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Introduction

The objective of this chapter is to introduce the topic of this thesis in its global context.

The first part will present the high-power laser application, with the architecture of the Laser
Mégaloule (LMJ) and the ignition confinement fusion experiments that led to the LMJ design.
In a second part, the problematic of optical smoothing will be presented, with the solution
studied for this thesis: the Polarization Smoothing (PS). This solution will be discussed in the
complex environment of the LMJ. The latter would require a quarter-wave plate (QWP)
component that could be fabricated with the GLancing Angle Deposition (GLAD) technique,
operating at normal incidence in transmission at 351 nm either in ambient air or in contaminated
vacuum. The choice of design and material will be developed in accordance with the needs of
the application. Then, as required by the LMJ application, the laser damage resistance will be
detailed. Lastly, a summary of the problematic will be provided and the plan of the manuscript

will be listed.

1. The Laser MégaJoule

There are several high-power lasers worldwide, such as the Laser Megajoule (LMJ) in France,
the National Ignition Facility (NIF) in the US, the Extreme Light Infrastructures in Czech
Republic (ELI Beamlines), Hungary (ELI-ALPS), and Romania (ELI-NP), or the SG-III in
China, etc. They all function differently, but they share the same goal of increasing laser energy
levels to trigger laser-matter interaction experiments. Although my thesis was conducted in the

LMJ framework, challenges encountered by all those facilities are often common issues.

More precisely, the aim of the LMJ is to experimentally study Inertial Confinement Fusion
(ICF) to reproduce a fusion reaction as operating in the nuclear weapons or in the core of the
sun. Nuclear fusion involves the collision and combination of two hydrogen isotopes: deuterium
(D), which is composed of one proton, one neutron, and one electron; and tritium (T), which is
composed of one proton, two neutrons, and one electron. Because the isotopes are lightweight,

the reaction creates heavier atoms, such as helium, and releases the rest in energy with neutrons.

For the isotopes to combine, extreme temperatures and pressures must be provided. The energy
is deposited by the 176 laser beams of the LMJ. The isotopes are in a centimeter-sized target
(Figure 1). For the LMJ, this target is a cylindrical gold structure, called a hohlraum, which
contains a capsule with the hydrogen isotopes. The isotopes are, in reality, in the form of a

liquid combustible at -250 °C.
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~lcm

Hohlraum

Figure 1. Target used for indirect drive internal confinement fusion
[1]. LEH is for Laser Entrance Hole.

When the lasers are focused to the inner wall of the hohlraum through the Laser Entrance Holes
(Figure 1 and Figure 2(a)), the wall produces X-rays (b) that heat and compress the capsule
until implosion of the target (Figure 2). This implosion creates an extremely high temperature
that enables the fusion of D-T. As the lasers are not focused directly to the D-T capsule, this

process is called indirect drive inertial confinement fusion (ICF).

m ﬁm ﬁm

Figure 2. Steps happening in the target to form energy [2]

To enable these experiments, the laser energy must reach at least 1.3 MJ in the UltraViolet
(UV). The design of the LMJ building was driven by specific requirement. The LMJ is a large
building that is 300 meters long and 150 meters wide. It consists of one 10-meter-diameter
experiment room in secondary vacuum and surrounded by four laser halls (Figure 3). Each of
those laser halls contains five or six laser bundles, for a total of 22. Each laser bundle is

equipped with eight laser beams, for a total of 176 beamlines.

10
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Figure 3. Top view of the LMJ with in red the laser halls and the
experimental room in blue.

Figure 4 shows the architecture of one of the LMJ's laser beamline. In the front-end, a 3-ns
InfraRed (IR) laser beam (1053 nm) is generated by a fiber source (1) which is temporally and
spatially adjusted and amplified to 0.5 J by the pre-amplifier module (MPA) (2). The beam is
then injected in the amplification section (3) with a square section of 40 x 40 cm?. Increasing
the size of the laser beam allows the components to withstand high laser energy. Indeed, one
critical parameter for optical components for such high energy lasers is their capability to

withstand high laser energy densities, designated as fluence.

3 Transport,
Amplification frequency conversion
section

and focusinga,
45 <t Target
chamber

Target
7.5kJ

351 nm
Figure 4. One laser beamline of the LMJ.

For example, the optical components, such as the polarizer presented in Figure 5, are large. The
polarizers of the amplifier section measure 41.5 x 71 cm? because of the use at Brewster

incidence.

11
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Figure 5. Photo of a polarizer from the amplifier section of the
LMJ. It is illuminated from the side.

In the amplification section, the laser beam passes through amplifier slabs (phosphate glass
doped with neodymium and pumped by flash lamps) four times to increase its energy up to
15,000 J. Then, mirrors transport and direct the beam to the frequency conversion section,
where it is converted from IR to UV wavelength (4), from 1053 nm to 351 nm. The mirrors are
also essential for ensuring the uniform distribution of laser beams all around the chamber.
Finally, each laser beam is focused on the target with an energy of 7.5 kJ in the UV. However,
the laser-matter interaction on the target can be reduced by laser-plasma instabilities [3]. To
mitigate these instabilities, various techniques have been developed for smoothing the laser

beams; one of these is the Polarization Smoothing (PS).

2. Optical smoothing for high-power laser
2.1. Polarization smoothing

High-energy-density laser beams require large focal spots (circular or elliptical) to provide
homogeneous enlightenment to the target and ease the laser/target interaction. These large focal
spots are created by phase plates that define the envelope of the focal spots. Inside this envelope,
the focal spots exhibit speckle grains that result from the laser coherence and the random nature
of the phase plate [4]. Figure 6 illustrates a typical speckle pattern of a high energy laser focal
spot inside a super gaussian circular envelope. Speckle in the focused beam modulate laser
intensity and bring heterogeneities of laser intensity around the target that can induce laser

plasma instabilities and spoil energy from the target [5].

12
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Figure 6. Illustration of the speckle grains of the laser in a circular
supergaussian focal spot [6].

To overcome this issue, optical smoothing techniques could be implemented, as they allow us
to manipulate the spatial and temporal coherence properties of the laser. In the LMJ, one
technique is already used: Smoothing by Spectral Dispersion (SSD) [7], [8]. However, this
technique doesn’t allow to have a perfectly optically smoothed beam with low contrast. To
bring an additional contrast reduction, another technique could be added to the LMJ. For this
thesis work, Polarization Smoothing (PS) [9] - [11] is investigated. It consists of overlapping
two incoherent speckle patterns. The incoherent speckle patterns are generated by two
orthogonally polarized lights, since they don’t interfere with each other. When the laser
intensity patterns are added at the same time to the target, the contrast is lowered by an amount
of V2. PS provides instantaneous smoothing, thanks to the independent nature of the two

polarizations.

In summary, the goal of this technique is to overlap focal spots with two orthogonal polarization

states, thereby reducing beam contrast within the focal point.

2.2. Utilization of GLAD quarter-wave plates as part of the smoothing strategy

Due to the engineering complexity of the LMJ, the smoothing component that changes the
polarization can only be positioned at the end of the laser beamlines of the LMJ as presented in
Figure 7. Specifically, after the frequency conversion from IR to UV, from 1053 nm to 351 nm;

and after the 3 focusing grating, which requires a linear polarization to operate.

13
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3w grating
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Figure 7. Schematic of the frequency conversion and focusing
section

The precise position of the component has yet to be determined. The results of this thesis will

be essential for ascertaining its location.

As just stated, the polarization is linear and vertical at the end of the laser beamlines and for
PS, two orthogonal polarizations are required. In the case of the LMJ, the orthogonal
polarizations could be two linear polarizations (vertical and horizontal, for instance) obtained
with one half-wave plate placed on the path of one of the two beams, or two circular

polarizations (right and left) thanks to quarter-wave plates on both beams.

For the contrast reduction to be efficient, the phase difference must be within the E n] range.

Moreover, it has been demonstrated that using a circular polarization instead of a linear
polarization reduces the Kerr effect in thick optics, such as the chamber window, which has a
thickness of 34 mm [12]. The Kerr effect is a nonlinear effect that is characterized by a change
in the refractive index during the propagation of a laser beam. In the case of an increase of the
refractive index, it causes the beam to self-focus, which ultimately could result in laser-induced
damage once the damage threshold is reached at the focal spot. The reduced Kerr effect, justify
the preference for QWPs.

14
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To summarize, the smoothing technique selected for this study is the use of a quarter-wave
plate, capable of transforming the linear incident polarization into circular polarization. The
two crossed polarizations are obtained by playing with the right and left circular polarizations

in a quadruplet.

For this thesis, we considered inter-beam smoothing. However, exploring an intra-beam
smoothing technique could be a viable option. This approach would require either a divided
component that induces different phase differences [13] or a component with random retardance

[14].

Additionally, the space constraints of the LMJ require the component to function in

transmission and not in reflection.

There are several techniques for fabricating UV QWPs, including liquid crystals [15], [16],
birefringent crystals [17], and transmission gratings [18]. In the LMJ facility, the dimensions
of the optical components at the end of the beamlines are 40 x 40 cm? (at normal incidence).
Fabricating a phase retarder of this size with a high laser damage resistance at 351 nm presents
a significant challenge. For instance, transverse Raman scattering is observed with birefringent
crystals [19], and, to date, quarter-wave transmission gratings have not been transposable for
full-size laser components. This thesis will concentrate exclusively on GLAD coatings, which,

in light of the following developments, appear to be a promising method.

In summary, the specifications for the GLAD coating are as follows: it is required to have a

phase difference between E, n] at 351 nm with a more efficient smoothing for a QWP (phase

difference of g ), a transmission higher than 99 %, and a laser damage resistance higher than

14 J/cm? for a pulse length of 3 ns.

2.3. Literature review of the fabrication of QWPs using the GLAD technique

With regard to state-of-the-art; GLAD QWPs can be fabricated using a variety of designs.
Considering the potential use in optical smoothing for the LMJ, this literature review will focus

exclusively on quarter-wave plates in transmission fabricated by e-beam GLAD.
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First, they can be fabricated through a single tilted columnar layer. This approach has been
proposed with a TaOs QWP at 546 nm deposited at 70° [20] and a TiO2 QWP at 465 nm
deposited at 60° [21]. Additionally, a slanted structure deposited at an angle of 70°, made of
Nb2Os, with a birefringence of 0.045 at 550 nm (33° of retardance phase) could be used as a
QWP by adjusting the thickness of the coating [22]. Therefore, QWPs can be fabricated using
a single tilted structure, however, the birefringence of the obliquely deposited film shows strong

anisotropy, which is not favorable for the use of such coatings with normally incident light [20].

Alternatively, QWPs can be fabricated with a chevron-like design. This design has been
explored for QWPs at 545 nm and 546 nm, with, as for example, a TiO> coating deposited at
+ 60° [23] and a Ta,Os film coated at + 70° [20]. The Ta,Os chevron-like design was compared
to the film obtained with single columns deposited at 70°, and the chevron-like design exhibited
a better spatial homogeneous retardance and transmission.

Additionally, an AbO3z QWP at 351 nm designed with + 75° chevron-like structures has also
been fabricated [13]. It had uniform retardance and a laser damage resistance of
11.31 £ 0.31 J/em? was measured at 351 nm, with a pulse length of 0.7 ns and a 1:1 testing

protocol.

A comparison between tilted, chevron and helical designs made of TiO, and MgF» deposited at
several angles (30°, 45°, 60°, 70°, 80°) has been done [21]. TiO, was determined to be a more
suitable candidate than MgF, for the formation of retarder coatings due to its higher refractive
index. Between the three structures deposited at 60°, TiO2 exhibits the highest degree of

birefringence when coated as a single tilted structure, followed by a chevron structure.

A more complex design can be used to fabricate QWPs. A series of MgO QWP coatings at
351 nm were designed for use in vacuum environments. These coatings were developed using
the Serial BiDeposition (SBD) substrate motion, with angles ranging from 55° to 75° [24]. This
method will be detailed in Chapter 2. For the samples deposited at 58°, 71° and 75°, the laser
damage resistance at 351 nm, for 1:1 and N:1 tests, and a pulse length of approximatively 5 ns,

with a small spot (300-um eiz diameter) was reported to be higher than 20 J/cm?. SBD films are

limited in their ability to produce QWPs due to the coalescence of the columns when exceeding

a 400 nm thickness [25]. This can result in unwanted optical phenomena, such as scattering.
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developed QWPs as multilayers composed of anisotropic GLAD layers and isotropic denser
layers [25], [26]. Denser isotropic layers were also incorporated to enhance the mechanical
strength of the multilayer structure.

and made of SiO; [25]. The samples consisted of alternating anisotropic layers, fabricated using
the SBD substrate motion at + 70°, and denser layers. The transmission was measured around
98.5 % and 99 % at 351 nm, with a retardance of 90°. Laser damage resistance; for 1-on-1 test
at 355 nm; was measured at 11.5 J/cm? and 24.4 J/cm? using a laser beam of 220 pm diameter
and 59 um diameter, respectively.

In Sara MacNally et al. work, a silica coating QWP at 351 nm was described as an alternation
of 10 layers, deposited at + 73°, using SBD, and 10 isotropic denser layers, deposited at 0° [26].
On top of the 20-layer coating, a last SBD layer at £ 82° was incorporated to achieve an
antireflective (AR) effect. The coating exhibited a transmission of 95.8 % and a reflectance of
3.9 % (including uncoated back surface of the substrate). The laser resistance was measured
with a 400-um diameter laser, with a 1-ns laser length at 351 nm; at 12.51 + 0.51 J/cm? for a
1:1 testing protocol, and at 36.31 + 3.74 J/cm? for a N:1 testing protocol (increasing fluence for
multiple shots on one site). Retardance was measured and found uniform across the surface of

50-mm and 100-mm diameter samples.

In summary, from a design standpoint, GLAD enables the fabrication of QWPs in various
ways. For some materials, such as Ta:Os and Al,O3, the chevron structures seem to present,
respectively, more transmission homogeneity and more retardance uniformity than the tilted
structures. However, higher birefringence is created in TiO: using tilted structures rather than
helical or zigzag ones. Ultimately, Al203 chevron structures demonstrate notable laser
resistance. SBD structures are ideal for fabricating high-birefringence films. However, it should
be noted that the optical performance may decrease as the thickness of the layers increases.
These layers can also be used in more complex designs made of smaller SBD anisotropic layers
and isotropic layers. The structures exhibit a substantial Laser Induced Damage Threshold
(LIDT), whether they are used alone or with isotropic denser layers. The multilayer coatings
offer a uniform retardance distribution across the films and a high transmission. Adding
isotropic denser layers between the anisotropic layers is an effective method for preserving
optical properties. SBD offers the benefit of being less sensitive to the fabrication conditions

because the structures are the average of multiple chevrons forming columns.
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Two pairs of chevrons, on the other hand, are more sensitive. Additionally, studies have shown
that nanostructured evaporated silica layers exhibit higher LIDT values due to increasing
porosity during the evaporation process at glancing angles [27]. Porous structures are less
restricted in density when material is expanding in volume due to the thermal effects. Therefore,
the advantage of the multilayer QWP is that the E-field intensity peaks may be located in the
highest resistant layers. Given the various factors involved, the use of multilayers fabricated

with SBD appears to be a promising solution for the QWPs in the LMJ.

3. Review of materials allowing the fabrication of quarter-wave plates for
the LMJ application

The commonly used coating materials in the high-power UV laser field are oxides and fluorides.
Table 1, summarizes the refractive index and extinction coefficient of commonly used materials

in high-power laser applications.

Table 1. Refractive index and extinction coefficient of the most
commonly used materials in high-power laser applications

.. Extinction
Material Refractive index (n) coefficient (k)
at 351 nm
at 351 nm
TaxOs 2.31 3x10* [28]
TiO, 2.58 -3.18 2.5x102-6.2x 102 | [29], [30]
MgF» 1.39-143 23x10°-1x 1073 | [31], [32]
MgO 1.75 1x107 [33]
Nb2Os 2.75 2x 1072 [34]
ALO; 1.62-1.72 8x107°-0 [35], [36]
LaF3 1.54 (400 nm) - 1.60 0-12x107 [31], [37]
SiO» 1.49 9.7x10°-0 [34]

From a materials perspective, the required parameters are as follows:

- Materials with a high bulk refractive index, as this indicates larger phase delay
differences in columnar structures [38].

- To avoid oscillations in the UV spectral transmittance, the average refractive index of
the coating should be equivalent to that of the fused-silica substrate (1.49 at 351 nm)
[24]. Due to the porosity of GLAD coatings, the ideal material requires a bulk refractive
index between 1.6 and 1.8 [24].

- Materials with high laser resistance and no absorption.

- Materials that are stable in ambient air.
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Based on Table 1, Ta;0Os, TiO2, or Nb2Os, have high refractive indices and may be suitable
candidates. However, TiO> [39] and Nb,Os are incompatible with UV due to their absorption
band in that region. Furthermore, among the materials listed above, MgO, LaF3, and Al>O3 are
of particular interest, as their indices range from 1.6 to 1.9. However, fluorides are unstable in

the ambient air. Finally, SiO; is known to be the most laser-resistant material.

Among the three selected materials (MgO, Al>O3 and SiOz), we made the choice of starting
this project by studying the highest laser resistant material which is silica.

As a reminder, the component's location remains to be determined. It could be before the
vacuum window, which is in a controlled ambient air environment, or after the vacuum window,
which is in a vacuum environment (Figure 7). Furthermore, contaminants have been detected

in the surrounding environment near the LMJ target.

Among the contaminants, phthalates were most commonly found. They are often used as
plasticizers to increase the elasticity, softness, and flexibility of plastics. Some usual uses are
lacquers, plastics, safety glasses, rubber coating agents, molding powders [40]. Its origin is not
entirely certain. However, we believe it could come from the seals used in the vacuum chamber,
the lubricant used with the vacuum pump, the target itself, or potentially the wires used for
characterization devices. Since they are not chemically bound to the polymer, they can migrate
to the surface of the polymer matrix [41], [42]. Once they are on the surface, heat and/or void

can facilitate their leaching into the environment [41] - [43], particularly into QWPs.

There are several types of phthalates, including dimethyl phthalate (DMP), di-n-butyl phthalate
(DBP), and di-2-ethylhexyl phthalate (DEHP). We chose dimethyl phthalate (DMP) as the
reference phthalate contaminant. DMP is an organic compound, with chemical formula
CHi0H1004 (Figure 8). It is an aromatic compound consisting of a benzene ring and two ester

groups. In ambient air, DMP is a transparent liquid that is denser than water.
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Figure 8. Chemical formula of dimethyl phthalate (DMP)

The presence of contamination in the target chamber, while it is in the same environment as the
GLAD device, raises concerns about potential degradation of the optical performance.
Moreover, silica is known to be sensitive to relative humidity (RH) [44] - [47] and to
contaminations [48]. For that reason, we chose to study another material in a second time.
This material is alumina. Its chemical properties indicate enhanced resistance to aging and
environmental effects. Indeed, alumina is recognized for its chemical inertness [49] and alumina

thin films are employed as humidity barriers [50] - [53].

4. Major problematic of laser induced damage resistance

The transparency of a material to a laser depends on its band gap. If the material has a higher
band gap than the energy of the laser, the material is transparent to this photon. For instance,
fused silica has a band gap of 8.8 eV, and the photon energy of the laser at 351 nm is 3.5 eV.
However, elements (impurities, defects, etc.) can induce local energy levels in the band gap,
thereby increasing the absorption of laser photons and potentially leading to laser damage [54].
Damage sites can occur on the entry side, within the sample, or on the exit side. For a fused
silica substrate, in nanosecond regime, the damage sites occur on the back side of the

component (the exit side of the laser) [55], [56].

Laser resistance depends on three parameters: the quality of the optical component [57], [58],
the cleanliness of the environment [7], [8], and the quality of the beam, since hot spots can
induce nonlinear effects, such as Kerr effects [61]. In our case of application, the quality of the
optical component will be studied through the development of the GLAD coating. The
cleanliness of the environment will be discussed in the particular case of chemical

contamination. Finally, the quality of the beam is only brought up by the final application.
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Coatings defects that can lower the LIDT can be intrinsic or extrinsic [62]. Intrinsic defects are
defects from the film growth mechanism such as pores, cracks, incomplete stoichiometry, and
columnar microstructure of multiple crystalline phases within the material. Extrinsic
contaminants are typically associated with foreign defect seeds arising during the coating

process or surface contamination resulting from incomplete substrate cleaning [62].

For this thesis, several elements can represent a challenge for the laser resistance of the QWPs
films: defaults in the fabrication/microstructure, such as the non-stoichiometry, the presence of
aggregates, or the non-robustness of the multilayer, etc. These elements can be studied by
analyzing the internal structure of the coatings and their morphology. Additionally, the use of

a porous coating in the contaminated vacuum of the LMJ could present a concern.

5. Problematic and plan of the manuscript

The LMIJ requires smoothing the intensity profile of its 176 beams. Polarization smoothing is
the considered optical smoothing technique in this present work. For that, circular crossed
polarizations must be generated. The vertical linear polarization of the LMJ imposes the
fabrication of QWPs. Among the techniques allowing the fabrication of QWPs, GLAD SBD
was selected. This review of the context revealed several major challenges regarding the optical
functions of the GLAD component, such as the homogeneity and obtaining the specified values
of transmission and retardance. The material of the coating must ensure a stability over time, a
non-environmental sensitivity, and a high laser resistance. The objective of the thesis was to
assess the feasibility, in the future, of a full-scale GLAD coating that would ensure consistent

optical performance for the optical smoothing of the LMJ laser beams.

This thesis mainly took place at CEA-CESTA near Bordeaux, France. However, some of the
work was conducted at the Laboratory for Laser Energetics (LLE) in Rochester, USA, for
samples fabrication and characterizations; at the Institut des NanoSciences de Paris (INSP) for
optical modeling and characterizations; and at the CEA-Le Ripault near Tours, France, for

contamination experiments.
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Thanks to a collaboration with the Optical Manufacturing Group at LLE, which is managed by
Amy Rigatti, I could work there three times. During the first two-week visit, the focus was on
understanding the coating method and measuring the samples using various retardance
characterization methods. The second visit, which was a month-long, focused on developing a
new design with alumina. In collaboration with Sara MacNally and Marcela Mireles, we
developed the design, and I measured the fabricated samples. The third visit lasted one month
and was intended to accelerate the aging of the silica samples immediately after fabrication.
This was achieved by exposing the samples to controlled conditions in a climate chamber. I
created the aging plan and I tracked the samples for the month. The fabrication of all the samples
was made possible thanks to Sara MacNally, Daniel Sadowski, Marcela Mireles and Amy

Rigatti.

The manuscript is organized into five chapters, a final paragraph summarizing the conclusions
brought up by this thesis work and presents the perspectives arising from those, and finally, the

appendices.

This Introduction chapter has presented the context of the thesis, a review of the state of the

art, and the organization of the manuscript.

Chapter 2 will explain the scientific concepts that are discussed throughout this manuscript. It
will begin with the optical knowledge behind the anisotropy and its characterization techniques.
In a second part, the GLAD Serial BiDeposition technique, that allows the formation of
anisotropic coatings, is described. Then, a third and fourth part will review the characterization
techniques of the laser damage resistance, the chemical composition, the morphology, and the

transmission.

Chapter 3 will comprehensively study the silica QWPs in ambient air because silica has been
identified as the most suitable material for the LMJ's specific application. To better understand
the origin of the optical properties of the GLAD coatings, I thought it was important to study
the elementary layers that make the multilayer QWP. Therefore, I asked the LLE for single
layers and bilayers. This chapter will analyze the multilayer's composition profile and detail the
silica matrix using IR spectroscopy. The following sections will study the relationship between
microstructure and anisotropy using ellipsometry. Finally, this chapter will analyze the

homogeneity, transmission, and laser damage resistance.
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Chapter 4 will address the stability of the optical performance of GLAD components. First, it
will examine stability in the presence of forced phthalate contamination in order to investigate
the location of the components next to the LMJ target. Second, it will address the issue of
stability in ambient air. Since GLAD devices are evolving over time, an accelerated aging
method will be proposed. This method involves exposing the devices to a heated humidified
environment in a climate chamber. Both cases will be studied in terms of their impact on optical

performance and internal structure.
Finally, Chapter 5 will present a new alumina design. First, the highest anisotropic single layer

will be created depending on the coating angle. Then, a bilayer and a multilayer will be

fabricated and analyzed. Lastly, the stability of the alumina will be discussed.
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The purpose of this second chapter is to present the background knowledge used throughout
this thesis.

First, the optical knowledge will be detailed, beginning with the definition of the polarization
of light. To continue, refractive indices for isotropic materials and anisotropic ones will be
explained including the index ellipsoid and the different types of anisotropy. The formalisms
of Jones and Stokes, which describe the polarization and anisotropy of materials, will be
detailed, along with the theory used to study the fabricated thin films. This first part will end
with the two techniques used to characterize the optical anisotropy of the QWP samples. The
second part will present the GLAD technique as the coating method for the fabrication of
anisotropic materials, along with an overview of the serial bideposition process to increase the
anisotropy. Lastly, a technical description of the fabrication of the coatings will be given. The
third section will briefly review the testing method to assess the laser resistance. Finally, the
fourth and last section will introduce complementary characterization techniques that allowed

for a comprehensive understanding of the performances of the GLAD samples.

1. Review of the optical knowledge behind the anisotropy of the studied
materials

1.1. Light and polarization

The Maxwell equations describe the basic principles of electromagnetics: the interactions
between the electric charges, the electric current, the electric field and the magnetic field. In the

absence of sources, the Maxwell equations can be cast in the 4 following equations:

Maxwell-Gauss V-D=0
Maxwell-Thomson V-B=0
Maxwell-Faraday VxE=— %
Maxwell-Ampere VxH= g

With the additional constitutive relations D = & EandB = Urlo H.

&, 1s relative permittivity. &, is vacuum permittivity. p,. is relative permeability. y, is vacuum
permeability.
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The harmonic solutions of the Maxwell equations can be used to describe light as an
electromagnetic (EM) wave that propagates in a given direction (Figure 9). The EM wave
contains an electric (E ) and a magnetic (§) component that oscillate perpendicularly between
them and the propagation direction, according to the Maxwell Gauss and Maxwell-Thomson
relations. In a material, the constitutive relations contain the description of the effect of matter

on light through the complex relative permittivity €, and the complex relative permeability u,..

Polarization

direction

b
A

h . Wavelength

4 - @ Wave
l j j /2> direction
| A

%

Figure 9. Light as an electromagnetic wave (Electric field E +
Magnetic induction B) that propagates in the z direction [63].

At optical wavelengths, it is generally admitted that most materials are non-magnetic and
U, = 1, therefore one considers only the electric field to describe the interaction of light with

matter. The polarization is a quantity that describes the oscillations and the direction of

the electric vector E. In the direction of propagation, z, Equation (1) defines the electric field:

E(z t) = Ejei(ot-k2) )

t is the time, E, is the amplitude of the wave, o = 2xf is the angular frequency, k = 27T/ 1 is the

wavevector’s magnitude.
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Figure 10. Two components of the electric field, Exand E, [64]. The
geometric evolution of the total field (in blue) in the wave front
defines the polarization (linear here).

For an EM wave propagating along z through time, the total electric field in the xy plane is the
sum of two components (Figure 10), E = Ex + Ey with:

Ex(z,t) = Egge (@t~ k2+0x) (2)
Ey(Z, t) — Eoye—i(u)t—kz+(py) (3)

Eox and Eoy are the maximum amplitudes of the x and y components of the field and ¢y and ¢x
are phases. By convention, the physical solutions are the real parts of the fields. The
combination of the two components, i.e., the combination of Equations (2) and (3) yields

Equation (4); which is the equation of an ellipse.

E, )2 <E§ > E, E,
—] +|==)—-2-—==cosp =sin*¢
(EOX EOy EOX EOy

4)
Wlth (p = (Py - (PX

Therefore, for unspecified amplitudes and phase difference, the end of the E vector
oscillates on an ellipse: the polarization is elliptical (Table 2). However, for particular

combinations of amplitude and phase, some specific polarization states are obtained (Table 2).
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Table 2. Polarization state depending on the amplitudes and the
phase difference.

Ex?2Egyand 0 20 fE —o
oxX —
IfEQy=0
If Eox=Eoy=Eocand 0 =0
L orop= or
p=T
“—> Ionx=E0y=anndtp=g
EOx —_E or
orop= >

1.2. Refractive indices of anisotropic materials

In vacuum, light propagates in a straight direction at speed c (called celerity). In transparent,
homogeneous and isotropic media, light propagates at a lower speed of v = c/n; where n is a
dimensionless quantity called the refractive index which is related to the relative permittivity
by n = +/g,. To put it differently, n is the ratio between the speed of light in air and the speed
of light in a medium, the higher the refractive index the lower the speed of light in the medium.
It can also be described as A = Ay /n; where A, is the wavelength in vacuum. Thus, the refractive
index n is characteristic of the medium. Over the years, researchers have built index libraries
giving values of n for some of the most commonly used materials as for example the refractive
index of airn =1, of water n = 1.33 or of silican =1.49 at 351 nm.

For all materials, the refractive index is not constant and varies as a function of the wavelength:
this is called dispersion. The dispersion can be approximated by dispersion relationships, a well-

known one being the Cauchy equation:

B, C
n()\‘):A—i_F—i_F—i_”“ (5)
Where A, B, C, etc. are coefficients that are specific to the material. However, in general the
dispersion relation is more complicated, but for materials I will use, there are tabulated values

found in libraries.

In an isotropic medium, the refractive index remains constant regardless of the light's
polarization and direction. This is not the case in an anisotropic medium, where the refractive
index depends on the polarization and the propagation direction of the light. This is called

birefringence or optical anisotropy.
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Let us see how this effect can be accounted for in the Maxwell equations.

In the case of optical anisotropy, the material can be oriented so that € is a diagonal tensor that

is function of directions along the x, y, z coordinate system:

& 00
e=g|0 & O (6)
0 0 g

For isotropic media, the tensor € is constant (ex = &y = €,). For anisotropy, in the general case,
all elements are different (biaxial anisotropy). Another way to relate the anisotropy to the
directions is by using a geometric tool that describes a surface (see Eq. (7) [65]).

X2 y? 22

ng ny ng )
This geometric tool is called the index ellipsoid (Figure 11). It has three orthogonal axes: ng,
the longest axis; np, the shortest axis; and nm, the third axis [66]. The index ellipsoid can be

used to determine refractive indices, phase velocities, and polarization directions.

Figure 11. Index ellipsoid with its three orthogonal axes: ng, nm,
and n, [67].

In the ng-np section, two cyclic sections with ni as a radius can be drawn while rotating around
nm [67]. The axes perpendicular to these sections are called optical axes. A crystal with two
cyclic sections, and thus two optical axes, is called a biaxial crystal (Figure 12). These axes are

called the fast axis and the slow axis. The crystal has three principal axes: ng, nm, and nj.
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If the acute bisector of the optical axes is ng, the ellipsoid is positive biaxial, as illustrated here.

If the acute bisector of the optical axes is np, the ellipsoid is negative biaxial.

Optical axis Optical axis

Figure 12. Biaxial crystal with two circular sections (green and
blue) and two optical axes [67].

For a crystal with two equal indices (np = nm), there is only one circular section, and therefore,
one optical axis. This type of crystal is called uniaxial. The optical axis is also the axis of
revolution of the ellipsoid. The crystal has two principal axes, n, (small index, high speed) and
ng (big index, low speed), which are also called ordinary (np, = no) and extraordinary (ng = ne)

indices. If ne < no, the ellipsoid is positive uniaxial; if ne > n,, the ellipsoid is negative uniaxial.

The refractive indices for the two principal polarization states can be determined by the

intersection of the plane of the incident wave plate (k) and the index ellipsoid (Figure 13).

Ng

n

Figure 13. Intersection of the plane of the incident wave plate (k)
and the index ellipsoid [67].

An ellipse can be drawn in the intersection plane (Figure 13) [67]. It has two major axes, n’
and n’p, which are the projections of the ellipsoid axes. The lengths of the semiaxes of the
ellipsoid section are proportional to the refractive indices. The polarization directions coincide
with the directions of these two axes [65]. For uniaxial and biaxial crystals, n’, # n’g, except

when the section is cyclic (one for uniaxial and two for biaxial).
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For a uniaxial material, if the wave is propagating parallel to the optical axis, there is no
birefringence because the index experienced by the wave (n,) is independent from its
polarization. On the contrary, if the incident wave has an angle, the wave will split into two
waves: the wave with linear polarization perpendicular to the optical axis will experience the
ordinary refractive index n, (and will keep the same direction) while the light polarized parallel
to the optical axis will experience an extraordinary refractive index ne. The ordinary wave and
the extraordinary wave are orthogonal and have a different velocity because of the difference
of index (n, and ne). Birefringence is the difference between those two indices, An = ne — no.
For a biaxial material, it is the same principle with the difference that the ordinary ray will be

related to two indices.

Optical axis

(a) (b)

Figure 14. (a) Natural birefringence of calcite as seen from a
crystal place on top of printed letters [68] and (b) crystalline
arrangement of the calcite unit cell [69].

Figure 14 is an example of calcite (CaCOs) which is a natural birefringent material where the
crystalline anisotropy results in uniaxial birefringence. When an incident beam enters the
crystal with an angle different from the optical axis, the beam will split into two beams with
perpendicular polarization that have different velocities [70] as illustrated by the double image
seen on Figure 14(a). This phenomenon happens because of the crystallographic arrangement
of calcite (Figure 14(b)) with an anisotropic unit cell effectively containing in one direction a

higher density of atoms than in the others.

1.3. Jones and Stokes formalisms to describe the polarization and the behavior of
anisotropic materials

Several formalisms exist to describe the polarization state, such as the Jones vector and Stokes

vector.
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By removing the common phase term e? of Equations (2) and (3), the polarization can be

noted in a vector as:

E Eyy €9~
()= (2 8
Ey <E0y el(py ( )
The obtained vector is called the Jones vector. When a beam propagates into an optical
component, the incident polarization E will be modified and the output polarization will be
called E’. If this optical component is a polarizer, the amplitudes can be changed, if this is a
wave plate, the phase can be changed. Finally, if the optical element is a rotator, the polarization

ellipse may be rotated. The effect of the polarizing component is expressed by a 2 x 2 matrix J,

called the Jones matrix. The transition from E to E’ by this component is done by matrix

product:
== ) (5) = ©

When considering a combination of different optical components in series, described by
different Jones matrix met in the order Ji, J....J;, the output polarization will be calculated

according to Eq. (9) by inserting J = Ji. ... .J2.J1.

It exists another way to express the polarization: the Stokes parameters for the polarization state
and the Mueller matrix (MM) for the characterization of the optical element (a wave plate
for example). Equation (10) presents the relation between the components of the electric field

within the Jones’ formalism and the four real-valued elements of the Stokes vector S.

SO ng + Egy
2 2
S = 51 — Egx — EOy (10)
S2 2EgEqy cos @
S3 2EoxEyy sing

and S¢? = S1? + S2? + S32 for fully polarized light.

So describes the total intensity of the beam, S is the difference in intensity between linear
vertical and linear horizontal polarizations, S»> is the difference between linear +45/-45
polarizations, and S3 is the difference between circular right/left polarizations. For partially

polarized light S¢* > S + S22 + S32, and for unpolarized light S = (1,0,0,0).
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This underlines the strength of the Stokes formalism as it allows to describe the propagation of
partially polarized light, when the Jones formalism can’t. However, in my work, I will consider
only fully polarized light and non-depolarizing optical elements. Table 3 summarizes all the

Jones vectors and the Stokes vectors for the particular polarizations state.

Table 3. Polarization state expressed using the Jones vector and the
Stokes vector.

vooor | E=(0) | B=() |E=50) |E=5(0) | Eo5 () | E-5(0)

1 1 1 1 1 1
Stokes |1 _ | -1 10 1 0 _ |0 _ (1 0
vector $= 0 = 0 S= 1 S= $= 0 $=

0 0 1

On the same principle as the Jones vector and the Jones matrix, the output polarization state S’

is the product of the input polarization and a 4 x 4 matrix called the Mueller matrix (MM):

my1 My My3 Myy So
My1 Mpy; Mpz Myy | [ S
M31 Mgy Mgz3z M3y S,
My Myy Myz My, S

= MM.S (11)

The explicit relation between the Jones matrix and the elements of the Mueller Matrix (MM)
are detailed in Appendix 1. It is usual to normalize the Stokes vector to So and the Mueller
matrix to my, in the remaining part I will use this convention. The following example is the

Mueller matrix for a polarizer with an angle of 6 with respect to the x-axis.

1 cos(20) sin(20)
MM 1[ cos(20) cos?(20) cos(20) sin(26)
polarizer — 5 . . .2
sin(20) cos(20) sin(20) sin“(20)
0 0 0

o O O O

Then if 0 = +45

10 1 0
1o 0 0 0
MMiss=211 0 1 0
00 0 O
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The MM for a wave plate that has a phase difference of ¢ and a fast axis orientation of 0, will
be:

1 0 0 0
/0 cos?(20) + sin?(20) cos (@)  cos(26) sin (20)(1 — cos(@))  sin(20) sin (@) \

MMyp (@) = \0 cos(20) sin (20)(1 — cos(¢))  cos?(26) cos(¢) + sin®(20) — cos(26) sin(p)
0 — sin(20) sin (@) cos(20) sin(¢) cos(®)

Then, for a quarter-wave plate, that has the fast axis vertical:

100 0
010 0
MMowr(@ ="/ =\ o o0 -1
001 0

To illustrate the Stokes-Mueller formalism, let us consider the transformation of the
polarization state of unpolarized light sent through a polarizer at 45° and a quarter-wave plate

with vertical fast axis.

1
S" = MMowp(@ =T/,). MMy . then S’ = % 8 which represents right circularly
0 1

polarized light. This formalism explains how to transform the naturally linear polarization of

SO -

the laser of the LMJ to a circular polarization by using quarter-wave plates.

Finally, the MM describes the anisotropic property of a material with a 16-parameter matrix
with eight basic optical properties. As we have seen in Section 1.2, for anisotropic materials the
optical constants of materials depend on the polarization orientation. The relations between the
MM elements and the basic optical properties are presented in Table 4. These elements vary
within the refractive index (n), the extinction coefficient (k), the path length through the
medium (d), and the wavelength of light in vacuum (Ao). Subscripts specify the polarization of

light as x, y, 45° to the x axis, 135° to the x axis, circular left and circular right.
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Table 4. Eight optical properties of the Mueller matrix [71], [72]
e | i
iso;lr)zr;ir; ggﬂnpztﬁde 2mkd/ho
(x-y) linfai[()i(i)chroism i_: (% — Ky)d . b b .
(x-y) 1ineir]ljgjfringence 2_1: (0 — n,)d — LD, ks 0 CB4.5 LB,
45° liniaiii)iihroism i_: (ks — k139)d _égz;s —_LC]‘Bi i‘gi ;iio
45° 1inea:r Ei}gefingence j_?: (45 — n13s)d
circular dichroism = CD i—: (Kieft — Kright)d
circular Eirce}gringence 1_701 (Riett — Nright)d

The relationship between phase difference and birefringence is outlined in the following

equation:
2nd
Q= —An (12)
A
According to what we have seen above and to Eq. (12), the terms that play a role on the
birefringence are the thickness of the coating (d) and the indices (n). In the next sections, we

will see that the indices are related to the geometry of the GLAD columns. In Chapter 5, I will

demonstrate that, to obtain the correct phase difference of ¢ = ”/2, we can control the

birefringence (An) by adjusting the deposition angles. In summary, Eq. (12) explains why the
control over the geometry of the GLAD films and their thickness is crucial to achieve a QWP

and, subsequently, a circular polarization of the laser beams.

1.4. Modeling anisotropic porous films using Bruggeman model and the
depolarization factors

The new materials that were characterized and modeled are a mixture of materials. The effective
medium approximation (EMA) governs the description of the refractive index of a mixture of

materials.

A mixture of materials is mostly a composite material constituted of a matrix (the largest
component, €n) that contains inclusions (g;). From the optical properties’ perspective, it is
interesting to assess the optical constants of the composite using only the ones of the matrix
and inclusions.
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To simplify the calculus, EMA has been proposed. This model considers the composite material
as a new material with a new effective permittivity eerr. To use the EMA, the inclusions and
their dimensions should be smaller than the wavelength [73]. There are two principal theories
that can be used for isotropic matrix and isotropic inclusions (Figure 15): Maxwell-Garnett

theory and Bruggeman theory.

Maxwell-Garnett Bruggeman

Figure 15. Two main theories to approximate an effective medium:
Maxwell-Garnett and Bruggeman [73].

The Maxwell-Garnett (MG) theory [74], [75] is used for disordered spherical inclusions that
represent less than 10% of the matrix [76]. This model is particularly well suited for the

description of the properties of composites containing metallic inclusions.

(Eeff — €m) _ . (& —&m)
(eff +2em) ' (et 2em)

MG theory [75] (13)

with fi the volume fraction of the inclusions.

The Bruggeman Effective Medium Approximation (BEMA) is used for interspersed disordered
inclusions [76], [77]. The assumption of this theory is that each component is a composite
material (i.e. inclusions in a matrix) of the effective medium and each constituent is treated on

an equal footing; each interacts with the other.

For a composite material composed of spherical inclusions of two materials with permittivities

&; and &;and volumes fractions f; and f5, the effective permittivity of the composite, €y, is

given by:

(&1 — &cf) (&2~ geff)
BEMA [77] fi (2eors + 1) e e v ) (2egsr + €2) =0 "
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MG and BEMA theories have been adapted for ellipsoidal cross-section shaped inclusions. In
this case, the medium becomes anisotropic. Since the GLAD coatings studied for this work are
transparent and contain a high fraction of porosity, only the Bruggeman theory was used [78],
and we will focus on that one. This model is called Anisotropic Bruggeman Effective
Medium Approximation (ABEMA) [74]. Orientation and shape distribution can also be
considered [79]. However, for dielectric ellipsoidal inclusions all oriented in the same direction
ABEMA is sufficient and three effective permittivities can be determined, hence defining a

composite with biaxial optical anisotropy:

(31 - feff,j) (32 - geff,j) —0

fi 2 -
ferrjtLi(er = eerpi) 7 Eepry + LiE2 = Eerr ) (15)

j=a,b,c

L; is the depolarization factor that depends on the geometry of the inclusions. Here, the inclusion
has an ellipsoidal shape, with semiaxes a, b, c that are parallel to the axes X, y, z, as depicted in
Figure 16. L; is comprised between 0 and 1. Equation (16) defines the depolarization factors as

a function of the axes [80].

N

a3
z
Ly
X

Figure 16. Ellipsoidal shape of the inclusions

abc [ dq
L= :
=7 ), Fror 16

1/2

With f(q) = {(q + a*)(q + b*)(q + ¢*)}

There are no analytical solutions to Eq. (16). However, if a = b = ¢, which is a sphere,
Lo=Lo=Lc=1/;. Only two factors are independents since La+Lp+Lc=1. If a>b>c,

L. < L < Lc [78], [80].

37



Materials and methods

Interestingly, the depolarization factors are linked to the geometry of the ellipsoids but not their
dimensions. Figure 17 presents the evolution of the refractive index in the z direction (c axis)
as a function of the morphology of the ellipsoid by adjusting L.. For that example, the ABEMA
theory was used with 80 % of silica and 20 % of void and Lx = Ly. L, can vary between 0
(infinite rod along z) and 1 (infinite x-y plane). It can be seen that L, and n; follow the opposite

trend.

1.42

=
s

1.38 -

1.36 -

n,at 351 nm

1.34 A

1.32

Figure 17. Morphology of an ellipsoid as a function of L, with
Ly=L,. Value of n, for an ABEMA theory as a function of the
value of L,.

Therefore, by controlling the shape of the inclusions, the optical anisotropy can be managed
and the birefringence of dielectric materials can be handled. Thus, the QWP coatings can be
done by fabricating thin films with ellipsoidal inclusions. We will see in the following sections
that the GLAD films are composed of columns with an ellipsoidal cross-section (x-y plane)

following the same direction, and surrounded by vacuum (more than 10%).

1.5. Measurement techniques to characterize the optical anisotropy

The retardance of GLAD films has been measured using an ellipsometer. Ellipsometry is a non-
destructive optical technique that allows, for the standard version, the determination of the
refractive index (and porosity) and the thickness of material layers. The principle of this
technique is presented in Figure 18: a known polarized light (generally linear) is transmitted or
reflected by the sample, after the sample, the polarization becomes elliptical and the parameters

of the output polarization are determined.
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Figure 18. Principle of standard ellipsometry [81].

In more detail, the polarization can be split into two elements, an element parallel to the incident
plane (E,) and an element perpendicular to the incident plane (Es). The incident polarization E;
becomes E; after reflection and can be represented using reflection coefficients rp and rs for the
two components of the polarization [82]. The coefficient for a polarization parallel to the

incident plane is defined as:

E,; .
B =g = rple® (17)
pr

And the reflection coefficient for a polarization perpendicular to the incident plane:

Eg; is
= — = S 18
=g =nle (18)
With |rp| and || the amplitude modifications and, &, and s the retardance introduced by the

reflection.

In reality, the measured parameters are Psi () and Delta (A) which are the ratio of the two

reflections coefficients:
™ iA
p =—=tan(¥)e (19)

Ts

Psi is the ratio of |rp| to |75| and delta is the phase difference between the two components of

the electric field. In this work, the ellipsometric measurements have been mostly performed

using an RC2 ellipsometer from J.A. Woollam (Figure 19(a)).
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In practice, before the sample, the device is equipped with a light source, a polarization

generator and after the sample a polarization analyzer and a detector (Figure 19(b)).

(a)

Silica substrate

\/

Light {{ PolarizerH Compensator — — Compensator

I

Analyzer H Photodetector—>

Figure 19. (a) Photo of the ellipsometer used to measure the
samples. (b) Schematic of the ellipsometer.

However, Eq. (19) is mostly useful for isotropic samples. In this thesis, I have measured
anisotropic samples. The ellipsometer used in this study also allows for the measurement of the
16 Mueller matrix elements which, as we have seen in Section 1.4, are appropriate for the
characterization of optical anisotropy, and birefringence in particular. For this thesis, the
measurements of the 16 MM elements were performed in transmission from 210 to 1690 nm,

for the fast axis at 0°, 45° and 90° (Figure 20).

0
Fast ~
axis

Y - § Measurement 1

X
Slow axis = 45°
/ >z 4 Measurement 2 /

1 Measurement 3 90

~—

Figure 20. Measurements performed on the ellipsometer to
characterize the retardance.
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Once the measurement is performed, a model must be created on the ellipsometer software
CompleteEASE (J.A. Woollam). This model is the interpretation of the physical parameters of
the measured samples to optical properties: thickness, refractive index, void percentage,
roughness, mixed-materials, etc. Then, the created model generates a Mueller matrix that is
fitted to all the measured Mueller matrices thanks to a regression analysis. To evaluate the fit,
an indicator called unbiased Mean Squared Error (MSE) is used. It is the sum of the quadratic
differences between the measured data and the modeled data for all the measurement
wavelengths corrected for the measurement uncertainty and number of parameters in the model.

The lowest the MSE is, the better the results will be at the condition that the results are physical.

As explained earlier, the optical anisotropy can be modelled using the depolarization factor L
which can be decomposed for each principal axis (x, y and z) by the depolarization factors Lx,
Ly and L,. However, CompleteEASE describes the depolarization split Dyy rather than the

depolarization factors directly:

Ly = ny(l - Lz)rLy = (1 - ny)(]- —L,)
(20)
0<L,<1

For elongated columns with biaxial anisotropy, Lx and Ly are associated with the in-plane
dimensions of the ellipsoid that define the directions of the optical axes. L is oriented along
the column height, parallel to the surface normal. The relation between the optical axes of the
sample and the ellipsometer referential is described by applying rotations through the Euler

angles.

Another technique was used to characterize the retardance: a birefringence mapper (BM) (Hinds
Instruments Exicor 450X T Mueller matrix polarimeter). The functioning of the birefringence
mapper is comparable to that of the ellipsometer, with the distinction that the mapper operates

at a single wavelength of 355 nm.
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Polarization variations

HeNe laser
A =355 nm

Figure 21. Schematic of the birefringence mapper. PEM is for
PhotoElastic Modulators.

Figure 21 shows the schematic of the birefringence mapper. A laser beam is polarized thanks
to a linear polarizer. The polarization is modulated with two PhotoElastic Modulators (PEMs).
The beam is transmitted through the sample and then passes through a combination of two more
PEMs and a polarizer. Then, a photodetector converts the time-modulated intensity of the
transmitted light into an electric signal which is finally analyzed and converted into the sixteen
Mueller matrix elements. The advantage of this technique is the possibility to realize a map of
the birefringence by translating the surface in the x-y directions. The linear retardation

resolution/repeatability of this instrument is 0.01 nm / + 0.03 nm.

2. Description of the GLAD serial bideposition technique to create
birefringence

Glancing Angle Deposition is a physical vapor deposition (PVD) technique. To understand the
specificity of this technique, let’s begin with the growth of a PVD thin film. It is divided into
3 steps:

- First, the material to be coated which is placed in a crucible, is vaporized thanks to a
thermal source in a high vacuum environment (between 107 and 10™ Torr). The thermal
source used for this thesis is an electron beam bombardment (e-beam evaporation). The
raw material is often in pellets.

- The vaporized species are transported from the source to the substrate thanks to a highly
directional collimated vapor flux. Depending on the coated material, a reactive gas can
be added (O2, N2 or CH4). In this case, it is called a reactive evaporation.

- Finally, the vapor condenses on the substrate and forms a thin film with the
germination/growth mechanism. More specifically, the species are adsorbed on the

surface by Van der Waals bonds.
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Depending on the thermal energy and the strength of the atom-substrate interaction, the

adsorption is permanent or temporary. The atom is then either absorbed, called adatom,

or re-evaporated from the surface.

After that, the adatom can diffuse on the surface and form aggregates/nuclei, which is

the germination stage. Finally, the aggregates can form islands, which coalesce when

they come together to form a continuous structure and increase in thickness.

2.1. Analysis of the tilted films fabricated using the GLancing Angle Deposition

(GLAD) technique

The specificity of the GLAD technique is the orientation of the substrate which is tilted at a

glancing angle. Figure 22 presents the GLAD technique from a front view (a) a side view (b)

and a side view with a zoom on the column growth (c). In Figure 22(a), the elements described

above are present: the electron beam that evaporates the material in the crucible, the vaporized

material that condenses on the oriented substrate in a high vacuum coater.

The orientation of the substrate is expressed by a (Figure 22(b) and (c)), it defines the angle

between the substrate normal and the incident vapor flux. GLAD generally takes place at o >

60°.

(a) Coater in vacuum

¥

X
Y Crucible

Shadowing

Figure 22. Principle of GLAD. (a) Schematic of a GLAD coater.
(b) Side view of the schematic presented in (a). (¢) Zoom on the

formation of the columns with the shadowing regions.
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Tilting the substrate angle has an impact on the growth of the thin film described above. As
shown in Figure 22(c), during the growth of the film, because of the orientation of the substrate,
some areas are hidden from the vapor flux. This phenomenon is called ballistic shadowing or
simply shadowing. It is highly accentuated for such glanced angles. Because of the shadowing
and the low diffusion, the formed structures are oriented columns in the direction of the vapor
flux (Figure 22(c)) but, importantly, the angle § between the long axis of the columns and the

normal to the surface and the glancing angle a are different, with B < a.

In order to form defined columns, the diffusion must remain low. Movchan [83] and Thornton
[84] have built a Structure Zone Model (SZM) to describe the morphology of PVD thin films
depending on the substrate temperature and the pressure in the coater. The surface mobility of
the adatom increases with the temperature. In the SZM, GLAD must remain within zone 1

(TS/Tm< 0.3) where diffusion is limited and unable to fill-in void regions. T is the substrate

temperature and Ty, the melting point of the deposition material. GLAD films are typically

conducted at room temperature or near.

In addition to the oriented columns, the shadowing creates competition between the columns
(Figure 23(a)). During the growth, some columns grow faster than others. The smaller ones fall
into the shadow of the larger ones, stopping their growth [85]. It can be noted that, by tilting the
orientation of the substrate, the created shadow is asymmetric. In the direction of the plume,
represented by yellow arrows in Figure 22 and Figure 23, the shadow maintains the gap
between the columns and width is controlled. In the direction perpendicular to the plume, the
growth of the column is not controlled, creating a progressive fanning of the column cross-
section. Figure 23 illustrates the formation of these elliptical cross-section columns. In reality,
the cross-section of the columns is more crescent shaped. These columns have rough apexes
due to molecular nucleation and associated shadowing. This roughness is an important factor
in the rate at which the columns broaden [85]. In some cases, large mounds can grow on top of
the column, splitting it into multiple sub-columns. This phenomenon is exacerbated by the
thickness and large width of the columns, as well as by the low-temperature coating that induces

low diffusion: “bifurcation is a natural byproduct of column broadening” [85].
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To summarize, by tilting the orientation of the substrate, a shadowing effect and a low diffusion
allow for the formation of well separated slanted columns in one direction and with an

increasingly elliptical cross-section observed in the other direction.

a b
(@) Extinct (b)
column Column

Shadow «

7 —~< Void y

Column

L.v - 7 X
X broadening

Figure 23. (a) Side view of a GLAD film growing the competition
between the columns that leads to the extinction of one column and
the broadening (b) Top view of a GLAD coating.

These columns exhibit two separate structural anisotropies: the tilt direction of the columns and

the fanning of the columns.

By playing with the orientation of the substrate (glancing angle or polar angle), the shadowing
effect is changed and consequently the morphology and the properties of the GLAD structures
are modified. Birefringence can be optimized using a more complex substrate motion such as

the Serial Bideposition (SBD) developed by Hodgkinson et al. [86].

2.2. Utilization of the Serial BiDeposition (SBD) technique to increase the
anisotropy

Figure 24 presents the mechanism of the serial bideposition. It is based on a substrate motion
performing back and forth polar rotations by 180° between the subdeposit angles (also noted
+ o), with a fast growth time per subdeposit angle (few seconds for few nanometers). The polar
rotation between the two subdeposit angles is at high speed (180 °/s). The fast growth time per

subdeposit angle grants the fabrication of columns perpendicular to the substrate (Figure 24(a)).
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(a) (b) (c)

Figure 24. Fabrication of an anisotropic coating using the serial
bideposition substrate motion. (a) Widening of the columns and
growth perpendicular to the substrate. (b) Void in only one
direction. (¢) Final SBD structure.

T 1

In the same manner as explained above, the one-directional shadow allows the column to grow

in one direction, the direction perpendicular to the incoming vapor flux, making the columns

ellipsoidal-shaped. In parallel, in the direction of the incoming flux, a certain amount of void

arises (Figure 24(b)). Then, the anisotropy of the film deposited using the SBD substrate

algorithm is the combination of the ellipsoidal cross-section of the columns (structural

asymmetry associated with fanning) as well as the shadowing in one direction yielding

bunching of columns, both in the direction perpendicular to the growth directions (Figure 24(c))

[38], [85]. Some columns stay alone (blue circle) and some merge together (red circle).

Importantly, the long axis of the columns is perpendicular to the surface of the substrate.

(a) (b)
Fast

axis Fast axis y
A

Slow axis

\ 4

Figure 25. GLAD sample in the coordinate system of the
ellipsometer. (a) Side view. (b) Top view on the Scanning Electron
Microscopy image of the surface on an actual GLAD coating.
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As explained in the previous sections, we decided to model the anisotropy of the GLAD films
using the depolarization factors. However, the ellipsometry measurements were performed in
transmission at normal incidence (Figure 25). As a result, only the in-plane birefringence
between nx (Lx) and ny (Ly) was assessed (Figure 26). L, couldn’t be measured and was set to a
constant value. Because the height of the columns is much larger than the size of their section,

we approximate L, as if from a rod of infinite length, L, = 0 (Figure 17).

(a) (b) (c) (d)

Void Silica Fast axis

¥ 7 Slow

- axis

Figure 26. (a) Physical description of the coating. (b) Description
of the coating following the ABEMA theory with the
depolarization factors. (c) Index ellipsoid of the GLAD film. (d)
Orientation of the fast axis and the slow axis following the
previous descriptions.

In the case of elongated columns with biaxial anisotropy, Lx is associated with the longest
dimension of the ellipsoid and Ly with the smallest dimension (Figure 26(a)). As outlined in
Section 1.4, the depolarization factor is inversely proportional to the dimensions. Therefore, the
ellipsoid that defines the depolarization factors has the geometry presented in Figure 26 (b).
The refractive indices follow the opposite trend of the depolarization factors (Figure 17 from
Section 1.4). As a result, the index ellipsoid will be rotated 90° (Figure 26(c)). Consequently,
the optical axes are oriented as follows: the fast axis, small refractive index, is oriented along
the smallest dimension of the ellipsoid (the x-axis), and the slow axis, high refractive index, is
oriented along the longest dimension of the ellipsoid (the y-axis). Then, starting back from the

equation of the depolarization split Dxy (Eq. (20)), with L, =0, Lx=Dxyand Ly=1 - Lx.

In summary, in order to control the anisotropy of the GLAD films, it is necessary to adjust the
deposition angle a. However, the relation between the planar birefringence An and the angle o

is not immediately apparent.
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The determination of this maximum birefringence is specific to each material and deposition
process. Empirical studies demonstrated that maximum birefringence (= 0.04 - 0.07) is reached

at o= 70° £ 10° [85].

2.3. Technical description of the fabrication of the GLAD coatings

Figure 27 presents the coater used to fabricate the samples [26], [87]. It is located at the
Laboratory for Laser Energetics (LLE) at the University of Rochester in the USA, in the Optical
Manufacturing group, directed by Amy Rigatti.

The coater is a 1.2-m vacuum chamber equipped with an electron-beam gun (EB Sources)
which is located directly below the aperture, a quartz crystal microbalance on the side is used
to measure the deposition rate and the thickness as well as a custom GLAD stage (Angstrom
Engineering) capable of holding two 50-mm diameter substrates (fused silica and/or silicon) or
one 100-mm diameter substrate. For SBD, the stage is rotated around the horizontal axis
(substrate tilt) to the desired + a angle every 6 s at a speed of 180 °/s. Silica is evaporated at a
rate of 9 A/s The chamber is heated at 25 °C thanks to quartz lamps and evacuated to a pressure
better than 1 x 107 Torr. Silica growth is carried out without the addition of reactive gases. For

alumina coatings, oxygen backfill is added at a partial pressure of 1.4 x 10™* Torr.

Vacuum chamber
Angstrom
Engineering
GLAD stage

Pellets of materials to
evaporate
(In that case, silica)

Quartz crystal

microbalance

Electron-beam gun

Figure 27. Photo of the GLAD coater of the Laboratory for Laser
Energetics [26].
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3. Laser damage resistance

Using a material for a high-power laser application requires to examine its behavior in the
presence of high energy laser. Every material has a Laser Induced Damage Threshold (LIDT)
which gives the fluence (energy per surface unit) above which the laser-material interaction has
a high probability of causing an irreversible modification of the component. Figure 28 is the
example of a damage site on a multilayer QWP made of silica and deposited using electron

beam evaporation.

1 pm |88 OB N 1um

Figure 28. Scanning electron microscope images of a damage site
in a multilayer QWP made of silica. Test: 1-on-1, A = 355 nm, 7 ns,
Seq: 6.5 x 107 cm? (a) One entire damage site (b) Zoom on one
little hole (c) and (d) Higher magnification on the edges of the
hole, the different layers of the coating are visible. The bottom part
of the holes is the silica substrate.

To measure the LIDT during this thesis, two laser set-ups were used: one at CEA and a second
at the Fresnel Institute (Marseille, France). The second one allows for characterization in
several environments (vacuum, ambient air, etc.). The laser at CEA, named ELAN, operates at
355 nm with a 7-ns pulse length, and an equivalent beam surface of 3.7 x 10} cm?. The laser at
Fresnel Institute operates at 355 nm with picosecond (ps) pulses train in a ns window and an
equivalent beam surface of 9.3 x 10 cm? The details on the set-ups are in Appendix 2 and
Appendix 3. All the laser resistance tests were performed with the 1-on-1 method (as defined

in the norm ISO/FDIS 21254-1 and 21254-2) described in Figure 29.
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Figure 29. Front view of a sample with different irradiated sites
and graph of the results of a 1-on-1 test.

The 1-on-1 method described in Figure 29 consists in testing the surface to a single shot at a
fixed fluence, N times. The tested sites (represented by the different colored circles) are then
inspected using differential interference contrast microscopy, also known as Nomarski
microscopy, at a magnification higher than x100. The presence or absence of a damage site
allows statistical models to evaluate damage probability. It is important to note that 1-on-1 tests
may overestimate the threshold when dealing with optical elements that feature low-density
defects. Raster scan tests are a solution for addressing this issue. The process involves scanning

the surface at a constant fluence.

4. Description of secondary characterization techniques
4.1. Techniques used to determine the chemical composition

To comprehensively assess the optical performance of the GLAD samples, it is essential to
characterize their chemical composition. Three techniques have been used: Raman
spectroscopy, Fourier Transform InfraRed spectroscopy (FTIR) and Glow Discharge Optical
Emission Spectrometry (GD-OES) for depth profile. FTIR and Raman spectroscopy are non-
destructive techniques, unlike GD-OES.

The operating principle of the Raman spectroscopy is as follows: a laser is focused on the
surface of a sample which excites the vibrational modes of the molecules of the material being
measured and some photons are scattered. Figure 30 presents the three types of scattering:
Rayleigh, Raman Stokes, and Raman anti-Stokes. Unlike Rayleigh scattering, Raman scattering
is inelastic. Inelastic scattering results in the energy of the photon scattered being different from

the energy before the interaction.
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In Raman spectroscopy, both the Stokes and anti-Stokes scattering can be measured, but Stokes
scattering is the primary signal used. The scattered light is collected and analyzed using a
spectrophotometer. Raman probes transitions between vibrational levels that are called
“virtual” vibrational levels because they are not true electronic states. The measurements are

presented in Raman shift in cm™.

——~N——-
g~ S
v,
Y . NS
hv Y hv hv htv-») Y
Rayleigh Raman Stokes Raman anti-Stokes
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Figure 30. Three types of scattering phenomena illustrated by the
vibrational energy levels for the interaction of a photon on a
material [88].

We used a Renishaw confocal Raman microscope for these measurements with an excitation at
532 nm. The Raman shift was measured from 200 to 4000 cm™. All spectra were acquired with
a 100x objective (0.85 numerical aperture and a 0.33-mm working distance), which provided
an approximate laser spot size of 0.7 mm. The measurements of the coatings were performed

with silica substrates.

For FTIR, an infrared beam is directed at the sample. It excites the nucleus of molecules that
can result in an absorption if this movement changes the dipolar moment of the molecule. The
vibrations of excited molecules are characteristic of the material's molecular bonds. The Fourier
transform is used to convert the temporal signal into a frequency signal. The result is a
transmittance spectrum of the thin film. We used a Nicolet and a PerkinElmer Spectrum Two.
Each measurement was the average of 32 scans over the 400 to 4000 cm™ range. The separation
between two peaks (spectral resolution) was set to 8 cm™'. The measurements were performed
from the coatings on double side polished silicon substrates due to their IR transparency
property. This technique allows for accessing different vibrational modes of the materials, thus

completing the Raman spectroscopy characterizations.
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Glow Discharge Optical Emission Spectrometry (GD-OES) was performed to access a
concentration profile of coatings on silicon substrates. It works as follows: in a chamber, an
argon plasma is generated by a discharge between an anode and a cathode, the sample being
the cathode. The sample is connected to a radio frequency source, because of its insulating
property. Atoms from the surface of the substrate are ablated and excited by collisions with
electrons in the plasma. When the excited atoms of the sample finally return to their original
energy level, they emit the excess energy in the form of photons. Then, an optical spectrometer
measures the wavelength of each photon which is characteristic of the original atom. The
ablation process allows probing different depth of the sample as a function of experiment

duration.

This measurement was performed using a GD-Profiler 2 (HORIBA Jobin Yvon) applying
pressure of 650 Pa, a RF-power source of 50 W and a 1 data acquired every 0.1 s. Because no

reference samples could be used, the intensities of the reported species are non-quantitative.

4.2. Characterization of the morphology

To characterize the topography, a Jeol JSM, a Hitachi, and a Raith Scanning Electron
Microscope (SEM) were used. They were also used to observe cross-section of the coatings, to
characterize the thickness and the morphology. The principle of SEM is described as follows:
in a vacuum environment, a beam of electrons is focused on the sample and scans the surface.
The interaction between the electrons and the sample causes several types of emissions to form:
secondary electrons, which highlight the topography of the sample; backscattered electrons,
which provide an image with chemical contrast; and finally, X-ray photons for the chemical
analysis using energy dispersive spectroscopy (EDS). Some samples were coated with few
nanometers (from 2 to 5 nm) of platinum to facilitate observation by removing accumulated
charges from the surface. These observations were generally performed on the coatings

deposited on silicon substrates.

4.3. Measurement of the transmission spectra

We measured the transmission of these films with two spectrophotometers: a PerkinElmer
Lambda 1050 and a PerkinElmer 900. Measurements were taken at normal incidence from

fused silica substrates between 200 and 1400 nm, with intervals of 1 or 2 nm.
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Reflection was collected using an in-house built measurement system. A spectrophotometer
works as follows: a monochromatic light from a polychromatic source (deuterium/tungsten) is
directed toward the sample. For the desired wavelength range, the light passes through the
sample, and a detector measures its intensity. Transmission is the ratio of the intensity of the
input light to the intensity of the output light. The sample is measured in a chamber that allows

for transmission characterization in various environments, including vacuum, ambient air, etc.
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5. Summary of Chapter 2

This second chapter presented the theoretical knowledge discussed throughout this thesis.

Within the context of this work of polarization smoothing using circular polarizations, we want
to obtain quarter-wave plates as we have shown using the Stokes-Mueller formalism. This
formalism will be used to characterize the polarimetric properties of materials. The relation
between the shape of inclusion, in composite materials, and the refractive index of the
composite was introduced. The optical measurements used to determine the polarization

dependent properties of the films were presented.

The samples, envisioned as quarter-wave plates, will be realized using standard evaporation
techniques with Glancing Angle Deposition (GLAD) and a substrate motion algorithm called
Serial BiDeposition. The films exhibit two types of anisotropy: one related to the form of the
substructure and the other due to the overall porosity only following one direction. Thus, to
manipulate the birefringence, work must be done on the microstructure of the coatings. The
samples were fabricated in a coater located in the Laboratory for Laser Energetics (University

of Rochester, USA).

Main characterization techniques were described such as the resistance to laser damage with 1-
on-1 tests; the chemical composition using Raman spectroscopy, Fourier Transform InFrared
spectroscopy (FTIR), and Glow Discharge Optical Emission Spectroscopy (GD-OES); the
morphology with a Scanning Electron Microscope (SEM); and the optical transmission using a

spectrophotometer.
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After reviewing the context and the challenges associated with this thesis, as well as the optical
principles behind the studied phenomena, this chapter will explore one method for producing
quarter-wave plates.

This chapter will start with a description of the studied silica GLAD QWPs. These are 21-layer
films in silica. The devices will be characterized in terms of topography, microstructure, and
composition of their matrices. The second part of this chapter will evaluate the optical
performance of the silica QWPs. The relationship between the optical properties and
microstructure will be studied through ellipsometry measurements. Subsequently, the

retardance, transmission, and laser resistance of the coatings will be assessed.

1. Analysis of a design fabricated by GLAD capable of inducing a phase
retardation on the polarization

As a quick reminder of Chapter 1, the specifications for the GLAD coatings are: to have the
optical function of a quarter-wave plate at 351 nm, to have a transmission higher than 99 %,

and to have a LIDT higher than 14 J/cm? for a pulse length of 3 ns.

We decided to study silica-based multilayer QWPs designed and fabricated by the LLE [26].
By studying these samples from the state of the art, this chapter provides a comprehensive
introduction to the analysis of the optical properties of QWPs based on the properties of its
constituent layers, in relation to their morphologies and compositions. This methodology will
enable the understanding of the effects of aging and contamination on the structural and optical
properties of these QWPs, as presented in the following chapter. Finally, I will also present an

example of the study of laser resistance of such QWPs.

1.1. Description of the studied silica GLAD samples

The QWP samples are 21-layer coatings composed of alternating 10 anisotropic and 10
isotropic layers with an antireflective layer on top. This design was proposed and published by
S. MacNally et al. [26] from the Laboratory for Laser Energetics (LLE) in Rochester, United
States. Moreover, since retardance was 20-25% lower in vacuum than in ambient air, and
retardance increased by about 24% over five months [22], a 31-layer coating was designed for

vacuum use. However, this chapter will only discuss the 21-layer coating.
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The anisotropic single layers were deposited at a + 73°, and their purpose was to introduce a
retardation between two orthogonal polarizations. The isotropic denser layers were deposited
at a = 0° and were added for the mechanical strength of the multilayer and to prevent the
coalescence of the anisotropic layers when their thickness exceeded 400 nm [25]. The last layer
was an antireflective layer, deposited at o £ 82°. The anisotropic and antireflective layers were

coated with SBD algorithm (+ o every 6 s at 180 °/s).

Thanks to a collaboration with the LLE, many samples have been provided specifically for this
project. Most of these samples were fabricated by Daniel Sadowski and Sara MacNally during

my three visits there. They are summarized in Table 5.

Table 5. Different silica GLAD sample provided by the LLE.

Theoretical
Design of the coating Substrate physical
thickness
Single anisotropic layer Substrate/4B/Air : gﬁigzn 272 nm
Single isotropic layer Substrate/I/Air i S%hcon 60 nm
- Silica
Bilayer (BL) Substrate/4B/I/Air i S?l?con 332 nm
- Silica
QWP multilayer Substrate/(4B/I)!%/AR/Air | gﬁizzn 3392 nm

B is for birefringent layer also called anisotropic layer. I is for the isotropic layer. AR is for
antireflective layer. B, I and AR have a quarter-wave optical thickness at 351 nm. As a
consequence, 4B means a full-wave optical thickness. For the anisotropic layer (B), an average
of the in-plane indices, nx and ny, is being considered for the calculation of the optical thickness.
Coatings were deposited on silicon substrates for the purpose of SEM and FTIR analysis. In
fact, silicon is more convenient to cleave than fused silica when only small parts are needed.
Moreover, silicon is transparent in the infrared, which makes it useful for FTIR. The fabrication

details have been presented in the Chapter 2.

To thoroughly examine the microstructure of the multilayer QWP, its elementary layers were
observed. Figure 31 presents SEM images of one anisotropic single layer from the top
(Figure 31(a)) and from the cross-section (Figure 31(b)). The crackle effect visible in

Figure 31(b) is due to the platinum metallization.
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0 s -, £ besg % /
. % 200 nm 5 ‘ Substraté
Figure 31. SEM images of the anisotropic single layer. (a) Top
view. (b) Cross-section. Yellow arrows illustrate the orientation of
the fast axis.

From the top of the film (Figure 31(a)), large pores are observed all oriented along the direction
of the expanding of the columns. In Figure 31(b), columns perpendicular to the substrate are
visible, with pores in between. Columns’ width is around 20 nm to 40 nm. However, discerning
only one single column is not straightforward. Some researchers have observed a gradual
increase in the diameter of the columns [25]. This phenomenon is, again, not easily quantifiable.
Additionally, broadening is not obvious to observe from the cross-section. The cross-section
(Figure 31(b)) reveals columns with different lengths that might come from the nucleation
phase, where nucleation sites can vary in size and therefore in column length. It could result in

a possible rough surface. The thickness of the anisotropic layer is around the expected thickness

of 272 nm.

Figure 32 presents SEM images of a bilayer, viewed (a) from the top and (b) from the cross-
section. As observed with the two following images, the isotropic denser layer when deposited
on top of the anisotropic columnar layer, penetrates into the open pores creating a rougher
surface than a "classical" e-beam layer would. This penetration impacts the indices and then the

retardance.

Su‘bstrate
Figure 32. SEM images of a bilayer (Substrate/B/I/air). (a) Top

view. (b) Cross-section. Yellow arrows illustrate the orientation of
the fast axis. B is for birefringent layer and I is for isotropic layer.
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Figure 33 presents three SEM images of the silica QWP coating. Figure 33(a) is a cross-section
image of the entire QWP. Figure 33(b) is a top view image of the QWP coating. Figure 33(c)
is a cross-section image taken at an angle that allows one to see the two coating orientations:

incoming flux direction and perpendicular to that direction.

Isotropic layer
Anisotropic layer

Anisotropic
layer

Substrate

Figure 33. SEM images of the silica QWP. (a) Cross-section image
of the 21 layers of the silica QWP. (b) Top view image. (c) Cross-
section image. Anisotropic layers are in blue. Isotropic layers are in
green. The antireflective layer is in yellow.

In order to better observe the columns, the cross-section of the entire QWP was taken parallel
to the incoming flux. The alternating layers of anisotropic (blue) and isotropic (green) silica
along with the AR layer (orange) are visible in Figure 33. The interfaces between the anisotropic
and isotropic layers are well defined. Regarding the thicknesses, the first anisotropic layers
seem to be thinner than expected, around 230-250 nm, for an expected thickness of 272 nm.
The last three layers seem to have the expected thickness. In contrast, the thicknesses of the
isotropic layers are all around 60 nm. The perpendicular anisotropic columns have a width of
around 20 nm. Between the columns, large voids that can have the size of one column are
observed. Some columns growth seems to have been stopped. Indeed, as outlined in Chapter 2,
the initial growth involves a nucleation phase in which larger nucleation sites might grow long
columns at the expense of smaller nucleation sites.

On the top view of the QWP coating, shown in Figure 33(b), elongated structures separated by
large pores are observed. They are oriented along the same direction which is perpendicular to
the orientation of the incoming SiO> plume. The incident flux was parallel to the yellow arrows,

therefore promoting shadowing in the orthogonal direction.
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Figure 34. Highlighting of the ellipsoid cross-section of columns
and the merging of the columns with a schematic representing the
top SEM image from a QWP sample.

As observed in Figure 34, which is the top view of the QWP, some columns seem to be
separated from the others (in blue) and some are merged (in red). Structures generally have an
ellipsoidal cross-section, though few columns appear to be circular (see yellow circle in
Figure 34). However, it should be noted that in top view, the AR layer, which is approximately

70 nm thick on top of an isotropic layer, may mask the known ellipsoidal shape of the columns.

—
200 nm
i

Figure 35. SEM image of thre surface of the QWP binarized.
Black is silica and white is void.

By binarizing the top surface image of the QWP, which means the top surface of the AR layer,
(Figure 35), the percentage of open pores was estimated at around 15-20 %. In addition to this

porosity, a microporosity within the silica matrix is also expected [85], [89], [90].

1.2. Composition profile of the silica QWP

Because the QWPs are highly porous, the ingress of water and/or molecular contaminants into
this porosity can alter the optical properties. Glow Discharge Optical Emission Spectrometry
(GD-OES) was performed to access a concentration profile of the entire 3.4 um depth of the
QWP (Figure 36).
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The measurement details are in Chapter 2 but as a reminder, the intensities of the reported
species are non-quantitative. Intensities were normalized and laid out with an offset to separate
the curves and make them more visible. Four elements were measured, silicon in yellow,

oxygen in red, hydrogen in green and carbon in pink.
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Figure 36. GD-OES profile superposed on the corresponding SEM
image of the silica QWP.

The Si signal is constant throughout the depth of the multilayer sample as opposed to the three
other species. The variations of the emission signal associated with the other species as a
function of the ablation time can be compared to the spatial variations of the microstructure
observed on the cross-section SEM image of the sample. This is presented as a superposition

of the SEM image with the composition profile as presented in Figure 36.

The correspondence between the composition profile and the SEM image is dependent on
where the substrate is believed to start. To construct Figure 36, I hypothesized that the substrate
started at the sharp drop in the oxygen content at around 37.5 s, as some researchers suggested
[91]. However, because of the development of a rough interface during the ablation process,
this location is not obvious. The mid-height slope, around 39 s, could also be the starting point
of the substrate [92], [93]. The hole generated by the measurement, after 50 s of ablation, was
characterized using a profilometer. It was flat with a depth of 3.96 um. As a comparison, the
thickness obtained from ellipsometry measurements was 3.59 um. The profilometry confirmed

that substrate was reached.
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For both positions of the substrate, the conclusions remain the same: an evolution of the quantity
of O, H and C can be observed through the depth of the sample in relation with its
microstructure. The concentrations of oxygen, hydrogen and carbon evolve almost cyclically
with a decreasing amplitude of the variations up to 31 seconds and become a flat signal until
the substrate is reached. In Figure 36, the higher oxygen, hydrogen and carbon intensities
correspond to the anisotropic columnar layers. At the surface of the sample, there are high C
and H concentrations. The C and H profile modulations decrease by moving forward into the

depth of the coating. As for the O, the intensities are higher in the anisotropic columnar layers.

These observations suggest that there is contamination from the ambient atmosphere in the
columnar layers and to a lesser extent in the denser layers. The carbon contamination near the
surface is common in porous coatings [25]. The intensity of the elements in the substrate can
be used as a reference: this shows that the contamination occurs in the full QWP. The reduction
of the amplitude variations in the composition profile originate partly in the roughening of the
surface during the GD-OES ablation process [91]. Another potential cause could be the aging
of the sample; the carbon and moisture may require more time to reach the deeper layers. The
water ingress, associated with the presence of H was expected. The presence of C however

suggests that hydrocarbon contaminants can also affect the QWP, as we will see in Chapter 4.

1.3. Characterization of the silica matrix using IR spectroscopies

In addition to the spatial information provided by the GD-OES, characterizing the silica matrix
thanks to FTIR spectroscopy and Raman spectroscopy provides data on the molecular structure
formed within the silica matrix. The samples investigated here were the samples deposited onto

silicon substrates.

Figure 37 shows FTIR spectra of the single anisotropic layer (green), the single isotropic layer
(purple), the bilayer (orange) and the multilayer QWP (blue). The characteristic bands of silica
are observed such as the Si-O-Si rocking, bending and stretching bands at around, 465 cm™,
800 cm™ and 1080 cm™ [94] - [96], respectively. The Si-O-Si bond is called siloxane. The
intensity differences between the single layers, the bilayer and the multilayer are partly an effect

of thickness especially on the Si-O-Si band around 1080 cm™.
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For the same percentage of porosity, increasing the thickness shifts the maximum of this band
to larger wavenumber, in that case from 1080 cm™! to 1105 cm™!, expands the width and flattens
the shape of this band to yield a stopband (Reststrahlen effect). However, even considering the
Reststrahlen effect, it seems that there is the emergence of another contribution at around
1190 cm™’. This could be a contribution of carbon such as the Si-CH3 bending mode [97] or the

vibration of CHj3 [98], reported respectively at 1200 cm™ and 1176 cm™.
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Figure 37. FTIR spectra of all the layer comprising of the QWP
silica multilayer: the single anisotropic layer (green), the single
isotropic layer (purple), the bilayer (orange) and the QWP
multilayer (blue). Insert is a zoom on carbon related bonds between
3100 and 2700 cm’'.

In Figure 37, different water-related bonds are also visible: around 950 cm’™!, 1640 cm’!, and
3000-3700 cm™ [89], [94], [99]. The presence of these bonds is expected. After venting the
porous coating of the QWP, chemisorption of water onto the surface of the matrix takes place.
The water then reacts with the strained siloxane bonds in a process called hydroxylation. This
reaction forms silanol bonds (Si-OH) by breaking strained Si-O-Si bridges. This process locally
relaxes the silica matrix. The siloxanes are arranged in rings. Small rings (3-4 Si-O members)
are highly strained, particularly in evaporated silica, and more susceptible to hydroxylation.
The reverse reaction, dehydroxylation, only occurs at temperatures higher than 200°C, making
hydroxylation effectively irreversible under ambient conditions. We see in Figure 37 the
characteristic band centered at 3500 cm™ even for a single dense layer. The hydroxylated

surface then creates favorable sites for the physisorption of water.
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The affinity of silanols with water depends on their structure [ 100]: terminal or unbound, closed
silanols have a high affinity, whereas simple, isolated silanols have a low affinity. The resulting
hydrogen bonds are weak yet persistent under ambient conditions. This can be seen with the
H,O band around 1600 cm™! present in the QWP. This H20 band may have already been present
in the single and bilayers, but probably too small to be observed in FTIR spectroscopy. These
observations agree with the GD-OES measurements shown in Figure 36. Additionally, as
observed in the insert, the modes of the -CH, group were detected around 2850 cm™ and
2930 cm™! but only for the single layers and the bilayer. These bands are not observed for the
multilayer. It is likely that the large water-related bond serves to mask them. To investigate

further this point, I have performed Raman spectroscopy measurements.
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Figure 38. Raman spectra of GLAD coatings in silica: a single
anisotropic layer (in green), a bilayer (in orange), the silica
substrate and the multilayer QWP.

Figure 38 shows the Raman spectra of the anisotropic single layer (in green), the bilayer (in
orange), the multilayer QWP (in blue) and the corresponding bare substrate (in black). The
spectra were readjusted with the Si-O-Si bending mode around 800 cm™ after a background
baseline was removed. The three first bands at around 420-430 cm™', 490-515 cm™' and 580-
600 cm’!, are assigned to siloxane. The first band is for six-membered rings, D1 is for the four-

membered rings and D> is for three-membered rings [96], [101] - [104].
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For the bilayer and the single anisotropic layer, the amount of six-membered-rings and four-
membered-rings seems to be similar to those observed in the silica substrate. On the other hand,
the number of four-membered rings is larger for the multilayer. This suggests that the siloxane
rings are stressed which would favor hydroxylation. This is in agreement with the large silanol
bands near 1600 cm™ and 3500 cm™ observed in FTIR. Having a large presence of surface
silanols predicts that water will adsorb later on, on the surface, and that the matrix will probably
still evolve. This can induce an evolution of the optical properties of the component over long
periods of time, as already observed by S. MacNally et al., with a 24 % retardance increase
over 5 months [26]. This will be the topic of the next chapter. In the Raman spectra, C-H bonds
of different species were observed in all the evaporated films at around 1280 cm™, 1460 cm’!
and the large band at 2830-3000 cm™. They most likely arise from contamination from

hydrocarbons found in the ambient atmosphere.

These results, together with the observation made in GD-OES, show the porous QWP is
susceptible to permeating volatile species present in their environment, most commonly
moisture and hydrocarbons in a laboratory. GD-OES suggests that the ingress would concern
the full device thickness. Now that we have a good understanding of the microstructure of the

films and their composition, we can analyze their optical properties.

2. Study of the silica QWP to induce a phase retardation in transmission
and at high laser fluence

The main characteristics required for the use of a QWP to smooth the intensity profile of the
laser beams of the LMJ are: a retardance of quarter-wave at 351 nm (A4 =87.75 nm), a
transmission higher than 99 % and a laser induced damage threshold higher than 14 J/cm? for a
3 ns laser pulse. In this section, the retardance of the films obtained with GLAD through
modeling ellipsometric measurements will be analyzed. Transmission measurements will be
provided to characterize the value of the transmission at 351 nm. Then, an analysis of the laser

resistance of the QWP will be characterized.

2.1. Relationship between microstructure and anisotropy

The optical behavior of anisotropic films can be characterized using the Mueller matrix. This

matrix was measured using the ellipsometer described in Chapter 2.
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As a reminder, the samples were measured in transmission from the silica substrates in the 210

to 1690 nm range. The measurements were performed for several azimuthal angles: 0° (fast
axis vertical), 45° and 90° (slow axis vertical). The retardance of the studied GLAD QWP
should be the sum of the retardance of each anisotropic columnar layer. For a comprehensive
study on the optical properties, I started the analysis with the single anisotropic layer, the bilayer
and finally the multilayer QWP.
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Figure 39. Four MM elements of the single anisotropic layer made
of silica at + 73°.

The main optical characteristics of a columnar layer in terms of linear retardation can be
evidenced by inspecting a few Mueller matrix elements. Figure 39 presents four MM elements
of the single anisotropic layer deposited at + 73°. This subset of the measured Mueller matrix
gives us qualitative information about the optical properties of this film. As previously
discussed in Chapter 2, mi2 and mi3 are the linear dichroism at 0° and 45°, respectively. The
dichroism values are small, which means that there is no absorption. However, they are not
zero, which suggests that the samples have transmission losses.

Moreover, for mi2, the only measurement that is 0 is the measurement at 45°, whereas for mis,
it is the elements at 0° and 90°. This is consistent with the fact that the optical axes follow the
axes of symmetry of the column cross-section in the (x,y) plane.

At 45°, both horizontal and vertical polarizations see the same microstructure from mi», hence
the absence of birefringence and dichroism, while the contrast is maximum for polarizations at
+ 45° (m13). Looking at mi> at 0°, mi2 > 0, which means that the reflection is higher in that
direction, and that the lower index (fast axis) is vertical, as proposed in Chapter 2, Section 2.2.

As expected, the effect is reversed at 90°.
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The elements m34 and mo4 are the linear birefringence at 0° and 45°, respectively. Their values
can be high. For ma4, associated with mi3, the only measurement not at 0 is the one at 45°,
which confirms the observation about the optical axis regarding the columns. For mss, the
results of measurements at 0° and 90° are opposed, which tell us that there is a symmetry of

column sections in the (x,y) plane.

To extract the optical properties from the measured MM, a model was built using the
CompleteEASE software (J.A. Woollam) and fitted to the measured MM. Figure 40 presents
the construction of the model built for the single anisotropic layer and the extraction of some

results illustrated with the index ellipsoid.
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Figure 40. (a) Schematic of the CompleteEASE model to simulate
the optical properties of the single anisotropic layer using the
depolarization factors. (b) Index ellipsoid viewed along z, resultant
of the fit.

The model utilizes two materials: silica and void mixed using the Anisotropic Bruggeman
Effective medium approximation. The optical anisotropy is modeled by the shape of the GLAD
columns using a depolarization factor L.

As outlined in Chapter 2, CompleteEASE describes the depolarization split Dxy rather than the
depolarization factors directly. Here, L,= 0, Lx= Dxy and Ly=1 - Lx. Finally, the Euler angle,

Phi, is used to adjust the optical axes of the sample to the ellipsometer frame of reference.

In the schematics presented in Figure 40 and Figure 41(a), the void fraction is constant
throughout the layer. However, in reality the amount of void may vary within the depth as seen
in the cross-section image of Figure 41(b), being less important close to the substrate than to

the air.
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Additionally, the single anisotropic layers present obvious roughness (Figure 41(c)). To be as
close as possible to reality, three model configurations were tested (Figure 41) and called,

“simple” model (a), “graded” model (b) and “roughness” model (c), respectively.

Initial Adjusted
t, =272 nm £, =252 £3 nm
- n N
t Void %, D, Void = 20 % Void =202 %
D, =0.70 D,, =0.78 +0.02
Silica substrate '
Void % top t,=272nm t,=263 £4nm

t,, Dy

Silica substrate

Void top=20%
Void bottom =20 %

Voidtop=40+£3%
Void bottom=8.6+1%

Silica substrate Dy =0.70 D,,=0.74£0.01
! t,=272 nm t,=253+3 nm

tl, V0|d %’ va t2'=1r‘|m t2=13i5ﬂm
Void = 20 % Void=21+2%
D,,=0.70 D,,=0.77 £0.02

Figure 41. Three model configurations tested for the single
anisotropic layer with the correspondence to a cross-section SEM
image. The stated elements are the fitted parameters for (a)
“Simple” model (b) “Graded” model (c) “Roughness” model.
Table presents starting values of the fit and the adjusted values
after the fit.

The three models have the same base as explained above (Figure 40). For the simple model, the
thickness (t1) is fitted as well as the void fraction and the depolarization split. For the graded
model, the void fraction is simulated as a 15-step stair with linear variation. The fit results are
void fractions; at the bottom and at the top. The roughness model is only the addition of a
surface roughness (t2) limited to a maximum thickness of 50 nm with a concentration of 50 %
of'void in silica (BEMA). None of the other fitted parameters were bounded. The starting values
of thickness, void % and Dyxy were determined with the analysis of the SEM images
(Section 1.1) and are reported in the “Initial” column of Figure 41. The parameters in the

subsequent column, “Adjusted”, align closely with expectations for this anisotropic layer.
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Figure 42. Results of the CompleteEASE fit. Thickness (a), Void
percent (b), Depolarization split (¢) depending on the model used
(Simple, Graded or Roughness).

The mean squared error (MSE) can be used to evaluate the fits and to compare the models. It is
the quadratic sum of the differences between the measured data and the modeled data for all
the measurement wavelengths and azimuthal angles. An MSE of 4.87 was found for the simple
model, an MSE of 4.83 for the graded model and an MSE of 4.87 for the roughness model.

There is no significant difference between the MSEs.

Figure 42 shows the details of the fitted parameters: graph (a) is the result of the thickness, (b)
the percent void and (c) the depolarization split. In graph (a) there is an additional fourth data
for the roughness model: t; is reported in light blue as well as t; + t> in dark blue. Graph (b) has
five data points; in addition to the data of the simple model and the roughness model; there is
the average void fraction of the graded model, the void fraction on the top and on the bottom.
The error bars correspond to the 90 % confidence limit in the value parameters obtained from

the fitting procedure.

Let’s begin the analysis with the thickness (a): The thickness estimated with the simple model
is the smallest at 252 + 3 nm. The total thickness of the rough model is the thickness of the layer
t1 =253 + 3 nm added to the thickness of the roughness layer to = 13 = 5 nm. The thickness of
the graded model and the total thickness of the roughness model are quite similar. For the void
fraction, the values of the simple and the roughness models, are similar and not far from the
average value of the graded model. For the graded model the void goes from 9 % at the bottom
to 40 % at the top. The average void fraction of 20 % compares favorably with the value

estimated from the SEM image analysis (Figure 35).
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Lastly, two depolarization split values obtained using the simple and the roughness models are
quite similar. Nevertheless, all the depolarization split values are in the same order of

magnitude.

It should be noted that all the fitted parameters are highly correlated (> 93 %) which limits their
independent determination. As a result, only the in-plane refractive index and birefringence
were accurately assessed in the fitting procedure. And the main output of interest that should

be extracted from the models is the retardance at 351 nm induced by the films.
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Figure 43. Optical properties extracted from the CompleteEASE
fit. (a) Birefringence: ny - n«. (b) Retardance: (ny- ny) x T.

Figure 43 presents the birefringence (a) and the retardance (b) extracted from the fits. The
birefringence (at 351 nm) of the simple, graded and roughness models are, respectively, 0.036,
0.031, 0.037. The value of the graded model deviates most. The calculated retardance at 351 nm
are, 9.1 nm (simple), 8.3 nm (graded) and 9.4 nm (roughness). The retardance at 355 nm are,
respectively, 9.1 nm, 8.2 nm and 9.3 nm. As a comparison, the retardance of the same layer was
quantified using the birefringence mapper at 355 nm. The retardance was measured at 9.4 nm
at 21 % RH and 9.2 nm in a nitrogen environment. The graded model does not appear to be

suitable for estimating the retardance.

To conclude, among the models, the graded model has results of birefringence and retardance
that stand from the other models and the retardance measured with the birefringence mapper is
the closest to the retardance of the simple model and to the roughness model. However, the fit
in CompleteEASE is in the 210-1690 nm range and for the three azimuths, compared to a

retardance measurement only at 355 nm.
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Regarding the MSE, it is quite similar for all three models. With all these elements, there is no
evident better model. With this conclusion, in this instance, the simple model could be

preferred to estimate the characteristics of the anisotropic film.

Figure 44 is the result of the fit between the measured MM (full lines) and the simple model
(dashed line) for the single anisotropic layer. As indicated by the MSE of 4.87, the overlap is

satisfactory, and the model appears to adequately describe the coating.
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Figure 44. MM elements, measured (full lines) vs CompleteEASE
modeled (dashed lines), for one columnar layer deposited at + 73°.
The model used is the “simple” one.

The bilayer was modeled using the same “simple” model along with an additional isotropic
silica layer (Figure 45(b)). For the top isotropic layer, only the thickness was fitted. Its refractive
index, which comes from an index library, is 1.48 at 351 nm. The study of the bilayer sample
revealed a 12 nm decrease in the thickness of the bilayer as well as a decrease of the void
fraction by 5.6 %. The depolarization split with the error are close. It is hypothesized that the
deposition of the isotropic layer into the anisotropic layer results in the migration of silica
molecules into the open voids of the anisotropic layer [105]. The evolution of thickness and %
void is accompanied with an evolution of the retardance. The birefringence and the retardance
of the bilayer are, at 351 nm, 0.036 and 8.6 (and 8.6 at 355 nm), as compared to 0.036 and 9.1

nm for the single layer. The retardance decreased by around 5 %.
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Figure 45. Results of the CompleteEASE model for the single layer
(a), the bilayer (b) and the multilayer QWP (c).

With this information we could add an intermix layer between the anisotropic and dense layers.
However, it did not improve the adjustment (MSE = 6.3). Moreover, the error bar on the

thickness of the intermix layer was larger than the thickness itself.

Using the retardance of 8.6 nm calculated on the bilayer sample, the total thickness necessary
to achieve a retardance of 87.75 nm would be 2.45 pum. This could be achieved with 10
anisotropic layers 266 nm thick separated by 86 nm thick isotropic layers, as depicted in the
schematic of Figure 45(c). The QWP fabricated was measured by ellipsometry in the same
conditions as for the monolayer and the measurements were fitted to a multilayer model. The
multilayer model (Figure 45(c)) was designed as a 10 times repetition of the same bilayer
structure, inspired from the model obtained for the bilayer sample, along with a porous isotropic
last layer for the antireflective layer. The AR layer is modeled as silica and void mixed using
the Bruggeman Effective medium approximation (see Chapter 2). Thus, the depolarization
factor was kept at 1/;. In this model, the AR layer does not introduce additional retardance. In
addition to the bilayer, the adjusted parameters were the thickness of the AR layer and its void

fraction. None of the parameters were bounded.

Figure 45(c) presents these fit results of the multilayer with the AR layer with a void fraction
of 44 % and a thickness of 74 nm. The multilayer's total thickness was simulated at 3.6 um,
resulting in a total retardance of 101 nm at 351 and 355 nm. This value is the same as the
retardance measured with the birefringence mapper, which is 101 = 0.89 nm at 355 nm.
Although, this is higher than the desired retardance of 87.75 nm, it is part of the typical iteration

required when developing optical coatings.
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Figure 46. Correspondence between the measured MM elements
by the ellipsometer and the model created with the CompleteEASE
software, for the multilayer QWP.

Figure 46 presents the correspondence between the measured MM elements obtained using an
ellipsometer and the model created using CompleteEASE software for the multilayer QWP. For
comparison with the single layer case, the MSE for this fit was found to be 27.1. Evaluating the
matrix provides qualitative information about the optical properties of the film. Compared to
the MM of the anisotropic single layer (Figure 39 and Figure 44), there are intense oscillations
near 300-350 nm, 450-550 nm and 850-1000 nm. The origin of these oscillations can be traced
back to interference fringes by calculating the optical response when the thickness of the
anisotropic layer is reduced by 16 nm. Figure 47 illustrates this, showing the measured mi>
(t=266 nm) in blue and the simulated mi2 (t= 250 nm) in yellow. The values calculated with a
smaller thickness show a downshift of the oscillating signals well in line with the effect

expected from interference fringes.

0.35
0 _\.‘.Lw'!n~v,.. _ﬂﬁ.\f.\/‘— ——

Al

210 410 610 810
Wavelength (nm)

W

-0.35

Figure 47. Evolution of m;, of the QWP measured at 0°. Blue
curve the experimental measurement and yellow curve is a
simulation of the QWP design with a lower thickness of the

anisotropic layer (t =250 nm).
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2.2. Characterization of the retardance

The target retardance value is important, but so is the homogeneity of retardance across the
entire surface of the QWP. This homogeneity was characterized using the birefringence mapper
(Chapter 2). Figure 48 presents the retardance maps of the single anisotropic layer and the
bilayer measured in the previous sections. The measurements were performed at 355 nm, with
a map resolution of 1 mm. The average retardance over the surface (19.6 cm?) of the single
layer is 9.2 £ 0.06 nm and 8.6 + 0.08 nm for the bilayer. The retardance is homogeneous for

both coatings. The values are similar to those calculated using the CompleteEASE model,

which lends credibility to our model.
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Figure 48. Retardance maps of the single anisotropic coating and
the bilayer coating. Samples have a 50-mm diameter. The
retardance over the entire surface is 9.2 = 0.06 nm for the single
layer and 8.6 + 0.08 for the bilayer.

With the aim of evaluating the retardance homogeneity of a multilayered QWP, a new sample
was designed and realized on a 100-mm diameter silica substrate. Figure 49 presents the
retardance map of this silica QWP over the whole surface. The average retardance over the
78.5 cm? surface of the QWP sample is 90.2 + 0.40 nm, which is equivalent to A/3.9. Moreover,

the retardance spatial distribution is homogeneous.
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Figure 49. Retardance map of the QWP coating. The retardance
was measured with a birefringence mapper at a wavelength of 355
nm, on a 100-mm diameter sample. The retardance is
90.2 nm = 0.40 nm. This corresponds to a retardance of %

As a reminder, the target value is A/4 = 87.75 nm, although any value going from A/4 to A/2
(both values included) could be useful. However, the smoothing is more efficient when the
polarization is circular as was discussed in Chapter 1. The measured retardance value falls
within the specified range. The measurement by the ellipsometer and the birefringence mapper,
of a smaller sample, was 101 nm. There is an important gap here. The differences between the
target value and the experimental values could result from a retardance deviation over time
and/or depending on the environment of use. Indeed, the samples are stored in boxes at ambient
air and are known to be sensitive to relative humidity, with an increase in retardance following
the relative humidity and an increase in retardance as a function of time [26], [106]. The
deviation over time could represent an issue for the application as well as an unknown behavior
depending on the environment of use. This point is critical, and I will address it in detail in

Chapter 4.

2.3. Characterization of the transmission

As explained earlier, the component must function in transmission because of engineering
constraints in the LMJ. The specification for this property is higher than 99 % for the GLAD
coating. The optical spectrum of the QWP is presented in Figure 50. It was measured at normal

incidence on the fused silica substrate.
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Figure 50. Transmission spectrum of the silica QWP. Grey dashed
line is the wavelength of interest for the LMJ application, 351 nm.

At 351 nm, which is the wavelength where the component will be used, the transmission is
equal to 95 %. By taking into account the Fresnel reflection of the back side of the substrate,
for a refractive index of 1.48 at 351 nm, R = 3.7 %. The comparison between the transmission
of the component and the Fresnel reflection evidences a 1.3 % loss. These losses could be
explained by some scattering phenomena due to the high roughness of the coating, or could
come from the last AR layer, that will require some adjustments. Scattering measurements

would help us clarify the cause.

2.4. Characterization of the laser damage resistance

Finally, the last specification to control is the laser damage resistance of the silica GLAD
coatings with the fluence conditions similar to the ones of the LMJ. As the position of the
component in the LMJ is not determined yet, we have two possibilities: the GLAD coating in
the entry side of the laser (called side A) or in the exit side (called side B). To rotate the
polarization the fast axis of the component must be at 45°. To characterize the reproducibility,
+ 45° rotation and - 45° rotation (Figure 51) were tested. Subsequently, four options have been

tested.
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Figure 51. Measurements parameters to characterize the laser
damage resistance of the silica QWP GLAD coatings.

As a first determination of the behavior of the GLAD components regarding LIDT, 1-on-1 tests
were performed for the four options. The principle of this test as well as the details on the test
bed are detailed in Chapter 2. As a summary, the test bed used for this study operates at the
wavelength of 355 nm, with a 7 ns pulse length, and an equivalent beam surface of

3.7 x 107 cm? (686-um diameter laser). The measurement is at normal incidence with a linear

polarization.
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Figure 52. Laser damage resistance of the silica QWP depending
on the entry side of the laser into the sample and depending on the
orientation of the fast axis. Dashed lines are a fit of the
measurement to an empirical sigmoid function. Fluence is given
for a 7-ns pulse length.
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Figure 52 presents the damage probability as a function of the fluence for the four different
sample positions and for the corresponding bare substrate. It can be noted that, for all the
configurations, the damage sites were always observed on the coating side. For the silica
substrate, the damage sites were on the back side of the component (the exit side of the laser)
as expected [55], [56] but at much higher fluences. Together with the experimental results, a
damage probability was extracted after fitting each measurement to an empirical sigmoid
function. These are represented by the dashed lines in the colors of the experimental data. The
damage probability error (vertically) depends on the number of sites that are tested. Twenty
sites were tested for each fluence except for the fluences higher than 20 J/cm? for the
configuration “Side A + 45°” (green curve). The fluence error (horizontally) is specific for each
test bed and is + 10 % [107]. This error considers the energy and the surface. For clarity, this
error was not added on Figure 52 but was added to the summary of the results presented in
Table 6. This table summarizes the thresholds for a 5 % and a 25 % damage probability.
Comparing all samples with their 25 % damage probability allows for less extrapolation than

for a 5 % damage probability. However, 5 % is closer to what is specified for the LMJ.

Table 6. Results of the laser damage resistance tests. Laser
functioning at 355 nm, 7 ns and Seq = 3.7 x 107 cm?. Side A is
coating in entry side. Side B is substrate in entry side.

Es'i‘;zy Polarization | LIDTat5% | LIDT at25 %
Side A | +45° 77+08 J/em® | 18+ 1.8 Jem?
Side A _45° 15+ 1.5 em? | 20+2.0 Jem?
Side B | +45° 20+ 1.9 Jem® | 21%2.1 Jom?
Side B _45° 16+ 1.7 em? | 22+22 Jem?

32 +3.3 J/cm? 39+ 3.9 J/cm?

Two groups can be distinguished in Figure 52, the substrate on the right at high fluence and all
the curves of the sample grouped on the left at lowest fluence. As expected, the coating is the
critical element in the laser damage resistance. Indeed, the damage threshold at 25 % is, for the

substrate, 39 J/cm? and for the coatings between 18 J/cm? to 22 J/cm?.
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(a)

&

Figure 53. Damage sites observed on the coating after the laser
resistance test. (a) Two sites irradiated. The scale represents the
diameter of the laser beam, and the red circle is the size of the laser
compared to the damage sites. Higher magnification of the right
site observed with different contrast in order to better observe the
depth and the broken layers: (b) interferential contrast, inducing a
phase difference; (¢) no contrast.

Figure 53 presents optical microscope images of damage sites on the coating. In Figure 53(a),
there are two clusters of dots which are two irradiated zones. The scale is the diameter of the
laser beam and the red circle also represents the surface area of the laser. One irradiation
produces small damage sites on the coating. The damage sites have a diameter around 25 pm
for the small ones and around 50 um for the larger ones. Figure 53(b) and (c) are a higher
magnification of the second irradiated zone. As observed with the interferential contrast image
in (b), the damage extends into the depth of the coating. In the no-contrast image (c) different
layers are visible in the larger damage. The presence of small dots as opposed to a big damage
of the size of the laser may indicate that the defects of the coatings are responsible for this lower
LIDT. As outlined in Chapter 1.4, it is common that intrinsic or extrinsic defect of the coating
lowers the LIDT [62]. The higher the concentration of defects, the more important the
probability is of irradiating a zone containing such defects. However, further characterization

is necessary to determine the specific defects responsible.
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Finally, by judging the entry side of the laser (Side A or Side B), the coating in the back side of
the sample (Side B) seems to be a better configuration. Nevertheless, this observation is not
fully conclusive, further characterizations should be performed. In addition, difference in results

between polarizations (+ 45° or - 45°) is not straightforward either.

A comment can be made concerning the LIDT with respect to the pulse length. The fluences
here are given for the pulse length of 7 ns, however the pulse length of the LMJ is 3 ns. In the
nanosecond regime, the damage evolves as a function of 7%, where 7 is the pulse length and a
is the time-scale law. The detailed calculation between the pulse lengths is expressed by the

following equation:

Tref >a

Fref = Frestbed X (
Ttestbed

21)

No time-scale law exists for GLAD silica but for bare fused silica, a is 0.5 [108]. Using the
different pulse length between the testbed and the LMJ, the thresholds should be lower by a
factor 0.65 for the LMJ laser pulse length.

For a more detailed determination of the LIDT, more tests must be performed, as for example
raster scan tests. The latter involves illuminating a large area of the sample with multiple,
overlapping laser shots at the same fluence. The advantage of this test is that more surface is
irradiated and then it will highlight the cause of the reduced LIDT: punctual defects or an

intrinsic property of the coating.
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Summary of Chapter 3

This third chapter presented the coating capable of inducing a phase retardation on the

polarization of the LMJ laser beam.

The anisotropic layers fabricated by GLAD have ellipsoidal cross-section columns,
perpendicular to the substrate and are highly porous in the direction orthogonal to the incoming
vapor flux. It appears that the isotropic layers, which are coated between each anisotropic layer,
effectively fill in the pores of the anisotropic layers located close to the surface. On top of the
multilayer, a highly porous (15-20%) structure is visible, with ellipsoidal columns that merge
or stand alone. The multilayer shows presence of C and H within the depth of the coating with
a higher concentration in the columnar anisotropic layers. This suggests that the coatings are
prone to be infiltrated by volatile species in the ambient atmosphere, with a higher concentration
in the columnar layers and, to a lesser extent, in the isotropic denser layers. The analysis of the
silica matrix confirmed the formation of bonds with water and carbon. The surface of the GLAD
coatings, even for the single isotropic layer, is hydroxylated which represents a favorable
surface for the physisorption of water. Additionally, QWPs present a larger amount of four-
membered ring siloxanes, which is in a favor of the hydroxylation and probably a variation of

the silica matrix over time.

The measurement of the Mueller matrix of the GLAD samples provides both qualitative and
quantitative information such as optical axes that follow the symmetry axis of columns in the
(x,y) plane. The construction of a model in CompleteEASE allows the extraction of the
depolarization split, fraction of void, thickness, indices of refraction, birefringence and
retardance. For a single anisotropic layer, there is no clear superior model among a graded void
model, a roughness model, and a simple model. Therefore, the simplest model is preferred. It
should be noted that, since the fitted parameters are highly correlated, only the birefringence
and retardance can be accurately determined. At 351 nm, the birefringence is 0.036, with a
retardance of 9.1 nm (also 9.1 nm at 355 nm). This is consistent with measurements taken with
the birefringence mapper. The retardance of the bilayer is lower than that of the single layer
because the isotropic layer on top of the anisotropic layer is believed to fill a portion of the open
pores. The retardance is 8.6 nm at 351 and 355 nm. This is consistent with the measurement of

8.6 nm at 355 nm by the birefringence mapper.
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Based on this information, the multilayer was fabricated to have ten times the number of
bilayers. However, the experimentally obtained retardance was 101 nm, which is higher than
the expected retardance of 87.75 nm. This discrepancy can be attributed to the sample having
been stored in ambient air for an extended period, as the 24 % retardance increase observed by
S. MacNally et al over 5 months [26]. This point is critical and will be discussed further in the
next chapter. The transmission, corrected for Fresnel loss of the back surface, is 98.3 %. The
remaining 1.3 % loss could be due to scattering phenomena. Laser resistance tests revealed
thresholds around 18 J/cm? and 22 J/cm? (1:1 test at 355 nm, 7-ns pulse length and 686-um
diameter laser) depending on the laser's entry side and the rotation of the optical axis (+45° or
-45°). The coating on the backside of the component seems to be a better position for a higher
resistance. Defects in the coating are believed to be responsible for damage initiation.
Converting the pulse length of this test to that of the LMJ, reduces the LIDTs, making them too

low.

This comprehensive study of a state-of-the-art sample from the LLE enabled us to understand
how such a device functions. While it has interesting optical properties, infiltration of C and H,
as well as retardance evolution over time or in different environments, could pose significant

challenges for the application. The latter will be the subject of the next chapter.
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Chapter 4. Study of the silica wave plate stability over time
and in the environments of the LMJ
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The aim of Chapter 3 was to study the silica QWPs fabricated using the GLAD technique for
the creation of circular polarizations in the LMJ laser beams. We described promising optical
properties, namely, a uniform retardance of 90.2 nm on a 100-mm substrate, a transmittance of
95 % at 351 nm and a 25 % probability of damage between 18 J/cm? and 22 J/cm?. However,
the internal structure of the QWP multilayer showed a highly porous coating that is carbon and
water contaminated, and that had also bond defects (Non-Bridging Oxygen for example). The
moisture adsorption is already known to impact the retardance [20], [26]. In addition, all these
elements may lower the LIDT of the coatings. The previous measurements were performed in
ambient air. However, given these conclusions, and the intended locations either in controlled
ambient air or in contaminated vacuum, questions arise about the sensitivity and the stability of
this coating over time and depending on the environment.

This chapter is divided into two parts. The first section will study the impact of a deliberate
contamination in case of a position of the component in the contaminated vacuum of the
experiment room. Among the contaminants found in the LMJ target chamber, phthalates were
most commonly found. We chose dimethyl phthalate (DMP) as the reference phthalate
contaminant. The optical performances of the GLAD devices will be studied in terms of
retardance, transmittance, and laser resistance.

The second section will explore an aging accelerating method in case of a position of the
component in ambient air, before the vacuum window. The aging accelerating method is based
on climate chamber exposition (70°C, 60 % RH). To measure the effect of this experimental
method on the aging of the GLAD coatings, the retardance, the refractive indices and the

chemical bonds will be investigated.

1. Exploration of the contamination effects of DMP on the silica quarter-
wave plates

By positioning the GLAD component after the vacuum window, the component is near the
target chamber and exposed to its contaminants. The contamination could impact the optical

performance of the silica QWP coatings.
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1.1. Implementation of the contamination procedure on the silica QWP coatings

This study was conducted in two times: a contamination procedure at the CEA-Le Ripault
(Tours) for the analysis of the transmission and the bonds and a contamination procedure at the

Fresnel Institute (Marseille) for the analysis of the laser resistance.

For the analysis of the transmission and the bonds, QWP was contaminated on the silica and
silicon substrates by placing the samples in a vacuum chamber (between 2.2 x 10! and
5.2 x 10" mbar) for 18 hours, alongside a glass container containing 2 g of liquid DMP
(Figure 54 and Figure 55). After the contamination step, air was progressively introduced into

the chamber, and the glass container with the remaining DMP was removed.

Vacuum chamber
Spectrophotometer

DMP, 2g QWP sample

Vacuum
pump

Figure 54. Photo on the contamination setup for the
spectrophotometer at the CEA-Le Ripault. (a) Entire setup.
(b) Zoom on the inside of the vacuum chamber.

Transmission measurements were performed on the QWP on a glass substrate, in situ, during
sorption of the contaminant and after venting during desorption. Figure 54 presents photos of
(a) the contamination setup and (b) with a zoom inside the contamination chamber. Spectra
were obtained at normal incidence between 200 and 1400 nm, at 1 nm intervals. For the
contamination measurements, the contamination chamber was placed inside the sample
compartment. Baseline measurements were carried out with the contamination chamber to

remove the contribution of the windows.
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Vacuum Vacuum bell jar

DMP, 2g

Figure 55. Photo of the contamination procedure of the GLAD
coating on a silicon substrate for the FTIR measurements at CEA-
Le Ripault. (a) Entire equipment. (b) Zoom on inside de vacuum
bell jar.

FTIR measurements were performed on the QWP deposited on the silicon substrate after
venting during desorption to identify the bonds present between the 400 and 4000 cm™! range.
Figure 55 presents the contamination setup with a zoom inside the vacuum bell jar. We analyzed
the long-term evolution of the QWP using Raman spectroscopy measurements. Meanwhile, the
samples were placed in non-outgassing boxes made of PolyEthylene Terephthalate Glycol
(PETG). The Raman shift was measured from 200 to 4000 cm™ with an excitation at 532 nm.
In the meantime, we performed retardance acquisition of the QWP on the glass substrate with

a birefringence mapper at 355 nm taking measurements at 0.5-mm intervals.

In a second time, silica QWPs were contaminated, and the impact on the LIDT was analyzed.
Three tests were performed in three different environments: air, vacuum, and DMP
contaminated vacuum. Then, the tests were performed on one 21-layer coating and two 31-layer
coatings on fused silica depending on the environment of the tests. The 21 layers sample would
be for a use in the ambient air while the 31 layers sample would be for a use in vacuum. The
tests were completed using the testbed of the Fresnel Institute, described in Chapter 2 and
Appendix 3, and following a 1:1 procedure with 20 tested sites. The silica QWP was
contaminated for around 23 hours in a chamber at a pressure of 6.5 x 10~ mbar and was kept in
vacuum during 72 hours at the same pressure. The setup required using 25 mm diameter
samples so only one azimuthal orientation was tested, +45 with the coating in the exit face of

the laser.
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1.2. Highlight of the bonds related to DMP sorption

Figure 56 summarizes the different times for the characterizations performed with FTIR,
Raman spectroscopy, spectrophotometer, and birefringence mapper. These time notations will

be kept throughout this study.
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Figure 56. Timeline of the characterizations performed on a silica
QWP coatings.

FTIR measurement presented in Figure 57 can inform us on the evolution of the presence of

DMP within the QWP upon contamination by analyzing the signature of the molecular bonds.
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Figure 57. FTIR spectra of a silica QWP, before contamination
(black line) right after contamination (blue line) and 23h after
contamination (orange line). The molecular structure of DMP is
shown in inset.
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Before contamination (black line), the characteristic bands of silica are observed such as the
Si-O-Si rocking, bending and stretching bands at around, 465 cm™, 800 cm™ and 1080 cm™!
[96], [109], respectively. Different water related bonds are also visible: around 950 cm™,
1640 cm™, and 3000-3700 cm™ [89], [94], [99]. The measurements in air just after the
contamination step (blue line) and after 23 hours in air exhibit additional absorption bands
which can be related to the presence of DMP. Notably characteristic absorption bands are
observed around: 520 cm! (C-H bending), 780 cm™, 1295 cm™ (C-H bending), 1435 and
1490 cm™ (C=C and C-C aromatic ring), 1730 cm™ (C=O stretching) and 2980 cm™ (C-H
stretching) [110]. However, no clear bands associated with Si-O-C groups could be observed.
In parallel the bands associated with the O-H groups were reduced as compared to the
measurement before contamination. The presence of the characteristic bands of DMP, together
with the reduction in the intensity of the Si-OH band, suggests its sorption within the structure
of the silica coating. These observations, even after 23 hours in ambient air, seem to confirm

that the coating is contaminated for an extended duration.

To further investigate the stability of the contamination over time, Raman spectroscopy was
conducted after 2 months of storage in air. The latter is presented in Figure 58 (dark blue line).
It can be compared to the spectrum obtained on a QWP which did not undergo a contamination

step with DMP (dashed black line).

The non-DMP contaminated silica bands are around 440 cm™', 495 cm™, 605 cm™', 800 cm™,
980 cm!, 1070-1200 cm!, 1460 cm™, 1620 cm™, and correspond to > five membered-ring, four
membered-ring, three membered-ring, Si-O-Si bending, silanol groups, Si-O-Si stretching, CH»
and H>O adsorbed to silanol groups [44], respectively. For the contaminated DMP spectra, the
assignment of the bonds relevant to this analysis are directly annotated in Figure 58 [110]-
[113]. It can be observed that several carbon-based bonds remain present even after two months
in ambient air. There are also intense C-H bonds and, to a lesser extent, C-O bonds. The
absorption of DMP appears to be persistent, with a significant number of DMP bands still

detectable after two months without any contact with DMP contamination.
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Figure 58. Raman spectra of the DMP contaminated sample after 2
months in ambient air (t+2 months) (dark blue line) compared with a
non-contaminated sample (dashed black line). After 2 months,
several of the characteristic bands of DMP are still very intense.

The contamination is still bonded to the coating after 2 months and can alter the optical

performances of the coatings.

1.3. Exploration of the impact of DMP contamination on the optical properties

Transmission spectra of the silica QWP upon contamination are presented in Figure 59. The
wavelength of interest for the LMJ QWP is 351 nm, it is indicated by the gray vertical dashed
line. The black spectrum corresponds to the one of the silica QWP prior to contamination. A
transmission of 96 % was observed at 351 nm. Transmission dips were observed near 325 nm,
500 nm and 950 nm. They are associated with interference effects in the coating as previously

observed in Figure 47 (Chapter 3).
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Figure 59. Transmission spectra of silica QWP depending on the
environment: before (black line), after 10 min in contact with DMP
contamination (purple), and after 17 hours in the presence of DMP

contamination (green). The dashed grey line is a guide for the eye

corresponding to LMJ wavelength (351 nm).

Ten minutes after initiating the contamination, the spectral features of the transmission
spectrum (purple line) were shifted toward shorter wavelengths compared to prior to
contamination. However, the transmission at 351 nm remained at the same value of 96 %. The
overall shift may merely result from the vacuum conditions inducing an effective refractive
indices reduction owing to water desorption [114]. In addition to this phenomenon, in the 200-
300 nm range, the transmission was slightly reduced which may indicate the start of the

contaminating agent adsorption.

After 17 hours in presence of the DMP contamination environment (green line), the
transmission spectrum changed significantly. The features associated with the interferences in
the coating were reduced and redshifted. More importantly, a significant decrease of
transmission in the UV region was observed. Specifically, at the LMJ wavelength, the
transmission dropped from 96 to 87 %. The transmission was completely suppressed between
200 nm and 220 nm and remained low up to 300 nm, enhancing the effect that was seemingly
already present already after 10 minutes. The decrease of transmission, associated with
absorption in the QWP coating appears to correspond to the presence of the characteristic
absorption bands of DMP [115]. The variations of the spectral profile associated with
interferences may also be explained by an increase of the average refractive index of the coating

together with a reduced index contrast. This would confirm the filling of the porosity with DMP.
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The presence of the DMP contamination would be detrimental to the performance of the QWP
within the context of the LMJ program: first by reducing the transmission of the silica QWP at
351 nm, second by introducing the absorption associated with DMP which could reduce the
LIDT. However, the silica coating exposed to air might be capable of releasing this contaminant
from its pores. To determine this, additional transmission measurements were carried out after

more than one day after storing the QWP in ambient air as displayed in Figure 59.
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Figure 60. Transmission spectra of silica QWP before (dashed
black line), during (green) and after the contamination with DMP
just after venting the contamination chamber (blue line) and after

29 hours in ambient air with (orange full line). The dashed grey

line is guide for the eye at the LMJ wavelength (351 nm).

The measurements presented previously in Figure 59 corresponding to the QWP before
contamination (dashed black line) and after 17 hours in the contamination chamber (green
dashed line) are recalled in Figure 60 for comparison. A transmission measurement was
performed in ambient air, just after venting the chamber, at the end of the 18-hour contamination
step (blue line). Then another one was performed after 29 hours in ambient air (orange line).
Different variations in transmission spectra can be observed. The redshift of the features around
500 nm and 950 nm continued between 17 hours and 18 hours of contamination. However, after
29 hours in ambient environment, these features seemed to recover partly the spectral properties
observed before contamination (compare orange and black dashed lines in Figure 60). In the
UV region, no variation was observed between the measurements in contaminated ambient after

17 hours and just after venting (green dashed and blue lines).
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After 29 hours in ambient atmosphere (orange line) the transmission increased, but it was still
far from the reference one (black dashed line) and transmission remained close to zero below
225 nm. This is indicative that DMP did not desorb even after 29 hours in air. This suggests
that desorption of DMP, and the UV absorption associated with DMP, might be irreversible.

The influence of the contamination on the retardance of the wave plate was determined with a

birefringence mapper over the full surface of the samples as presented in Figure 61.
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Figure 61. Retardance map at 355 nm of the contaminated silica
QWP coating (after one month). The 50-mm diameter sample has
an average retardance of 99.6 = 0.7 nm. The largest retardances are
visible in yellow and the lowest in blue. Picture of the same
contaminated silica QWP coating (after one day in ambient air).

Figure 61 displays the retardance map at 355 nm of the silica QWP sample exposed to a DMP
contamination and stored one month in ambient air. The average value of the retardance was
99.6 nm with a rather large standard deviation of 0.7 nm as compared to what is generally
obtained on QWPs realized with GLAD [26], [106]. Without taking the edge effects, the
standard deviation was 0.4 nm. More striking were the large local variations of retardance which
were also associated with a non-uniform haze on the surface of the sample. Indeed, the features
of phase shift variations correspond with the ones noticeable in the visual control of the same
sample, in the inset of Figure 61. This picture was taken just one day after the end of DMP
contamination. This correlation tends to indicate that firstly, DMP contamination is only
partially removed from the coating pores and secondly that the silica QWP is considerably

altered by contamination.
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Figure 62. Laser damage resistance of the silica QWP depending
on the environment. Dashed lines are a fit between measurement
and empirical sigmoid function.

Figure 62 presents the results of the laser damage resistance tests on the silica QWP, depending
on the environment as well as the corresponding substrate of the coatings. The dashed lines
show the fit of each measurement to an empirical sigmoid function. The damage probabilities
are summarized in Table 6 from this fit. In all environments, damages were always observed
on the coating side. As described in Chapter 3, the error in the damage probability (vertical
axis) depends on the number of sites tested. The fluence error (horizontal axis) is around
+2.2%; 2.0 %, 2.3%, and 1.9 % for the tests; in air, vacuum and contaminated vacuum,
respectively; and for the substrate. This error considers the energy calculus and the surface.
Table 7 summarizes the thresholds for 25 % and 50 % damage probabilities. It should be noted
that the laser resistance results presented in Chapter 3 are not comparable to those presented
here. Indeed, the testbeds have different parameters: a 7-ns pulse length compared to ps train

pulses within a ns window.

Table 7. Results of the laser damage resistance tests depending on
the environment. Laser functioning at 355 nm, with ps pulse length
train in a ns window and Seq = 9.3 x 107 cm?

Sample Polarization LIDT at 25 % | LIDT at 50 %
Ambient air 25+0.5 J/em? 28 £0.6 J/em?
Si0; QWP 19 £ 0.4 J/em? 20+ 0.4 J/em?

Contaminated
vacuum

20+ 0.4 J/ecm? 23+£0.5J/em?

60+ 1.1 J/em? 73 + 1.4 J/cm?
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As Figure 62 and Table 6 show, the substrate has a significantly higher threshold than the silica
coatings. Among the different environments, the ambient air LIDT is slightly higher. The
vacuum and contaminated vacuum LIDTs are equivalent, and lower than that of the sample left
in the air. The previous results showing absorption in the UV (Figure 60), and the haze effect
on the entire surface (Figure 61) do not appear to affect the coating’s laser resistance at 355 nm.
Given the limited available information, it is difficult to determine the factors that reduce laser
resistance in a vacuum environment. As discussed in Chapter 1, this reduction could be

attributed to one or several phenomena, such as the evolution of matrix stress.

In summary, it appears that the optimal position for the GLAD device is in air, rather than in a
vacuum, regardless of whether it is contaminated or not. However, it is known that the silica
matrix evolves in ambient air. Therefore, it is crucial to understand how this evolution changes

over time and depending on the environment, which is the focus of the next section.

2. Accelerated aging method for the optical properties of the silica QWPs

As the position of the component is still under consideration, knowing its behavior in both
environments is essential. Silica GLAD coatings as well as silica coatings in general, are known
to be sensitive to moisture [20], [26], [89], [116]. S. MacNally ef al. measured a 20-25 % lower
retardance in vacuum than in ambient air, as well as an approximate 24 % increase of the

retardance over 5 months [26].

2.1. Experimental setup of a stabilization method involving treatment in a climate
chamber for the silica quarter-wave plates

The ISO 9022-2:2015 standard [117] ensures the reproducible performance of optical coatings
with respect to variations in temperature and/or humidity. Inspired by these tests and the tests
performed on silica e-beam coatings [118], [119], an experimental procedure has been
designed, and I have performed the characterizations directly at the LLE. The experimental plan
is schematized in Figure 63. It consists of three steps: (1) fabricating two silica GLAD samples,
(2) characterizing the samples' optical properties and internal structure the day after fabrication,
and (3) studying how the properties of one sample change when placed in a climate chamber
(CC) with hot (70 °C) and humid (60 % RH) environment. The second sample will be stored in

ambient air. At regular intervals, both samples will undergo the same series of characterizations.
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Figure 63. Experimental procedure for the stabilization of the silica
QWPs. Pink sample is the CC sample. Green sample is the
reference sample (Ref) stored in ambient air.

The samples were fabricated following the same procedure as the samples described in
Chapter 2. To measure in detail the impact of the climate chamber on the samples, two QWPs
were deposited on 50-mm diameter fused silica (FS) substrates. Those samples were used for
the following characterizations: Raman spectroscopy (6 = 300-1500 cm™, Aexcitation = 532 nm),
ellipsometry (A =300-600 nm, step=10nm, optical axis position: 0°, 45° and 90°,
transmission measurement), and birefringence mapping (A =355 nm, step =2 mm). The details

on the characterization techniques are described in Chapter 2.

The samples treated in the climate chamber are called C'C. The other samples that stay in the
ambient air are called Ref; for reference sample. The Ref samples were stored in polystyrene
boxes with a hygrometer and a thermometer to ensure environmental control and to facilitate
the collection of data in the event of unexpected measurement values. The samples were
treated for 14 days, followed by a one-day break, and finally treated for 6 days, for a total of
20 days in the chamber. Subsequent to this period, the samples were stored in ambient air in
their polystyrene boxes and monitored for a period of six months. Then, in total, samples were

monitored for a period of 10 months from November 2024 to September 2025.

2.2. Characterization of the climate chamber impact on the silica coatings stability

Figure 64 presents the retardance deviation for the C'C sample (pink) and the Ref sample (green)
over time in days. The time displayed does not reflect the time in the chamber. The
measurements begin on day 1, which is the day after unloading the sample from the coater in

vacuum.
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The CC period started after the measurement on day 2 and ended on day 23. Following this, the
sample was stored in ambient air, alongside the Ref sample. The retardance is calculated as an

average of the retardance over the surface of the sample.
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Figure 64. Retardance deviation as a function of time. Ref sample
(green) is stored in ambient air. CC sample (pink) is first stored in
a climate chamber at 70 °C, 60 % RH, and then in air with the
reference sample. Blue lines delimit the time in the climate
chamber from day 2 to day 23.

As illustrated in Figure 64, there is a rapid increase in retardance for both samples, particularly
obvious in the CC sample. After the fabrication the retardance is 71.6 nm for the Ref sample
and 71.4 nm for the CC sample. One day later, the retardance increased by 1 % for both samples.
However, after two days in the climate chamber (day 4), the retardance increased by 9 % for
the reference sample and by 19 % for the climate chamber sample. After the 14-day in the CC,
i.e., on day 16, the retardance increased by 24 % for the CC sample and by 14 % for the Ref
sample. From this date to day 317, the retardance increased by 1 % for the CC sample and by
6 % for the Ref sample. After 14 days in the CC and during the 300 days after in ambient air,
the retardance appears to be constant at 24-25 %. Oppositely, it seems that the retardance of the
reference sample continues to increase. The last retardance values are 87.0 nm for the Ref
sample and 89.5 nm for the CC sample. The measured retardance deviation is comparable to
the one measured on the same type of sample after five months [26]. In conclusion, it appears

that the climate chamber accelerates the stability of the retardance of the QWP samples.
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As a reminder, retardance is the product of birefringence by the thickness. To understand the
retardance increase or to highlight another involved phenomenon, ellipsometry was performed.
The spectra of the measured MM elements before and after 14 days in the climate chamber are
presented in Appendix 4. These spectra were analyzed using the same model described in
Chapter 2 and 3 and the fitted parameters were the thickness, the depolarization split and the
void fraction. All the azimuthal rotations, the Mueller matrix elements and measurements were

fitted together.

Figure 65 presents the refractive index dispersion of the birefringent layer before, during, and
after the climate chamber. First measurement (pink full line) was before the climate chamber,
and two days after the fabrication. Second measurement (green full line) was after 14 days in
the climate chamber. Third measurement (purple dashed and dotted line) is after 20 days in the
climate chamber. Last measurement (blue dashed line) is after the climate chamber and after
seven days in ambient air. The dispersion is the average of nx and ny, which are the indices in

the cross-section plane of the column.
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Figure 65. Average refractive indices between ny and ny of the
birefringent layer before the climate chamber, for 14 days in the
climate chamber, for 20 days in the climate chamber, and after 7

days in ambient air.

After 14 days in the CC, the average refractive index (at 350 nm) decreased from 1.37 to 1.34.
For all the other measurements, values near 1.34 were found. The differences (less than 0.001)
being below the sensitivity of the ellipsometry measurement (0.01), were not significant. The

sorption of water should increase indices.
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However, Figure 65 shows the opposite, suggesting that water sorption does not compensate
for the decrease in refractive index associated with matrix relaxation during hydrolysis.

This indicates that the matrix is highly stressed.

Table 8. Evolution of the void fraction, the depolarization split, and
the birefringence at 350 nm for the climate chamber sample. First
data are before climate chamber, on day 2. Second data are after 14
days in the climate chamber, on day 17.

: : Birefringence
Void fraction Dyy 20350
Before climate o .
14 days in the climate o .
chamber (day 17) 25%+0.27% | 0.27+0.002 0.036

Table 8 summarizes the void fraction, the depolarization split, and the birefringence at 350 nm,
for the CC sample, before, and after 14 days in the climate chamber. The void fraction increased
slightly from 21 % to 25 %, the depolarization split decreased slightly from 0.3 to 0.27, and
finally, the calculated birefringence increased significantly from 0.028 to 0.036. The evolution
of the birefringence is consistent with the retardance data previously presented in Figure 64.
This analysis highlights the difficulty of the process. The decrease in the refractive index could

be explained by an increase in the void fraction.

2.3. Understanding the phenomena with modification of internal structure when
stabilizing samples

While the retardance and ellipsometric measurements were being conducted, Raman
spectroscopy was performed to establish a correlation between the retardance evolution and the
internal structure of the QWPs. Figure 66 presents the Raman spectra of the sample that will
become the CC sample (pink) and the Ref sample (green), taken one day after the fabrication.
All Raman spectra are normalized, with the maximum value set at 1 (at the D1 band) and the

minimum value set at 0.
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Figure 66. Raman spectra of the QWPs just after fabrication, on
day 1. Sample that will be exposed to climate chamber is in pink
(full line). Sample that will remain exposed to ambient air is in
green (dashed line).

As illustrated in Figure 14, the bands that were discussed in Chapter 3 and in the previous
section are visible. These bands are annotated on the spectrum. Furthermore, both samples

exhibited identical Raman spectra. This observation enabled us to study the impact of the

climate chamber on molecular vibrations.
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Figure 67. Evolution of the Raman spectra of the QWPs as
function of time. (a) Evolution of the reference sample in ambient
air. (b) Evolution of the climate chamber sample.

Figure 67 presents the evolution of the QWPs as a function of time as determined by Raman
spectroscopy. Figure 67(a) is the evolution of the reference sample in ambient air, at day 1

(black dotted line), day 4 (light green dashed line), day 8 (yellow full line), day 16 (khaki dashed
line), and day 100 (green full line).
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Figure 67(b) is the evolution of the climate chamber sample at day 1 (black dotted line), after
2 days in the CC (light pink dashed line), after 6 days (orange full line) in the CC, after 14 days
in the CC (purple dashed line), and after 20 days in the CC, and after staying for 77 days in
ambient air (pink full line). For the sample exposed to ambient air (Figure 67(a), in green), the
D> band (3-membered ring), the Si-O-Si band and the NBO (Non-Bridging Oxygen) band
progressively decreased over time. The intensity of Si-O-Si is lowered compared to the CC
sample. The number of 6-membered ring decreased after 4 days and the intensity is stable.
Although it is difficult to observe, the surface silanols exhibited a slight increase from day 4
and remained consistent for the remainder of the measurements. For the last spectrum, a CH>

band started to grow.

For the sample exposed to the climate chamber (Figure 67(b), in pink), the D> band intensity
decreased immediately after exposure to hot humidity and reached a lower intensity as
compared to the reference sample. Furthermore, its intensity appears to remain consistent over
time. The Si-O-Si band decreased after 2 days in the CC and remained stable for the other
measurements expect for the last measurements after staying in ambient air (pink full line), for
which the intensity slightly increased to be closer to the first measurement before CC. After the
first exposure to the climate chamber, the NBO band, presents a lower intensity than the
reference sample. Moreover, its intensity appeared to slightly vary depending on the
measurement. The number of 6-membered rings seemed to be stable with exception to the
14 days measurement (purple dashed line). Surface silanols progressively decreased over time
with again the exception of the 14 days measurement (purple dashed line) which is importantly
lowered. The intensity of this band is lower than for the reference sample. Three new bands
began to grow from day 2: at around 700 cm™, 750 cm™ and 1450 cm™. The origin of the one

around 700 cm’!

is unknown and more investigation is required. The two other bands are
believed to be related to Si-O and CH». For these three bands, the intensity is increasing as a
function of the time. The two bands around 700 cm™ and 750 cm™ are only visible for the

samples in the CC.

In summary, for the D; band, the Si-O-Si band, and the NBO band, the climate chamber seemed
to rapidly accelerate their evolution. There is a difference in the 6-membered ring, which
evolved for the Ref sample only and has a smaller intensity. The behavior of the surface silanols

is the opposite for both samples with a higher intensity for the Ref sample.

100



Study of the silica wave plate stability over time and in the environments of the LMJ

There is the appearance of two new bands for the CC sample which could be a Si-O band and
still an unknown band. Finally, the CC seemed to importantly accelerate the appearance of the

CH; band.

The explanations could be the following: the climate chamber accelerates drastically the
relaxation of the silica matrix with the formation of larger membered ring Si-O as illustrated by
Figure 68. It illustrates the hydroxylation of the silica surface via the opening of three- and five-
membered siloxane rings to form more stable six-membered rings [120], [121]. The angles of
the bonds open and the density decreases as well. Surface silanols are correlated to siloxane:
the CC sample seems to have more siloxane and less surface silanols than the reference sample.
Other contributions, such as NBO and surface silanols, have a lower intensity perhaps due to

evolving into fully formed silica or carbon related bonds.

Silanol

roups
5 _-E\ Oxygen

Siloxane

Silicon

-~ -

3 + 5 membered ring 6 membered ring

Figure 68. Hydroxylation of silica after exposure to humid
environment: three- and five-membered rings opening to six-
membered ring [120].

For the C, the hypothesis of a contamination into the climate chamber may be done, however
carbon was already observed in the characterizations presented in Chapter 3. The change in the
internal structure because of the exposure of the climate chamber could also increase the affinity
with carbon bonds. Nevertheless, as observed with the laser resistance results of the previous
section, the contamination of the samples does not appear to have an important impact on their

LIDT. Such tests should be performed to validate this hypothesis.
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Figure 69. Raman spectra of the QWPs. CC sample: after 20 days
in the climate chamber, and after 77 days in ambient air; Ref
sample: 100 days in ambient air.

Figure 69 presents the comparison between the sample exposed to the climate chamber and the
reference sample after 100 days. Compared to the Ref sample: the sample previously exposed
to climate chamber, exhibited higher intensity for the 6-membered ring bond and the Si-O-Si
bond, while the intensity of the D> band, NBO, and surface silanols were lower. The significant
differences observed in the previous spectra between the Ref and CC samples (Figure 67) are
less important here. The Raman spectra indicate that both samples tend to exhibit a convergence

in their microstructure after 100 days.

The decreasing of the surface silanols (Figure 69) tells us that less water could physisorbed on
the surface, and, as a consequence, the matrix may exhibit less variation, which was verified
with the measurement of the retardance in nitrogen purged environment (Figure 70). Between
the measurement in air and the measurement in nitrogen, the retardance decreased by 8.6 % for

the climate chamber sample and by 14 % for reference sample.
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Figure 70. Evolution of the retardance of the climate chamber
sample and the reference sample on the same day at different
environments: ambient air and nitrogen purged.

GLAD films have mesopores between the columns and micropores inside the columns. When
the environment is purged to nitrogen, the water inside columns’ micropore is removed, the
index of the columns is changed and the retardance is different, as observed in Figure 70. In the
CompleteEASE model, the void fraction represents the addition of the mesoporosity and the
microporosity. However, by knowing this variation of retardance, the fraction of mesoporosity

and microporosity might be separated.
In conclusion, the acceleration of aging using the climate chamber seems to function regarding

the retardance over time. The results of this section, in conjunction with those of the previous

section, are highly encouraging for the use of these components in ambient air.
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3. Summary of Chapter 4

Given the intended locations of the QWP in the LMJ, whether in controlled ambient air or in
contaminated vacuum, concerns have been raised regarding the sensitivity and stability of this

coating over time and depending on the environment.

The first section allowed the study of a dimethyl phthalate (DMP) contaminated vacuum, which
corresponds to a location next to the LMJ target chamber. The performances of the GLAD
component were studied monitoring transmission, retardance and laser resistance. Phthalate
contamination reduced transmission at 351 nm from 96 % to 87 % after 17 hours of
contamination. This transmission value did not recover even after 29 hours of storage in non-
contaminated ambient air. This reduction in transmission at 351 nm appears to be associated
with DMP absorption in this spectral range. Retardance measurements taken after
contamination and storage in air for one month revealed an inhomogeneous sample surface.
This inhomogeneity of retardance resembled the feature visible on the sample one day after the
contamination protocol. Moreover, the laser resistance of the QWPs was lowered in a vacuum
environment, however, the contamination did not further reduce the resistance. The presence of
DMP appears to affect the optical properties by infiltrating the pores of the silica GLAD
coating. The characteristic bonds of DMP were observed in the contaminated samples even
after two months of storage in air. This contamination results in an irreversible impact or very
slow desorption over time. Using this device in a contaminated environment could be

detrimental to the optical performance of GLAD QWP components.

Based on these findings, the location in ambient air was determined to be the optimal choice.
However, GLAD samples are known to be sensitive to relative humidity and known to evolve
over time. Therefore, an experimental method was employed to stabilize the samples. The QWP
samples were exposed to a hot and humid environment in a climate chamber. For 14 days, in
the climate chamber, the retardance values were the same as the ones published by S. MacNally
et al. after 5 months. The sample demonstrated a retardance increase of 24-25 %. The retardance
of this sample has been measured over a period of more than 10 months and the results indicate
that the sample has stabilized, while the retardance of the sample exposed to ambient air is still

increasing.
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This evolution is characterized, notably, by a decrease in the average refractive index of the
birefringent layer and an increase in birefringence. After a two-day period in the CC, the internal
structure appeared to have adopted a stable form, with the silica matrix exhibiting signs of
relaxation. The aging acceleration has also diminished the sensitivity of the QWPs to
environment changes. Indeed, the measure in nitrogen purged environment is 8.6 % different
for the climate chamber sample compared to 14 % for the reference sample. To conclude, using

GLAD QWPs samples in silica could be a promising option.
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Chapter 5. Fabrication of a less sensitive wave plate coating
using alumina

1. Study of the optical properties of alumina single layer depending of the serial
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Chapter 3 and Chapter 4 focused on the qualification of a silica-based GLAD QWP in ambient
air and contaminated vacuum. This contamination impairs the optical performance of silica thin
films. An artificial aging of these silica-based components appeared to be a promising option
for ambient air use. However, the engineering complexity of the LMJ would not necessarily
allow for the selection of the QWP component's location. As outlined in Chapter 1, alumina
was identified as a promising material. In addition to the specifications previously listed
regarding retardance, transmission, and laser resistance, the material requires chemical stability.
Owing to the higher refractive index of alumina, such GLAD films should exhibit higher
birefringence compared to silica films. They also demonstrate notable 3w laser damage
resistance [13], [122], [123]. Alumina is recognized for its chemical inertness [49] and alumina
thin films are utilized as humidity barriers [50] - [53]. These chemical properties tend to indicate
superior resistance to aging and environmental effects.

This chapter will present a QWP design fabricated from alumina and coated by the serial
bideposition (SBD) GLAD technique. The main findings of this chapter have been published
in the following article [106].

First, the optimization of the deposition conditions on single anisotropic layers in order to obtain
high birefringence will be described. The characterization of birefringence will be performed
through the modeling of ellipsometric measurements conducted on the coatings. Secondly, we
will provide a detailed explanation of the fabrication of the all-alumina QWP. The optical
performance of this device will be evaluated in terms of retardance and transmittance. The
following section will investigate the stability of the alumina QWP regarding the environment
(relative humidity or contaminated vacuum) and over time. The following measurements will
be discussed: retardance, laser resistance, and transmission. Finally, as the primary concepts
discussed in this chapter have been previously addressed in other chapters, they will not be

elaborated upon again.

1. Study of the optical properties of alumina single layer depending of the
serial bideposition angle

As previously outlined in Chapter 3, GLAD QWPs can be fabricated as alternating layers of:
anisotropic layers for the optical function, fabricated by the SBD technique, and isotropic

denser layers for mechanical strength and to prevent broadening of the columns [13], [25], [26].
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Given that the optical retardation function is only achieved with the anisotropic layers, a
thorough study was conducted to optimize the deposition angle in order to obtain the highest

anisotropy.

1.1. Fabrication of single anisotropic layer in alumina

The samples were coated at various angles around 70° + 10° (as detailed in Table 9) since it is
generally where the maximum birefringence for SBD columns has been reported [85]. The
letters I and B, correspond to the isotropic and birefringent, respectively. The layers have a
quarter-wavelength optical thickness at 351 nm. Therefore, 4B signifies a full-wavelength
optical thickness. All samples were coated on 50 mm diameter silicon wafers and fused silica
substrates, and were fabricated in the same 1.2 m vacuum chamber described in Chapter 2. As
a reminder, the following parameters are: a chamber temperature of 25 °C, a background
pressure better than 1x10° Torr, a deposition pressure of 1.4x10™* Torr achieved by oxygen
backfill, a time per subdeposit angle of 3 seconds, a rotation speed of 180 °/s, and a deposition

rate of 1.5 A/s.

Table 9. Details on the studied deposition angles. All the layers (I
for isotropic and B for birefringent) have a quarter-wavelength
optical thickness.

Type of _
coating Single layer
Deposition 0° 680 | £73° | 2760 | 2782 | £80° | + 800
angle
Design I 4B 4B 4B 4B 4B B

Figure 71 presents the SEM images of the layer deposited at = 68°, + 73°, and + 82°, observed
from the top and from the cross-section. The fabricated columns are perpendicular to the
substrate and have a constant diameter of approximately 20 nm. For all films, a porous,

columnar structure was formed with a significant number of large open voids.

Smaller columns are observed for all three coatings, they may come from the breakage of the
sample required for the observation of the cross-section. The one-direction orientation of the
columns and the pores is easily noticeable for all three coatings. The coating at + 82° appears
to present a lower aspect ratio that may indicate a lower birefringence compared to the two

other films.
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a=168° a=176° a=1+82°

Figure 71. SEM images on the top and the cross section of single
anisotropic layers deposited at + 68°, = 76°, and + 82°

1.2. Optimization study of the anisotropic layer based on CompleteEASE models
related to ellipsometric measurements

The optimization study focused on identifying the highest birefringent single layer. The
property was assessed using models related to MM ellipsometric measurements, as previously
described in Chapter 3. The MM was measured using an RC2 ellipsometer (J. A. Woollam). It
was characterized in transmission, from silica substrates, between 210 and 1690 nm, at several
azimuthal orientations: 0° (fast axis vertical), 45°, and 90° (slow axis vertical). Figure 72
presents the measured MM and the generated MM of the single anisotropic layer deposited at

+76°.

As previously discussed in Chapter 2 and Chapter 3, examining the MM allows for the analysis
of the film's optical behavior. The same conclusions can be drawn: the sample may have
transmission losses, and the optical axes follow the axes of symmetry of the column cross-
section in the (x, y) plane. However, alumina exhibits higher dichroism and birefringence values
compared to silica. As for example, at 0°, m34 has a maximum value of 0.3 for silica and 0.5 for

alumina.
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Figure 72. Correspondence between the measured MM by the
ellipsometer and the model created with the CompleteEASE
software, for one columnar layer deposited at + 76°.

To extract the optical properties from the measured MM (Figure 72), a CompleteEASE model
was built, as outlined in Chapter 3. The distinction is that this time, alumina was utilized instead
of silica. The characteristics of the alumina material were obtained from the measurement of
the single isotropic layer listed in Table 9. For the latter, Psi and Delta (see Eq. (19)) were
measured in reflection at 65°, 70°, and 75° from the silicon substrate and between 300 and
1100 nm. The model uses a Cauchy dispersion relationship, as described in Chapter 2. The
following parameters were determined: A = 1.58, B = 0.0055, and C = 0 (see Eq. (5)). For the

anisotropic model, the void fraction is modeled to be constant throughout the layer.

Figure 72 presents the result of the fit between the measured MM and the model for one
columnar layer deposited at + 76°. The MSE of 2.13 for the single layer shown in Figure 72
provided confidence in these results. The MSE varied between 1.32 and 3.99 for all the single

anisotropic layers.

Figure 73 presents the evolution of the fitted parameters (Dxy and % void) and extracted
parameters (Nxy and An) from the optical model as a function of the deposition angle. The error
bars correspond to the 90 % confidence limit in the value parameters obtained from the fitting

procedure.
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The depolarization split increased from 0.645 to reach the maximum value of 0.680 at 76° and
then decreased to 0.665 at 82° (see Figure 73(a)). Figure 73(b) shows an increase in the void
fraction from 30 % - 29 % for the first two angles (68°, 73°) to higher values for 76°, 78°, and
80° with a maximum of 37 % at 80°. After this plateau, the void fraction decreased to 32 % at
82°. These orders of magnitude are typical in other materials such as silica [26]. It should be
noted that Dxy and void fraction were highly correlated (> 97 %) which limits the independent
determination of these two parameters. As a result, only the in-plane refractive index and

birefringence were accurately determined in the fitting procedure.
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Figure 73. Characterization as a function of deposition angle,
including: (a) depolarization split, (b) void percentage, (c) in-plane
refractive index at 351 nm and (d) in-plane birefringence at 351
nm. (a) and (b) are fitted parameters from the model. (¢) and (d)
are extracted parameters. (a) and (b) error bars are extracted from
the fit. (c¢) and (d) errors are calculated by taking into account the
correlation between the fitted parameters.

Figure 73(c) presents the mean index of the columnar layers. It was calculated as the average
of nx and ny. As expected, this value was inversely proportional to the void fraction of the
columnar layers. It varied between 1.41 and 1.36 at 351 nm. In comparison, the dense layers

deposited at normal incidence had a refractive index of 1.62 at 351 nm.
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Figure 73(d) is the in-plane birefringence, calculated as follows: An = ny — ny. We observed an
increase from 0.040 for a deposition angle of 68° to reach a maximum value of 0.053 at 76°
and then a decrease to reach 0.046 at 82°. This suggests that a deposition angle of 76° would
be the optimal to yield birefringent layers in a WP design. These values are larger than those

obtained for silica GLAD coatings where An was of approximately 0.036.

For the layer deposited at + 76°, the thickness was estimated at approximately 253 nm. With a
birefringence equal to 0.053 at 351 nm and 355 nm, the retardance is 13.5 nm at both
wavelengths. The value is close to the retardance of 13 nm measured with the birefringence

mapper at 355 nm.

In summary, at this specific SBD angle of + 76°, the created microstructure is more favorable
for the formation of a high birefringent film. Moreover, this finding, based on an experimental

determination, is in the range of other materials, such as Ta>Os, ZrO», or TiO> [85].

2. Fabrication of a quarter-wave plate multilayer coating in alumina
2.1. Design of the quarter-wave plate as a multilayer in alumina

From the single layer to the bilayer, alumina exhibited trends similar to those of silica. The
thickness and the void fraction decreased by almost 8 nm and 11 %, respectively. When
designing the QWP, this reduced retardance value was taken into account. The retardance of
the bilayer is 12.5 nm at 351 nm. Given that the retardance of the QWP (% =87.75nmat 351 nm)
is the sum of the retardance of each birefringent layer, seven anisotropic layers are required. As
previously discussed, an isotropic layer was deposited at 0° between each anisotropic layer to
prevent broadening of the columns. In addition to the seven-layer pairs, a final layer was

incorporated to minimize reflection of the multilayer QWP.

The thickness and index of this antireflective layer were designed to generate destructive
interferences in the reflected light of the overall interaction of the design. These required
parameters were achieved by taking advantage of the porosity control inherent to the SBD
microstructure. The optimal index match with the overall design was achieved at an angle of

+ 86° at the time of conducting this work.
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Future work will include the optimization of this layer, potentially considering a graded-index
approach. Nonetheless, adding this AR layer increased the transmission of the QWP by 4 %.
To summarize, the design can be written as follows: Substrate/(4B/I)’/AR/Air. All the layers
have a quarter-wave optical thickness. Figure 74 presents SEM images of the QWP.

Antireflective layer (+ 86°)
Isotropric layer (0°)

Anisotropic layer (+ 76°)

Figure 74. SEM images of the multilayer in alumina, observed
from the top (a) and from the cross-section (b).

The coating consists of 15 layers, including seven pairs of anisotropic layers (+ 76°) and
isotropic layers (0°), along with an antireflective layer (& 86°). The straight columns are clearly
visible for the anisotropic layers in between the isotropic layers. The top of the multilayer

coating exhibits significant roughness and porosity.

The multilayer is designed with 15 layers, compared to 21 or 31 layers for the silica QWP
(depending on the environment of use). Reducing the number of layers could offer a distinct

advantage in terms of laser resistance or mechanical resistance.

2.2. Optical performances of the GLAD QWP made of alumina

Finally, the QWP's performance was analyzed using ellipsometry, following the same
procedure as previously described. Birefringence mapping was used to assess homogeneity,

and spectrophotometry was used to determine the transmission property.
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The model of the QWP was created with the exact repetition of the bilayer seven times. The
AR layer is modeled as alumina and void, mixed using the BEMA (see Chapter 2 and Chapter

3). None of the parameters were bounded.
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Figure 75. Correspondence between the measured MM by the
ellipsometer and the model created with the CompleteEASE
software, for the QWP coating.

Figure 75 presents the correspondence between the modeled MM and the experimental MM.
They are a good match, and an MSE of 8.34 was found in that case. mi2 and mi3 suggest that
the coating will exhibit some transmission losses. Additionally, as for silica, the optical axes

follow the axes of symmetry of the column cross-section in the (X, y) plane.

Figure 76(a) presents the fitted parameters of the multilayer QWP. For the anisotropic layer, a
thickness of 230 nm and a void fraction of 25 % were found. The antireflective layer had a
thickness of 52 nm and a void fraction of 34 %. The experimental thickness of the overall
coating is 2.23 pum, compared to a modeled thickness of 3.59 pum, for the silica QWP.
Figure 76(b) presents the refractive index dispersion of the anisotropic layer with nz, ny, and ny,
as well as, the antireflective layer with nar. The in-plane refractive indices for the anisotropic
and antireflective layers were modeled at 351 nm: 1.44 and 1.40, respectively. The
birefringence was measured at 0.055 at 351 nm, and the retardance was calculated at 88 nm (for

351 nm and 355 nm).
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Figure 76. (a) Fitted parameters of the CompleteEASE model for
the multilayer QWP. (b) Refractive index dispersion of the
anisotropic layer of the multilayer QWP. Black dashed line at
351 nm is the wavelength of LMJ. An is the in-plane birefringence
at 351 nm. Dy is the in-plane average refractive index at 351 nm.
Retardance at 351 nm is shown in inset.

Retardance (An) was measured with the BM at 355 nm in transmission from the silica substrate
sample with a 0.5-mm step. Figure 77 presents the retardance map of the QWP. The retardance
is 89 + 0.6 nm, corresponding to a retardance of %, with good uniformity over the sample. This

contributes to our confidence in the model. Finally, the retardance fits into the specification for

the LMJ application, which is in the [A/4; A/2] range.
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In addition to retardance, the transmission property is crucial. The transmission of these was
measured with a spectrophotometer at normal incidence from fused silica substrates, and the

reflection with a measurement system built in-house.
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Figure 78. Measured transmittance of the QWP. The lavender
dashed line at 351 nm represents the wavelength of interest utilized
in the LMJ.

Figure 78 shows the transmittance spectrum of the QWP sample (uncoated backside) at 0° of
incidence for a beam linearly polarized at 45° from the fast axis of the QWP. At the wavelength
of 351 nm (lavender dashed line), the GLAD coating exhibits 91.1 % and 92.0 % transmittance
for S and P polarization, respectively, while reflecting 6.22 % and 5.85 % of the light. The
estimated losses are approximately 2.7 % in S polarization and 2.1 % in P polarization. Previous
studies on GLAD silica coatings have shown that these losses are mainly due to scattering, a
phenomenon that can be attributed to the columns or the roughness created during the

deposition process [26]. Further optimizations are required to improve the performance of the
QWP.

In summary, we demonstrated the feasibility of fabricating QWPs made of alumina. These films
are composed of seven pairs of anisotropic layers deposited at + 76°, and isotopic layers
deposited at 0°, along with a layer deposited at = 86 ° for an antireflective purpose. The QWP
device has a uniform retardance that falls within the specified range of [A/4; A/2]. However, the
transmittance is insufficient, and optimization should be performed on the final layer, the
antireflective layer. The following section will examine the stability of the alumina QWP over

time and in various environmental conditions.
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3. Investigation of the stability of the alumina wave plate over time and
environmental changes

3.1. Highlight of the stability of alumina QWP over time

First, to evaluate the stability of alumina QWP over time, the retardance of an alumina QWP
was tracked over almost one year. The measurements were performed using the birefringence

mapper by scanning the entire surface of a 50-mm sample with a 4-mm step and at 355 nm.
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Figure 79. Retardance deviation of the alumina QWP, compared to
the silica QWP presented in Chapter 4.

As shown in Figure 79, the retardance track of the alumina QWP (black triangles) was measured
over a period extending from four days following the unloading of the sample from the coater
to a year later. Silica retardance variations (green circles), which were already presented in
Chapter 4.2, were incorporated for comparison. The samples were stored in ambient air between
measurements. The alumina QWP described in this work exhibited a slight retardance increase
of 3.1 % after more than one year. In comparison, the silica QWP exhibited a 22 % retardance

increase after 10 months. Alumina QWP demonstrated stability over an extended period.

3.2. Sensitivity of alumina QWP to relative humidity and contamination

To assess the impact of relative humidity, measurements of retardance were conducted in
ambient air and in a nitrogen environment. We observed a 1 % difference for the alumina QWP,

as compared to a 20-25 % difference for the silica QWP [26].
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The same schematic was performed using the spectrophotometer from 300 to 1400 nm. As
shown in Figure 80, the measurement at ambient was found to be 91 %, while the measurement
in dry air was 93 % at 351 nm. These results appear to support our hypothesis that the alumina

QWP demonstrates stability over time and independent of relative humidity.
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Figure 80. Transmission spectra of the alumina QWP measured in
ambient air (blue) and in dry air (yellow).

In a second instance, alumina QWPs were contaminated, and the impact on the LIDT was
analyzed such as presented in Chapter 4.1.3. Three tests were performed in three different
environments: air, vacuum, and DMP contaminated vacuum. The tests were performed on fused
silica substrates. The tests were completed using the testbed of the Fresnel Institute, as described
in Chapter 2 and Chapter 4. The tests followed a 1:1 procedure with 20 sites tested. For the
contaminated measurement, the alumina QWP was exposed to DMP at a pressure of
6.5 x 10” mbar for 23 hours. For the vacuum measurement, the QWP was kept in a vacuum at
6.5 x 10~ mbar for 20 hours. The sample was oriented with its fast axis at 45° from the incident

linear polarization direction with the coating on the exit face of the laser.

Figure 81 presents the results of the laser damage resistance tests on the alumina QWP,
depending on the environment as well as the corresponding substrate of the coatings. The
dashed lines show the fit of each measurement to an empirical sigmoid function. The damage

probabilities resulting from this fit are summarized in Table 6.
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Figure 81. Laser damage resistance of the alumina QWP depending
on the environment. Dashed lines are a fit between measurement
and empirical sigmoid function.

In all environments, damage was consistently observed on the coating side. As described in

Chapter 3, the error in the damage probability (vertical axis) depends on the number of sites

tested. The fluence error (horizontal axis) is around + 2.1 %; 2.2 %, 2.1%, and 1.9 % for the

tests; in air, vacuum, and contaminated vacuum, respectively; and for the substrate. This error

considers the energy calculus and the surface. Table 10 summarizes the thresholds for 25 % and

50 % damage probabilities.

Table 10. Results of the laser damage resistance tests depending on
the environment (ambient air, vacuum and DMP contaminated
vacuum). Laser functioning at 355 nm, with ps pulse length train in
ans window and Seq = 9.3 x 107 cm?

Sample Polarization LIDT at 25 % LIDT at 50 %
Ambient air 21+£0.4 J/em? 24+ 0.5 J/em?
ALO; QWP 23 £0.5 J/cm? 25+0.5 J/cm?

Contaminated vacuum

19 £ 0.4 J/em?

22+ 0.5 J/cm?

60+1.1Jcm?

73 £ 1.4 J/em?
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As illustrated in Figure 81 and outlined in Table 10, the bare substrate exhibits a considerably
higher threshold compared to the alumina coatings. When examining the results in different
environments, there is no significant discrepancy in the values obtained. The vacuum and the
contaminated vacuum don’t seem to impact the laser resistance of the coatings in alumina. In
summary, it appears that all positions for the alumina GLAD device could work. Furthermore,
the values are comparable to those of'silica (Table 7). While the use of this laser does not permit
the determination of the threshold for the LMJ, it is reasonable to hypothesize that the laser

resistance will be similar to or slightly lower than silica.

To conclude, alumina demonstrates promising optical properties, making it suitable for use in
both ambient air and contaminated vacuum conditions. However, work is still required to
improve the transmittance of the multilayer, and it is essential to perform more LIDT tests on
the CEA testbed, which exhibits characteristics analogous to those of the LMJ and was

previously utilized to ascertain the threshold of silica in Chapter 3.

120



Fabrication of a less sensitive wave plate coating using alumina

4. Summary of Chapter 5

In this chapter, an analysis of the deposition of alumina at glancing angles ranging from 68° to
82° was conducted. We found that the optimal deposition angle is £ 76° in order to yield the

maximum birefringence of 0.053.

We evaluated the number of layers required for the QWP design by characterizing a bilayer
composed of the chosen anisotropic layer and an isotropic layer to avoid broadening and to
increase the mechanical strength. The optimized design consists of seven anisotropic-isotropic

layer pairs and an antireflective layer (o = 86°) as top layer.

A uniform retardance of the QWP coating was calculated at 88 nm with the ellipsometric model
and measured at 89 nm using the birefringence mapper. The transmittance of the coating is
91.6 % and losses were estimated at 2.4 %. Improving the performance of the last antireflective

layer could reduce losses.

The retardance of the QWP has been followed for a period exceeding a year, during which time
the QWP has demonstrated stability, exhibiting an increase of only 3 %. Alumina demonstrates
promising laser damage resistance properties in all environments (ambient air, vacuum, and
contaminated vacuum). The retardance and the transmittance are, also, not impacted by the

vacuum.

This all-alumina GLAD wave plate appears to be a promising solution for optical smoothing in

the LMJ.
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1. Conclusion

The Laser Mégaloule (LMJ) requires smoothing the intensity profile of its 176 beams.
Polarization Smoothing (PS) is the optical smoothing technique that has been selected. To
achieve this objective, it is proposed to generate circular polarizations with opposite handedness
which, given the linear polarization of the LMJ, requires the fabrication of quarter-wave plates
(QWPs). Among the various techniques allowing the creation of QWPs, GLancing Angle
Deposition (GLAD) technique, using Serial BiDeposition (SBD) substrate motion algorithm
was selected. In addition to high laser resistance, several challenges were identified for the
GLAD component including: achieving specified retardance and transmittance values, as well
as, good spatial homogeneity. The LMJ application imposed the materials of the coating to
maintain long-term stability in the LMJ environment. The objective of the thesis was to assess
the feasibility of a full-scale GLAD coating providing consistent optical performance for the

optical smoothing of the LMJ laser beams.

First, a comprehensive study of a state-of-the-art sample from the Laboratory for Laser
Energetics (LLE) enabled us to understand how such an optical function can be achieved. We
studied an existing multilayer GLAD QWP in silica that was designed and fabricated by
S. MacNally et al. A uniform retardance was measured. The silica matrix was found
hydroxylated, however, accelerating the aging of the silica QPWs by exposing them to a 70 °C
and 60 % relative humidity (RH), seemed to stabilize the retardance and decreased its sensitivity
to moisture. Transmission was too low but that should be reduced thanks to refinement on the
last antireflective layer. Coating’s laser resistance demonstrated threshold significantly lower
than the bare substrate's threshold and below the LMJ specification. Coating defects are
believed to be responsible for damage initiation. Considering a location in a contaminated
vacuum, the impact of Dimethyl Phthalate (DMP) was characterized. It affects the optical
properties by lowering the transmission and the laser resistance. The impact appeared to be
irreversible or a very slow desorption over time. Based on these findings, the location in

ambient air was determined to be the optimal choice.
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Next, I have investigated the creation of a new design using alumina. Alumina was partly
selected for its chemical inertness and higher refractive index. The analysis of the deposition of
single anisotropic layers of alumina at glancing angles was conducted. We found that the
optimal deposition angle is £+ 76° in order to yield the maximum birefringence. The optimized
design consists of seven anisotropic-isotropic layer pairs and an antireflective layer as top layer.
This less-layer design is an improvement compared to silica. The QWP coating demonstrated
stable and uniform retardance over a year. However, the transmittance of the coating is too low
and more work is required on the last AR layer. Changing the environment did not seem to
impact the laser damage resistance, the retardance and the transmittance of the alumina QWPs.
This all-alumina GLAD wave plate appears to be a promising solution for the optical smoothing

in the LMJ in all environments.

Table 11 presents a comparison of the main properties of both silica and alumina QWPs based
on my work. We demonstrated the feasibility of GLAD QWP coatings that would ensure
consistent optical performance for the optical smoothing of LMJ laser beams. Silica QWPs
would be preferred for use in ambient air after being artificially aged. The newly developed
alumina QWPs have shown great potential in all of the tested environments. The transmission

of both samples can be enhanced by implementing improvements to the AR layer.

Table 11. Comparison of the main properties of the silica QWP and

the alumina QWP
Silica QWP Alumina QWP
QWP homogeneous o s
function 100-mm diameter sample | 50-mm diameter sample
Retardance stability With accelerated aging =
over time L age
Transmission gy iy

Ambient air
Vacuum
Contaminated vacuum

Proposed location
(based on laser damage | - Ambient air
resistance tests)
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2. Future works and perspectives

In the short term, the following complementary works could be considered.

For silica samples:

- The climate chamber exposure appears to be a viable solution. However, further testing
is required to ascertain the laser resistance of these aged samples.

- Asdiscussed in Chapter 4.2, understanding the variation of retardance between ambient
air and nitrogen, could allow for the separation of mesoporosity and microporosity using
the CompleteEASE model.

For alumina samples:

- It is essential to study the impact of the contamination on the retardance and the
transmittance on the alumina QWPs.

- As previously indicated in Chapter 5.3, further characterizations are necessary on the
testbed ELAN, which exhibits parameters analogous to those of the LMJ.

- Improving the last AR layer for the alumina QWP may be achieved by selecting a
smaller deposition angle, as observed with the evolution of the curves presented in

Figure 73 (Chapter 5.1).

In the longer term, for the fabrication of larger optics, several key factors must be considered.
First, size and weight will impact the holder and its movements during the SBD process.
Additionally, the source size and the e-beam pattern may need modifications. Indeed, the
uniformity depends on the size of the plume and source-to-substrate distance. Sectioning the
deposition process by coating through an aperture and translating it might help [13], [20], [24],
[124]. A rotary cylindrical sputtering target might be an approach to test.

Additionally, this device has the potential for adaptation to other applications. The LMJ
contains two quartz components with a half-wave plate optical function. The latter components
are after the pre-amplifier module (MPA) which is annotated in (2), in Figure 4. These are in a
controlled ambient air environment and operate in transmission at 1053 nm. The design can be
adapted to alumina, with the number of layers adjusted as needed. The vacuum window and the
main debris shield (Figure 7), have a sol gel antireflective layer. This AR layer could be
produced using a GLAD coating in alumina, which would have the advantage of being non-
sensitive to contamination. These components could be utilized in other high-power laser

facilities or equipped in polarization-manipulating devices.
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Appendices

Appendix 1. Relation between the Jones matrix and the elements of
the Mueller matrix [125] . With * referring to conjugated complex.

mi =1 Uppl” + Vs Vs + Ussl?)

mi2 :%(|]pp|2 - |]sp|2 - |]ps|2 + Usslz)
mi3= Re(]pp];s +]sp];s)

mig = Im(]pp];s + ]sp];s)

=3 (Upp|* = sp |+ Vs

— Ussl?)
m2 =2 (| = Uspl* = Vs + Ussl?)
m23 = Re(Jpp)ps — Jsplss)

m4 = Im(Jpplps — JspJss)

m31 = Re(Jpp)sp + Jps/ss)

m32 = Re(JppJsp = Jps/ss)

ms3 = Re(Jpp)ss + Jps/sp)

ms4 = Im(ppfss — Jps)sp)

ma1 = —Im(pp/sp + Jps/ss)

max = —Im(pplsp — Jps/ss)

my3 = —Im(Jpp)ss + Jps/sp)

mas = Re(JppJss — Jps/sp)
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Appendix 2. Schematic of the bench of the CEA: ELAN, used for
the determination of LIDT of the silica QWP coatings [126].
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Appendix 3. Schematic of the bench at the Fresnel Institute used
for the determination of LIDT of silica and alumina coatings in
contaminated environment.
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Appendix 4. Measured Mueller matrix elements by the
ellipsometer for the multilayer QWP; before climate chamber (full
line) and after 14 days in the climate chamber (dashed line), for

three azimuthal orientations (0°, 45° and 90°).
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Glossary

AR o AntiReflective

ABEMA......ccoiiiieeeee e Anisotropic Bruggeman Effective Medium Approximation
BEMA. ..., Bruggeman Effective Medium Approximation
BM. .o Birefringence Mapper
B Birefringent

CCai Climate Chamber

DMP... DiMethyl Phthalate

D-Te Deuterium-Tritium

EMA. ... Effective Medium Approximation

EM. ElectroMagnetic

FTIR ..., Fourier Transform InfraRed spectroscopy
GLAD....coiii GLancing Angle Deposition
GD-OES.....oiiiiiiiiiicee, Glow Discharge Optical Emission Spectrometry
ICF Inertial Confinement Fusion
IR, InfraRed

Isotropic
LEH.....ooo Laser Entrance Hole

LLE. .o, Laboratory for Laser Energetics

LMJ Laser MégaJoule

LIDT. .o, Laser Induced Damage Threshold
MM Mueller Matrix

MSE. .. Mean Squared Error

DS ettt et et nanosecond
PETG......ooiiiii, PolyEthylene Terephthalate Glycol
DSttt picosecond

PVD. oo, Physical Vapor Deposition
QWP Quarter Wave Plate

Ref oo, Reference

RH. oo, Relative Humidity
SBD..oiiiii Serial Bideposition

SEM. .o Scanning Electron Microscope

SSD i Smoothing by Spectral Dispersion

SZM ..ot Structure Zone Model
UV UltraViolet
WP Wave Plate
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Abstract

To improve the laser-matter interaction, it is necessary to homogenize the intensity of the focal
spots of the LMJ laser beams. One possible approach is Polarization Smoothing (PS), which
can be implemented in the LMJ using 351 nm quarter-wave plates (inducing a phase difference
of n/2). The purpose of this PhD thesis is to study the feasibility of a quarter-wave plate coating,
deposited using the GLancing Angle Deposition (GLAD) technique, which would ensure
consistent optical performance in terms of retardance, transmission, and laser-induced damage
resistance. Two approaches have been explored: one involving a silica coating, the other one
an alumina coating. Both types of coatings are multilayers, alternating anisotropic and isotropic
layers, that achieve the desired retardance at the LMJ wavelength. The silica coatings consist
of either 21 or 31 layers, while the alumina coatings are reduced to 15 layers. Thorough
physicochemical analyzes, ellipsometric modeling, and a study of the impact of ambient
environments (air, vacuum, and DMP organic contamination) on component performance were
conducted. Silica coatings are suitable for ambient air use after an artificial aging that has been
elaborated during this thesis work. Alumina coatings, developed for this work, exhibit great
potential in all tested environments.

Key words: GLAD, Thin film, Quarter-wave plate, Optical smoothing, Anisotropy,
Ellipsometry, Silica, Alumina

Etude des revétements GLAD pour le lissage optique des lasers de puissance

Résumé

Afin d’améliorer I’interaction laser-maticre, il est nécessaire d’homogénéiser I’intensité des
taches focales des faisceaux du LMJ. Une des voies possibles est le lissage par double
polarisation, qui peut étre mis en place sur le LMJ, par 1'usage de lames quart d'onde a 351 nm
(induisant un déphasage de m/2). L’objectif de la thése est d’étudier la faisabilité d’un
revétement de fonction optique quart d’onde, déposé avec la technique GLancing Angle
Deposition (GLAD), qui garantirait des performances optiques constantes de retard, de
transmission et de résistance au flux laser. Deux approches ont été explorées : 1’une utilise un
dépot en silice, et I’autre, un dépot en alumine. Les dépdts sont des multicouches, alternant des
couches anisotropes et isotropes, permettant d’obtenir le retard souhaité a la longueur d’onde
du LMJ. Les dépots sont composés de 21 ou 31 couches pour le composant en silice, et peuvent
étre réduits a seulement 15 couches pour le composant en alumine. Des analyses physico-
chimiques approfondies, des modélisations ellipsométriques, ainsi qu’une étude de I’influence
de I’environnement ambiant (air, vide, pollution organique-DMP) sur les performances des
composants ont été réalisées. Les dépdts en silice ont des performances optiques adaptées a une
utilisation a I’air ambiant, moyennant une étape de vieillissement artificiel, dont 1’¢élaboration
s’est réalisée lors de cette theése. Les dépdts en alumine, développés dans ce travail, présentent
un fort potentiel dans tous les environnements.

Mots clés : GLAD, Couches minces, Lame quart d’onde, Lissage optique,
Anisotropie, Ellipsométrie, Silice, Alumine



