unprocessed reference
area of the Cr:ZnS. Only an enhanced intensity of the LO phonon line at 350 cm™
was significantly different3”. Since the relative intensity of this line strongly depends
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Figure 4.25: Optical microscopy image of targeted zone for the Raman spectrum mea-
surement in Figure 4.26. The ARMs shown were made at a different part of the sample
specifically for acquiring the Raman spectrum as well as SEM imaging without compromis-
ing the waveguides.
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Figure 4.26: Micro-Raman spectrum of the processed ARM compared to unprocessed ref-
erence area.
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on scattering geometry%, this enhancement probably reflects the addition of more
scattering orientations in the processed region, e.g. from the curved surfaces.
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Figure 4.27: The output power of the waveguide laser with ARM structures3”.

The laser measurement yielded an average output power of 20 mW for 500 mW ab-
sorbed pump power and a threshold of approximately 136 mW. By using eq. The
slope efficiency was estimated from eg. 5 to be about 5.5 %, with the corresponding
curve shown in Figure 4.27. The ARM also yielded less transmittance than earlier
demonstrated for similar materials®”, and half the slope efficiency obtained from the
waveguide without the ARM on its facets®. This can be due to the shallow depth
of the structures, as can be seen in Figure 4.24, and thus an insufficient aspect ra-
tio. Another possible reason is the incurring of Fabry-Pérot effects since the coupling
mirrors were mechanically attached to the waveguide end facets. Therefore, air gaps
between the mirrors and the end facets may have existed, which could have affected
the reflectance properties of the mirrors.

Finally, another cause could be the imperfect alignment of the ARMs with the waveg-
uides on the output side of the sample, as shown in Figure 4.28. These imperfections
could have contributed to scattering effects at the edge of the ARM that could have
led to additional losses.
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Figure 4.28: Microscopic image of the ARM on the output side of the Cr:ZnS sample.
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4.5 In-bulk couplers

As mentioned in section 3.1, there were a total of five undoped samples investigated
during this thesis. The last two were an attempt to write in-bulk curved waveguides
as well as couplers and are shown in Figures 4.29 and 4.30, respectively.

(a) Waveguides curved 25°. (b) Waveguides curved 45°.

Figure 4.29: Sample 4 with waveguides curved 25° (a) and 45° (b), written with 20 kHz
repetition rate and power 11 and 11.3 mW, respectively. Both set of waveguides contains the
diameters 15, 17.5, 20, 22.5, 25, 27.5 and 30 pm.

The curved waveguides in sample 4 did not exhibit any guiding, at least not for the
1.55 pm light from the fiber laser used in the setup. As the DBE for all the curved
waveguides was set to 4 nm and the writing power to 11 mW, these waveguides of 30
nm diameter should have a horizontal NA of around 0.035 if one considers the evolution
presented in table 3. NA can initially be assumed independent of the core size, and,
therefore, the curved waveguides of around 20 pm in diameter will exhibit a smaller
Vnumber, and thus, a mode radius approximately twice the size of the core radius.
This might be the reason for the waveguides with smaller diameters not supporting
waveguiding since the high mode radius introduces very high bending losses®®. Since
the couplers formed in sample 5 had this specific diameter, the same applies. The
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reason for the curved waveguides with a diameter of 30 pm in sample 4 not supporting
guiding is uncertain and may relate to the poor mechanical aligning of the incoming
beam during the measurements. It can also be that even a mode radius a few microns
larger than the core was sufficient for the bending losses to dominate in this case.

(a) In-bulk couplers 1-4. (b) In-bulk couplers 23-26.

Figure 4.30: Sample 5 with couplers written at repetition rate 20 kHz and 11.1 mW average
power, with a turn angle of 10°. The distance between each waveguide the couplers are made
out of are set to 0, 2, 4 and 6 pm in both sets shown. (b) Shows a longer part where the
waveguides are close together than (a), both with waveguides of diameter 20 pm.
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5 Conclusion

5.1 Summary

During this thesis, laser-induced surface and subsurface structures have been investi-
gated in ZnS and Cr: ZnS. Techniques such as optical microscopy, IR transmission
microscopy, micro-Raman spectroscopy, and scanning electron microscopy have been
implemented for their investigation.

To the best of my knowledge, the subsurface modifications investigated here are the
first reported in-bulk structures in ZnS induced by a 2.1 pm ultrashort laser. The work
also dealt with the investigation of subsurface single-line defects to determine optimal
parameters for writing waveguides. Waveguides were subsequently inscribed into the
bulk of ZnS crystalline samples, and their characteristics were studied. The work
demonstrated the feasibility of developing highly symmetric waveguides using laser
irradiation in this specific mid-IR spectral domain. Waveguides with nearly circular
cores and claddings have been inscribed, an achievement reported only by An et al.
[59]. However, in contrast to the waveguides by An et al. [59], which supported single-
mode confinement only in the MIR region for wavelengths of 4 ym and had very high
losses, the waveguides developed in this thesis demonstrated single-mode guiding at
1.55 pm.

Parameters such as numerical aperture, refractive index change, and parameter de-
pendencies on size and shape were investigated. All waveguides inscribed with an
average power of 10 mW or higher, at a 20 kHz repetition rate, and with a writing
speed of 16 mm/s exhibited guiding of light. The waveguides with a diameter of 30
pm exhibited single-mode confinement and had a Vnumber in the optical fiber region,
around ~2.0. They also had acceptable mode radii, which did not extend too far
outside the waveguide core. The dependence of waveguide loss on laser power used
for writing and the distance between each defect element was also established. Dur-
ing this thesis, the possibility of developing a compact gain medium, encompassing
laser-written depressed-cladding waveguides with laser-manufactured anti-reflection
coatings on their facets was demonstrated.
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5.2 Future work

The next steps should include testing extreme values of different writing parameter.
This could be useful to find out how much each parameter affects the final structure.
Richter et al. [42]| reported that the height of the structures were dependent on laser
wavelength. It is difficult to confirm experimentally how much this applies, based on
a few samples where the writing wavelength as well as several other parameters are
different. To be able to determine which parameter has greater impact a study where
only a few parameters are varying should be carried out.

Due to high absorption in Cr:ZnS at a wavelength of 1.55 pm, loss measurements in
this region is sub-optimal. Similar measurements with the laser emitting wavelength
of 2.4 pm should be carried out to achieve more precise values.

Curved waveguides and thus also couplers did not give any valid results during this
thesis. Although with more research and characterization of the impact of specific
writing parameters this might give exciting results in the future.

The An dependency on doping concentration, as was stated in Okhrimchuk and Duarte
[51] in 2010, is yet to be demonstrated in ZnS. This could not be validated during this
work due to several other different processing parameters in the doped and undoped
sample. A similar study should be performed in ZnS, whereas process parameters
stay the same. This could ultimately result larger |An| and thus the possibility of
smaller core diameter while still obtaining single-mode confinement. An increased
|An| might also result in working curved waveguides as the critical angle inside the
core will decrease.

Further characterization of such structures investigated in this thesis, will give even
better control over modification properties. This can provide higher repeatability of
surface and subsurface structures and will enhance performances in photovoltaics and
laser technology.
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A WAVEGUIDES - SUPPLEMENTARY IMAGES

A Waveguides - supplementary images

All the detectable waveguides with their respective writing parameters are represented
in the figures below.

60 um 50 pm 40 pm 30 um 20 ym

Figure A.1: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 7 mW average
power (below initial threshold) with DBE of 2 pm. Image from the top and cross-section.
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Figure A.2: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 7 mW average
power (below initial threshold) and DBE of 1 pm. Image from the top and cross-section.

Figure A.3: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 10 mW average
power with DBE of 4 nm. Image from the top and cross-section.
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Figure A.4: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 10 mW average
power with DBE of 3 pm. Image from the top and cross-section.

Figure A.5: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 10 mW average
power with DBE of 2 pm. Image from the top and cross-section.
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Figure A.6: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 10 mW average
power with DBE of 1 pnm. Image from the top and cross-section.

Figure A.7: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 15 mW average
power with DBE of 4 pm. Image from the top and cross-section.
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Figure A.8: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 15 mW average
power with DBE of 3 ym. Image from the top and cross-section.

Figure A.9: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 15 mW average
power with DBE of 2 pm. Image from the top and cross-section.
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Figure A.10: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 15 mW average
power with DBE of 1 pm. Image from the top and cross-section.

Figure A.11: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 20 mW average
power with DBE of 4 pm. Image from the top and cross-section.
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Figure A.12: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 20 mW average
power with DBE of 3 ym. Image from the top and cross-section.

Figure A.13: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 20 mW average
power with DBE of 2 pm. Image from the top and cross-section.
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60 pm 50 ym

Figure A.14: Waveguides of diameter 60, 50, 40, 30 and 20 pm, written with 20 mW average
power with DBE of 1 pm. Image from the top and cross-section.
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